
Klebsiella pneumoniae belongs to the family Entero
bacteriaceae, which includes the wellknown genera 
Salmonella and Escherichia1. K. pneumoniae has long 
been recognized as an agent of disease (first described 
as a cause of pneumonia by Carl Friedländer in 1882), 
and remains among the world’s most common noso
comial pathogens2. It is also a major cause of neonatal 
sepsis, ranking in the top three causative agents in most 
settings3,4. The World Health Organization recognizes 
extendedspectrum βlactam (ESBL)producing and 
carbapenemresistant K. pneumoniae (CRKp) as a crit
ical public health threat5. In Europe alone, such strains 
reportedly account for >90,000 infections, >7,000 deaths 
annually and 25% of the total disability-adjusted life years 
lost to multidrugresistant (MDR) bacterial infections6. 
Precise burden estimates are lacking in other regions but 
MDR rates are trending upwards globally; for example, 
>75% of K. pneumoniae bloodstream infections in 
Malawi are now MDR7.

In addition to its importance as a nosocomial patho
gen, K. pneumoniae can be found living in a wide range 
of hostassociated and environmental niches8 and exhib
its extensive phenotypic and genetic diversity. However, 
relatively little is known about how this genetic diversity 
is structured within the bacterial population (that is, the 

species population structure) and how this relates to the 
organism’s ecology or its capacity to cause different types 
of disease. For instance, although a virulence plasmid 
has been described, it is absent from the vast majority 
of isolates from clinical infections. Highthroughput 
genomic analyses allow us to interrogate and compare 
the entire genetic complement of hundreds or thou
sands of individual K. pneumoniae and have revealed key 
insights into this pathogen's population structure that 
can help us to better understand how it evolves, spreads 
and causes disease. For example, current data suggest 
that genes associated with antimicrobial resistance 
(AMR) and virulence are each concentrated in distinct 
subpopulations of K. pneumoniae9,10. However, there 
are signs that this structuring may be breaking down, 
resulting in potentially dangerous strains that are both 
highly pathogenic and resistant to all or most available 
antibiotics11,12.

In this Review, we explore recent advances in 
K. pneumoniae population genomics, focusing on aspects 
related to ecology and the epidemiology of human infec
tions. We discuss the overall population structure of the 
species and the epidemiology of problem clones, as well 
as the diversity and distribution of key AMR and viru
lence determinants. We highlight the importance of the 
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Abstract | Klebsiella pneumoniae is a common cause of antimicrobial-resistant opportunistic 
infections in hospitalized patients. The species is naturally resistant to penicillins, and members of 
the population often carry acquired resistance to multiple antimicrobials. However, knowledge  
of K. pneumoniae ecology , population structure or pathogenicity is relatively limited. Over the 
past decade, K. pneumoniae has emerged as a major clinical and public health threat owing to 
increasing prevalence of healthcare-associated infections caused by multidrug-resistant strains 
producing extended-spectrum β-lactamases and/or carbapenemases. A parallel phenomenon  
of severe community-acquired infections caused by ‘hypervirulent’ K. pneumoniae has also 
emerged, associated with strains expressing acquired virulence factors. These distinct clinical 
concerns have stimulated renewed interest in K. pneumoniae research and particularly the 
application of genomics. In this Review , we discuss how genomics approaches have advanced 
our understanding of K. pneumoniae taxonomy , ecology and evolution as well as the diversity 
and distribution of clinically relevant determinants of pathogenicity and antimicrobial resistance. 
A deeper understanding of K. pneumoniae population structure and diversity will be important 
for the proper design and interpretation of experimental studies, for interpreting clinical and 
public health surveillance data and for the design and implementation of novel control strategies 
against this important pathogen.
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emerging K. pneumoniae population genomic frame
work and how it can be used to inform and interpret 
the surveillance and experimental studies that are sorely 
needed to advance our understanding and management 
of this important pathogen.

Taxonomy
Wholegenome sequencing (WGS) has clarified 
that a substantial proportion of isolates identified as 
K. pneumoniae by biochemical or proteomics assays 
in clinical and research laboratories actually belong to  
closely related species that share 95–96% average nucleo
tide identity with K. pneumoniae9,13–15. This group has  
no formal taxonomic designation but we refer to it here 
as the K. pneumoniae species complex (KpSC) (Box 1), 
noting that its members share only 90% average nucleo
tide identity with other Klebsiella species (Fig. 1). Among 
the KpSC, K. pneumoniae sensu stricto is highly prevalent 
in clinical collections, typically comprising ~85% of the 
isolates identified as K. pneumoniae9,16–19. The remainder 
of this Review therefore focuses on K. pneumoniae as 
this is the species of clearest clinical importance and on 
which the majority of available data are concentrated.

Ecology and lifestyle
K. pneumoniae can survive in a multitude of ecologi
cal niches, both freeliving and hostassociated. These 
niches include soil, water, a range of plant species, 
insects, birds, reptiles and many different mammals in 

which this bacterium can be either a commensal organ
ism or a potential pathogen20. However, there has been 
a lack of largescale systematic sampling efforts, which 
limits our knowledge about the prevalence, abundance 
and features of K. pneumoniae in different niches. 
Moreover, most studies have relied on standard identi
fication techniques without sequence data and have not 
distinguished K. pneumoniae from other KpSC mem
bers. Nevertheless, culturebased estimates suggest that 
K. pneumoniae (and/or the broader KpSC) is a common 
colonizer of the mammalian intestinal tract (39% and 
44% prevalence in dogs21 and dairy cattle22, respectively), 
whereas 16S rRNA sequencebased estimates indicate 
frequent carriage by birds and various insect species20.

From commensal to pathogen
The interaction between K. pneumoniae and human 
hosts is complex and changeable, and K. pneumoniae 
can play the role of either commensal, opportunistic 
pathogen or pathogen. Commensal colonization in the 
gut and respiratory tract is common but prevalence 
estimates vary by age group, geographical location and 
recent healthcare contact. Studies from the USA and 
Australia have estimated gut colonization at ~4–6% 
prevalence in the community14,23 but up to ~25% among 
individuals with recent healthcare exposure in the USA, 
Australia and England14,24,25. Notably, higher community 
carriage rates for KpSC (between 18 and 87%) have been 
estimated for healthy adults in Korea, Japan, Singapore, 
Taiwan and Malaysia26,27. Duration of gut colonization is 
not well understood but can exceed 12 months28,29.

The majority of K. pneumoniae infections globally are 
opportunistic healthcareassociated infections (HAIs), 
sometimes referred to as ‘classical’ K. pneumoniae infec
tions. The most common manifestations are pneumonia, 
urinary tract and wound infections, any of which can pro
gress to bacteraemia30. Most at risk are vulnerable patient 
groups such as neonates, the elderly, those with inserted 
medical devices and the immunocompromised, in which 
infections are thought to result from overgrowth and lack 
of immunological control of commensal K. pneumoniae 
strains. As such, intestinal carriage is a key risk factor for 
K. pneumoniae HAI, associated with a fourfold increased 
risk of infection among intensive care and oncology 
patients14,24. Further supporting this, genomic compar
isons indicate that gutcolonizing strains are the most 
common source of K. pneumoniae infections in these 
settings14,24, and an elevated K. pneumoniae load in faecal 
samples has been associated with an increased risk of bac
teraemia caused by CRKp in a longterm care facility31. Of 
greatest clinical concern is the rise of MDR and particu
larly CRKp: a recent metaanalysis estimated mortality 
associated with K. pneumoniae HAI to be 42% for CRKp, 
compared with 21% for carbapenemsusceptible strains32. 
Limited antimicrobial therapy options are available for 
MDR and CRKp infections, leading to a resurgence in the 
use of colistin (to which resistance is also now rising) and 
a renewed interest in vaccines and other preventatives 
against K. pneumoniae33,34.

Outside the hospital setting, K. pneumoniae can act as 
a ‘true’ pathogen — that is, it can cause severe community 
acquired infections (CAIs), which are not considered 

Box 1 | Klebsiella pneumoniae species complex

members of the Klebsiella pneumoniae species complex (KpSC) were first distinguished 
on the basis of gyrA sequences and designated as phylogroups of K. pneumoniae148. 
Whole-genome sequencing (WGS) later confirmed genome-wide average nucleotide 
identity ≥3%, sufficient to designate new species9,40, and has facilitated the identification 
of additional member species (Fig. 1):

•	Klebsiella pneumoniae (Kp1)

•	Klebsiella quasipneumoniae subsp. quasipneumoniae (Kp2)149

•	Klebsiella quasipneumoniae subsp. similipneumoniae (Kp4)149

•	Klebsiella variicola subsp. variicola (Kp3)150

•	Klebsiella variicola subsp. tropica (Kp5)74

•	Klebsiella quasivariicola (Kp6)151

•	Klebsiella africana (Kp7)74

The niche specificity of these species is not yet well understood, although there is 
clear evidence that K. variicola is plant-associated and typically carries a nitrogen-fixing 
operon (nif) and cellulases that are lacking from the other species9,150,152. All species have 
been isolated from the human gut, and all but K. variicola subsp. tropica have been 
isolated from human infections74. K. variicola and K. quasipneumoniae are relatively 
common agents of nosocomial infections (10–20% as frequent as K. pneumoniae9,16,153), 
can acquire antimicrobial resistance genes and plasmids from K. pneumoniae154,155 and 
have been reported to cause nosocomial outbreaks154,156. Both species have been 
reported as the cause of community-acquired liver abscess156,157 in humans and have 
also been isolated from animals158.

many species designations in culture collections and sequence databases require 
updating to reflect the new WGS-informed taxonomy159. Hence, species identification 
methods that rely on comparison with reference strains or genomes should be treated 
carefully, including sequence-based classifiers or mass spectrometry (mAlDI-ToF) 
platforms commonly used in clinical laboratories13–15. These methods can be improved 
using custom databases populated by isolates whose species have been accurately 
defined using WGS15. The K. pneumoniae multilocus sequence typing (mlST) scheme 
covers the entire species complex and can be used to accurately assign isolates to the 
correct species40.
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opportunistic, in otherwise healthy patients who do not 
share the risk factors for HAIs35. Common CAIs include 
endophthalmitis, pneumonia, necrotizing fasciitis, non 
hepatic abscess, meningitis and pyogenic liver abscess in 
the absence of biliary tract disease36. The ability to cause 
infections in unusual and/or multiple sites is considered 
characteristic of hypervirulent K. pneumoniae infections, 
which are often accompanied by bacteraemia and/or 
meta static spread36 (discussed below). Host risk factors for 
K. pneumoniae CAI include alcoholism (pneumonia)37 and 
diabetes (pyogenic liver abscess)38. Numerous pathogen  
risk factors are also indicated (discussed below).

Population genomic framework
Genomic studies show that the K. pneumoniae popu
lation is diverse but highly structured, and this natural 
structure provides a useful framework for understand
ing the epidemiology and evolution of clinically rele
vant genetic variation. Such understanding is key for 
the effective design and interpretation of experimental 
studies aimed at elucidating mechanisms of AMR, patho
genicity and/or virulence in K. pneumoniae, and for the 
design of effective control strategies.

Population structure
Typical K. pneumoniae genomes are ~5–6 Mbp in 
size, encoding ~5,000–6,000 genes. Approximately  
1,700 genes are conserved in all members of the species 
(core genes), whereas the remainder are variably pres
ent (accessory genes)9,17. The total pangenome (the sum 
of all core and accessory genes)39 is extremely diverse 

and likely exceeds 100,000 protein coding sequences9. 
The majority of accessory genes are rare in the popu
lation, that is, they are present in <10% of genomes9. 
Taxonomic and GC content analyses suggest that these 
genes are shared with a wide range of other bacterial spe
cies, most commonly other Klebsiella species followed 
by other Enterobacteriales but also including more 
distant orders9.

Phylogenetic analyses based on 1,000–2,000 core or 
common chromosomal genes show that the K. pneumoniae  
population comprises hundreds of deepbranching lin
eages that differ from each other by ~0.5% nucleotide  
divergence9,40. These lineages correspond closely to the  
clonal groups (CGs) defined by core-genome multilocus  
sequence typing (cgMLST) as subsets of isolates that 
each share ≥594 of 694 cgMLST alleles with at least one 
other member of the group40. Whether defined on the 
basis of coregenome phylogeny (lineages) or cgMLST 
(CGs), the resulting groups are typically referred to as  
clones (Fig. 2a) and are identified and labelled based on the 
dominant sevengene multilocus sequence type, allow
ing backwards comparison with the original sevengene 
MLST scheme41 (which covers the entire KpSC). Note 
that the sevengene MLST scheme can also be used 
alone to define CGs, but sometimes fails to correctly 
distinguish groups whose recent ancestry is affected by  
chromosomal recombination42,43.

K. pneumoniae clones can be distinguished from one 
another on the basis of accessory gene content9. This 
may be explained by clonespecific niche adaptation 
through horizontal gene transfer (HGT), so long as 
migration between niches occurs44, and there is evidence 
that it does (discussed below). However, there is also 
ample evidence of betweenclone HGT, largely driven 
by chromosomal recombination and plasmidmediated 
conjugation10,45, although phagemediated transduction 
and integrative conjugative elements (ICEs) also play a 
role46. Homologous recombination between chromo
somes is dominated by exchange of capsule biosynthesis 
loci10 (a key pathogenicity determinant) and can result 
in the acquisition of regions of DNA exceeding 1 Mbp in 
length46,47. Many diverse plasmids have been sequenced 
from K. pneumoniae, ranging considerably in terms of 
length and incompatibility types, although IncFIIK and 
IncFIBK are the most prevalent9,48 (Box 2). It seems that 
some K. pneumoniae strains may be particularly per
missive for plasmid uptake and/or maintenance, result
ing in plasmid loads that are typically greater than those 
reported for Escherichia coli and other Gramnegative 
ESKAPE pathogens20. For example, it is not uncommon 
for a K. pneumoniae isolate to carry between four 
and six different plasmids, with up to 10 reported20,49. 
Most complete K. pneumoniae genomes carry multi
ple prophages46, and multiple distinct K. pneumoniae 
phages have been isolated and sequenced, including 
for potential use as therapeutic agents34. However, there 
have not yet been any systematic studies of prophage 
diversity within the population. CRISPR–Cas9 sys
tems and restrictionmodification systems are variably 
present in the K. pneumoniae population, however, 
how these relate to plasmid and phage diversity is not 
yet clear10,50.
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Fig. 1 | Taxonomic position of Klebsiella pneumoniae. Whole-genome-based tree 
showing the phylogenetic relationships between K. pneumoniae, its close relatives in the 
K. pneumoniae species complex (red branches), other select members of the Klebsiella 
genus (black branches) and family Enterobacteriaceae (grey branches). The tree was 
inferred from mash distances of representative whole genome sequences (Supplementary 
methods and Supplementary Table 1). Scale bar is the estimated average nucleotide 
divergence. Note Klebsiella terrigena, Klebsiella planticola and Klebsiella ornithinolytica 
have been assigned the genus name Raoultella based on gyrB sequences169, but this is 
debated as it renders Klebsiella non-monophyletic.

Endophthalmitis
inflammation of the eye, 
usually caused by bacterial  
or fungal infection.

Necrotizing fasciitis
An infection resulting in  
rapid death of the skin and  
soft tissues.

Hypervirulent
A term used to describe a 
clinical phenomenon of  
severe community-acquired 
Klebsiella pneumoniae disease, 
which is typically associated 
with the presence of a 
combination of multiple 
acquired virulence loci.

Core genes
genes that are present in all 
members of a given species  
(or nearly all, typically ≥95%).

Accessory genes
genes that are present in some 
members of a given species 
but not all (typically <95%).

Core-genome multilocus 
sequence typing
(cgMLST). A classification 
scheme and nomenclature 
based on nucleotide sequence 
variation in core genes (usually 
hundreds of genes).
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Global problem clones
K. pneumoniae infections are caused by diverse clones that 
are widely geographically distributed. However, a subset 
of these contribute disproportionately to global disease 
burden, which we refer to as ‘global problem clones’ (Fig. 2).

Multidrug-resistant clones. MDR, which is defined as 
resistance to ≥3 antimicrobial classes in addition to 
ampicillin to which all K. pneumoniae infections are 
intrinsically resistant, has evolved many times in hun
dreds of distinct K. pneumoniae lineages (Fig. 2a,b). Some 
of these lineages emerge to cause localized problems, 
spreading within a single hospital or healthcare net
work, for example, MDR clones sequence type 70 (ST70) 
and ST323 that caused outbreaks in Kilifi, Kenya and 

Melbourne, Australia, respectively17,19. Such events likely 
represent chance emergence in a given time and place, 
and the factors influencing their frequency, likelihood 
and duration of persistence are not known51. Many will 
remain localized problems, causing no or limited infec
tions elsewhere, but a subset of the most highly resistant 
lineages (for example, those resistant to thirdgeneration 
cephalosporins and/or carbapenems) have become 
global problems. These include the wellstudied CG258 
alongside CG15, CG20 (CG17), CG29, CG37, CG147, 
CG101 (CG43) and CG307 (Fig. 2c), which are not 
related to one another (Fig. 2a) but are each widely geo
graphically distributed and common causes of MDR 
HAIs and/or outbreaks48,52,53. Here, we refer to these 
collectively as the ‘global MDR clones’, although there 
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Fig. 2 | Klebsiella pneumoniae population structure and global problem 
clones. There are hundreds of distinct phylogenetic lineages or clones within 
the K. pneumoniae population; a subset of these are shown in the whole- 
genome phylogeny (part a), with tips coloured to indicate individual isolates 
that are multidrug resistant (MDR), as predicted from genome data. Global 
problem clones are highlighted in orange, including eight MDR clones (clonal 
group 15 (CG15), CG20, CG29, CG37 , CG147 , CG101, CG258 and CG307) and 
six hypervirulent clones (CG23, CG25, CG65, CG66, CG86 and CG380). Two 
examples of local problem clones are highlighted in green. The maximum- 
likelihood tree was inferred from a core-genome alignment constructed from 
83 genomes randomly selected from a global diversity study9 as well as 

41 genomes representing problem clones (Supplementary Table 2 and 
Supplementary methods). Note that MDR clones may be identified only 
sporadically and not spread to become local or global problems; and some 
global problem clones are not MDR (part b). The prevalence of pathogenicity 
and virulence factors (blue) and drug resistance genes (red) among each of the 
global problem clones is shown (part c), based on published data from rEF.10 
(geographically and temporally diverse set of 1,092 genomes from 28 clones, 
n ≥10 genomes per clone) and rEF.53 (n = 95 CG307) (Supplementary Tables 3, 
4 and Supplementary methods). clb, colibactin locus; iro, salmochelin locus; 
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Clones
A generic term used to 
describe subpopulations of 
Klebsiella pneumoniae strains 
with a recent common ancestor 
identified through allelic 
variation in core genes, either 
by multilocus sequence typing 
or core-genome multilocus 
sequence typing (specifically 
called ‘clonal groups’ or ‘Cgs’) 
or by core-genome 
phylogenetics (specifically 
called ‘lineages’).
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exist important geographical differences in their con
tributions to MDR infection burden (we refer readers 
to previous systematic reviews48,52 and summarize the 
latest trends in Fig. 3). Importantly, although many 

studies do attribute the majority of thirdgeneration 
cephalosporinresistant and/or CRKp infections to a 
small number of clones (57% of CRKp infections in the 
recent Europewide study EuSCAPE were ST11, ST15, 
ST101 or ST258/ST512)54, in many regions the burden 
attributed to sporadic MDR strains or local problem 
clones remains substantial (for example, >33% of strains 
in a recent national survey of CRKp in the UK55).

Hypervirulent clones. In contrast to MDR infections, 
hypervirulent K. pneumoniae infections in all regions 
are dominated by the same subset of lineages. By far the 
most common is CG23, followed by CG65 (including 
ST65 and ST375) and CG86, whereas CG25, CG66 and 
CG380 are implicated to a lesser extent56–59. Consistent 
with the high prevalence of hypervirulent disease in 
the AsiaPacific rim, CG23 was recently identified 
among the top two most common clones associated 
with K. pneumoniae bloodstream infections in China, 
Vietnam and Laos, accounting for >10% of isolates60,61. 
Limited data are available about the prevalence of 
ST23 outside the AsiaPacific rim because the majority 
of studies focus solely on MDR strains whereas ST23 
isolates are usually drug susceptible10,46 (Fig. 2c). However, 
the available evidence suggests that ST23 accounts for 
≤2% of clinical isolates in other regions17,61–63, despite cir
culating among humans since its emergence >100 years 
ago46, far longer than the most wellknown MDR clones 
(ST258 and ST307 both emerged in the mid1990s)47,53.

Clones found in human versus other sources
There are limited data on lineage distributions in non 
human niches, however, there is some overlap between 
lineages isolated from clinical and other sources. Global 
problem clones have been isolated from a range of ani
mals, for example, ST11 from poultry64, ST15 from 
companion animals65, ST23 from nonhuman primates 
and horses46,66 and ST25 from pigs67. Despite the ubiq
uity of K. pneumoniae outside the human host, and 
growing interest to identify the routes of transmission 
into the human population, just four studies have so far 
reported WGS surveys of K. pneumoniae collected using 
nonselective isolation from nonhuman sources and 
compared the data with contemporaneous clinical isolate 
samples. These studies uncovered substantial diversity 
among clinical isolates (Simpson diversity ≥0.96) and also 
among nonhuman samples (Simpson diversity ≥0.94): 
45 sequence types (STs) in 49 isolates from dairy farms 
in New York state, USA9; 16 STs from 29 canal or farm 
isolates in Thailand68; 24 STs from 28 wastewater isolates 
and four STs in cattle or turkey isolates from six farms in 
the North of England25; and 39 STs from 44 retail meat 
isolates in Arizona, USA69. In each study, the proportion 
of STs from K. pneumoniae clinical isolates that were 
also detected in local nonhuman samples was low 
(5%, 15%, 8% and 15%, respectively). However, given the  
small sample sizes, high diversity in each source and 
the lack of specific spatiotemporal models for expected 
transmission between sources to inform sampling efforts, 
this overlap cannot be dismissed as insignificant.

Notably, these overlap fractions are similar in scale 
to the proportion of STs detected in multiple patients, 

Box 2 | Plasmid diversity in Klebsiella pneumoniae

Plasmids are important vehicles for the transfer of antimicrobial resistance (AmR), 
virulence and other accessory genes between bacterial cells. In K. pneumoniae, 
the majority	of	horizontally	acquired	AMR	genes	are	carried	on	large	conjugative	
(self-transmissible) plasmids belonging to a small number of incompatibility groups, which 
have been recently reviewed48	(IncFII,	IncN,	IncR	and	IncX3),	although	small	(mobilizable	
but not self-transmissible) plasmids can also harbour AmR genes in K. pneumoniae160.

most available data on plasmid diversity and distribution in the K. pneumoniae 
population	come	from	studies	utilizing	short-read	whole-genome	sequencing	to	
survey populations,	yielding	information	on	replicon	markers161 or mob (relaxase) gene 
variants162,163 rather than whole plasmids164 (although this is changing with increased use 
of long-read sequencing)165. using these techniques, plasmid load and diversity have 
been shown to be significantly higher in multidrug-resistant clones than hypervirulent 
clones or other clonal groups10.

The figure shows a heatmap of the distribution of 19 common plasmid replicon 
markers (y axis) across 14 K. pneumoniae problem clones (part a) based on screening 
1,187 genomes from 29 clones10,53 against the PlasmidFinder database161 using 
BLASTn. Bars	show	the	prevalence	of	each	replicon	across	the	total	genome	collection	
(part b). Replicon markers shown are those with prevalence ≥5%, named as per the 
PlasmidFinder database. Strain-level data for the full set of 69 replicons detected are 
available in Supplementary Table 5. The FIBK replicon is associated with both multidrug 
resistant	and	virulence	plasmids,	conjugative	and	non-conjugative,	and	is	common	in	
all clones. Also common are incompatibility type FIIK and R replicons (associated with 
large	conjugative	plasmids)	and	small	(Col)	plasmids,	followed	by	other	F	plasmid	
variants (FII, FIA and FIB) and incompatibility types X3, n, HI1B and AC/2. A further 
50 replicon markers were detected in this genome set (at <5% prevalence), with median 
total of three per genome (range 0–5; see Supplementary Table 5).

notably, although there can be significant plasmid variation within a single clone10,47,48, 
phylogenomic evolutionary analyses suggest that some problem clones have maintained 
specific plasmids throughout decades of clonal expansion, punctuated by occasional 
instances of rearrangement and/or gene deletions46,166. For example, sequence type 258 
(ST258) has carried FIBK blaKPC plasmid pKpQIl47 and ST307 has carried a FIIK blaCTX-m-15 
plasmid53 since each emerged in the mid-1990s; and the FIBK K. pneumoniae virulence 
plasmid (KpvP-1) has been present in ST23 dating back to the 1870s46.
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a  Sequence types of carbapenem-resistant K. pneumoniae by region

b  Sequence types of third-generation cephalosporin-resistant, carbapenem-susceptible K. pneumoniae by region
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Fig. 3 | Geographical distribution of Klebsiella pneumoniae clones harbouring resistance to carbapenems and 
third-generation cephalosporins. Regional frequencies of sequence types (STs) of carbapenem-resistant (part a) 
and third-generation cephalosporin-resistant, carbapenem-susceptible K. pneumoniae (part b) are shown. Data are 
derived from recent studies in which isolates were selected on the basis of neither ST nor local transmission events or 
outbreaks14,16,19,54,61,62,170–175 and are grouped by region as defined by the United Nations Statistics Division (Supplementary 
Table 6 and Supplementary methods). Black and grey location markers indicate data from multiple and single health-care 
institutions, respectively. Although ST258 and its derivative ST512 are dominant carbapenem-resistant K. pneumoniae 
(CRKp) in the Americas and southern Europe, they are comparatively rare in other regions of the world. ST11 (a diverse 
clade from which ST258 was derived by recombination45,176) represents ~12% of CRKp across Europe and is much 
more broadly distributed than ST258 or ST512. ST11 is also the single dominant cause of CRKp infections in China.  
Clonal group 307 (CG307) has recently begun to displace ST258 and ST512 among CRKp in the Americas and  
southern Europe and has emerged as the dominant CRKp lineage in South Africa177, but outside these regions it is most 
commonly carbapenem-susceptible and third-generation cephalosporin-resistant (due to the blaCTX-M-15 plasmid). CG15 
(ST15, ST14 and close relatives) is among the most common third-generation cephalosporin-resistant clones in diverse 
geographies and associated with numerous reports of disseminated carbapenem-resistant variants18,54,178.
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when comparing clinical isolates from a given setting 
and time period (in studies where infections were sam
pled randomly and not directed towards specific AMR 
phenotypes or suspected outbreak investigations). In the 
four studies outlined above, 17%, 40%, 0% and 27% of 
STs, respectively, were isolated from >1 patient9,25,68,69. 
Similarly, WGS studies of all K. pneumoniae clinical iso
lates from a given intensive care or geriatrics ward over 
a 1year period found that 8% or 20% of STs were iso
lated from >1 patient, respectively14,19. We conclude that 
simple nichesampling studies are unlikely to directly 
capture transmission chains occurring between niches, 
rather, this would require frequent, intensive and con
temporaneous sampling of isolates from selfcontained 
ecosystems. For example, there is some evidence of 
strain sharing between humans and cohabiting com
panion animals21. Although several studies have shown 
that K. pneumoniae and other KpSC members can be 
isolated from retail meats, seafood, vegetables and 
readytoeat processed foods69–72, the ultimate source of 
KpSC in foods remains unclear; however, there is evi
dence that contamination during slaughter or harvest 
and/or processing plays a role71,73.

Antimicrobial resistance
Resistance to all drug classes used to treat K. pneumoniae 
has been observed clinically. The specific genetic mecha
nisms of resistance in K. pneumoniae have been recently 
reviewed elsewhere, and the vast majority of cases are 
associated with horizontally acquired AMR genes48,52. 
Hence, we focus here on the diversity and distribution of 
these genes in the K. pneumoniae population, following a 
brief discussion of the role of core genes in AMR.

Core genes and drug resistance
K. pneumoniae is intrinsically resistant to ampicillin (that 
is, the aminopenicillin used to treat Gramnegative infec
tions) through production of the class A βlactamase 
enzyme SHV, encoded in the K. pneumoniae chromo
some by the core gene blaSHV

9 (Fig. 2c). Orthologues 
of this class A βlactamase are a conserved feature of 
KpSC chromosomes (designated LEN in Klebsiella 
variicola and Klebsiella quasivariicola, and OKP in other 
species74). The blaSHV gene has been captured multiple 
times from the K. pneumoniae chromosome by the 
transposase IS26 (rEF.75), forming a mobile genetic ele
ment (MGE) that facilitated dissemination to other spe
cies through plasmid transfer76. Notably, the resulting 
mobile variants of blaSHV often carry point mutations 
that result in ESBL activity (conferring resistance to 
thirdgeneration cephalosporins), and, occasionally, 
even carbapenemase activity76 (conferring resistance 
to carbapenems), and are under stronger promoters 
than the chromosomal forms77. Consequently, some  
K. pneumoniae now carry two copies of blaSHV: a chromo
somal core gene variant and an acquired (typically 
plasmid borne) ESBL variant under control of a strong 
IS26 promoter. This can create difficulties in accurately 
identifying blaSHV alleles present in K. pneumoniae based 
on shortread WGS data, which is necessary to accu
rately predict the spectrum of βlactamase activity and 
associated drug resistance.

The core loci fosA (glutathione Stransferase) and 
oqxAB (efflux pump) have also been captured from the 
K. pneumoniae chromosome by MGEs and disseminated 
to other species. At wildtype levels of gene expression, 
fosA and oqxAB confer on K. pneumoniae reduced sus
ceptibility to fosfomycin (minimum inhibitory concentration 
(MIC) 16–32 mg/l) and quinolones (ciprofloxacin MIC 
0.008–0.25 mg/l), respectively, which do not meet the 
recognized break points for clinically relevant resist
ance. However, the mobile forms of these genes are often 
expressed at higher levels, which can confer clinically 
relevant resistance in E. coli or K. pneumoniae78,79.

Numerous other core genes contribute to antimicro
bial susceptibility in K. pneumoniae, particularly those 
associated with lipopolysaccharide (LPS) production, 
efflux or membrane permeability80,81. Mutations in 
some of these are known to increase resistance to clin
ically important antimicrobials (Fig. 4c). Changes in 
expression and/or activity of the efflux pumps OqxAB 
and AcrAB have been associated with resistance to 
multiple antibiotics, such as fluoroquinolones, nitro
furantoin, tigecycline, chloramphenicol and carba
penems79,82–84. Various genetic mechanisms for this 
have been described, including through the regulators 
ramA (affecting both efflux pumps), soxS (affecting 
AcrAB) and rarA (affecting OqxAB)79. Specific muta
tions in the outer membrane porin OmpK36, particu
larly when coupled with loss of OmpK35, contribute 
substantially to the carbapenemresistance problem in 
K. pneumoniae85,86. These porin defects are most com
mon in carbapenemaseassociated clones85 and can 
increase the MIC above the level conferred by acquired 
carbapenemase genes alone. In some cases (such as 
βlactamase OXA48), porin defects are necessary to 
reach or exceed the break points established for clinically 
relevant carbapenem resistance86,87. CRKp infections are 
often treated with colistin33, however, resistance to this 
lastline drug can emerge during treatment as a con
sequence of modification of lipid A, most commonly 
through inactivation of the mgrB gene or point muta
tions in the twocomponent regulator systems phoPQ, 
pmrAB or crrAB88.

Acquired resistance genes
Most resistance observed in K. pneumoniae is associ
ated with horizontally acquired accessory AMR genes 
rather than mutations in chromosomal genes48 (Fig. 2c). 
These are most often plasmid borne48, but can also be 
integrated into the chromosome53. Counting acquired 
AMR genes in K. pneumoniae isolates from WGS data is 
not straightforward unless complete genome sequences 
are available, as this requires differentiating the chromo
somal genes blaSHV, fosA and oqxAB from MGEencoded 
forms as detailed above. However, even excluding these 
genes entirely, hundreds of distinct acquired AMR alleles 
have been detected in K. pneumoniae: 52 were detected 
in a WGS screen of 195 unselected KpSC blood culture  
isolates sampled over 10 years at a Kenyan hospital17;  
78 were detected in a WGS screen of 328 unselected glob
ally representative KpSC genomes9; 111 were detected in a 
WGS screen of 1,092 K. pneumoniae isolates from 28 clonal  
groups10 (Fig. 2c); and 410 were detected in a screen of all 

Integrative conjugative 
elements
(iCEs). Mobile pieces of DNA 
that encode the machinery 
required for their own 
integration and excision 
from the bacterial host 
chromosome and transfer 
between bacterial cells.

ESKAPE pathogens
The six most common causes 
of multidrug-resistant 
health-care-associated 
infection defined by the 
infectious Diseases Society  
of America: Enterococcus 
faecium, Staphylococcus 
aureus, Klebsiella pneumoniae, 
Acinetobacter baumannii, 
Pseudomonas aeruginosa  
and Enterobacter species.

Simpson diversity
A measure of diversity that 
considers the total number  
of distinct entities (species, 
sequence types and so on)  
as well as their relative 
abundance.

Minimum inhibitory 
concentration
(MiC). The lowest 
concentration of a compound 
(usually an antibiotic) that is 
able to inhibit growth of a  
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198 complete genomes of K. pneumoniae available in the 
National Center for Biotechnology Information (NCBI) 
GenBank database in March 2018 (rEF.20).

It has been noted among K. pneumoniae hospital 
infection isolates that resistance to a given drug class 
is often strongly correlated with resistance to other 
drug classes89. However, few studies have explicitly 
assessed the distribution of acquired AMR genes in the 
K. pneumoniae population. Doing so using WGS analysis 
of 1,187 isolates from 29 clones reveals a bimodal distri
bution, with most isolates either carrying multiple acces
sory AMR genes (mode = 10) or none (Fig. 4a). These 
accessory AMR genes are associated with acquired resist
ance to a wide range of drug classes (Fig. 4b), with bimodal 
peaks at either zero or six classes (in addition to the 
intrinsic ampicillin resistance). Clear differences in AMR 
gene load are evident between clones. The global MDR 
clones are characterized by consistently high numbers 
of accessory AMR genes encoding resistance to ≥6 drug 
classes, whereas the hypervirulent clones rarely carry any 

acquired resistance genes (FigS 2c and 4b). A bimodal 
distribution is evident within CG20 and CG37, indicat
ing MDR and nonMDR subpopulations within these 
clones (Fig. 4b). Similar patterns were recently reported 
for an independent sample of 228 K. pneumoniae isolates 
from the Caribbean that showed significant differences 
in acquired AMR gene load by clone, with a median of 
5–10 genes in ST11, ST258, ST152, ST15, ST392, ST405, 
ST307 and ST39 and a median of one gene in ST23, ST86, 
ST1605 and ungrouped isolates62.

Several contributing factors have been proposed 
for the uneven distribution of MDR within bacterial 
pathogen populations89. Among these factors, there is 
evidence in K. pneumoniae for genetic linkage between 
AMR genes encoded on the same MGE19,48 and for line
age differences in recombination rates10. In Streptococcus 
pneumoniae, strain differences in human commensal 
carriage rates play a role90; this could potentially be 
relevant to K. pneumoniae but has yet to be explored. 
The genomic epidemiology of MDR in K. pneumoniae 
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suggests that there may also be lineagespecific differ
ences in the fitness costs associated with maintaining 
plasmids, even in the absence of selection for specific 
AMR phenotypes. Carriage of multiple plasmids each 
harbouring multiple AMR genes is not uncommon in 
K. pneumoniae19,91. WGS surveys of diverse isolate col
lections that are not preselected for AMR have noted 
that large complements of AMR genes can be detected 
in diverse and more rarely encountered lineages of 
K. pneumoniae or KpSC members, particularly among 
hospital isolates9,55,92. This suggests that although all line
ages are exposed to AMR plasmids, some maintain these 
only transiently. By contrast, the global MDR clones 
show evidence of maintaining specific AMR genes 
and plasmids through decades of clonal expansion, 
diversification and widespread dissemination (Box 2).

Detailed genomic investigations of K. pneumoniae 
at individual healthcare facilities provide further evi
dence for variation in plasmid maintenance dynamics. 
Several WGS studies document AMR plasmid trans
mission between K. pneumoniae strains (and between 
K. pneumoniae and other species) in the hospital set
ting19,49,92. The detection of MDR plasmids in rare 
K. pneumoniae STs in hospital patients could thus be 
explained by occasional acquisition of plasmids from 
other Enterobacteriales in the gut, which are main
tained in the hospital setting owing to selection from 
antimicrobial use but are readily lost upon withdrawal 
of therapy or transmission to another host. Consistent 
with this, hospitalbased WGS studies tend to reveal an 
imbalanced population of strains carrying the target 
gene of interest (for example, blaKPC), with one or two 
plasmidbearing STs spreading between large numbers 
of patients (often global MDR clones such as CG258 
or CG307) alongside multiple rare STs that acquire the 
same plasmid but do not spread to other patients, per
haps owing to reduced fitness92,93. There is some experi
mental evidence supporting clonespecific differences in 
plasmid maintenance costs in K. pneumoniae94,95, but the 
mechanisms for this remain to be explored.

Resistance outside hospitals
Numerous studies have reported selective isolation of 
ESBL or carbapenemaseproducing K. pneumoniae from 
animals and wastewater treatment plants. Notably, these 
tend to recover the same MDR clones isolated from clinical 
cases in neighbouring locations and are often attributed 
to contamination from humans rather than vice versa96. 
As noted above, there is a lack of reported attempts to 
nonselectively isolate K. pneumoniae from nonhuman  
sources, hence the frequency of AMR among non 
humanassociated populations and the flow of AMR 
genes and strains between niches remains cryptic.

Pathogenicity and virulence
Numerous genetic factors contribute to the ability of 
K. pneumoniae strains to cause disease in humans. The 
underlying mechanisms97 and host immune evasion 
strategies98 have been reviewed elsewhere. In this Review, 
we focus on current knowledge of the diversity and dis
tribution of diseaserelated genes in the K. pneumoniae 
population.

Pathogenicity factors
All K. pneumoniae strains harbour a subset of core chro
mosomally encoded pathogenicity factors that form the 
basic requirements for establishing opportunistic infec
tions in mammalian hosts. These include the core locus 
ent encoding biosynthesis of the siderophore entero
bactin (Ent), the core fim and mrk loci encoding type 1 
and type 3 fimbriae, respectively, as well as the variable 
capsular polysaccharide (K antigen) and LPS (O antigen) 
biosynthesis loci9,40,99,100. Ent (or an alternative acquired 
siderophore; see below) is required for growth in most 
niches101; the other factors mediate processes at the cell 
surface involved in the earlier stages of infection and/or 
evasion of host defence mechanisms97,98.

Largescale genomic comparisons have revealed 
substantial allelic and genecontent heterogeneity at the 
capsule (K antigen) and LPS (O antigen) biosynthesis 
loci, which comprise ~10% of the pangenome9. The 
capsule is produced through a Wzydependent process 
for which the conserved machinery is encoded by genes 
that are present in most Kantigen biosynthesis loci 
(wzi, wza, wzb, wzc, wzx and wzy)102,103. However, the 
capsulespecific sugar synthesis machinery is encoded by 
a set of highly diverse genes that are variably present and 
frequently reassorted in the population. To date, >138 
distinct combinations have been identified61,99,100, each 
defining a distinct K-locus thought to encode a distinct 
capsule type, but only 77 of these have been distinguished 
by traditional serological typing104. Capsule types K1 and 
K2 are associated with invasive disease and enhanced 
pathogenicity in murine models30 and are highly con
served in hypervirulent clones (K1 in CG23 and K2 in 
the others)10,36,40,59. Capsule type K5 is also associated 
with liver abscess in diverse strain backgrounds59, and K3 
is restricted to the rare rhinoscleromatis lineage (ST67)42. 
Little is understood about the relative virulence of other 
capsule types, and most nonhypervirulent clones, 
including the global MDR clones, exhibit substantial 
Klocus diversity10,47. A notable exception is CG307, 
which so far always carries the Klocus 102 (KL102) 
locus, as well as an additional putative capsule synthesis 
locus that has a distinct structure to the Klocus and is 
rare in the broader K. pneumoniae population53.

Similar genecontent variation has been used to 
define 12 distinct o-loci99,105. Unlike the Kloci, however, 
the genes responsible for defining the nine recognized 
LPS O serotypes and >5 subtypes106,107 include those at 
the Olocus and also other regions of the genome (loca
tions are type dependent)106. Serotypes O1 and O2 are 
most common among clinical K. pneumoniae isolates99 
and may provide comparatively enhanced protection 
against phagocytosis99,100. There are no firm data as 
yet on whether Klocus or Olocus variation is related 
to niche or host specialization, as is the case in other 
bacterial species108.

The extent and clinical impact of allelic diversity at 
the fim and mrk loci remain relatively unexplored; how
ever, there is evidence that both types of fimbriae con
tribute to intestinal colonization, biofilm formation on 
catheters and the ability to cause pneumonia and urinary 
tract infections109,110. Notably, both loci also play a role in 
adhesion to plant cells109.

Pathogenicity factors
Features encoded by loci that 
are present in all Klebsiella 
pneumoniae (although there 
may be important allelic 
variants) and required for 
‘classical’ opportunistic 
infections.

K-locus
The capsule (K antigen) 
biosynthesis locus.

Rhinoscleromatis
A rare chronic infection 
characterized by granulomas 
(structure formed from a 
collection of white blood cells) 
in the upper airways.

O-loci
The outer lipopolysaccharide 
(o antigen) biosynthesis loci.
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Virulence factors
Numerous accessory geneencoded virulence factors are 
known to further enhance the severity of K. pneumoniae 
infections and/or the propensity to cause disease. Here, 
we focus on those that have been subject to extensive 
experimental validation and the frequency, mobiliza
tion and diversity of which in K. pneumoniae has been 
investigated.

Acquired siderophores. Siderophore systems comprise 
ironchelating molecules that can competitively scav
enge iron from host proteins or other sources, and sur
face receptors for internalization. Four systems have 
been described in K. pneumoniae: Ent (core siderophore;  
encoded by ent) and yersiniabactin, aerobactin and salmo
chelin (accessory or acquired siderophores; encoded  
by ybt, iuc and iro, respectively)9. All three accessory 
systems can enhance virulence in murine models111–114, 
and the presence of these loci are statistically associated 
with invasive CAIs in humans compared with classical 
HAI or asymptomatic carriage9,115,116. Although there is 
some functional redundancy between the systems, the 
siderophores vary in their ironbinding affinities109 and 
host–immune interactions, including survival in macro
phages117–119. For example, the core siderophore Ent is 
bound by host lipocalin 2 (Lcn2) secreted by neutrophils 
and epithelial cells, disrupting Ent’s ironscavenging 
function and inducing an inflammatory response120. 
However, the acquired iro locus results in production 
of glycosylated Ent (GlyEnt; also known as salmo
chelin), which evades Lcn2 binding while maintaining 
ironscavenging activity; aerobactin and yersiniabactin 
have lower affinity for iron than Ent but are not bound 
by Lcn297,101,112.

The ybt locus is statistically associated with infec
tions (both classical HAIs and hypervirulent CAIs), 
being present in 30–40% of K. pneumoniae human 
clinical isolates and 13% of colonizing isolates9,115. It is 
widely distributed in the K. pneumoniae population, 
found at 6–80% and 78–100% frequency in the global 
MDR and hypervirulent clones, respectively10,115 (Fig. 2). 
In K. pneumoniae, the ybt locus is usually mobilized by 
an ICE that integrates at an aspartate (Asn) tRNA gene 
(ICEKp; of which numerous allelic and structural var
iants have been described), but also occasionally by 
plasmids115,121. ICEKp appears to be quite mobile in the 
population, with hundreds of distinct acquisition events 
(defined as unique combinations of ICEKp locus struc
ture, integration site and chromosomal ST) identified 
across clinical, nonclinical, classical and hypervirulent 
K. pneumoniae clones115. Some variants are comparatively 
restricted in their distribution (for example, ICEKp10), 
whereas others (for example, ICEKp3 and ICEKp4) are 
widely detected across clones115.

Iuc and iro are found in <10% of K. pneumoniae9,10,116  
(Fig. 2). With the exception of one iro lineage (iro3) 
co localized with ybt and rmpA in ICEKp1, and a chromo
somally fixed iuc lineage (iuc4) in the rhinoscleromatis 
associated ST67, the main dispersal mechanism is 
through plasmids, typically large (>100 kbp) FiBK replicons 
known as K. pneumoniae virulence plasmids (KpVPs)116. 
Two of these plasmids, pK2044 (KpVP1 carrying iuc1 

and iro1) and Kp52.145 pII (KpVP2 carrying iuc2 and 
iro2) have been extensively characterized owing to 
their association with hypervirulent clones: KpVP1 
in CG23 (98%), CG86 (70%) and CG65 (78%); and 
KpVP2 in CG380 (100%) and CG66 (100%)10,116. The 
dominant virulence plasmids KpVP1 and KpVP2 are 
nonconjugative (that is, they are not selftransmissible). 
However, they can be mobilized between bacterial 
cells by other conjugative elements122, and mosaic 
plasmids comprising regions of KpVP1 fused with 
those of conjugative plasmids can result in conjuga
tive virulence plasmids12,123. Several additional plas
mids carrying distinct iuc or iro lineages (iuc3, iuc5, 
iro4 and/or iro5) have also been identified, including 
many that carry genes predicted to encode conjugative 
machinery, and these appear to circulate outside the 
hypervirulent clones116.

Colibactin. The genotoxic polyketide colibactin,  
which induces DNA damage in eukaryotic cells, was 
first des cribed in E. coli but is also found in ~10% of  
K. pneum oniae, encoded in ICEKp10 by the clb (pks) 
locus115,124. Colibactin is proposed to promote mucosal 
and gut colonization, dissemination to the blood and  
other organs, and may contribute to colorectal can
cer124–126. In K. pneumoniae, colibactin is primarily asso
ciated with the liver abscess clones CG66 (100%) and 
CG23 (80%) but is also present in subpopulations of 
hypervirulent clones CG65 and CG380 (Fig. 2). In CG23, 
it is restricted to the globally disseminated CG23I sub 
lineage that accounts for the majority of CG23 liver 
abscess46. Interestingly, ICEKp10 has also been acquired 
several times in CG258 and is common in the widely 
distributed ST258wzi154 (KL107) subclade, but the clb 
locus is disrupted and likely inactive, suggesting that it 
may be negatively selected in this clone115.

Hypermucoidy. Hypermucoidy is perhaps the most 
wellknown virulence factor for K. pneumoniae but its 
genetic basis and contribution to disease are not straight
forward (Box 3). The phenotype is commonly associated 
with capsule overproduction due to the presence of 
one or both of the accessory regulator genes rmpA or 
rmpA2 (which share >80% homology)127,128, although 
it has recently been demonstrated that hypermucoidy 
can occur without capsule overproduction129. rmpA and 
rmpA2 are typically situated near iro and iuc, respectively, 
on the virulence plasmids and thus share the distribution 
of both KpVP1 and KpVP2; however, rmpA and iro 
are also colocalized in ICEKp1, and rmpA2 and iuc are 
colocalized in noncanonical virulence plasmids12,116.

Other factors. Analysis of fimbrial operons in two 
genomes suggests that there are diverse accessory adhe
sion factors in the K. pneumoniae population that may also  
contribute to virulence109,130. Various other accessory loci 
have been identified as contributing to K. pneumoniae  
virulence, mostly on the basis of screening targeted gene 
knockouts or mutant libraries constructed in the back
ground of hypervirulent strains (for example, strains 
B5055/Kp52.145 (K2 ST66), NTUHK2044 (K1 ST23), 
CG43 (K2 ST86) and KPRR1/ATCC 43816 (K2 ST493))  

Virulence factors
Features encoded by 
accessory loci which are 
entirely absent from most 
Klebsiella pneumoniae but 
whose presence increases 
either disease severity or 
propensity to cause disease.

FIBK replicons
Plasmids of incompatibility 
type incFiBK.

Hypermucoidy
A phenotypic state 
characterized by ‘sticky’ growth 
and identified by production of 
a viscous filament (≥5 mm) 
when a colony is stretched by a 
culture loop.
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in murine models97. However, the genetic diversity and 
population distribution of these loci, their functional 
relevance in nonhypervirulent strain backgrounds 
and their association with clinical infections in humans 
remain largely unexplored. Pangenomewide associ
ation studies of isolates associated with different clin
ical manifestations, which encompass diverse human 
clinical isolates and adjust for potential confounding of 
the associations by bacterial population structure131, may 
help to clarify these issues. For example, all three acquired 
siderophores as well as rmpA, rmpA2, clb, microcin and 
allantoinase, but not the proposed virulence factors kfu 
or kvgAS (Box 3), were associated with invasive disease in 
a post hoc analysis of diverse human isolates9, and com
parison of prospectivelycollected pneumonia and blood 
isolates with gutcolonizing isolates from a single patient 
population identified five factors including ter (tellurium 
resistance) and a novel psicose sugar utilization locus as 
independently associated with disease132.

Hypervirulence
A small number of clones account for the majority of 
hypervirulent infections; these clones typically carry a 
combination of virulenceassociated variants of core 
pathogenicity factors (K1 or K2 capsules; O1 or O2 LPS) 
as well as accessory virulence factors (rmpA and/or 
rmpA2, and acquired siderophores ybt, iuc and iro)10,59  
(Fig. 2). In rarer instances, strains with nonK1 or nonK2 
capsules (for example, K5, K20, K54 and K57) and/or  
without the accessory virulence factors have also  

been reported to cause hypervirulent infections59,133,134. 
The strong influence of population structure (Fig. 2) 
and the strong genetic linkage between virulence loci 
colocated in ICEKp and/or virulence plasmids115,116 have 
complicated attempts to tease apart the relative impor
tance of these factors to human clinical infections and 
thus to predict hypervirulence from genotype (Box 3). 
Nevertheless, the virulence plasmidassociated iuc, iro 
and rmpA or rmpA2 loci are recognized as important pre
dictors for clinical hypervirulence9,133, and the acquisition 
of iuc and rmpA2 by classical strains has been associated 
with enhanced morbidity and mortality11. The peg-344 
transporter gene (occasionally annotated as pagO) has 
also been reported as a marker for hypervirulence133,135. 
However, the studies in question accounted for neither 
population structure nor the gene’s strong linkage with 
other known hypervirulence factors (peg-344 is located 
between rmpA and iro on KpVP1 (rEFS136,137), KpVP2 
(rEF.138) and ICEKp1 (rEF.121)), and peg-344 knockout 
mutants were not attenuated in either of two independent 
models of hypervirulent infection139,140.

Convergence of resistance and virulence
MDR and virulence have historically been associated 
with nonoverlapping populations of K. pneumoniae 
(for example, see Fig. 2c), with only the occasional and 
sporadic report of a hypervirulent strain acquiring 
AMR40,46,55,141. However, as both functions are mobile in 
the population, the convergence of MDR and virulence 
factors in the same strain is possible and may begin to 
erode the current boundaries between MDR and hyper
virulent clones, exacerbating the wider public health 
threat posed by K. pneumoniae.

The scenarios for convergence can be broadly divided 
along two axes: clone background, that is, hypervirulent 
clones acquiring MDR versus MDR clones acquiring vir
ulence factors; and MGE dynamics, that is, transmission 
of complete MDR55,141,142 or virulence plasmids11 versus 
transmission and linkage of MGEs to create hybrid 
vectors of both AMR and virulence. Hybrid vectors 
have been reported as a result of several mechanisms, 
including recombination of AMR and virulence plas
mid backbones12, insertion of AMR genes into com
mon virulence plasmids143,144 or insertion of virulence 
loci into MDR plasmids55. The most common scenario 
so far appears to involve the presence of virulence 
plasmids or hybrid AMR–virulence plasmids in MDR 
clones (Supplementary Table 7). This is consistent with 
reported differences in HGT dynamics between hyper
virulent and MDR clones, with MDR clones displaying 
much greater diversity of gene content associated with 
various HGT mechanisms (plasmids, phage and homol
ogous recombination)10. It is important to note, however,  
that although MDR clones carrying the virulence plas
mids have been reported to manifest enhanced patho
genicity in the hospital setting11, they have not yet been 
shown to cause hypervirulent CAIs.

Geographically, the focal point for convergence 
appears to be Asia (33 of 58 documented cases in 
Supplementary Table 7), where both MDR and hyper
virulence are common. Carbapenemresistant or MDR 
ST11 strains carrying KL64 or KL47 and the virulence 

Box 3 | Revisiting putative hypervirulence determinants

Genomics studies show how diversity is structured in the Klebsiella pneumoniae 
population and reveal how this structure has sometimes confounded apparent 
associations between proposed virulence genes and hypervirulence phenotypes, 
resulting in some common misconceptions regarding the ‘hypervirulence markers’.

Capsule-specific genes
•	K1 and K2 capsules are highly conserved within individual hypervirulent clones  

and are found in numerous non-hypervirulent clones. They are not sufficient for 
hypervirulence10,42.

•	Two proposed hypervirulence markers are now known to be capsule-locus genes: 
magA (K1-specific wzy capsule repeat unit polymerase)167 and wcaG, a component  
of K-locus 1 (Kl1) as well as Kl6, Kl16, Kl54, Kl58, Kl63 and Kl113 (rEFS99,102,167).

Clone-specific markers
•	kfu (ferric iron uptake) and allS (allantoin metabolism) are conserved in clonal group 

23 (CG23)46 but not in other hypervirulent clones40.

•	kvgAS is conserved in CG86, CG65 and CG25 (rEF.40), but absent from CG23 (rEF.46).

Hypermucoidy and rmpA genes
•	Hypermucoidy is not exclusive to hypervirulent strains, and not all hypervirulent 

strains are hypermucoid by the string test. Concordance between the string test  
and clinically or animal model-assessed hypervirulence varies (51–98%)133.

•	Truncations in rmpA are common; half of the recorded rmpA or rmpA2 alleles carry 
frameshift mutations arising from indels at a poly(G) sequence, causing loss of 
function and lack of hypermucoidy168.

Siderophore receptors
Among the K. pneumoniae core genes is a TonB-dependent receptor that shares ~71% 
homology with the aerobactin receptor iutA. Detection of this core gene by PCR or 
sequencing is sometimes mistaken for the presence of aerobactin68, despite the lack  
of aerobactin synthesis genes iucABCD.

Psicose sugar
A monosaccharide molecule, 
also known as allulose.
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plasmid with iuc (and often rmpA2) are disseminating in 
China11,145; multiple convergent strains and plasmid vec
tors have also been reported from South and Southeast 
Asia61 (Supplementary Table 7).

Genomic surveillance
WGS serves as a powerful tool to monitor and explore  
K. pneumoniae epidemiology by affording a comprehen
sive picture of strain populations in a single assay, allow
ing the simultaneous detection of species, lineage, Kloci 
and Oloci, core and accessory AMR and virulence 
determinants, and also base pairresolved measurement 
of strain relatedness with which to assess evidence of 
transmission. Indeed, much of this can now be accom
plished in a few steps using tools such as Kleborate, 
PathogenWatch and BIGSdb.

Genomic surveillance has already been instrumental 
in elucidating patterns of clonal spread at local, regional 
and global levels and gaining insights into the burden and 
spread of K. pneumoniae HAIs16–19,54,61,62. Given the 
genetic diversity and complexity of K. pneumoniae clin
ical threats, WGS is rapidly becoming a crucial tool for 
epidemiology and surveillance of this pathogen, particu
larly for monitoring global emergence and dissemination 
of problem clones, tracking the convergence of AMR and 
hypervirulence, and more fully exploring links between 
clinical infections and potential ecological reservoirs.

Importantly, the utility of WGS surveillance data 
extends well beyond its initial purpose, as each study 
provides information not only on local disease epidemi
ology, but also contributes to understanding the ongoing 
evolution and geographical spread of clinically relevant 
strains and features. For example, publicly deposited 
WGS data from a recent Europewide genomic sur
veillance study of CRKp54 helped to resolve the likely 
origin of two cases of AMR iuc+ K. pneumoniae infec
tions identified in Norway12, before the original surveil
lance study report was published. Even studies of local 
K. pneumoniae hospital outbreaks have provided lessons 
for infection control well beyond their initial sphere of 
concern, showing that MDR K. pneumoniae are more 
transmissible than susceptible strains in hospitals19,54 and 
confirming hospital plumbing as a source of prolonged 
outbreaks146, providing focal points for intervention and 
prevention strategies.

WGS investigations of CRKp have also led to wide
spread recognition of the roles of plasmid and MGE 
transfer in hospital outbreaks92, with K. pneumoniae 
playing a leading role as both donor and recipient for 
AMR gene transfer49,92,93,146,147. Understanding the poten
tial for ‘plasmid outbreaks’ is transforming the way that 
screening and surveillance of carbapenemaseproducing 
Enterobacteriaceae is managed, shifting the focus from 
individual organisms to the enzymes and plasmids that 
make the organism a threat147.

Conclusions and future perspectives
The application of genomics has revealed remarkable 
genetic diversity and has drastically accelerated under
standing of K. pneumoniae population structure, AMR, 
pathogenicity and transmission in clinical environments. 
The emerging population genomic framework has  

helped clarify many points of confusion related to taxon
omy, resistance and virulence; for example, by high
lighting those AMR and virulence determinants that are 
core to all strains (Fig. 2) and revealing how clonal spread 
can confound association analyses, such as that between 
the kfu operon and the hypervirulent phenotype (Box 3). 
This framework also provides important context to help 
guide the design and interpretation of future experimen
tal and clinical studies, which are critical to confirm — 
and to elucidate the mechanisms underlying — observed 
associations between genetic variation and clinically rel
evant phenotypes. For example, it is becoming apparent 
that there is no such thing as ‘typical’ K. pneumoniae, as 
genecontent turnover is extensive and even the ‘core’ 
loci harbour widespread genetic variation of clinical rel
evance. Experimental studies could benefit from taking 
this into account, by including multiple diverse strains 
and exploring the functional dependence of specific 
genes on factors that vary substantially with genetic 
background, including both allelic and genecontent 
variation. Ideally, such studies would also report the 
genome sequences of strains, enabling others to inter
pret the findings and make comparisons with their own 
strain collections.

Increased reporting of convergent AMRvirulent iso
lates and the discovery that the infamous ‘hypervirulent’ 
MDR ST11 isolated in China was already widely dissem
inated prior to initial reporting both clearly highlight 
the need for enhanced global surveillance. Genomics 
enables identification and typing of a wide array of 
clinically relevant features in a single assay, facilitat
ing rapid detection of emerging threats and informing 
containment strategies (see Related links for tools and 
resources). There is now also a considerable body of 
evidence supporting the use of genomics to track strain 
and/or plasmid transmissions within hospitals to inform 
infection control and help reduce the burden of disease. 
However, not all infections are associated with hospital 
transmission (for example, hypervirulent infections and 
sporadic classical infections), and these cannot be pre
vented by enhanced infection control measures. This 
highlights the need to better understand the interaction 
between K. pneumoniae and human hosts, including 
core and variable bacterial mechanisms, host factors and 
the role of gut colonization, which generally precedes 
progression to disease.

Combining comparative genomic analyses with tar
geted population surveys and experimental laboratory 
studies could prove a powerful approach to identify 
and functionally validate additional clinically relevant 
genomic markers. We envisage that this will help to 
popu late a risk framework for K. pneumoniae, which cap
tures the spectrum of strainspecific risk for colonization, 
persistent carriage, disease progression and nosocomial 
transmission. Such a risk framework could have many 
benefits, such as prioritizing scarce infection control 
resources in hospital and informing the design of novel 
therapeutics, control strategies and patient care practices.

An important outstanding question remains, regard
ing the ultimate reservoirs of K. pneumoniae and how they 
contribute to human infections. The growing interna
tional focus on a ‘One Health’ approach to understanding 

Classical infections
A term used to refer to 
opportunistic healthcare- 
associated Klebsiella 
pneumoniae infections.
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AMR and its drivers has spurred an increased focus on 
the ecology of K. pneumoniae and other opportunistic 
pathogens. Ecological studies and crossniche surveil
lance for K. pneumoniae are gaining popularity and can be 
expected to provide evidence regarding the major animal, 
food and environmental reservoirs of K. pneumoniae. 
However, given the ubiquity and diversity of the spe
cies, detection alone is unlikely to be of much public 

health benefit. Rather, population genomic analyses will 
be needed to explore which reservoirs contribute to 
the amplification and spread of AMR and/or virulence 
determinants and to identify pathways for transmission 
to humans that could potentially be disrupted in the name 
of disease control.
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