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Today’s schedule
Time Activity

11:15-12:00 (45 mins) Lecture: Introduction to Klebsiella genomics & strain typing
• Genomics and sequencing technologies
• Species typing and the Klebsiella genome
• Strain typing and the Klebsiella population structure 
• Case study: Klebsiella strain typing in Kathmandu, Nepal

12:00-12:10 (10 mins) Class discussion

12:10-12:50 (40 mins) Lecture: Klebsiella virulence typing - part I
• An introduction to Klebsiella virulence determinants
• The capsule and K-/KL-types
• Lipopolysaccharides (LPS) and O-types
• An introduction to Kaptive

12:50-13:00 (10 mins) Class discussion

13:00-14:00 (1 hour) Lunch

14:00-15:15 (1 hour 15 mins) Kaptive hands on practical 

15:15-15:30 (15 mins) Break 

15:30-16:00 (30 mins) Kaptive hands on practical (continued)

16:00-16:30 (30 mins) Data sharing workflow mapping (Nicole Dagata)



Lecture outline: An introduction to Klebsiella
genomics and strain typing

1. Genomics and sequencing technologies

2. Species typing and the Klebsiella genome

3. Strain typing and the Klebsiella population structure 

4. Case study: Klebsiella strain typing in Kathmandu, Nepal



Genomics & sequencing technologies



Why use genomics to study Klebsiella epidemiology?

Genomic characterisation is robust, reproducible, and informative

Genome data are easily stored, shared, re-analysed, 

and re-interpreted as knowledge develops

Genomics is increasingly used as a core method for pathogen characterisation in 
research and public health laboratories



Timeline of bacterial whole genome sequencing (WGS)

1980 1990 2000 2010 2020

1977: Sanger sequencing

Capillary sequencing

1995: Free-living bacterial genomes 
(M. genitalium & H. influenzae)

1997: E. coli & B. subtilis
1998: M. tuberculosis

1999: H. pylori (n=2)

Adapted from Loman & Pallen 2015, 
Nat Rev Microbiol

2000: Meningococcal 
reverse vaccinology

Comparative genomics Genetic epidemiology Surveillance+ +



Timeline of bacterial whole genome sequencing (WGS)

1980 1990 2000 2010 2020

1977: Sanger sequencing
2005: 454 Pyrosequencing

Next/second generation sequencing
Capillary sequencing

2007: Illumina

2010: Ion Torrent

1995: Free-living bacterial genomes 
(M. genitalium & H. influenzae)

1997: E. coli & B. subtilis
1998: M. tuberculosis

1999: H. pylori (n=2)

2008: S. Typhi (n=100)
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2010: Genomic epidemiology  
of hospital pathogens

2002: B. anthrasis 
epidemiolgical markers 
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Timeline of bacterial whole genome sequencing (WGS)

1980 1990 2000 2010 2020

1977: Sanger sequencing
2005: 454 Pyrosequencing

Next/second generation sequencing
Capillary sequencing

Third  generation sequencing

2014: Nanopore

2011: PacBio
2007: Illumina

2010: Ion Torrent

1995: Free-living bacterial genomes 
(M. genitalium & H. influenzae)

1997: E. coli & B. subtilis
1998: M. tuberculosis

1999: H. pylori (n=2)

2008: S. Typhi (n=100) 2015: Routine WGS
surveillance of Salmonella 
& M. tuberculosis (UKHSA)

2014: S. pneumoniae 
populations shaped by 
interventions (n=3,000)

2011: Open-source
 E. coli outbreak (Germany) 

2010: Genomic epidemiology  
of hospital pathogens

2002: B. anthrasis 
epidemiolgical markers 

Adapted from Loman & Pallen 2015, 
Nat Rev Microbiol

2000: Meningococcal 
reverse vaccinology

Comparative genomics Genetic epidemiology Surveillance+ +



Decline of sequencing costs over time

genome.gov/about-genomics/fact-sheets/DNA-Sequencing-Costs-Data



Platforms commonly used for WGS

Loman & Pallen 2015, Nat Rev Microbiol



R9 Nanopore chemistry
• ONT only assemblies were comparable to 

Illumina only and Illumina-ONT hybrid 
assemblies

• Reliable capsule (K) type calls for all strains 
(100% exact or best matching locus)

• Reliable multi-locus sequence type (MLST) 
assignment (98.3% exact match or single-
locus variants)

• Good detection of acquired AMR genes and 
mutations (88–100% correct identification 
across the various drug classes)

• Calling outbreak clusters was problematic due 
to inflation of SNP counts



R10 Nanopore chemistry



Most commonly used sequencing platforms
• Illumina (most common)

• Highly accurate short reads
• Cost effective in some settings
• Appropriate for most common applications 

(mapping, phylogenetics, gene screening, 
draft assemblies) and downstream 
applications

• Nanopore (increasingly common)
• Longer reads with systematic errors
• Portable
• Finishing genomes
• Resolving mobile elements e.g. plasmids
• Large-scale rearrangements

• Often used in combination 
         e.g. hybrid genome assembly

Illumina only de Bruijn genome assembly graph

Hybrid (Illumina + Nanopore) de Bruijn genome 
assembly graph

Chromosome 
fragmented

into multiple contigs – 
some connections are 

poorly resolved

Chromosome resolved 
into a single contig

Khedher et al. 2022, Int. J. Mol. Sci.



Species typing & the Klebsiella genome



The Klebsiella pneumoniae species complex

Wyres et al. 2020, Nat Rev Microbiol; kleboratemodular.readthedocs.io 

Phylogroup Phylogroup (sub)species

Kp1 K. pneumoniae

Kp3 K. variicola subsp.variicola

Kp5 K. variicola subsp.tropica

Kp2 K. quasipneumoniae subsp. quasipneumoniae

Kp4 K. quasipneumoniae subsp. similipneumoniae

Kp6 K. quasivariicola

Kp7 K. africana

• Whole genome sequencing has revealed 
that many organisms previously classified 
as Klebsiella pneumoniae belong to 
closely related species that share 95-96% 
average nucleotide identity

• Members of the Klebsiella pneumoniae 
species complex (KpSC) share 90% 
nucleotide identity with other Klebsiella 
species

• New KpSC species defined by ≥3% 
genome-wide average nucleotide identity

• K. pneumoniae sensu stricto cause ~85% 
of clinical cases

https://kleboratemodular.readthedocs.io/


The Klebsiella genome is diverse
• K. pneumoniae genomes

• ~5-6 Mbp in size
• Encodes ~5,000-6,000 genes

• ~1700 genes conserved
• Remainder are variable

• Extremely diverse pangenome
• Likely exceeds 100,000 genes
• Majority of accessory genes are rare 

(present in <10% of genomes)

• Horizontal gene transfer common
• Mobile genetic elements (IS, plasmids, 

phage)
• 4-6 plasmids common, up to 10 reported
• Homologous recombination common 

Wyres et al. 2020, Nat Rev Microbiol; Wu et al. 2009, J Bact



The Klebsiella genome is diverse
• K. pneumoniae genomes

• ~5-6 Mbp in size
• Encode ~5,000-6,000 genes

• ~1700 genes conserved
• Remainder are variable

• Extremely diverse pangenome
• Likely exceeds 100,000 genes
• Majority of accessory genes are rare 

(present in <10% of geomes)

• Horizontal gene transfer common
• Mobile genetic elements (IS, plasmids, 

phage)
• 4-6 plasmids common, up to 10 reported
• Homologous recombination common 

Wyres et al. 2020, Nat Rev Microbiol

Core genes

Accessory 
genes

Genome 2Genome 1

Pangenome



Strain typing & the Klebsiella 
population structure



Reference frameworks: databases & schemes
Schemes for identifying and naming sub-species level variants are essential for recognition 
and communication about variants of clinical or public health concern

• Genotype schemes
 - based on marker SNPs that define clades, subclades, etc in the global tree
 - hierarchical names, e.g. 1.2.1 and 1.2.2 are sister subclades, within the parent clade 1.2
 - used for slow-evolving pathogens with limited diversity 
  e.g. M. tuberculosis, Salmonella Typhi, Shigella sonnei

• Multi-locus sequence typing (MLST)
 - based on common genes, unique combination of gene seqs define a unique ST
 - organism-specific databases, curated by research communities
 - all databases hosted via BIGSdb at pubmlst.org, incorporated into many tools
 - commonly used for KpSC



Multi-locus sequence typing (MLST)
• Defined set of seven core genes for typing (e.g. rpoB, gapA, mdh, pgi, phoE, infB, tonB for Klebsiella)

• For each gene, every unique allele is assigned a number (e.g. gapA-1, gapA-2, gapA-3)

Klebsiella gapA alleles in MLST scheme

- gapA currently has 392 unique alleles

locus allele id sequence
gapA 1 AACCTGAAGTGGGAC ... ACCGGTATGGCGTTC

gapA 2 AACCTGAAGTGGGAC ... ACCGGTATGGCGTTC

gapA 3 AACCTGAAGTGGGAC ... ACCGGTATGGCGTTC

gapA 4 AACCTGAAGTGGGAC ... ACCGGTATGGCGTTC

gapA 5 AACCTGAAGTGGGAC ... ACCGGTATGGCGTTC

gapA 6 AACCTGAAGTGGGAC ... ACCGGTATGGCGTTC

gapA 7 AACCTGAAGTGGGAC ... ACCGGTATGGCGTTC

gapA 8 AATCTGAAGTGGGAC ... ACCGGTATGGCGTTC

gapA 9 AACCTGAAGTGGGAC ... ACCGGTATGGCGTTC

gapA 10 AACCTGAAGTGGGAC ... ACCGGTATGGCGTTC

gapA 11 AACCTGAAGTGGGAC ... ACCGGTATGGCGTTC

gapA 12 AACCTGAAGTGGGAC ... ACCGGTATGGCGTTC

https://bigsdb.pasteur.fr/cgi-bin/bigsdb/bigsdb.pl?db=pubmlst_klebsiella_seqdef&page=alleleInfo&locus=gapA&allele_id=1
https://bigsdb.pasteur.fr/cgi-bin/bigsdb/bigsdb.pl?db=pubmlst_klebsiella_seqdef&page=alleleInfo&locus=gapA&allele_id=1
https://bigsdb.pasteur.fr/cgi-bin/bigsdb/bigsdb.pl?db=pubmlst_klebsiella_seqdef&page=alleleInfo&locus=gapA&allele_id=2
https://bigsdb.pasteur.fr/cgi-bin/bigsdb/bigsdb.pl?db=pubmlst_klebsiella_seqdef&page=alleleInfo&locus=gapA&allele_id=2
https://bigsdb.pasteur.fr/cgi-bin/bigsdb/bigsdb.pl?db=pubmlst_klebsiella_seqdef&page=alleleInfo&locus=gapA&allele_id=3
https://bigsdb.pasteur.fr/cgi-bin/bigsdb/bigsdb.pl?db=pubmlst_klebsiella_seqdef&page=alleleInfo&locus=gapA&allele_id=3
https://bigsdb.pasteur.fr/cgi-bin/bigsdb/bigsdb.pl?db=pubmlst_klebsiella_seqdef&page=alleleInfo&locus=gapA&allele_id=4
https://bigsdb.pasteur.fr/cgi-bin/bigsdb/bigsdb.pl?db=pubmlst_klebsiella_seqdef&page=alleleInfo&locus=gapA&allele_id=4
https://bigsdb.pasteur.fr/cgi-bin/bigsdb/bigsdb.pl?db=pubmlst_klebsiella_seqdef&page=alleleInfo&locus=gapA&allele_id=5
https://bigsdb.pasteur.fr/cgi-bin/bigsdb/bigsdb.pl?db=pubmlst_klebsiella_seqdef&page=alleleInfo&locus=gapA&allele_id=5
https://bigsdb.pasteur.fr/cgi-bin/bigsdb/bigsdb.pl?db=pubmlst_klebsiella_seqdef&page=alleleInfo&locus=gapA&allele_id=6
https://bigsdb.pasteur.fr/cgi-bin/bigsdb/bigsdb.pl?db=pubmlst_klebsiella_seqdef&page=alleleInfo&locus=gapA&allele_id=6
https://bigsdb.pasteur.fr/cgi-bin/bigsdb/bigsdb.pl?db=pubmlst_klebsiella_seqdef&page=alleleInfo&locus=gapA&allele_id=7
https://bigsdb.pasteur.fr/cgi-bin/bigsdb/bigsdb.pl?db=pubmlst_klebsiella_seqdef&page=alleleInfo&locus=gapA&allele_id=7
https://bigsdb.pasteur.fr/cgi-bin/bigsdb/bigsdb.pl?db=pubmlst_klebsiella_seqdef&page=alleleInfo&locus=gapA&allele_id=8
https://bigsdb.pasteur.fr/cgi-bin/bigsdb/bigsdb.pl?db=pubmlst_klebsiella_seqdef&page=alleleInfo&locus=gapA&allele_id=8
https://bigsdb.pasteur.fr/cgi-bin/bigsdb/bigsdb.pl?db=pubmlst_klebsiella_seqdef&page=alleleInfo&locus=gapA&allele_id=9
https://bigsdb.pasteur.fr/cgi-bin/bigsdb/bigsdb.pl?db=pubmlst_klebsiella_seqdef&page=alleleInfo&locus=gapA&allele_id=9
https://bigsdb.pasteur.fr/cgi-bin/bigsdb/bigsdb.pl?db=pubmlst_klebsiella_seqdef&page=alleleInfo&locus=gapA&allele_id=10
https://bigsdb.pasteur.fr/cgi-bin/bigsdb/bigsdb.pl?db=pubmlst_klebsiella_seqdef&page=alleleInfo&locus=gapA&allele_id=10
https://bigsdb.pasteur.fr/cgi-bin/bigsdb/bigsdb.pl?db=pubmlst_klebsiella_seqdef&page=alleleInfo&locus=gapA&allele_id=11
https://bigsdb.pasteur.fr/cgi-bin/bigsdb/bigsdb.pl?db=pubmlst_klebsiella_seqdef&page=alleleInfo&locus=gapA&allele_id=11
https://bigsdb.pasteur.fr/cgi-bin/bigsdb/bigsdb.pl?db=pubmlst_klebsiella_seqdef&page=alleleInfo&locus=gapA&allele_id=12
https://bigsdb.pasteur.fr/cgi-bin/bigsdb/bigsdb.pl?db=pubmlst_klebsiella_seqdef&page=alleleInfo&locus=gapA&allele_id=12


Multilocus sequence typing (MLST)
• Defined set of seven core genes for typing (e.g. rpoB, gapA, mdh, pgi, phoE, infB, tonB for Klebsiella)

• For each gene, every unique allele is assigned a number (e.g. gapA-1, gapA-2, gapA-3)

• Each unique combination of gene alleles defines a unique sequence type (ST)

• Each genome can then be represented by the set of allele numbers across these genes

• MLST database made up of
 (i) set of all allele sequences
 (ii) lookup table of allele number combinations to ST
 

Klebsiella MLST scheme

- Currently has >7500 unique allelic profiles

ST gapA infB mdh pgi phoE rpoB tonB

1 4 4 1 1 7 4 10

2 3 4 1 1 9 4 17

3 5 5 1 1 9 6 11

4 3 1 1 1 3 3 1

5 2 2 1 1 3 3 3

https://bigsdb.pasteur.fr/cgi-bin/bigsdb/bigsdb.pl?page=profileInfo&db=pubmlst_klebsiella_seqdef&scheme_id=1&profile_id=1
https://bigsdb.pasteur.fr/cgi-bin/bigsdb/bigsdb.pl?page=profileInfo&db=pubmlst_klebsiella_seqdef&scheme_id=1&profile_id=2
https://bigsdb.pasteur.fr/cgi-bin/bigsdb/bigsdb.pl?page=profileInfo&db=pubmlst_klebsiella_seqdef&scheme_id=1&profile_id=3
https://bigsdb.pasteur.fr/cgi-bin/bigsdb/bigsdb.pl?page=profileInfo&db=pubmlst_klebsiella_seqdef&scheme_id=1&profile_id=4
https://bigsdb.pasteur.fr/cgi-bin/bigsdb/bigsdb.pl?page=profileInfo&db=pubmlst_klebsiella_seqdef&scheme_id=1&profile_id=5


Multilocus Sequence Typing (MLST)

Diancourt et al. 2005, J Clin Microbiol

• Originally developed for use with PCR primers and Sanger sequencing



Multilocus Sequence Typing (MLST)
• Several general software tools have been developed that can use MLST schemes to type isolates from WGS data

• These software tools can be used to analyse WGS data for any  pathogen where an MLST scheme has been developed

https://github.com/tseemann/mlst MLST

ATTACAGATTAC
ATTACAGATTAC

ATTACAGATTAC

ATTACAGATACAGATTAC
TACAGATTAC

+

https://github.com/tseemann/mlst


Multilocus Sequence Typing (MLST)
• Specialist software tools have been developed specifically for Klebsiella that include MLST typing



Multilocus Sequence Typing (MLST)

In Klebsiella the population structure is 
comprised of hundreds of deep 
branching lineages

Sequences types correspond to broad 
phylogenetic lineages

Sequence types provide useful 
nomenclature to discuss transmission, 
spread, and biological traits
 e.g. AMR, virulence

Holt et al. 2015, PNAS



Core Genome MLST (cgMLST)
• Uses ~700 core genes (defined using 

pangenome approaches)

• Same principle as for MLST

• ~100x more resolution

• Clonal groups (CGs) correspond to 
deep branching lineages that share 
≥594 alleles with at least one other 
member of the group (~0.5% nucleotide 
divergence)

e.g. CG258 includes closely related STs 
(ST258, ST11, ST512, ST340)



Other MLST schemes
• Using the same principles, MLST schemes have been developed for many different 

genetic loci, including plasmids and virulence factors

• Kleborate includes typing for major virulence determinants e.g. Salmochelin, 
Aerobactin,  Yersiniabactin, Colibactin, rmpA/D/C

https://bigsdb.pasteur.fr/cgi-bin/bigsdb/bigsdb.pl?db=pubmlst_klebsiella_seqdef&page=schemes 

https://bigsdb.pasteur.fr/cgi-bin/bigsdb/bigsdb.pl?db=pubmlst_klebsiella_seqdef&page=schemes


LIN (Life Identification Number) codes

https://bigsdb.pasteur.fr/klebsiella/cgmlst-lincodes/ 

• Extension of cgMLST using ~600 core genes
• Multi-position integer-based code 

attributed to each genome
• Preserves species typing and MLST typing 

using LIN code prefixes and lookup tables 
(backwards compatibility)

• Better handling of interphylogroup hybrid 
strains 

bin classification No. allele 
mismatches

1 Species [629-610]

2 Subspecies [610-585]

3 Sublineage (SL) [585-190]

4 Clonal Group (CG) [190-43]

5 - [43-10]

6 - [10-7]

7 - [7-4]

8 - [4-2]

9 - [2-1]

10 - [1-0]

https://bigsdb.pasteur.fr/klebsiella/cgmlst-lincodes/


LIN (Life Identification Number) codes

bigsdb.pasteur.fr/klebsiella/cgmlst-lincodes/ 

LIN Prefix Phylogroup Phylogroup (sub)species

0_0 Kp1 K. pneumoniae

1_0 Kp3 K. variicola subsp.variicola

1_1 Kp5 K. variicola subsp.tropica

2_0 Kp2 K. quasipneumoniae subsp. quasipneumoniae

2_1 Kp4 K. quasipneumoniae subsp. similipneumoniae

3_0 Kp6 K. quasivariicola

4_0 Kp7 K. africana

Kp1

Kp6

Kp7

Kp2

Kp4

Kp3

Kp5

0.01

First two digits correspond to 
phylogroup & species/subspecies

Palma et al. 2024, bioRxiv; Hennart et al. 2022 

https://bigsdb.pasteur.fr/klebsiella/cgmlst-lincodes/


LIN (Life Identification Number) codes

https://bigsdb.pasteur.fr/klebsiella/cgmlst-lincodes/ 

Kp1

Kp6

Kp7

Kp2

Kp4

Kp3

Kp5

0.01

LIN Prefix Sublineage (SL) Main ST

0_0_0 SL15 ST15

0_0_429 SL23 ST23

0_0_105 SL258 ST258

0_0_158 SL45 ST45

0_0_197 SL147 ST147

0_0_369 SL307 ST307

0_0_84 SL101 ST101

0_0_1 SL14 ST14

Next digit corresponds to MLST profiles
(referred to as sublineages SL’s)

Palma et al. 2024, bioRxiv; Hennart et al. 2022 

https://bigsdb.pasteur.fr/klebsiella/cgmlst-lincodes/


LIN (Life Identification Number) codes

https://bigsdb.pasteur.fr/klebsiella/cgmlst-lincodes/ 

Kp1

Kp6

Kp7

Kp2

Kp4

Kp3

Kp5

0.01

LIN Prefix Clonal Group (CG) Main ST

0_0_0_0 CG15 ST15

0_0_429_0 CG23 ST23

0_0_105_6 CG258 ST258

0_0_158_8 CG45 ST45

0_0_197_0 CG147 ST147

0_0_369_0 CG307 ST307

0_0_84_0 CG101 ST101

0_0_1_1 CG14 ST14

Next digit corresponds to MLST profiles
(Clonal group/CG level)

Palma et al. 2024, bioRxiv; Hennart et al. 2022 

https://bigsdb.pasteur.fr/klebsiella/cgmlst-lincodes/


LIN (Life Identification Number) codes

https://bigsdb.pasteur.fr/klebsiella/cgmlst-lincodes/ 

Kp1

Kp6

Kp7

Kp2

Kp4

Kp3

Kp5

0.01

Remaining digits give higher 
resolution data on allelic differences 
based on the number of mismatches

bin classification No. allele 
mismatches

1 Species [629-610]

2 Subspecies [610-585]

3 Sublineage (SL) [585-190]

4 Clonal Group (CG) [190-43]

5 - [43-10]

6 - [10-7]

7 - [7-4]

8 - [4-2]

9 - [2-1]

10 - [1-0]

Palma et al. 2024, bioRxiv; Hennart et al. 2022 

https://bigsdb.pasteur.fr/klebsiella/cgmlst-lincodes/


• All databases hosted or mirrored via BIGSdb software at pubmlst.org

Typing databases freely available online

https://bigsdb.pasteur.fr/klebsiella/ 

https://bigsdb.pasteur.fr/klebsiella/


Typing methods provide useful nomenclature

1. To stratify cases into pathogen subtypes
• To identify / define those with different genomic / biological traits and 

assess whether they have distinct epidemiology, so they can be 
managed in a targeted way

• May consider phylogenetic relatedness to define groups, or use non-
phylogenetic groupings

2. To investigate emergence and spread
• Of the infectious disease generally, or variants of special clinical 

interest such as drug resistant or hypervirulent strains
• Identify sources of infection, track transmission events, investigate 

outbreaks



Typing methods provide useful nomenclature
For example, CG23 is a known hypervirulent strain type, whereas CG258 is often described as a ‘classical’ MDR 
strain type. These classifications are due to the presence of marker genes, and corresponding phenotypes, for 

either hypervirulence (blue) or drug resistance (red).

Wyres et al. 2019, PLOS Genet



Case study



Case study: Klebsiella strain typing

• Setting: Patan Hospital, 
Kathmandu, Nepal

• Increase in blood isolates of 
Klebsiella pneumoniae from 
neonatal and pediatric intensive 
care units

• Sequencing investigation:
• 29 suspected outbreak isolates 

• N=8 from NICU
• N=7 from PICU
• N=14 from nurseries

• 60 randomly selected from other 
wards

Monthly isolations of K. pneumoniae from blood

Wards affected by K. pneumoniae outbreak

Outbreak suspected
  NICU & PICU closed, 

  fumigated & pipework fixed

Pediatric ICU 

Neonatal ICU

Nurseries

Adult ICU

Medical



Whole-genome SNP tree

(tips = cases / genomes)

Case study: Klebsiella strain typing



Case study: Klebsiella strain typing
Cluster 1: ST15, isolated mainly May-June, from NICU & nurseries



Case study: Klebsiella strain typing
Carbapenem resistance (meropenem, imipenem) in NICU cluster, 

due to NDM-1 carbapenemase



Case study: Klebsiella strain typing

Cluster 2: ST1559, isolated August-November, mainly from NICU



Case study: Klebsiella strain typing



Any questions or reflections?
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