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Abstract

Members of the Klebsiella pneumoniae species complex, particularly K. pneumoniae subsp. pneumoniae are antimicrobial resist-
ance (AMR) associated pathogens of global importance, and polyvalent vaccines targeting Klebsiella O-antigens are in devel-
opment. Whole-genome sequencing has provided insight into O-antigen distribution in the K. pneumoniae species complex, as 
well as population structure and virulence determinants, but genomes from sub-Saharan Africa are underrepresented in global 
sequencing efforts. We therefore carried out a genomic analysis of extended-spectrum beta-lactamase (ESBL)-producing K. 
pneumoniae species complex isolates colonizing adults in Blantyre, Malawi. We placed these isolates in a global genomic 
context, and compared colonizing to invasive isolates from the main public hospital in Blantyre. In total, 203 isolates from stool 
and rectal swabs from adults were whole-genome sequenced and compared to a publicly available multicounty collection and 
previously sequenced Malawian and Kenyan isolates from blood or sterile sites. We inferred phylogenetic relationships and 
analysed the diversity of genetic loci linked to AMR, virulence, capsule and LPS O-antigen (O-types). We find that the diversity 
of Malawian K. pneumoniae subsp. pneumoniae isolates represents the species’ population structure, but shows distinct local 
signatures concerning clonal expansions. Siderophore and hypermucoidy genes were more frequent in invasive versus colo-
nizing isolates (present in 13 % vs 1 %) but still generally lacking in most invasive isolates. O-antigen population structure and 
distribution was similar in invasive and colonizing isolates, with O4 more common (14%) than in previously published studies 
(2–5 %). We conclude that host factors, pathogen opportunity or alternate virulence loci not linked to invasive disease elsewhere 
are likely to be the major determinants of invasive disease in Malawi. Distinct ST and O-type distributions in Malawi highlight 
the need to sample locations where the burden of invasive Klebsiella disease is greatest to robustly define secular trends in 
Klebsiella diversity to assist in the development of a useful vaccine. Colonizing and invasive isolates in Blantyre are similar, 
hence O-typing of colonizing Klebsiella isolates may be a rapid and cost-effective approach to describe global diversity and 
guide vaccine development.
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DATA SUMMARY
All data and code to replicate this analysis are available as the blantyreESBL v1.1.4 R package (https://doi.org/10.5281/zenodo.​
5554081) available at https://github.com/joelewis101/blantyreESBL. Reads from all isolates sequenced as part of this study have 
been deposited in the European Nucleotide Archive, and sample accession numbers (as well as accession numbers of publicly 
available genomes used in this analysis) are provided as supplementary data and in the R package.

INTRODUCTION
Klebsiella pneumoniae is a highly prevalent human gut colonizer [1], opportunistic pathogen [2] and a major cause of neonatal 
sepsis worldwide [3]. It is often associated with antimicrobial resistance (AMR) and has been identified by the World Health 
Organization as a global priority AMR pathogen [4]. In low- and middle-income countries (LMIC) such as the nations of 
sub-Saharan Africa, multidrug-resistant K. pneumoniae, especially strains producing extended-spectrum beta lactamase (ESBL) 
enzymes present a significant therapeutic challenge. In many countries in sub-Saharan Africa, third-generation cephalosporin 
(3GC) antimicrobials are the mainstay of management of severe febrile illness [5–7], but ESBL production renders these antimi-
crobials ineffective. For example, in Malawi, a low-income country in South-East Africa, 91 % of K. pneumoniae infections are now 
resistant to third-generation cephalosporins at one major centre [8]; the BARNARDS study in seven LMIC found K. pneumoniae 
to be the commonest cause of neonatal sepsis, with all isolates resistant to 3GC [9]. In Malawi, as many other LMIC, alternatives to 
3GC with activity against ESBL-producers such as carbapenems are often unavailable, rendering ESBL K. pneumoniae infections 
de facto untreatable with locally available antimicrobials.

Whole-genome sequencing (WGS) has provided significant insight into the population structure of K. pneumoniae; we now 
understand that isolates phenotypically identified as K. pneumoniae belong to a species complex encompassing several subspe-
cies [10] – the K. pneumoniae species complex (KpSC). WGS has highlighted that the global spread of MDR KpSC is linked to 
the spread of resistance-encoding mobile elements and clonal expansion of MDR-associated high-risk clones [2]. Furthermore, 
genomic loci associated with virulence [11] (in particular the hypermucoid phenotype [12]) have been identified. Historically, 
AMR and virulence were associated with distinct populations, but AMR genes in hypervirulent lineages are increasingly observed, 
especially in South and South-East Asia [13]. These may result in community-acquired widely disseminated infections in otherwise 
healthy individuals that are difficult to treat [14].

In response to this urgent threat to public health, K. pneumoniae vaccines are in development [15]. Surface-exposed polysac-
charides are an attractive vaccine target, particularly LPS O-antigens, which can be predicted via a sequence-based typing scheme 
[16, 17]. Analyses of large-scale genome collections have provided important insights into the distribution and diversity of the 
species complex, which is essential to focus efforts to the clinically most relevant types [16, 18]. An initial global collection [10] 
represented a milestone in KpSC genomics; it provided our first insight into the genomic plasticity, but it was restricted to isolates 
from 12 countries, notably lacking any sub-Saharan Africa representatives. Follow-up studies over the past years have also mainly 
focused on high-income country (HIC) clinical studies [19, 20], and genomes from LMICs, in particular sub-Saharan Africa, are 
drastically underrepresented in genome datasets. There is an urgent need to investigate the genomic epidemiology of the KpSC 
in this setting, where these pathogens are responsible for so much neonatal mortality [9], and to assess whether conclusions from 
largely HIC collections are valid for LMICs. This is a crucial requirement for a vaccine to be effective in these settings where, it 
is likely to have the most benefit.

In addition, though colonization with members of the KpSC is thought to precede infection in many cases [1], sequencing efforts 
have focused mainly on invasive isolates. There is some evidence from elsewhere that colonizing and invasive isolates differ 
[2]; understanding this difference in sub-Saharan Africa could help to define the determinants of infection in this setting. We, 
therefore, present the results of a genomic analysis of KpSC genomes, which were sequenced for a study of colonisation with 
ESBL Enterobacterales in Blantyre, Malawi. The results of that study are presented elsewhere [21], but the analysis here has three 
aims: (i) to describe the population structure, serotype diversity, AMR and virulence determinants of colonising KpSC isolates 
in this setting; (ii) to compare colonizing to previously sequenced Malawian invasive isolates, and (iii) to relate these data to 
observations made in other parts of the world.

METHODS
The isolates analysed in this study were colonizing isolates selectively cultured from stool and/or rectal swabs collected from 
adults in Blantyre, Malawi, as part of a study of longitudinal carriage of ESBL-producing Enterobacterales, as previously described 
[21]. Briefly, we recruited three groups of adults (≥16 years): (i) 225 adults with sepsis in the emergency department of Queen 
Elizabeth Central Hospital (QECH), Blantyre, Malawi, (ii) 100 antimicrobial-unexposed adults admitted to QECH and (iii) 100 
antimicrobial-unexposed community dwelling adults, who lived within 30 km of Blantyre city. Queen Elizabeth Central Hospital is 
a tertiary referral, centre and the only government hospital providing free care in Blantyre (population 800064 in the 2018 census 
[22]). Antimicrobial-unexposed was defined as with no receipt of antimicrobials in the previous 4 weeks except for long-term 
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co-trimoxazole preventative therapy (CPT, trimethoprim-sulfamethoxazole administered lifelong to people living with HIV in 
Malawi as per World Health Organization [WHO] guidelines [23]) or antituberculous chemotherapy, (usually comprising of 
rifampicin, isoniazid, pyrazinamide and ethambutol). Up to five stool samples per participant (or rectal swab samples performed 
by trained study team members if participants were unable to provide stool) were collected over 6 months. These were aerobically 
cultured overnight at 37 °C on ChromAGAR ESBL-selective chromogenic media (ChromAGAR, France) before being speciated 
with the API system (Biomeriuex, France). Full longitudinal carriage data are presented elsewhere [21] but 1416 stool samples 
were collected from the 425 participants; isolates phenotypically identified as ESBL K. pneumoniae were cultured from 233 samples.

DNA was extracted from the first 217/233 isolates (this number was set by logistic constraints). DNA was extracted from overnight 
nutrient broth cultures using the Qiagen DNA Mini kit (Qiagen, Germany) as per the manufacturer’s instructions. DNA was 
shipped to the Wellcome Sanger Institute for paired-end 150 bp sequencing on the Illumina HiSeq X10 instrument. Species was 
confirmed with Kraken v1.1.1 and Bracken v2.5 (with a 8 Gb MiniKraken database constructed on 3 April 2018) [24]. De novo 
assembly was undertaken with SPAdes v3.10.0 [25] followed by the assembly pipeline by Page et al. [26] and the quality of the 
assemblies assessed with QUAST v5.0.2 [27] and CheckM v1.1.2 [28]; assembly failures with a total assembled length of <4 Mb 
or assemblies with a CheckM-defined contamination of ≥10 % were excluded from further analysis. Overall, 203 genomes passed 
QC and were analysed further. Assemblies were then annotated with Prokka v1.14.5 with a genus-specific database from RefSeq 
[29] and the Roary v3.13 pangenome pipeline [30] used to identify core genes with default settings and paralogues not split. 
Genes present in ≥99 % samples were considered to be core. In total, 20853 genes were identified, of which 3391 were core. These 
were concatenated to a 2.82 Mb pseudosequence; the 378596 variable sites were extracted with SNP-sites v2.5.1 [31] and used 
to infer a maximum-likelihood phylogeny with IQ-TREE v1.6.3 [32], with 1000 ultrafast bootstrap replicates. The IQ-TREE 
ModelFinder module was used to select the best fitting nucleotide substitution model, using the -fconst option to account for 
nonvariable sites; this selected a general time reversible model with FreeRate site heterogeneity and eight parameters. Trees were 
visualised using the R ggtree v2.2.4 [33] package.

Kleborate v2.0.1 [34] with default settings was used to infer Klebsiella species, capsule polysaccharide (K-type) and lipopolysac-
charide (O-type) serotypes, and to identify the presence of the siderophore virulence loci ybt (yersiniabactin), iuc (aerobactin) 
and iro (salmochelin), the genotoxin locus clb (colibactin), and the hypermucoidy genes rmpA and rmpA2, using default settings. 
K- and O-types were recoded as ‘unknown’ if the Kleborate-defined confidence in their identification was below ‘good’. Kleborate 
identifies the genes most robustly associated with Klebsiella virulence [34] (including those associated with hypervirulence) but 
in addition we used ARIBA v2.14.6 [35] with default settings to screen for other virulence genes from the VFDB-core database 
[36]. ARIBA (again with default settings) was used to determine multilocus sequence type (ST) as defined by the 7-gene Pasteur 
scheme [37] hosted at pubMLST (https://pubmlst.org/), to identify AMR-associated genes using the SRST2 curated version of 
the ARG-ANNOT database [38] and to call SNPs in the quinolone-resistance determining regions (QRDR) gyrA, gyrB, parC 
and parE, using the wild-type genes from the Escherichia coli K-12 substr. MG1655 (NC_000913.3) as reference. Quinolone 
resistance was assumed to be conferred by QRDR mutations recorded in the Comprehensive Antibiotic Resistance Database [39] 
(CARD) as causing quinolone resistance in Enterobacterales. Beta-lactamases were considered to be extended spectrum based 
on the phenotypic classifications at https://ftp.ncbi.nlm.nih.gov/pathogen/betalactamases/. We explored clustering of AMR genes 
using hierarchical clustered heatmaps of Jaccard distances of AMR gene presence using the base dist and hclust functions in R, 
visualized with the pheatmap package v1.0.2.

Impact Statement

The Klebsiella pneumoniae species complex is a major cause of drug-resistant infections worldwide, and whole-genome 
sequencing has started to provide important insights into its global distribution. However, most sequenced Klebsiella genomes 
have been collected from high-income settings, and isolates from low- and middle-income settings, especially the nations of 
sub-Saharan Africa, are underrepresented. Here we begin to address that by sequencing 203 ESBL K. pneumoniae complex 
isolates colonising adults in Blantyre, Malawi, and comparing them to previously sequenced invasive Malawian isolates as well 
as global collections. We find locally circulating successful lineages of K. pneumoniae subsp. pneumoniae in Malawi, which may 
be different to successful lineages elsewhere; understanding the reasons for this success could help to understand transmis-
sion routes. Klebsiella vaccines are in development, targeting surface antigens; importantly, our analysis suggests that these 
surface antigens may be different in Malawi with implications for choice of vaccine targets in a setting where the K. pneumo-
niae species complex is a major cause of infant mortality. Finally, we show similar surface antigens in K. pneumoniae species 
complex isolates that are carried in stool and those causing disease in Blantyre, meaning that sequencing of colonizing isolates 
from stool could be a rapid and cost-effective way to map global Klebsiella surface antigen distributions to inform vaccine 
design.

https://pubmlst.org/
https://ftp.ncbi.nlm.nih.gov/pathogen/betalactamases/
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Two further phylogenies were constructed to place the isolates from this study in a local and global phylogenetic context. Firstly 
using collections of Malawian isolates [40, 41], and secondly from a multi-country, large-scale description of KpSC population 
structure [10] that was designed to span the diversity of the species with samples collected between 1973 and 2011. This was 
combined with 66 genomes from a study of the genomic epidemiology of K. pneumoniae in Kenya [42]. Two studies from QECH 
provided the previously published Malawian genomes. The first was a genomic investigation into a K. pneumoniae outbreak on 
the neonatal ward at QECH [40], which sequenced 100 bloodstream infection isolates from children between 2012 and 2015. The 
second was a study, which sequenced 72 sterile-site (blood and CSF) and rectal colonizing isolates selected to maximize diversity 
[41] from QECH from 1996 to 2014. The same quality control steps, assembly, annotation, ST and AMR gene identification and 
pangenome determination steps were applied; following QC, 150 genomes from samples collected in Malawi were combined 
with the 203 from this study. Details of the studies from which contextual isolates are drawn are shown in Table 1, along with the 
proportion of invasive versus colonizing isolates and ESBL isolates. We defined invasive isolates as those cultured from normally 
sterile sites and colonizing isolates those cultured from stool or rectal swab. The exception being if studies providing contextual 
isolates themselves defined invasive/colonising. If this was the case we accepted the study definition. Because the Cornick et 
al. study isolates [40] were from an outbreak investigation, which identified a putative ST340 outbreak lineage on the neonatal 
ward we assessed diversity in ST from this study. We plotted the ST distribution and calculated the Shannon diversity index with 
bootstrapped 95 % confidence intervals using the vegan v2.5 package and 1000 bootstrap replicates (Fig. S1 and Table 1). Despite 
the fact that the outbreak investigation identified 17 isolates from the putative outbreak lineage, ST diversity was similar between 
the two Malawian studies including invasive isolates, and slightly greater in the isolates sequenced for this study. We therefore 
included all Cornick et al. isolates in further analysis.

Roary identified a pangenome in this 353-genome Malawian collection of 20853 genes of which 3 391 were core. These core genes 
formed a 2.82 Mb alignment with 378596 variable sites, which were used to infer a phylogeny as described above, using the same 
nucleotide substitution model. To build a global phylogeny we included all Malawian isolates plus the 66 genomes from Kenya 
[42] and the 288 genomes from the Holt et al. multi-country [10] collection, again using the same methods. In total, following 
QC, this analysis included 687 genomes; the pan-genome as constructed with Roary comprised 49385 genes, of which 2754 were 
core; these formed a concatenated pseudosequence of 0.95 Mb with 200622 variable sites, which were used to infer a phylogeny 
as above; ST and ESBL presence or absence were also inferred as described above.

All statistical analyses were carried out in R v4.1.1 (R Foundation for Statistical Computing, Vienna, Austria). Summary statistics, 
where presented, are medians and interquartile ranges or proportions with exact binomial confidence intervals unless otherwise 
stated. Comparisons of proportions use Fisher’s exact test; to compare proportions of each O- and K- type between invasive 
and colonizing isolates, we corrected for multiple comparisons using the Benjamini-Hochberg P-value correction. P<0.05 was 
considered statistically significant. The clinical study, which provided the isolates for this analysis, was approved by the Liverpool 
School of Tropical Medicine (16-062) and Malawi College of Medicine (P.11/16/2063) research ethics committees. All sequenced 
isolates have been deposited in the European Nucleotide Archive, and accession numbers (as well as accession numbers of publicly 
available genomes used in this analysis) and metadata are provided as supplementary data (Fig. S1) and in the R package linked 
to this publication: the blantyreESBL R package [43] available at https://joelewis101.github.io/blantyreESBL/. This package also 
includes all code and data to reproduce the analyses in this manuscript.

SENSITIVITY ANALYSES
To assess the effect of putative biases introduced by our sampling scheme on our analyses comparing invasive to colonizing 
Malawian isolates we performed additional sensitivity analyses. The possible sources of bias we identified were as follows: (1) bias 
introduced by selecting only ESBL-producing colonising isolates for sequencing; (2) bias introduced by using multiple samples 
from within a single participant that may represent repeat sampling of the same clone; and (3) bias introduced by including isolates 
from the Malawian outbreak investigation. To account for these potential sources of bias we defined a sensitivity analysis popula-
tion, which included all Malawian samples as described but (1) excluded samples without a detectible ESBL gene (n=44/353); 
(2) in cases where the same individual carried the same ST at multiple time points, we randomly selected one sample only to 
include and excluded the rest (excluding n=19/353 samples); and (3) excluding all ST340 isolates (the putative outbreak strain, 
n=18/353) from the Cornick et al. outbreak investigation. In total the sensitivity analysis population included 269 samples. We 
compared the ST, K- and O-type distribution in the sensitivity analysis population to the full sample collection and used the 
sensitivity analysis population to repeat the analyses comparing virulence determinants and surface antigens of invasive and 
colonising isolates, as above.

RESULTS
Population structure
Following QC, 203 KpSC genomes (of the 217 sequenced) were included in our analysis, from 142 participants, a median of 1 
(1-2) isolates per participant: 154 isolates from 100 participants with sepsis; 34 from 26 antimicrobial unexposed inpatients and 16 
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from 15 community members. Participant characteristics and a full analysis of within-participant diversity are presented elsewhere 
[21], but where participants contributed multiple samples to the analysis, they were usually of different STs: 48 participants 
contributed more than one sample to the analysis, 109 samples in total. Of these 72/109 were assigned an ST that was not isolated 
more than once from a given participant. Of the remaining samples, one ST was represented twice in one participant 17 times, 
and three times in one participant once.

Most of the 203 genomes were K. pneumoniae subsp. pneumoniae (n=190). K. quasipneumoniae subsp. similipneumoniae (n=7), 
K. variicola subsp. variicola (n=3), K. quasipneumoniae subsp. quasipneumoniae (n=2) and K. quasivariicola (n=1) were also 
represented, which is comparable to other clinical studies on the KpSC [10, 44–46]. Considering the number of samples, we 
identified a large number of STs (Fig. 1) with 61 identified and a median of 2 (IQR 1–4) isolates per ST; 26/61 STs were only 
represented once in the collection. The most common STs identified were ST307 (n=16), ST14 (n=14), ST340 (n=12) and ST15 
(n=11). The STs reflected the structure of the inferred core-gene phylogeny well (Fig. S2), which, as expected, had the characteristic 
KpSC deep branching topology [2].

Incorporating previously sequenced invasive KpSC genomes isolated in Malawi from blood (n=136), cerebrospinal fluid (n=3) 
and colonizing isolates from rectal swab (n=11) to the phylogeny of the 203 colonizing isolates from this study – 353 genomes 
in total – revealed a similar population structure in K. pneumoniae subsp. pneumoniae between colonizing and invasive isolates 
(Fig. 2). The global core-gene-based phylogeny including multi-country context genomes and Malawian invasive and colonizing 
isolates (n=687) showed that the included Malawian isolates were distributed throughout the K. pneumoniae subsp. pneumoniae 
tree (Fig. 3) and mirrored the broader population structure of the included samples. The ST14 and ST15 isolates clustered with 
genomes from elsewhere but ST340 and ST307 were consistent with local clonal expansion.

Antigenic and AMR gene diversity of Malawian colonizing isolates
In the 203 colonizing isolates sequenced for this study, 49 K-types were identified and were ST-associated with median 1 (IQR 
1–2) STs per K-type. Eight O-types were identified: six of the 12 originally described O-types based on serology (O1 [v1 and 
v2], O2 [v1 and v2], 3b, 4, 5, 12), as well as three rfb loci predicted to encode novel O-types, which have been reported but not 
yet described serologically [47], denoted by OL: OL101, 103 and 104, though these were in the minority (13/203; Fig. 1, Fig. S2). 
O-types were more likely to be encoded by multiple STs than K types: each O-type was associated with a median of six (IQR 
2.5–11.8) STs. The four most common predicted O-antigens were O1 (89/203 [44 %]), O2 (43/203 [21 %]), O4 (29/203 [14 %]) 
and O3b (16/203 [8 %]) accounting for 87 % of samples (Table S1). In contrast, the four most frequent K-types (K2 [11 %], 102 
[9 %], 15 [6 %] and 25 [6 %], Table S2) and STs (ST307 [8%], 14 [7 %], 340 [6 %], 15 [5 %]) together accounted for only 33 and 26 % 
of samples, respectively.

The isolates contained a median of 15 (IQR 12–17, range 6–25) antimicrobial resistance genes (including QRDR SNPs) per 
genome (Fig. 4) consistent with previous studies of resistant KpSC isolates [44]. Consistent with isolates being grown on ESBL 
selective media, at least one ESBL-encoding gene was identified in 99 % of genomes (200/203). Genes encoding narrow spectrum 
beta-lactamases were also common (200/203, 99 % genomes, excluding the genus-associated blaampH penicillinase, which was 
present in 100 % of isolates). The most commonly identified ESBL-encoding gene was blaCTX-M-15 in 186/203 (92 %) of genomes. 
Genes conferring resistance to sulphonamides (201/203, 99 %), trimethoprim (198/203, 98 %) and aminoglycosides (198/203 98 %) 
were near-ubiquitous. Determinants of resistance to chloramphenicol (140/203, 69 %) and fluoroquinolones (76/203, 37 %) were 
less common. Quinolone resistance determinant region mutations identified were S83F (n=10) in gyrA and S80I (n=1) in parC, 
but qnrB (n=30) and qnrS (n=40), the plasmid-mediated quinolone resistance genes [48] were also identified. No known genes 
conferring carbapenemase resistance were identified.

Some AMR genes clustered together (e.g. strA with strB, blaCTX-M-15 with blaTEM-1 and sulII, and blaSHV-11 with aadA1-pm and 
blaOXA-10, Fig. S3), and some of these AMR-gene clusters were lineage-associated (e.g. the blaSHV-11 aadA1-pm blaOXA-10 cluster 
with ST340, Fig. S4).

Comparing Malawian colonizing and invasive isolates
Finally, we compared Malawian colonizing to invasive isolates based on K- and O-type and recognized virulence determinants 
using the collection of 353 Malawian invasive and colonizing genomes. O-type and K-type distributions were similar across 
invasive and colonizing isolates (Fig. 5). Fisher’s exact tests corrected for multiple comparisons were consistent with similar 
proportions of each O-type and K-type across infecting and colonizing isolates, except for KL62 (P=0.04) and KL43 (P=0.01, 
Tables S3 and S4). Both of these K-types were strongly associated with invasive isolates (9/10 KL62 and 9/9 KL43 were invasive) 
and associated with multiple STs: KL43 was present in ST372 (six isolates), ST106 (two isolates), ST276 (one isolate) and KL62 
was present in ST664 (three isolates), ST48 (three isolates), ST348 (two isolates) and ST4 and ST432 (one isolate each). All of 
these isolates contained O-type 1 or 2.

The most commonly identified virulence determinant using Kleborate was the siderophore locus ybt, present in 27 % (94/353) 
of Malawian isolates, and more common in colonizing (68/214, 32 %) compared to invasive (26/139, 19 %, P=0.007) isolates, and 
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Fig. 1. Diversity of the 203 colonizing K. pneumoniae sequence complex genomes sequenced for this study. Distributions of (a) sequence type (ST), 
(b) K-type, (c) O-type. (d) shows cumulative prevalence as a function of number of K/O-types or ST, where K/O-type or ST is ordered from largest to 
smallest. (e) and (f) show ST association of O-type and K-type, respectively, where the area of point is proportional to the number of samples. STs with 
only a single representative in the collection are excluded from plots (a), (b), (c), (e) and (f) .
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in ESBL isolates (89/306, 29 %) compared to non-ESBL isolates (5/47, 11 %, P=0.007). All other virulence determinants were 
less common (the siderophore loci iuc in 5 % and iro in 3 %; the genotoxin loci clb in 1 %; and the hypermucoidy genes rmpA2 
and rmpA in 5 and 1%, respectively) but were associated with invasive isolates, except for rmpA (Table S5). Only 1/214 (0.5 %) 
colonizing isolate contained any of these virulence genes (Figs 2 and S5 and Table S5), compared to 18/139 of invasive isolates 

Fig. 2. Midpoint rooted core-gene maximum-likelihood phylogenetic tree of Malawian isolates, including all genomes from this study and context 
genomes from Malawian studies (n=353), and restricted to K. pneumoniae subsp. pneumoniae. Heatmaps show whether ESBL genes are present, 
whether colonizing or infection, and whether the siderophore virulence loci ybt (yersiniabactin), iuc (aerobactin), iro (salmochelin), the genotoxin 
virulence locus clb (colibactin) and the hypermucoidy genes rmpA and rmpA2 are present. Scale bar shows nucleotide substitutions per site.
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Fig. 3. Midpoint rooted core-gene phylogenetic tree of Malawian and global isolates, restricted to K. pneumoniae subsp. pneumoniae. Heatmaps show 
whether isolated in Malawi, whether animal/human/environmental, whether colonising or infection, and whether ESBL genes are present. Scale bar 
shows nucleotide substitutions per site.
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Fig. 4. Antimicrobial resistance determinants identified.
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(12.9 %, P<0.001). Generally, isolates containing these non-ybt virulence determinants were less likely to contain ESBL-encoding 
genes (11/47 [23 %] non-ESBL isolates vs 8/306 [3 %], P<0.001) but two lineages contained both: ST268 (four isolates with ybt, 
clb, iro,iuc and rmpA2 +/-rmpA) and ST218 (four isolates with iuc, iro and rmpA2 +/-rmpA) also all carried ESBL-encoding 
genes. These ST218/268 isolates were all from blood culture, the earliest in 2004 and no isolates of these STs were cultured from 
colonising samples. All ST218 were identified as K-locus KL57 and ST268 as KL20; both have been described as virulence-
associated K-types [13].

We additionally screened the collection against the Virulence Factor Database (VFDB), which did not identify any other virulence 
determinants in the collection that were associated with invasive isolates, but identified a core set of five virulence factors that 
were present in >95 % isolates. These included genes encoding type 1 and 3 fimbriae, type VI secretion systems, the AcrAB efflux 
pump, and the transcriptional capsule regulator rcs. There was also sporadic presence of other virulence factors (Table S6), though 
none were associated with invasive isolates. Genes encoding the E. coli common pilus were more common in colonizing (30/214 
[14 %]) as compared to invasive isolates (2/139 [1 %], P<0.001); these were not lineage associated and were distributed through 
the phylogeny (Fig. S6)

The K- and O-type and ST distributions of the sensitivity analysis population were similar to the full sample set (Fig. S7) and 
antigenic and virulence comparisons of Malawian invasive versus colonizing isolates were largely unchanged in the sensitivity 
analysis population (Fig. S8 and Tables S5 and S6). This analysis demonstrated that some of the association of ybt with colonizing 
isolates was due to association with ESBL; in the sensitivity analysis population more colonizing than invasive isolates carried ybt 
but this was no longer statistically significant (21/78 [27 %] invasive vs 61/191 [32 %] colonizing, P=0.467). KL43 remained associ-
ated with invasive isolates (Benjamini-Hochberg corrected P-value <0.001) but KL62 was not (Benjamini-Hochberg corrected 
P-value 0.96); however seven of the ten isolates encoding KL62 were excluded from the sensitivity analysis population as they 
were did not carry ESBL genes.

DISCUSSION
Malawi, and sub-Saharan Africa in general, is an area of the world that is underrepresented in current K. pneumoniae collections. 
We present a genomic investigation of 203 colonizing ESBL-producing KpSC genomes from Blantyre. Placing these in both 
a Malawian and broader context enables us to draw several conclusions that increase our understanding of the dynamics of 
colonisation and infection in this setting, as well as understand the differential threats for the global emergence of drug resistant 
Klebsiella from all parts of the world.

The isolates causing infection in Malawi and the isolates from colonizing represent highly similar population structures, consistent 
with the hypothesis that the source of infecting KpSC is the host microbiota [1]. Importantly, the diversity seen in the Malawian 
ESBL K. pneumoniae subsp. pneumoniae reflects the diversity of K. pneumoniae subsp. pneumoniae isolates from multiple coun-
tries, suggesting that the samples we include from Malawi are sampling global diversity. However, there are important local 
differences: some STs are overrepresented in the Malawian isolates compared to the multi-country collections we used for context. 
These differences suggest different requirements for KpSC success as an invasive pathogen and subsequent clonal expansion in 
Malawi compared the high-income settings included in the global collection.

Fig. 5. Distribution of O-types (a) and K-types (b) stratified by colonising or infecting samples, showing that the O-type distribution is similar whether 
infecting or colonizing.
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Successful Malawian STs (i.e. having undergone clonal expansion) included ST14 and ST15, which are common ESBL and 
carbapenemase-associated K. pneumoniae subsp. pneumoniae lineages particularly in Asia [13]. Malawian isolates clustered 
closely with global context ST14/15 genomes in the core gene tree. In comparison, the core gene tree topology of the common 
Malawian ST307 and ST340 lineages was consistent with local subclades. These apparent local subclades may be representa-
tive of the biases inherent in the sampling frame of the multi-country collection; ST307 and ST304 are common ESBL- and 
carbapenemase-associated lineages in North [19] and South [49] America, and in Europe [20], but were unusual in the earlier 
multi-country collection we used for context [10].

The drivers of local or regional success for some lineages over others are not clear; in Malawi, success was not explained by 
the identified virulence determinants. The well described virulence loci clb, ioc, iuc and hypermucoidy genes rmpA ad rmpA2 
are, as expected, present in multiple STs causing invasive disease. By comparing colonizing isolates sequenced for this study 
with previously sequenced invasive isolates, we found that, although presence of these loci was associated with invasive 
disease, the majority of invasive isolates lacked them. Host factors or other pathogen factors (e.g. capsule) may therefore 
be the primary determinant of whether colonizing develops into infection in the Malawian setting. Of note, the K-types 
KL62 and KL43 were associated with invasive disease in our setting. Generally, when considering all Malawian isolates (i.e. 
colonizing isolates, which were selected for ESBL production, and invasive isolates, which were not) presence of virulence 
determinants was associated with absence of ESBL-encoding genes, as described elsewhere in the world [2]. However, two 
lineages (ST218 and ST268) demonstrated the presence of both, indicating that hypervirulent-AMR Klebsiella lineages are 
present in Malawi.

AMR-gene content was diverse in Malawian colonizing isolates and blaCTX-M-15 was by far the most commonly identified ESBL-
encoding gene, present in 92 % of isolates. Presence of trimethoprim and sulphonamide resistance determinants was near-universal. 
In Malawi, a high-HIV prevalence setting, the WHO recommends lifelong co-trimoxazole preventative therapy (CPT) for people 
living with HIV [23], and wide availability means it is frequently used as a mainstay of community antimicrobial chemotherapy 
in health centres in Malawi (source: Ministry of Health Malawi). This raises the possibility that strains containing ESBL and 
co-trimoxazole resistance determinants could be selected for by CPT in the absence of beta-lactam use and this combination 
of AMR genes is typical in this collection. It may be that a more nuanced approach to CPT is necessary in an era of increasing 
Gram-negative resistance. No genes conferring resistance to carbapenemases were identified. Carbapenem resistance is unusual 
in Malawi, though the carbapenemase blaNDM-5 has been described in E. coli in Blantyre contemporaneously with this study [50], 
and the carbapenemases blaKPC-2 in ST340 K. pneumoniae and blaOXA-48 in K. variicola have been described in the central region 
of Malawi [51] in 2016/17. Carbapenems are increasingly available in QECH and it seems very likely that increasing exposure 
will result in rapid expansion of carbapenemases in K. pneumoniae especially given the likely unrestricted global flow of KpSC 
strains suggested by our data.

There was significant diversity in the Malawian collection in K- and O-types, as is characteristic of KpSC collections [13, 18, 52]. 
Vaccines based on KpSC O antigens are in development [15], and quadrivalent vaccines with various O-antigen targets have 
been proposed, depending on the cohort used to describe O-antigen epidemiology. In one global collection of 645 isolates 
phenotypically identified as K. pneumoniae [18], a quadrivalent conjugate vaccine based on antigens O1, 2, 3 and 5 might be 
expected to have activity against 90 % of isolates in the collection. A second study suggested O2v2, O1v1, O3b, O1v2 would 
cover 71–77 % of European isolates, based on a derivation isolate collection from Oxfordshire, UK [52]. O-antigen variation 
is apparent depending on location of isolation: the global collection described above [18] contained 11 % O5 containing 
isolates, but the Oxfordshire collection [52] 3 %, as did our collection. In the Malawian setting, we identified O4 in 14 % of 
colonizing and 15 % of infecting KpSC isolates, but this was rare in the multi-country (2 %) [18] and Oxfordshire (4 %) [52] 
collections and also in South East Asia [13] (2–4 %). These differences highlight the need for longitudinal surveillance and 
truly global collections, describing secular trends in O- and K- antigen epidemiology from diverse settings to guide vaccine 
development. We found that the O-type distribution for Malawian ESBL-producing KpSC colonizing isolates was similar to 
invasive isolates. This suggests that stool or rectal swab sampling with selective culture could be a cost-effective way to rapidly 
expand understanding of worldwide O-type distributions to guide vaccine development. This finding must be confirmed in 
further sites before adopting such a strategy.

There are limitations to our study. Most importantly, our sampling scheme is not unbiased: ESBL-producing colonizing isolates 
were selected for, because of the focus on ESBL-producers in the colonization study from which these samples arise [21]. This 
focus is because of the significant clinical difficulties ESBL-producing bacteria present in our setting. In addition, one of the 
Malawian studies providing invasive context genomes was an investigation of a K. pneumoniae outbreak on the QECH neonatal 
unit, and both of these sample selection strategies are likely to have introduced bias into the collection of Malawian genomes, 
especially against classically hypervirulent but antimicrobial susceptible lineages. Multiple samples were cultured from single 
individuals and so were not independent, which could introduce bias, however most individuals were colonized by different 
strains at different time points [21]. Of note, our findings were unchanged following sensitivity analysis. All Malawian genomes 
are from a single centre, which enables us to compare the population structure of colonizing and clinical isolates but may limit 
generalization to other settings in Malawi, or sub-Saharan Africa.
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In conclusion, we present a genomic analysis of ESBL KpSC colonizing adults in Blantyre, Malawi. Malawian colonizing and inva-
sive isolates are similar and population structure is comparable to our broader understanding of the KpSC population structure, 
suggesting that Malawi is sampling global Klebsiella diversity. However, we demonstrate that some lineages (ST14, ST15, ST307, 
ST340) are successful in the Malawian setting and have undergone expansion in this setting. The reason for this success is not 
explained by the virulence factors we sought and host factors, pathogen opportunity, or alternate virulence factors not linked to 
disease elsewhere may be the major determinants of lineage success and invasive disease in Malawi. O-antigen distributions of 
Malawian isolates are different to previously described collections, highlighting the need for geographically aware surveillance to 
inform vaccine development. Predicted O-antigen diversity was similar across invasive and colonizing isolates, suggesting that 
O-typing of colonizing isolates could be a cost-effective way to rapidly carry out such surveillance and assess putative O-antigen 
vaccine coverage across diverse populations.
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