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Background. Klebsiella pneumoniae (KPn) is a leading cause of invasive bacterial disease in African children, albeit with a
scarcity of genotypic characterization.

Methods. We sequenced invasive KPn isolates from infants <90 days, collected through observational hospital surveillance
(n=226) between March 4, 2019 and February 27, 2021, and between May 13, 2022 and October 31, 2023, and postmortem
sampling (n=111) between February 15, 2018 and April 18, 2023. Postmortem Kpn isolates were attributed in the causal
pathway to death by the determination of the cause of death panel, which consists of local experts.

Results. Three hundred and thirty-seven isolates (226 identified during hospital surveillance and 111 from postmortem
sampling) were included in the final analysis. Genomic analysis identified 85 distinct clonotypes. Sequence type (ST) 17 (22.0%)
predominated, followed by ST39 (12.7%). The dominant K-locus (KL) were KL25 (24.0%), KL2 (14.5%), and KL149 (13/4%),
while the dominant O-antigens included Olaf,20(48.4%), and O5 (19.9%). Eighty-five percent (287/337) of the KPn isolates
harbored multidrug resistant genes, including 32.9% to carbapenems. Notably, blagxa 131, blanpa.s, and blaypyy.; were detected
in 26.4%, 2.1% (7/337), and 0.3% (1/337) of isolates, respectively.

Conclusions. Although a wide diversity of strains were associated with Kpn invasive disease, over 80% of the cases were
attributed to 11 K loci. These data provide critical insights into KPn epidemiology and highlight potential antigen targets for
vaccine development in young African children.
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BACKGROUND complications leading to approximately 400 000 to 700 000
deaths each year [2], 42% of which occur within the first

Sepsis is a leading cause of death in young infants (<90 days of
week of life [3]. The burden of invasive bacterial disease is likely

age) in low-middle-income countries (LMIC) [1]. Global esti-

mates indicate that the incidence of sepsis among young infants underestimated in LMIC, due to limited access to health facil-

ranges from 1.3 to 3.9 million cases, with sepsis-related ities and laboratory resources to determine the cause of sepsis

[4]. In sub-Saharan Africa, the reported incidence of neonatal
sepsis ranges from 4.5 to 21 per 1000 live births, with a case-
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Correspondence: Courtney Olwagen, PhD, University of the Witwatersrand, Wits-VIDA, Chris
Hani Baragwanath Hospital, Chris Hani Road, Soweto 1864, Gauteng, South Africa (courtney.
olwagen@wits-vida.org). where the case-fatality risk is 3% to 19% [5, 6]. Moreover, there
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https://doi.org/10.1093/ofid/ofagd04 port on the burden of KPn as part of a group with other

dence of neonatal sepsis is 0.8 to 1 per 1000 in the United States,

in causing infant sepsis and death, most studies from LMICs re-
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Gram-negative bacteria. Nevertheless, K. pneumoniae has been
reported as a common cause of presumed hospital-acquired in-
fections (pHAI) and outbreaks in sub-Saharan Africa, includ-
ing South Africa [8-12], and is often associated with
resistance to multiple antibiotic classes. Investigation of the
causes of childhood deaths using postmortem minimally inva-
sive tissue sampling (MITs), implicated sepsis in the causal
pathway to death in two-thirds of decedents, the major
pathogens due to hospital-acquired organisms, including KPn
(13, 14].

Despite the significant disease burden and rising antimicrobi-
al resistance associated with K. pneumoniae, no licensed vac-
cines are currently available. Progress toward vaccine
development has been hindered by the pathogen’s extensive ge-
netic diversity, complex virulence mechanism, and geographi-
cal variability in circulating strains [15]. Robust genomic
surveillance—especially in Africa, where data remains limited
and the burden of disease is disproportionately high—is needed
for delineating the epidemiology of illness and identifying tar-
gets for potential interventions, including vaccine development.

This study aimed to genetically characterize KPn isolates as-
sociated with invasive disease, including fatal cases, over 6 years
in South African infants.

METHODS

Study Design and Population
The analyzed KPn isolates were collected across 4 observational
studies which included KPn surveillance. The first study was
undertaken from March 4, 2019 to February 7, 2021 across 6
hospitals as described [16]. The second study was conducted
from May 22, 2022 to December 31, 2023, and included surveil-
lance at the same 6 sites as the earlier study. In both studies, de-
tailed in the Supplementary text, infants hospitalized for
presumed serious bacterial infection were evaluated at the dis-
cretion of the attending physician, which included blood cul-
ture and a lumbar puncture in young infants with suspected
meningitis. Microbiological testing was done at the National
Health Laboratory Service (NHLS), the sole laboratory servic-
ing public health facilities in South Africa, which has standard-
ized equipment across its laboratories. As standard of care, the
recommended empiric antibiotic treatment for neonates ad-
mitted with suspected sepsis is ampicillin and gentamicin if
hospitalized within 72 hours of birth or hospital admission.
In some instances, repeat blood and CSF cultures were under-
taken during hospitalization to evaluate the antibiotic response
and/or investigate newly suspected sepsis events. Demographic
and risk factors for invasive KPn disease were evaluated at ad-
mission, including data on the child’s gender, mode of delivery,
and gestational age at delivery.

We also analyzed KPn isolates from decedents in which
the organism was attributed in the causal pathway of death.

The decedents were enrolled between February 15, 2018 and
April 18, 2023 from the Child Health and Mortality
Prevention Study (CHAMPS) at the Soweto, South Africa site
(www.champshealth.org). The CHAMPS study aims to deter-
mine the causes of under 5 childhood deaths and stillbirths
across 7 LMICs, including South Africa. MITs is performed
within 24 to 72 hours of death and samples including blood,
CSF, and lung tissue are sent for culture. For each case, the
cause of death (COD) is determined by a multidisciplinary
panel constituted of local experts including neonatologists, pe-
diatricians, microbiologists, and histopathologists. The deter-
mination of the cause of death (DeCoDe) panel evaluated all
available antemortem and postmortem data and reported on
the COD according to WHO recommended guidelines [17].
Additional KPn isolates from decedents not eligible for en-
rollment into the CHAMPS study, as they were from outside
of the Health Demographic Surveillance Site used in the
CHAMPS study, were also enrolled between April 17, 2018
and September 14, 2022. The decedents who were enrolled out-
side of the CHAMPS program had more targeted investigations
focused on identifying infectious causes of death (ie, MITs-lite).
The differences in the procedures used for the CHAMPS and
MITs-lite surveillance are summarized in Supplementary
Table 1. In both postmortem studies, clinical data of the dece-
dents was obtained from clinical record review. A DeCoDe
panel evaluated the MITs-lite cases to determine the causal
pathway to death, as undertaken for the CHAMPS study.

Patient Consent Statement

The Human Medical Human Research Ethics Committee of the
University of Witwatersrand granted ethics consent for all
studies, and relevant hospital management approvals were ob-
tained before study initiation. Written informed consent was
obtained from the mother/guardian.

Study Procedures

To prepare whole-genome sequencing libraries, stored isolates
were subcultured, and genomic DNA extracted using standard
methods. NexteraXT libraries were prepared (Illumina, San
Diego, CA) and sequenced on the MiSeq platform generating
2 X 300 base paired-end (PE) reads (Illumina, San Diego,
CA). Following sequencing, the quality of the raw reads was as-
sessed using FASTQC v0.12.1 and processed using the Jekesa
pipeline. Trim Galore removed adapters, ambiguous reads,
and low-quality bases (Q > 30 and length >50 bp). De novo as-
semblies were generated with SPAdes and Shovill, and QUAST
5 was used to evaluate their quality and to calculate assembly
matrices. Sequences were uploaded onto the Pathogenwatch6
database for species confirmation and ConFindr was used to
check for contamination. MLST and cgMLST predictions
PasteurMLST and
BIGSdb-Pasteur, respectively. Capsule K and O serotype

were performed using Klebsiella

2 « OFID « Olwagen et al


https://www.champshealth.org
http://academic.oup.com/ofid/article-lookup/doi/10.1093/ofid/ofag004#supplementary-data
http://academic.oup.com/ofid/article-lookup/doi/10.1093/ofid/ofag004#supplementary-data

Table 1. Study Consort

Observation Study 1:

Observation Study 2: ~ Observation Study 3:

Postmortem

Observation Study 4:
Postmortem

Total Hospital Surveillance Hospital Surveillance ~ Sampling—CHAMPS  Sampling—M ITs lite
Number 4 Mar 2019-27 13 May 2022-31 21 Feb 2018-15
Of Isolates Feb 2021 Oct 2023 17 Jan 17-19 Ap 2023 Sept 2022
K. pneumonia cultures 630 198 204 116° 112°
Collected <7 d apart 84 44 40 - -
Case plate not retrieved from NHLS 98 43 11 22 22
K. pneumonia not grown during subculture 81 6 9 27 39
Cultures available for WGS 367 105 144 67 51
Same genome as first® 13 7 6 -
Other Klebsiella species 15 2 8 1
Same genome was collected during hospital 2 - - 2 0
surveillance
Cultures included in the final analysis 337 96 130 64 47

Abbreviations: CHAMPS, Child Health and Mortality Prevention Surveillance; MITs, Minimally invasive tissue sampling; NHLS, National Health Laboratory service.

?Interval of isolates (days): 8, 10, 12, 16, 21, 22, 23, 24, 32, 39.

K. pneumoniae isolates from decedents in which the organism was attributed to the causal pathway of death.

predictions were made with Kaptive V3. Antimicrobial resis-
tance genes identified with Kleborate compared with the curat-
ed version of the Comprehensive Antibiotic Resistance
Database program including ResFinder 9. Virulence genes
were identified by Kleborate using the BLASTn for Key loci.
Phylogenetic analysis was conducted using wgMLST and
cgMLST. The sARGs were investigated through ResFinder.
iTOL 12 was used to generate and visualize the phylogenetic
tree.

Outcomes

The primary objective of the study was to genetically charac-
terize KPn isolates associated with invasive disease, including
fatal cases, over 6 years in South African children, stratified
by pHAI and presumed community-associated infections
(pCAI). As an exploratory analysis, we analyzed temporal
changes in Kpn isolates collected over 6 years, focusing pri-
marily on isolates collected at the Chris Hani Baragwanath
Academic Hospital (CHBAH), where most isolates were
accrued.

Statistical Analysis

Multiple Kpn isolates collected from the same individual were
sequenced only if collected more than 7 days apart, consider-
ing the high likelihood of the isolates being due to the same
invasive disease episode. In cases where multiple isolates
were sequenced from the same participant, only genetically
distinct isolates were included. When KPn was cultured con-
currently from different sites, sequencing was limited to a sin-
gle isolate per participant, using a hierarchical approach of
blood, CSF, and lung tissue. Early onset invasive disease was
defined as culture-confirmed invasive KPn within 72 hours
of birth, and late-onset disease was defined as episodes

diagnosed from 72 hours until <90 days of age. Further,
pCAI were defined as invasive KPn detected on admission
or within 72 hours of hospitalization or if the death occurred
in the community [18]. Whereas, pHAI was defined as an in-
vasive KPn detected more than 72 hours after admission to the
hospital or if the DeCoDe panel attributed nosocomial infec-
tion to the causal pathway of the death. Multidrug resistance
(MDR) was defined as the presence of genetic markers in 3
or more antimicrobial classes. Clonotypes, defined as the com-
posite of the sequence type (ST), K-locus, and O-locus for each
strain, were reported to capture the interplay between lineage
(ST) and key surface antigenic loci (K and O), which together
more accurately reflect the heterogeneity and epidemiological
features of the bacterial population than individual typing
schemes alone.

Data was analyzed with Stata Version 11.0 (StataCorp, Texas,
USA) and R Version 4.1.1 (Vienna, Austria). The findings from
the 4 observational studies were aggregated in the main analy-
sis. The distribution of the isolates stratified by each observa-
tional studies is shown in Supplementary Table 2. A multiple
logistic regression model adjusting for possible covariates was
used to compare the ST, K-loci, O-antigen types, antimicrobial
resistance markers (ARM), and virulence factors between
pHALI and pCAI isolates. Percentages were reported alongside
adjusted odds ratios (aOR) and 95% confidence intervals
(CI). P-values of 0.05 were considered significant and no ad-
justment was undertaken for multiplicity in this hypothesis-
generating study.

RESULTS

Overall, 630 invasive diseases Kpn isolates were identified
during the 4 observational studies (402 identified during hos-
pital surveillance and 228 from postmortem sampling);
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Figure 1. Hierarchical radical tree depicting the linkage between sequence types, K-loci, 0-antigens (4), and Phylogenetic tree of K. pneumoniae (B).

Table 1. Of those, 367 (58.3%) were sequenced. Reasons for
sequencing not being undertaken included 84 isolates
collected <7 days apart, 98 isolates not retrieved from the
NHLS, and KPn not identified during subculture for 81 iso-
lates. After sequencing, thirteen additional isolates were
excluded as their genotypes were identical to an earlier isolate
sequenced. Two decedents had a genomically identical KPn
identified during antemortem and postmortem sampling,
thus the postmortem isolates were excluded from further

analysis. Lastly, 4.1% (15/367) of the isolates sequenced
were identified as other Klebsiella species and excluded
from further analysis. Two isolates from 4 different infants
and 3 isolates from 1 infant, collected during hospital surveil-
lance, were included in the final analysis as sequencing
identified different genotypes. Demographic characteristics
between isolates included in the final analysis (n =337) and
those not retrieved from the NHLS (n =98) are detailed in
Supplementary Table 3.
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Figure 1. Continued

Clinical and Demographic Characteristics

Of the 337 isolates included in the final analysis, 1.9% (7/337)
were from stillbirths, 4.2% (14/337) from neonates <72 hours
of age, 22.8% (77/337) from neonates 3 to <7 days of age,
44.8% (151/337) from neonates 7 to <28 days of age, and
26.4% (89/337) from infants 28 to <90 days of age.
Fifty-seven percent (191/337) of the isolates were from males,
while 28.8% (97/337) were collected from cases born to women
living with HIV (ie, HIV-exposed; Supplementary Table 3).
Overall, 70.0% (236/337), 11.6% (39/337), and 9.5% (32/337)
of the sequenced isolates were cultured from blood, lung tissue,
and CSF, respectively. Seventy-two percent (243/337) of the
isolates were from infants born prematurely (<37 weeks gesta-
tion), while 82% (275/337) of the isolates were from pHAI ep-
isodes; Supplementary Table 4.

Genomic Diversity and Phylogenetic Analysis

There was a large diversity among KPn clones detected, with
the majority (90.6%, 77/85) of clonotypes each contributing
individually to <3% of the overall isolates; Figure 1A. In
total, 48 K-loci and 7 O-antigens, with 85 combinations

(ie, clonotypes), were identified among the 70 ST genomes.
The most prevalent clonotype identified was ST17 associated
with K-locus (KL) 25 and the O5 (19.3%, 65/337) antigen, fol-
lowed by ST39 with KL149 and OlaB,20 (9%, 34/377).
Phylogenetic analysis showed historical branching and descent
from common ancestral strains (Figure 1B). There are 3 major
clades in the tree, with the major clade comprising isolates asso-
ciated with fatal outcomes, suggesting that these isolates might
be genetically closer (ie, have a common lineage) compared with
those forming the other clusters. The 3 major clades were clus-
tered based on the O-antigen and K-locus with O5, Olaf,2a,
and O2f clustering with KL25, KL149, and KL102 respectively.
The distribution of the Kpn strains causing invasive disease
collected from CHBAH varied across the 6 years (Figure 2).
While ST17 isolates harboring the KL25 capsule and O5 antigen
were detected throughout the study period, ST39-KL149-
Olap,2a (80.8%, 21/26) and ST307-KL102-O2B (52.0%, 13/
25) clonotypes were mainly detected between October 2019
and June 2020, respectively. The distribution of clonotypes,
ST, K-loci, and O-antigens at the different collection sites is de-
tailed in the Supplementary text and Supplementary Figure 1.
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Figure 2. Changes in K. pneumoniae clonotypes causing invasive disease in South African infants.

ST, Capsular Polysaccharide (K-) Loci, and Lipopolysaccharide (0-)
Antigens

Overall, ST17 predominated (22.0%, 74/337), followed by ST39
(12.5%, 42/337; Table 2). There were no statistical differences
in the prevalence of the ST's between pHAI and pCAI isolates;
however, there was a greater diversity of STs in pHAI (n = 46)
than in pCAI (n=21) isolates; Supplementary Figure 2a.
Overall, KL25 predominated (24.0%, 81/337), followed by
KL2 (14.5%, 49/337), KL149 (13.4%, 45/337), and KL102
(9.5%, 32/337; Table 2). The dominant O-antigen detected
was Olof,2a (48.1%, 162/337) followed by O5 (19.9%, 67/
337; Table 2). The prevalence of the K-loci and O-antigens
was similar between pCAI and pHAI isolates, except for a lower
prevalence of KL62 (2.2%, 6/275 vs 8.1%, 5/62; P=.034) and

O3y in pHAI isolates (2.2%, 6/275 vs 8.1%, 5/62; P =.027), re-
spectively; Supplementary Figure 2b and c.

The prevalence of ST, K-loci, and O-antigens stratified by
collection site is detailed in Supplementary Table 5.

Antimicrobial Resistance

Overall, 85.2% (287/337) of the KPn isolates harbored MDR
genes, including 84.6% (285/337) harboring genes encoding re-
sistance to aminoglycosides, 76.0% (256/337) to 3rd generation
cephalosporins, 33.2% (112/337) to carbapenems, and 2.4% (8/
337) to colistin (Table 2). There was a 2.69 higher odds of MDR
genes in pHAI (87.3%, 240/275) compared with pCAI (75.8%,
47/62; P = .008) isolates, including a higher prevalence of genes
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Table 2. Genomic Characterization of K. pneumoniae Causing Invasive Disease and Mortality in South African Infants 0-90 Days of Age

Overall (N=337) PCAI(N=62) PHAI(N=275) OR; 95% ClI; P-value AdjOR; 95% ClI; P-value

Sequence types (ST), n (%)

ST14 18 (5.34) 1(1.61) 17 (6.18) 4.01 (.60-170.58); .214 9.26 (1.1-356.19); .113
ST152 11 (3.26) 3(4.84) 8(2.91) 0.59 (.14-3.56); .432 1.25(.25-11.18); .812
ST17 74 (21.96) 11(17.74) 63 (22.91) 1.38 (.66-3.11); .497 1.49 (.7-3.5); .324
ST20 7 (2.08) 2 (3.23) 5(1.82) 0.56 (.09-5.98); .617 -
ST25 19 (5.64) 1(1.61) 18 (6.55) 4.26 (.65-180.76); .218 17.64 (.99-2245.18); .171
ST29 8(2.37) 0(0) 8(2.91) - -
ST307 29 (8.61) 3(4.84) 26 (9.45) 2.05 (.60-10.93); .32 3.37 (.76-30.71); .181
ST37 7 (2.08) 3(4.84) 4 (1.45) 0.29 (.05-2.04); .119 .26 (.05-1.93); .136
ST39 42 (12.46) 5 (8.06) 37 (13.45) 1.77 (.65-6.03); .293 -
ST45 12 (3.56) 4 (6.45) 8(2.91) 0.44 (\11-2.04); .244 -
ST607 11 (3.26) 3(4.84) 8(2.91) 0.59 (.14-3.56); .432 1.01 (.25-5.48); .989
ST985 8(2.37) 1(1.61) 7 (2.55) 1.59 (.20-72.95); >.999 -
Other ST? 91 (27) 25 (40.32) 66 (24) 0.47 (.25-.88); .011 0.43 (.23-.82); .009
K-loci, n (%)
KL102 32 (9.5) 3 (4.84) 29 (10.55) 2.31(.68-12.27); .231 3.75 (.85-34.24); .146
KL149 45 (13.35) 6 (9.68) 39 (14.18) 1.54 (.61-4.67); .414 1.65 (.63-5.36); .349
KL15 13 (3.86) 5 (8.06) 8(2.91) 0.34 (.09-1.38); .07 0.34 (.1-1.33); .097
KL2 49 (14.54) 5 (8.06) 44 (16) 2.17 (.81-7.32); .161 2.31(.81-8.89); .161
KL24 12 (3.56) 4 (6.45) 8(2.91) 0.44 (11-2.04); .244 -
KL25 81 (24.04) 11(17.74) 70 (25.45) 1.58 (.76-3.56); . 1.86 (.88-4.34); .124
KL30 8(2.37) 1(1.61) 7 (2.55) 1.59 (.20—72.95); >.999 4.62 (.48-191.09); .293
KL39 8(2.37) 1(1.61) 7 (2.55) 1.59 (.20-72.95); >.999 -
KL62 11 (3.26) 5 (8.06) 6(2.18) 0.26 (.06-1.10); .034 -
Other K-loci® 78 (23.15) 21 (33.87) 57 (20.73) 0.51 (.27-.99); .031 0.52 (.27-1.01); .05
O-type, n (%)
013 4(1.19) 1(1.61) 3(1.09) 0.67 (.05-35.89); .5658 -
O1oB,2a 162 (48.07) 29 (46.77) 133 (48.36) 1.07 (.59-1.93); .888 1.1 (.6-2.04); .761
02a 15 (4.45) 5 (8.06) 0(3.64) 0.43 (.13-1.67); .165 -
02 52 (15.43) 6 (9.68) 6 (16.73) 1.87 (.75-5.63); .241 1.92 (.74-6.2); .222
O3y 11 (3.26) 5 (8.06) 6(2.18) 0.26 (.06-1.10); .034 0.22 (.06-.91); .027
04 26 (7.72) 8(12.9) 8 (6.55) 0.47 (.18-1.33); .111 0.65 (.25-1.97); .416
05 67 (19.88) 8(12.9) 9 (21.45) 1.84 (.81-4.73); .159 1.9 (.83-4.99); .154
Multidrug resistance (MDR), n (%) 287 (85.16) 47 (75.81) 240 (87.27) 2.18 (1.02-4.50); .029 2.69 (1.27-5.52); .008
Aminoglycosides 285 (84.57) 6 (74.19) 39 (86.91) 2.30 (1.10-4.68); .018 2.78 (1.34-5.65); .005
Carbapenems 112 (33.23) 17 (27.42) 5 (34.55) 1.40 (.74-2.75); .301 2.06 (1.01-4.54); .058
Third-generation cephalosporins 256 (75.96) 40 (64.52) 216 (78.565) 2.01 (1.05-3.78); .031 2.81 (1.46-5.38); .002
Colistin 8(2.37) 1(1.61) 7 (2.55) 1.59 (.20-72.95); >.999 -
Fluoroquinolones 166 (49.26) 6 (41.94) 140 (50.91) 1.43 (.79-2.62); .209 2 (1.06-3.92); .036
Fosfomycin 0(0) 0(0) 01(0) - -
Penicillins 327 (97.03) 0 (96.77) 267 (97.09) 1.11 (.11-6.77); >.999 -
Penicillin (beta-lactamase inhibitors) 2 (0.59) 1(1.61) 1(.36) 0.22 (.00-17.76); .335 -
Amphenicols 202 (59.94) 9 (46.77) 173 (62.91) 1.93 (1.07-3.50); .022 2.35 (1.25-4.49); .008
Sulfonamides 251 (74.48) 4 (70.97) 207 (75.27) 1.24 (.63-2.37); .62 1.7 (.86-3.28); .116
Tetracycline 70 (20.77) 4 (22.58) 6 (20.36) 0.88 (.44-1.85); .73 .87 (.42-1.93); .72
Tigecycline 0(0) 0(0) 0(0) - -
Trimethoprim 251 (74.48) 45 (72.58) 206 (74.91) 1.13(.57-2.17); .748 1.49 (.756-2.87); .244
Virulence factors, n (%)
ybt 218 (64.69) 36 (58.06) 182 (66.18) 1.41 (.77-2.57); .241 1.33(.71-2.48); .369
clb 4(1.19) 2 (3.23) 2 (.73) 0.22 (.02-3.11); .156 -
iuc 4(1.19) 3(4.84) 1(0.36) 0.07 (.00-.92); .021 -
Virulence factor combinations, n (%)
ybt only 214 (63.5) 33 (53.23) 181 (65.82) 1.69 (.93-3.06); 0.079 1.65 (.88-3.06); .113
ybt and clb 4(1.19) 2(3.23) 2(0.73) 0.22 (.02-3.11); .156 -
iuc only 0(0) 0(0) 0(0) - -
icu and ybt w/o clb 1(0.3) 1(1.61) 0(0) 0.00 (.00-8.79); .184 -
ybt, clb, and iuc 3(0.89) 2(3.23) 1(0.36) 0.11 (.00-2.16); .088 -
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Table 2. Continued

Overall N=337) PCAI(N=62) PHAI(N=275) OR; 95% ClI; P-value AdjOR; 95% ClI; P-value
AMR and virulence factor combinations, n (%)
Carbapenems and ybt 78 (23.15) 7(11.29) 71 (25.82) 2.73(1.17-7.43); .013 4.18 (1.59-14.49); .009
Carbapenems and clb 0 (0) 0(0) 0(0) = =
ESBL and ybt 185 (54.9) 26 (41.94) 159 (57.82) 1.89 (1.05-3.46); .025 2.21(1.19-4.2); .013
ESBL and clb 1(0.3) 0(0) 1(0.36) - -

Abbreviations: adjOR, adjusted odd ratio; clb, colibactin; ESBL, extended spectrum B-lactamase; iuc, aerobactin; OR, odd ratio; ST, sequence type; ybt, yersiniabactin.

Presumed hospital-acquired infections (pHAI) were defined as an invasive K. pneumoniae detected more than 72 hours after admission to the hospital or if the DeCoDe panel attributed
nosocomial infection to the causal pathway of the death.

Presumed community-acquired infections (pCAIl) were defined as invasive K. pneumoniae detected within 72 hours of hospitalization or if the death occurred in the community.
aSequence types and K-loci contributing <2% of the total 337 isolates.

Other STs: ST101; ST1207; ST1296; ST13; ST133; ST1380; ST140; ST1414; ST1427; ST1444; ST15; ST1552; ST17-1LV; ST1873; ST1898; ST193; ST2039; ST219; ST2191-1LV; ST22; ST23;
ST2441; ST25-1LV; ST252; ST253; ST26; ST268; ST294-2LV; ST297-1LV; ST3073; ST321; ST3280; ST336; ST34; ST348; ST3483-1LV; ST35; ST353; ST380; ST399; ST405; ST416; ST4291;
ST433-1LV; ST474; ST48; ST502; ST557; ST5785; ST587; ST607-1LV; ST628; ST6580; ST66; ST664; ST6792; ST711; ST872.

Other K-loci: KL1; KL10; KL104; KL105; KL106; KL108; KL109; KL110; KL112; KL113; KL114; KL116; KL122; KL123; KL132; KL136; KL140; KL151; KL16; KL166; KL17; KL18; KL19; KL20;
KL22; KL27; KL28; KL3; KL38; KL51; KL52; KL54; KL55; KL60; KL63; KL67; KL7; KL8; KL9; Unknown.

Adjusted odd ratio and 95% Cl calculated using logistic regression analyses. P-values of <.05 are considered significant.

—, too few variables to calculate.

conferring resistance to aminoglycosides (86.9%, 239/275 vs
74.1%, 46/62; P=.005) and 3rd generation cephalosporins
(78.6%, 216/275 vs 64.5%, 40/62; P =.002; Table 2).

Overall, the TEM-1D (blaggpm.;py and CTX-M-15
(blacTx Mm-15) B-lactamase genes were detected in 61.4% (207/
337) and 75.1% (253/337) of the isolates, respectively whilst
the oxacillinase-type B-lactamase-48 (blagxa.1s1) gene was de-
tected in 26.4% (89/337) of the isolates. The New Delhi metallo
(blayppm.s) and  New  Delhi
B-lactamase-1 (blaxpn.1) genes were detected in 2.1% (7/337)

B-lactamase-5 metallo
and 0.3% (1/337) of the isolates, respectively (Supplementary
Table 6). The prevalence of the antimicrobial resistance genes
was similar between pHAI and pCAI isolates except for a high-
er prevalence of blatgy1p (64.4%, 177/275 vs 48.4%, 30/62;
P=.021) and blacrx.m.15 (77.8%, 214/275 vs 62.9%, 39/62;
P =.022) in pHAI compared with pCAI respectively.

The resistance scores, which identify clonotypes warranting
escalation of antimicrobial therapy [19], varied by clonotype,
ST, K-loci, and O-loci (Figure 3A-D). The prevalence of genes
encoding resistance to Extended-Spectrum Beta-Lactamases
(ESBL) production was highest in ST607 (90.9%, 10/11),
KL62 (81.8%, 9/11), and O2B (57.7%, 30/52) and lowest in
ST20 (0%, 0/7) and ST502 (0%, 0/6), KL15 (7.7%, 1/13), and
O2ay (15%, 3/15) isolates, respectively (Figure 3A-C). The
prevalence of genes encoding resistance to carbapenem was
highest in ST1444 (100%, 2/2), ST25 (94.7%, 18/19), KL25
(51.8%, 42/81), and O5 (61.2%, 41/67), respectively. A single
ST25 isolate, as well as 2 KL25 (2.5%; 2/81), 2 KL2 (4.1%;
2/49), and a single KL30 (12.5%; 1/8) isolate, respectively har-
bored genes encoding resistance to both carbapenem and
colistin.

When stratifying by the most identified clonotypes, all
ST25-KL2-O1ap,2a isolates (n = 17) harbored genes associated

with carbapenem resistance, including a single isolate that
also harbored genes for colistin resistance; Figure 3D. Other
differences are detailed in the supplementary text and
Supplementary Figure 3.

Virulence Factors

Yersiniabactin (ybt), associated with hypervirulence, was the
dominant virulence factor detected in 64.7% (218/337) of the
isolates, while genes encoding for colibactin (clb, 4/337) and
aerobactin (iuc, 4/337) virulence were detected in <2% of iso-
lates; Table 2. Twenty-three percent (78/337) of the isolates
harbored genes encoding for ybt virulence and carbapenems
resistance. There was a 4.18 higher odds of harboring genes en-
coding for both ybt virulence and carbapenems resistance in
pHAI (25.8%, 71/275) compared with pCAI (11.3%, 7/62;
P=.009) isolates (Table 2). Fifty-five percent (185/337) of
isolates harbored genes encoding for both ybt and ESBL pro-
duction, with a higher prevalence in pHAI (57.8%, 159/275)
compared with pCAI (41.9%, 26/62; aOR 2.21; 95% CI:1.19-
4.2 P=.013) isolates. The distribution of virulence factors strat-
ified by clonotypes, ST, K-loci, and O-antigens is illustrated in
Figure 3A-D

DISCUSSION

We documented a wide diversity of MDR KPn strains associat-
ed with invasive disease in South African infants up to 90 days
of age between 2018 and 2023. We also identified several high-
risk clonotypes, including ST25-KL2-O10,2a, with all isolates
harboring genes associated with carbapenem resistance.
Furthermore, the ST307-KL102-O2p, ST39-KL149-O1laf,2a,
ST607-KL25-O1ap,20, ST17-KL25-05, and ST152-KL149-04
clonotypes were associated with a high prevalence of genes
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Figure 3. Distribution of resistance and virulence scores, stratified by common ST (A), K-loci (B), and 0-antigens (C) and clonotypes (D).

encoding for ESBL production or carbapenem resistance. Most
ST25, ST607, ST307, ST39, ST152, and ST17 clones also har-
bored genes for ybt (81%-100%) virulence. While the ST25,
ST17, ST307, and ST39 clones have been reported elsewhere,
including South Africa [20-22], the ST607 clones are rare
and have only been reported in a limited number of invasive
isolates from China and France [23].

Overall, most of the KPn isolates sequenced harbored MDR
genes, spanning resistance to first, second, and third-line ther-
apeutic options. This aligns with global reports of increased ac-
quisition of antibiotic resistance and the broader antimicrobial
resistance landscape in South Africa and poses significant

challenges for managing KPn infections in our setting
[24, 25]. The emergence of MDR and highly virulent strains
harboring genes for ybt virulence along with ESBL production
or carbapenems resistance is particularly worrying in terms of
the clinical ramifications of increased severity of infections,
limited treatment options, increased case-fatality risk, and
potential for rapid dissemination within healthcare facilities
[26, 27]. In South Africa, the standard treatment for young in-
fants suspected of having community-acquired sepsis includes
ampicillin and gentamicin treatment while pHAI is treated
with third-generation cephalosporins or carbapenems. The
AMR profile of the sequenced Kpn strains in this study

Genomic Characterization of KPn Causing Invasive Disease « OFID « 9
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Figure 3. Continued

indicates that these treatment options could largely be ineffec-
tive, underscoring the critical need for vaccines or alternative,
more effective drug combinations.

Although the prevalence of ST, K-loci, and O-antigens was
similar between pHAI and pCAI isolates, pHAI isolates had a
2.69 higher odd of harboring MDR genes and a 4.18 higher
odd of harboring genes encoding for both ybt virulence and
carbapenems resistance compared with pCAI isolates. The
heightened prevalence of MDR among isolates acquired within
healthcare settings emphasizes the significant role that health-
care facilities play in the spread of antimicrobial resistance. It s,

however, noteworthy that 76% of the pCAI isolates sequenced
also harbored MDR genes, which may be attributed to high ex-
posure to antibiotics in our setting or dissemination of pHAI
strains in the community.

Studies are underway on developing a vaccine to protect
against the most common Kpn strains; however, the geographic
variability in strain distribution poses a significant challenge to
vaccine development [15]. In our setting, a vaccine achieving
over 80% coverage would need to target 11 capsular serotypes
to protect against invasive disease. The dominant capsular sero-
types identified in our setting included KL25, KL149, KL2,
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Figure 3. Continued

KL102, and KL15, which largely align with global distributions
[28], except for KL149, reported only in a few studies from
Africa [29-31] and Poland [32]. The major K-loci detected in
our setting and globally are important targets for consideration
for multivalent K-antigen vaccine development. Genomic
characterization of Kpn invasive disease in adults across
Africa remains limited often restricted to small datasets or se-
lectively sequenced AMR strains. Nevertheless, a recent study
in Ghana identified KL116, KL2, and KL102 as predominant
capsular types in a mixed pediatric and adult cohort [33].
Among hospitalized adults in South Africa, KL64, KL102,
and KL25 were the most prevalent carbapenemase-producing

K-loci strains in Gauteng [34], whereas KL114, KL102, and
KL25 predominated in Cape Town [20]. These findings suggest
that vaccine targets identified in pediatric populations may also
be relevant for protecting adults in South Africa; however, giv-
en the relatively small sample sizes of available South African
studies (n =24 and n = 85), further large-scale genomic inves-
tigations are needed to understand the diversity and distribu-
tion of K. pneumoniae capsular types and to confirm the
potential overlap in vaccine targets between pediatric and adult
populations. Moreover, variations in KPn lineages observed in
this study and over 20 years in Malawi [35] underscore the need
for ongoing surveillance if a multivalent K-antigen-based

Genomic Characterization of KPn Causing Invasive Disease « OFID « 11



B 1004 n=11
804
0
+ +
% 60 Carb+, Col
é Carb+
% ESBL+, Carb-
= 407 ESBL-, Carb-
201
0 4
&
P
)
100 n=17 n=11 n=65 n=17 n=28 n=7 n=33 n=7 n=11 n=11 n=8 n=121
801
73 ;
Qo 60 ybt + F:Ib +iuc (VP)
© ybt + iuc (VP)
) iuc (VP)
- ybt + clb
] ybt
2 404 None
20
0 4
o > © @ R : ® o o o % &
& & & & F T T
N W &b QY \Q"L ™ Y S F N oY
& = Q J o a ) 2 £ ) )
v AN A > ¥ 4 © v 7’
= N J.— & y & &
o & <P 3 T @y 8 ° & &
=) =) =) c:;‘"‘) =) é\b %«q

Figure 3. Continued

vaccine is developed, considering the fluctuation of dominant
lineages over time and the potential for serotype replacement
disease by nonvaccine serotypes. A vaccine targeting the lipo-
polysaccharide serotypes, which are fewer in number and re-
main more stable throughout the study period, may be less
prone to replacement disease by nonvaccine serotypes, with
the inclusion of 3 O-antigens (Olap,20, O2f, and O5) covering
over 80% of strains in our study.

Limited studies have characterized colonizing KPN isolates
in Africa, including South Africa, primarily due to challenges
in surveillance and diagnostic infrastructure. Nevertheless, a
previous study by our group examining the genomic

relatedness between a limited number of colonizing and inva-
sive Kpn strains in South African infants indicated that there
might be some genomic differences between these groups
[36]. The observations included that invasive strains compared
with colonizing strains had a narrower range of lineages, higher
prevalence of multidrug resistance (MDR) genes, and higher
prevalence of ybt; however, further research is needed to fully
elucidate the relationship between colonizing and invasive
strains, particularly in African settings.

Strengths of this study included that isolates of KPn were
identified through both observational surveillance and post-
mortem tissue sampling, and were not biased toward selecting
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isolates associated with MDR. Moreover, isolates were collected
from young infants (<90 days of age), with most other studies
focusing on older children and adults. Lastly, a large number of
isolates were sequenced with appropriate associated clinical
and demographic data.

Limitations of this study included that most of the KPn strains
sequenced were identified at a single site (CHBAH), limiting the
generalizability of the data to a national level. Further, not all K.
pneumoniae case plates could be retrieved from the reference
laboratory for downstream sequencing. Consequently, our re-
sults may not fully capture the complete genomic diversity of
K. pneumoniae disease, and findings should therefore be inter-
preted with this consideration in mind. There were limited dif-
ferences in the clinical characteristics between cases with and
without available isolates, suggesting that any resulting bias is
likely to be limited. There is also some uncertainty in the defini-
tions used to classify infections, as pCAI and pHAI, which may
not conclusively indicate the source of infection. The sample size
for pCAI isolates was small, thus results should be interpreted
with caution. Also, phenotypic susceptibility results were un-
available and could not be cross-checked against the genotypic
ARM data. This study was hypothesis generating and not pow-
ered to investigate individual differences in ST, K-loci, and
O-antigen, and we thus did not adjust for multiplicity. Lastly,
antemortem sampling alone has low sensitivity compared
with combined antemortem and postmortem sampling, where
multiple sites are sampled and not restricted by low blood vol-
ume. Consequently, data from the 4 observational studies
were aggregated for the main analysis; however, this may have
introduced some bias weighted toward more virulent Kpn
strains or those not covered by standard empirical antimicrobial
regimens and findings should be interpreted with caution.

In conclusion, although there was a wide diversity of strains
associated with Kpn invasive disease in South African children,
over 80% of the isolates were attributed to 11 capsular loci or 3
lipopolysaccharide (O-antigen) serotypes. The findings from
this study could be useful in selecting KPn antigen targets for
potential vaccine candidates. Moreover, the changing epidemi-
ology of MDR KPn causing invasive disease in South African
infants emphasizes the need for continuous genomic character-
ization in LMIC regions to track changes in virulence and an-
tibiotic susceptibility profiles.

Supplementary Data

Supplementary materials are available at Open Forum Infectious Diseases
online. Consisting of data provided by the authors to benefit the reader, the
posted materials are not copyedited and are the sole responsibility of the au-
thors, so questions or comments should be addressed to the corresponding
author.
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