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Abstract

Background Klebsiella pneumoniae invasive disease (KPn-ID) is a leading cause of healthcare-
associated morbidity and mortality in low- and- middle- income countries. We report here on the
genomic relatedness of invasive and colonising KPn isolates from adults hospitalised in Johannesburg,
South Africa, and genetic factors associated with invasiveness.

Methods A multicentre, prospective hospital-based study of adults with culture-confirmed KPn from
blood and cerebrospinal fluid was undertaken from May 15th, 2023 to May 14th, 2024. Adults in hospital
without evidence of KPn-ID were matched to cases (2:1) and assessed for KPn gastrointestinal
colonisation. Whole genome sequencing was performed on invasive and colonising KPn isolates. We
estimated the relative invasiveness of KPn isolates based on sequence types (STs), capsular loci (KL),
lipopolysaccharide (O) antigen types, virulence factors, and antimicrobial resistance (AMR) factors by
calculating crude case-carrier ratios (CCRs). Additionally, multiple multivariable logistic regression
models were used to measure the association between host characteristics and KPn genomic
characteristics, with invasiveness.

Findings Whole genome sequencing was done on 508 invasive and 184 colonising KPn isolates. There
was no single dominant clone amongst the invasive or colonising isolates on phylogenetic analysis.
There was variability in the distribution of STs and K-loci between invasive (111 STs, 56 K-loci) and
colonising isolates (87 STs, 57 K-loci). Several KPn genetic factors were associated with invasiveness in
the crude CCR analyses: ST2497, ST39, KL2, KL64, O1aB,2q, the virulence factors yersiniabactin,
aerobactin, salmochelin and RmpADC, the genomic AMR markers for aminoglycosides, carbapenems,
third generation cephalosporins, fluroquinolones and sulphonamides. Nevertheless, after adjusting STs
for patient clinical characteristics and virulence factors in multiple logistic regression models, only
ST2497 (aOR 3.81; 95% Cl: 1.64- 8.86), ST39 (aOR 4.50; 95% Cl: 1.62- 12.52), ST307 (aOR 7.50; 95% CI:
1.67- 33.77), and yersiniabactin (aOR 2.97; 95% CI: 1.83- 4.84) remained significantly associated with
invasiveness. After further adjustment in a separate model for K-loci, O-antigen types, AMR factors and
plasmids, the only genomic factor associated with invasiveness was carbapenem resistance (aOR 3.88;
95% ClI: 1.28- 11.82). Similar results were obtained when using a cluster-adjusted model. Age over 65
years (aOR 2.65; 95% CI: 1.31- 5.38) was a significant clinical characteristic associated with enhanced
invasive potential.

Interpretation Age over 65 years, a host susceptibility factor, was associated with invasiveness. No
genomic characteristics, other than the presence of genes encoding for carbapenem resistance, were
associated with a higher potential for causing invasive disease. This poses a challenge for targeted
preventive strategies against KPn-ID, including development of a vaccine, which would require multiple K-
and/or O-antigens for adequate coverage.

Introduction
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Approximately 1.27 million deaths were attributed to infections by bacteria exhibiting antimicrobial
resistance (AMR) globally in 2019, with Klebsiella pneumoniae (KPn) identified as the second leading
pathogen.! Bloodstream infections (BSls) due to KPn associated with extended-spectrum beta-
lactamases (ESBL), third-generation cephalosporin resistance from ESBL or AmpC-b-lactamase
production, andcarbapenem-resistant strains (CRKp)are associated with increased rates of treatment
failure and high case fatality risk (CFR).2 K. pneumoniae with ESBL production or CRKp was estimated to
cause 50,000 to 100,000 deaths globally in 2019," the majority of which occurred in Africa (~50,000),®
positioning CRKp as a priority pathogen by the World Health Organisation (WHO) in 2024.%

Asymptomatic gastrointestinal colonisation with KPn is a major reservoir for the organism, and the
genomic relatedness between colonising and invasive strains in the same individual is well described.>®
Risk factors for KPngastrointestinal colonisation amongst hospitalised adultsinclude admission to an
intensive care unit (ICU), extensive invasive procedures, and comorbidities such as diabetes, alcoholic
liver disease, chronic obstructive pulmonary disease, chronic kidney disease and malignanc:ies.s'9 A
large community-based study of Norwegian adults reported that risk factors for KPn gastrointestinal
colonisation were age over 60 years, travel to Greece or Asia in the past 12 months, inflammatory bowel
disease, use of proton-pump inhibitors and non-steroidal anti-inflammatory drugs in the past six months,
and use of antimicrobials in the past month.'® Although the pathophysiology of gastrointestinal KPn
colonisation progressing to KPn-invasive disease (KPn-ID) is unclear, hypotheses include a role for
organism virulence, overgrowth of colonising organisms and/or impairment of host immunity due to
underlying immunosuppressive comorbidities or therapies.?®

Limited therapeutic options for KPn-ID, particularly CRKp, necessitate the development of

complementary preventive strategies such as vaccination.!! Key steps in the development of a KPn
vaccine include identifying populations most at risk of severe morbidity and mortality from KPn-ID, and

prioritising KPn strains that would be required for optimal vaccine coverage.’

The terms invasive disease potential or “invasiveness” have been used interchangeably in the context of
invasive pneumococcal disease (IPD), and describes invasive Streptococcus pneumoniae strains that
transition from nasopharyngeal colonisation to IPD by entering sterile sites such as blood and
cerebrospinal fluid (CSF).'? Studies evaluating the invasiveness of Streptococcus pneumoniae strains
using serotype-specific case-carrier ratios (CCRs), before and after the introduction of multivalent
vaccines, have demonstrated that pneumococcal invasiveness varies by serotype.'? Similarly, the
invasiveness of KPn strains based on serotyping or other genomic markers could guide development of
a targeted multivalent vaccine strategy against KPn. Our study objectives were to investigate the
genomic relatedness of invasive and colonising KPn isolates from adults hospitalised in Johannesburg,
South Africa, and to evaluate for the relative invasiveness of KPn isolates based on sequence types
(STs), capsular polysaccharide loci (KL), lipopolysaccharide loci (OL), virulence factors and AMR factors.

Results
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Whole genome sequencing was done on 508 invasive'? and 184 colonising KPn isolates (Figure 1). The
detailed genomic epidemiology of the 508 invasive isolates has been reported previously,'® while that of
the colonising isolates is available in Supplementary Tables T1a-d. Of 660 individuals enrolled as controls
to investigate for KPn colonisation, nine developed KPn-ID - of whom only three were identified to have
KPn gastrointestinal colonisation on preceding single cross-sectional sampling. Amongst those three
individuals, only one had matching colonising and invasive isolates (25 day interval between swab and
blood culture), which belonged to ST2497 (Table 1). In the other two participants the colonising and
invasive isolates differed: colonising ST1271 and invasive ST5776 (134 day interval); and colonising
ST985 and invasive ST9094 (44 day interval) (Table 1).

The clinical characteristics of individuals with known outcomes, from whom invasive (n=502) and
colonising (n=184) KPn isolates underwent WGS, is summarised in Table 2. Briefly, male participants
comprised a higher proportion of the KPn-ID group than of the colonised control group (55.2%; 277/502
vs 22.3%; 41/184, p<0.001). Cases had a higher in-hospital CFR (49.8%; 250/502) than colonised
controls (3.3%; 6/184, p<0.001). As controls had been matched to cases based on age group and
hospital, there were no significant differences in groups regarding these variables.

Genetic Relatedness of invasive and colonising isolates

Overall, there were 163 STs, of which 76 were only found amongst invasive isolates, and 52 amongst
colonising. The most prevalent (>50 isolates each) STs present amongst both invasive (n=508) and
control (n=184) isolates were: ST2497 (18.1%; 92/508 invasive and 4.3%; 8/184 colonising), ST39
(12.0%; 61/508 and 2.7%; 5/184), ST9094 (9.4%; 48/508 and 6.5%; 12/184) and ST17 (7.1%; 36/508 and
8.2%; 15/184). We evaluated the whole-genome phylogeny of the in total 692 KPn isolates annotated by
clinical status (508 invasive versus 184 colonising), hospital site (CHBAH, CMJAH, HJH), and the four
most prevalent STs; Figure 2. Invasive and colonising isolates were interspersed across the phylogenetic
tree, with repeated representation of several STs in both groups. The phylogenetic tree revealed a
polyphyletic distribution of invasive isolates, with no single clone dominating either invasive or
colonising isolates. Instead, invasive isolates were scattered across multiple branches, along with
colonising isolates (Figure 2).

The hospital sites were Chris Hani Baragwanath Academic Hospital (CHBAH), Charlotte Maxeke
Johannesburg Academic Hospital (CMJAH), and Helen Joseph Hospital (HJH). The STs depicted were
the four most common identified in invasive and colonising isolates: ST2497, ST39, ST9094, and ST17.
The clusters depicted were the five largest arbitrarily named clusters identified: Cluster_001, Cluster_004,
Cluster_018, Cluster_017, and Cluster_015.

The most prevalent STs belonged to genomic clusters of highly similar strains. The genomic clusters

were defined as differing by a Pathogenwatch distance <10 SNPs, and all having the same sublineage
(SL), KL and OL. Of the 692 isolates, 312 (45.1%) were singletons, including 121 (38.8%) of colonising
and 191 (61.2%) of invasive isolates. The remaining 380 (54.9%) isolates (n=63 colonising n=317
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invasive) were distributed across 47 clusters that ranged from 2 to 86 isolates per cluster (mean = 8.3,
median = 3) (Figure 3). The top five clusters amongst invasive isolates were also found amongst
colonising strains and across hospital sites (Figures 2 and 3): Cluster 001- SL395 (ST2497), KL64,
OL2a.1 (n=78); Cluster 004- SL17 (ST9094), KL25, OL5 (n=47); Cluster 018- SL39 (ST39), KL2, OL2a.1
(n=35); Cluster 017- SL29 (ST985), KL39, OL2a.2 (n=12); and Cluster 015- SL231 (ST5785), KL30, OL2a.2
(n=13). Several STs were found in multiple clusters or as singletons, including ST17 and ST39, indicating
multiple introductions of these strains across the sites.

Genomic factors associated with invasiveness
Sequence Types (STs)

Overall, the top 13 STs (>10 isolates per ST) amongst the invasive and colonising isolates were ST2497,
ST39, the novel ST9094, ST17, ST5785, ST985, ST307, ST23, ST37, ST22,ST147, ST4083, and ST66
(Figure 4a). There were 76 STs found only in invasive isolates (n= 127) (Supplementary Table 2a), all of
which were of low frequency, which were not included in CCR calculations or multivariable logistic
regression modelling as there were no corresponding colonising isolates to compare with. The most
prevalent of the exclusively invasive STs were: ST101 (1.8%; 9/508), ST86 (1.8%; 9/508), ST607 (1.4%;
7/508), and ST25 (1.2%; 6/508), with the prevalence of the remaining STs being less than 1.0%.

A summary of the crude CCRs related to ST is available in Supplementary Table 3. The only STs with a
lower 95% Cl limit (95% CI-LL CCR) greater than one were ST2497 (CCR 4.61; 95% Cl: 2.24- 9.51) and
ST39 (CCR 4.49; 95% Cl: 1.84- 10.91). On multiple multivariable logistic regression modelling, after
adjusting STs for patient clinical characteristics and virulence factors (Table 3; Model 2), ST2497 (aOR
3.81;95% CI: 1.64- 8.86), ST39 (aOR 4.50; 95% Cl: 1.62- 12.52), and ST307 (aOR 7.50; 95% ClI: 1.67-
33.77) were associated with invasiveness. However, after further adjustment for K-loci, O-antigen types,
AMR factors and plasmids (Table 3; Model 6), there were no significant positive associations between
STs and invasiveness; whilst ST22 was associated with low invasiveness (aOR 0.03; 95% CI: 0.00- 0.56).

In the cluster-adjusted multivariable logistic regression model, none of the top five clusters were
associated with invasiveness after adjusting for patient characteristics, virulence and AMR factors
(Table 4; Model 3); whilst Cluster 017 (SL29 [ST985], KL39, OL2a.2) was associated with less
invasiveness compared with other clusters (aOR 0.25; 95% Cl: 0.09- 0.71).

K-loci

The top 11 K-loci overall were KL25, KL64, KL2, KL30, KL149, KL102, KL39, KL9, KL1, KL122, and KL35,
which constituted 78.7% (400/508) and 50.5% (93/184) of all invasive and colonising isolates,
respectively (Figure 4b). There were 18 K-loci identified solely amongst invasive isolates (7.1%; 36/508)
(Supplementary Table 2b), for which the CCRs were not analysable in the absence of detection amongst
colonising isolates. The most prevalent of these exclusively invasive K-loci was KL17 (2.0%; 10/508),
with the remaining K-loci having an individual prevalence of less than 1.0%.
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A summary of the crude CCRs in relation to K-loci is available in Supplementary Table 3. The KLs for
which 95% CI-LL CCR greater than one were KL64 (CCR 5.30; 95% CI: 2.58- 10.90) and KL2 (CCR 4.12;
95% Cl: 1.91- 8.91). On multiple multivariable logistic regression modelling, after adjusting for STs,
patient clinical characteristics, virulence factors, other K-loci, and O-antigen types (Table 3; Model 4),
KL25 was associated with invasiveness (aOR 10.48; 95% Cl: 1.61- 68.26), although this association was
no longer evident after adjusting for AMR factors and plasmids (Table 3; Model 6).

O-antigen types

The top 11 O-antigen types in invasive and colonising isolates were O1a,2a, O1af,23, 05, 028, O3y,
02a, 04,013, 03aB, 010 and 011ap,2B, which constituted 99.6% (506/508) and 100.0% (184/184) of all
invasive and colonising isolates, respectively (Figure 4c). A summary of the crude CCRs related to O-
antigen types is available in Supplementary Table 3. The O-antigen type O1af,2a was the only O-antigen
type with a 95% CI-LL CCR greater than one (CCR 2.86; 95% Cl: 1.90- 4.31). Nevertheless, there was no
significant association between any O-antigen types and invasiveness in the multivariable logistic
regression models (Table 3).

Virulence Factors

The presence or absence of the following five virulence factors was taken into account when comparing
invasive and colonising isolates: yersiniabactin, colibactin, aerobactin, salmochelin, and RmpADC. A
summary of the crude CCRs related to the virulence factors is available in Supplementary Table 3. Based
on 95% CI-LL CCR greater than one, virulence factors associated with invasiveness were yersiniabactin
(CCR 3.91;95% ClI: 2.74- 5.56), aerobactin (CCR 3.29; 95% CI: 1.43- 7.56), salmochelin (CCR 2.49; 95% ClI:
1.18- 5.24), and RmpADC (CCR 3.02; 95% ClI: 1.31- 6.97). After adjusting for STs, patient clinical
characteristics, virulence factors, K-loci, O-antigen types and AMR factors on multivariable logistic
regression modelling, only yersiniabactin was associated with invasiveness (aOR 1.95; 95% Cl: 1.07-
3.55) (Table 3; Model 5). However, this association was lost after adjusting for plasmids (Table 3; Model
6). In the cluster-adjusted model, yersiniabactin was independently associated with invasiveness after
adjustment for patient clinical characteristics, virulence, and AMR factors (aOR 2.32; 95% Cl: 1.43- 3.76);
Table 4; Model 3.

AMR Factors

The presence or absence of the following seven genomic AMR profiles was taken into account when
comparing invasive and colonising isolates: aminoglycosides, carbapenems, third-generation
cephalosporins, colistin, fluoroquinolones, penicillins, and sulfonamides. A summary of the crude CCRs
related to the AMR factors is available in Supplementary Table 3. Five of the seven genomic AMR profiles
had a 95% CI-LL CCR greater than one: aminoglycosides (CCR 2.74; 95% Cl: 1.92- 3.91), carbapenems
(CCR 3.56;95% CI: 2.49- 5.09), third-generation cephalosporins (CCR 3.14; 95% Cl: 2.22- 4.46),
fluoroquinolones (CCR 3.14; 95% Cl: 2.22- 4.46), and sulfonamides (CCR 2.80; 95% CI: 1.97- 3.98). On
multivariable logistic regression modelling, after adjusting for STs, patient clinical characteristics,
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virulence factors, K-loci, O-antigen types and plasmids, there was a significant association between the
presence of genes encoding for carbapenem resistance and invasiveness (aOR 3.88;95% Cl: 1.28-
11.82); Table 3; Model 6. The same independent association was seen in the cluster-adjusted model
(aOR 2.34; 95% CI: 1.23- 4.46); Table 4.

Plasmids

The presence or absence of 14 plasmids was taken into account when comparing invasive and
colonising isolates (Supplementary Table 4). The most prevalent plasmids (>100) were IncFIB (68.7%;
173/252 invasive vs 31.3%; 79/252 colonising), IncFIB/IncFll (73.0%; 170/233 invasive vs 27.0%; 63/233
colonising), IncX3 (78.1%; 132/169 invasive vs 21.9%; 37/169 colonising), IncFIB/IncHI1B (92.4%;
121/131 invasive vs 7.6%; 10/131 colonising), and IncR (65.2%; 73/112 invasive vs 34.8%; 39/112
colonising); Supplementary Table 4. A summary of the crude CCRs related to the listed plasmids is
available in Supplementary Table 3. Of the 14 plasmids included in the analysis, two had a 95% CI-LL
CCR greater than one: IncFIB/IncFll/IncR (CCR 2.67; 95% CI: 1.08- 6.63) and IncFIB/IncHI1B (CCR 5.21;
95% Cl: 2.71- 10.03), which was no longer evident following multiple logistic regression modelling (Table
3; Model 6).

Clinical characteristics associated with invasiveness

On multivariable logistic regression modelling, age over 65 years (aOR 2.65; 95% Cl: 1.31- 5.38) was
significantly associated with invasiveness, after adjustment for STs, hospital site, virulence factors, K-
loci, O-antigen types, AMR factors, and plasmids, respectively (Table 3; Model 6). This association also
remained in the cluster-adjusted models (aOR 2.27; 95% CI: 1.19- 4.32); Table 4. The hospital site,
CMJAH, was also independently associated with invasiveness after adjustment for all genomic factors
(aOR 1.61; 95% ClI: 1.02- 2.55) (Table 3; Model 6) and after cluster-adjustment (aOR 1.70; 95% Cl: 1.12-
2.59) (Table 4).

Discussion

Our study used crude CCRs and multiple multivariable logistic regression models to identify KPn
genomic factors associated with enhanced invasiveness in isolates from a large prospective South
African cohort. A key finding was that although several KPn genomic factors were associated with
invasiveness (versus colonisation) in crude CCR analyses, we did not find any STs, KLs, O-antigen types,
or virulence factors to be independently associated with invasiveness in multiple multivariable logistic
regression models, following adjustment for genomic variables (including AMR factors and plasmids)
and clinical characteristics. Notably, KPn isolates with genes encoding for carbapenem resistance, and
the clinical characteristic of age over 65 years remained significantly associated with invasiveness in all
models tested.

No specific STs were significantly associated with invasiveness in our regression models after
adjustment for K-loci, O-antigen types, genomic AMR factors and plasmids. This finding is in contrast to
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other pathogens such as Streptococcus pneumoniae and Group B Streptococcus wheredifferences of
invasiveness have been described based on the serotype-specific polysaccharide capsules.’>4 A
possible explanation is that IPD is a community-acquired infection driven by organism virulence factors
such as the polysaccharide capsule and host susceptibility factors.'? In contrast, KPn-ID is
predominantly a healthcare-associated infection perpetuated by AMR-related hospital outbreaks, in
addition to host risk factors.® Further, our findings of genetic similarity between invasive and colonising
isolates indirectly support other studies that have reported that most patients with KPn-ID develop

invasive disease from their own gastrointestinal colonising strain.®'°

In our model, the lack of association between specific STs, K-loci and O-antigen types with enhanced
invasiveness in KPn poses a potential challenge with regard to development of a multivalent vaccine that
would aim to target the most prevalent strains causing KPn-ID in adults. Although it has been estimated
that 15-20 K-antigen types were responsible for >70.0% of global KPn-ID in infants, their diversity poses a
challenge to developing a multivalent vaccine against K-antigens.'®'8 A glycoconjugate vaccine
targeting a few selected O-antigens could protect against most strains of KPn causing invasive disease
worldwide,’®?9 however the capsular polysaccharide has been shown to inhibit and interfere with O-
antigen antibody binding and functioning, which could limit the effectiveness of a vaccine targeting O-

antigens.?’

The association of age over 65 years with invasiveness is expected as the correlation between older age

d,?? particularly in the context of CRKp.23?4 One study site,

and morbidity from KPn-ID is well describe
CMJAH, was independently associated with invasiveness in all adjusted models. This is likely related to
unmeasured confounders in the analysis including that CMJAH is a quaternary level facility with the
highest number of ICUs amongst the study sites sampled, which is in itself associated with higher risk
for KPn-ID.?2 As previously reported by our study group, most cases with KPn-ID in our cohort (40.8%)

had been admitted to ICU.2°

In contrast to a Malawian study?® where the siderophore virulence factor yersiniabactin was more
common in colonising isolates, we noted yersiniabactin to have a crude CCR greater than one, and to be
independently associated with invasiveness in the cluster-adjusted model and in the primary logistic
regression analysis prior to adjustment for plasmids. The loss of yersiniabactin’s association with
invasiveness following adjustment for plasmids was an unexpected finding in our study, and should be
explored in other KPn invasiveness analyses. The association between mobile integrative conjugative

element (ICEKp)-mediated yersiniabactin and KPn-ID has been well described,?” particularly in the

context of yersiniabactin and CRKp isolates.?83% A hypothesis for the link between yersiniabactin and

CRKp involves structural similarities between the KPn siderophore importer protein YbtPQ and antibiotic

efflux pumps, with improved antibiotic susceptibility following deletion of ICEKp demonstrated in vivo.3

Further, as ICEKp is highly mobile, this “secondary” mechanism for AMR can be transmissible within

CRKp outbreak strains.®’
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Regarding AMR factors, the significant association between genomic carbapenem resistance and
invasiveness was likely related to unmeasured clinical confounders that drive KPn-ID, such as exposure
to antimicrobials, ICU admission, invasive procedures, and prolonged hospital stays,3? which were not
included in the logistic regression models due to missing clinical data. Thus, a limitation of our study
included not having detailed clinical information for all cases of KPn-ID, although we attempted to
minimise sampling bias and provide accurate molecular epidemiological data by analysing all available
invasive KPn isolates. Another limitation was that plasmids were analysed using short reads, any further
and more detailed analyses should be done using long reads nanopore or PacBio technology. Another
limitation was that the cluster analysis was not linked with temporal or epidemiological data, and thus
transmission dynamics could not be analysed (although that was not the focus of this study). However,
the use of a cluster-adjusted model allowed adjustment of genomic factors that were part of clonal
expansions, which could otherwise lead to an inflated association with invasiveness.

As the aim of our study was to compare the genomic epidemiology of invasive and colonising isolates,
we did not evaluate for gastrointestinal colonisation in the cases, but rather assumed that all cases
would have been colonised. Thus, we could not confirm that cases in our cohort developed invasive
disease from their own gastrointestinal colonising strain, although this has been investigated in other
studies designed to test this hypothesis.®'® Further, gastrointestinal colonisation is dynamic and our

study included a single rectal swab at enrolment,3 thus not accounting for changes in colonising KPn
populations over time and/ or the presence of multiple colonising KPn strains simultaneously, which may
explain the discordant colonising and invasive strains isolated from two patients in our study. Future
studies investigating KPn strain invasiveness may benefit from employing a prospective cohort study
design with multiple timepoints for rectal sampling and use of genomic methods that allow for detection
of multiple concurrent KPn strains, to address important unanswered questions regarding colonisation
dynamics and risk factors for invasiveness. Of particular interest would be whether patients’ colonising
isolates are acquired in hospital or represent the patient’s own microbiota; whether most individuals
transition from an uncolonised to colonised state prior to developing invasive disease; and whether wild-
type strains (if isolated initially) remain present throughout admission in colonised individuals or are
replaced by hospital-acquired strains.

In conclusion, based on crude CCRs and multiple multivariable logistic regression models, we did not
identify any significant differences in serotype, KL or O-antigen invasiveness between invasive and
colonising isolates. An implication of this finding is that no specific genomic factors inform vaccine
inclusion based on invasiveness, and that a KPn vaccine for adults should instead target the most
common invasive strains, which will likely require a multivalent approach given the diversity in KL. As
previous studies have demonstrated the overlap between colonising and invasive strains in patients with
KPn-ID, in the absence of invasive isolates, colonisation studies may provide an indirect measure of
most common invasive isolates. The host susceptibility factor of age over 65 years was associated with
invasiveness and this population group would benefit from KPn-ID preventive strategies, including
vaccination.
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Methods

Study design and study population

The study was conducted prospectively from May 15™, 2023 to May 141", 2024. Invasive disease was
defined as KPn isolated from blood or CSF, identified through daily laboratory-based surveillance at the
National Health Laboratory Service (NHLS) microbiology laboratories serving the three academic
hospital study sites in Johannesburg, South Africa, as previously reported?®: Chris Hani Baragwanath
Academic Hospital (CHBAH), Charlotte Maxeke Johannesburg Academic Hospital (CMJAH) and Helen
Joseph Hospital (HJH). The inclusion and exclusion criteria, as well as study definitions have also been
reported previously.'32533

For each case (adults with KPn-ID), two hospitalised adult controls without KPn invasive disease were
enrolled, matched to cases on age category (18-35 years of age, 36-50 years of age, 51-65 years of age,
>65 years of age) and duration of admission (<one week in hospital, >one week in hospital). A single
rectal swab was obtained from controls at the time of enrolment to assess for KPn gastrointestinal
colonisation.3® Cases with KPn-ID were not investigated for colonisation as we premised gastrointestinal
colonisation to be a pre-requisite for developing KPn-ID.5%34 Individuals enrolled as controls, but who
subsequently developed KPn-ID during hospital admission, were considered as cases. The only
exclusion criterion in the study was refusal of consent to participate. Clinical and laboratory information
was abstracted from clinical records and entered into a password-protected electronic database
(REDCap). Participants were followed up until discharge from hospital or in-hospital death. The findings
on the clinical and microbiological epidemiology of KPn-ID of the cases included in the study have been

d25

previously reporte as well as clinical factors associated with KPn gastrointestinal colonisation,®® and

the genomic epidemiology of KPn-ID."3
Microbiological identification

All participating NHLS microbiology laboratories are accredited by the South African National
Accreditation System. Culture, identification and antimicrobial susceptibility testing (AST) of KPninvasive
isolates were carried out at the NHLS laboratories according to standard operating procedures at each
site. Briefly, KPn was detected using either the Analytical Profile Index 20E (API 20E, bioMérieux, France),
the VITEK 2 automated system (bioMerieux, France) or the MALDI-TOF VITEK MS (bioMerieux, France)
system.

The available blood and CSF KPn isolates from eligible participants were collected from the NHLS
laboratories and underwent confirmatory species testing at the Wits Vaccines and Infectious Diseases
Analytics Unit (Wits-VIDA) laboratory. Briefly, single bacterial colonies were subcultured onto Colorex
Orientation Agar plates (MediaMage, South Africa) and then incubated at 37°C for 24 hours. Following
growth, the identification of KPn isolates was performed by classical microbiology techniques and
confirmed by using the Analytical Profile Index 20E (API 20E, bioMérieux, France). Confirmed KPn
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colonies were subcultured onto 5% Columbia Sheep Blood Agar (MediaMage, South Africa) to ensure
purity and adequate biomass before being stored at -80°C in a medium containing skim milk, tryptone,
glucose and 10% glycerol (STGG) for further analysis.

Rectal swabs, performed on all controls at enrolment to determine gastrointestinal colonisation with
KPn, were inoculated into Amies transport medium (Qiagen, South Africa) at the time of collection and
transported to the Wits-VIDA laboratory where traditional microbiology culture methods were performed
for identification of KPn. At the Wits-VIDA laboratory, rectal swab samples were transferred to brain heart
infusion (BHI) broth (Oxoid, South Africa) prior to being vortexed for 60 seconds to release
microorganisms into the nutrient broth. The swabs were then incubated in the BHI broth for 24 hours at
37°C. Following enrichment, 50 ul of the BHI broth was inoculated onto Colorex Orientation Agar plates
(Media Mage, South Africa) and then incubated at 37°C for up to 48 hours. Following growth, colonies
were identified by morphology, as well as a chromogenic colour change, and presumptive KPn
identification was confirmed on isolates with API (bioMereux, France) 20E.

Whole genome sequencing

To prepare for whole genome sequencing (WGS), genomic DNA was extracted directly from stored
STGG, using the TANBead Maelstrom 4810 Automated DNA/RNA Purification Platform (Taiwan
Advanced Nanotech Inc.) following the manufacturer’s guidelines. Thirty isolates required an additional
pre-lysis step to meet the minimum DNA input requirements. Briefly, 50 L of the pure culture isolate in
STGG was mixed with 200 pL of lysis buffer (Taiwan Advanced Nanotech Inc.), 10 pL of proteinase K, 10
uL of lysozyme, and 10 pL of mutanolysin (M9901, Merck KGaA, Germany), followed by a staged
incubation at 37 °C, 56 °C, and 60 °C before proceeding with the standard TANBead DNA extraction.
Following DNA extraction, sequencing libraries were prepared using the Nextera XT DNA Kit (lllumina,
US) and sequenced on the lllumina Nextseq 1000 and Illumina Nextseq 2000 platforms to generate short
2 x 150bp paired-end reads (lllumina, San Diego, CA) at the National Institute for Communicable
Diseases (NICD), Johannesburg, South Africa. Quality control assessment of raw sequencing reads was
performed at Imperial College London, with FastQC (version 0.12.1,2023)3° and MultiQC (version 1.21,
2024)%6 files, generated for raw reads, to assess initial quality metrics. Raw reads were then trimmed,

with low quality reads removed using Trimmomatic (version 0.39, 2021).3” This used the following
parameters: a quality (Q)-score threshold of 20 for both leading and trailing bases, a minimum length for
retaining informative reads of 36 bases, and a sliding window of 4 bases with an average quality
threshold of 20. After trimming raw reads, Seqkit (version 2.8.2, 2024

https://bioinf.shenwei.me/seqkit/)® was used to estimate sequencing coverage by calculating the total
number of bases relative to the reference genome size. Genome assemblies were generated from the
trimmed reads using SPAdes (version 3.15.5, 2022)3°. A multi-k-mer approach, with k-mers of size
'45,55,67,79,85,91,97,103,115,127', was used to address limitations of using a single k-mer size. Draft
genomes from SPAdes were run through Quast (version 5.2.0, 2022)*° to summarise statistics for
genome assemblies. CheckM2 (version 1.0.2, 2023)*" was used to assess the completeness and
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contamination of generated draft assemblies. Bioawk (version 1.0, 2015)*? was then utilised to remove

contigs less than 200bp, with Quast*® and CheckM2*' re-run on the filtered assembily files.

Genomic characterisation

Pathogenwatch (https://rc.pathogen.watch/en)*® was used for species identification and KPn genomic
characterisation using Kleborate v3.2.4:4445 Multi-locus sequence typing (MLST) was performed using
Klebsiella Pasteur MLST31 hosted on PubMLST#® and BIGSdb-Pasteur*’, and Life Identification Number
(LIN)-codes were assigned based on the core genome MLST (cgMLST) profiles to assign sublineages
(SLs). Capsule K- and O- serotype predictions were made with Kaptive v3.0.*8 Antimicrobial resistance
genes identified with Kleborate** were compared to the curated version (v3.2.4) of the Comprehensive
Antibiotic Resistance Database program including ResFinder.*° Virulence genes were identified by
Kleborate** using BLASTn for key loci. Reconstruction of plasmids was done using MOB-suite version
3.1.8.% Prior to plasmid reconstruction, bacterial species from raw reads were verified using Kraken2
(version 2.1.3, 2023)°" and Bracken (version 2.9, 2023).5? Identification of AMR genes carried

on plasmids was performed out using ABRicate (v1.0.0, 2020)>3 with the built-in NCBI database.’* A
reference-free, distance-based phylogenetic tree was generated from de novo genome assemblies using

Split Kmer Analysis (SKA v2.0)%° with the ska tree function. The resulting Newick-formatted tree was
visualised and annotated using iTOL v7.0 (https://itol.embl.de).>® Metadata including hospitals/site,
invasive versus colonising classification, ST, and clusters were formatted as iTOL annotation datasets
according to the iTOL input specifications and uploaded for visualisation and annotation of the
phylogeny. Genomic clusters of KPn isolates were defined as genomes sharing SL, K, and O-loci, and
differing by <10 Pathogenwatch SNPs, corresponding approximately to 25 genome-wide SNPs, a

threshold previously shown to be indicative of hospital transmission.®>7-%°

Statistical Analysis

Continuous variables were described using medians and interquartile ranges (IQRs). Categorical
variables were summarised using frequencies and percentages. The prevalence and 95% confidence
intervals (CI) of each ST, K-locus, O-antigen type, virulence factor and AMR factor were reported by case
status. Case-carrier ratios (CCRs) were estimated for ST, K-locus, O-antigen type, virulence factor and
AMR factor, and presented alongside 95% Cls.?° We defined an association with heightened
invasiveness as a lower bound of the 95% confidence interval of the CCR of more than one. The

CCRs were only calculated for KPn-specific STs, K-loci, or O-antigens represented among invasive
isolates and also detected among colonising isolates. A Wald test was used to compare odds of
characteristic in cases and controls, and p-values of <0.05 were considered statistically significant. The
equation used was:

CCR = ((number of cases for variable + 0.5)*(number of controls not for variable + 0.5)) / ((number of
controls for variable + 0.5)*( number of cases not for variable + 0.5))
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Multiple multivariable logistic regression models were used to investigate the association of genomic
variables with invasiveness in a group of 508 cases and 184 controls. The top 13 KPn STs (>10 isolates
represented in each ST) were included as a categorical model in all models, as well as patient clinical
characteristics (age category and study site), which were considered potential confounders for
invasiveness. The following groups of genomic variables were sequentially added to each logistic
regression model: virulence-encoding genes yersiniabactin, colibactin, aerobactin, salmochelin and
rmpADC; the top ten K-loci; the top nine O-antigen types; genomic AMR profiles; and the top 14 plasmids
identified. Adjusted odd ratios and the associated 95% Cls were estimated using multivariable logistic
regression analysis. A separate cluster-adjusted multivariable regression model was used, using the top
five genomic clusters as baseline categorical variables to assess if observed associations with
invasiveness were driven by putative transmission-linked genomic clusters or if genomic associations
with invasiveness remained independent of cluster structure. Data was analysed with STATA Version
18.5 (StataCorp, Texas, USA) and R Version 4.1.1 (Vienna, Austria).
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493 cases were excluded from clinical analysis for the following reasons: records could not be traced
(n=40), declined participation in study (n=33), discharged prior to enrolment before ethical approval
granted for retrospective enrolment (n=11), and missed on initial laboratory surveillance (n=9).
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b An ethical waiver was granted for the collection of isolates, but not clinical information, from excluded
individuals with KPn-ID.
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Figure 2

Midpoint rooted phylogenetic tree of K. pneumoniae invasive and colonising isolates in hospitalised
adults in Johannesburg, South Africa (N=692, 2023-2024). Reference-free, distance-based
phylogenetic trees were generated from de novo genome assemblies using the ska tree function
implemented in Split Kmer Analysis (SKA v2.0). The resulting Newick-formatted tree was visualised
and annotated using iTOL (v7.0). The rings from inside out indicate (i.) Hospitals/ Sites, (ii.) Invasive
versus Colonising isolates (iii.) Sequence types (ST), and (iv.) Clusters. The scale bar indicates genetic
distance derived from split k-mer comparisons.

The hospital sites were Chris Hani Baragwanath Academic Hospital (CHBAH), Charlotte Maxeke
Johannesburg Academic Hospital (CMJAH), and Helen Joseph Hospital (HJH). The STs depicted were
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the four most common identified in invasive and colonising isolates: ST2497, ST39, ST9094, and ST17.
The clusters depicted were the five largest arbitrarily named clusters identified: Cluster_001, Cluster_004,
Cluster_018, Cluster_017, and Cluster_015.

Colonising Invasive Cluster feature
cluster_0M 5L395 (5T2497), KL64, OL2a.
cluster_004 SL17 (5T9094), KL25, OLS
cluster_018 SL39(5T39), KL2, OL2a.1
cluster_017 5L29 (5T985), KL39, OL2a.2
cluster_015 SL231 (ST5785), KL30, OL2a.2
cluster_009 SL147 (ST147), KLe4, OL2a.1
cluster_020 SL17 (5T17), KL25, OLS
cluster_013 SL17 (5T17), KL25, OLS
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cluster_(05 SL307 (ST307), KL102, OL2a.2
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Figure 3

Distribution of genomically defined transmission clusters across the 692 isolates. Bar plot showing
sizes of the 47 clusters (n=380 isolates, 54.9%) identified in invasive (n=317) and colonising (n=63)
isolates defined as genomes differing by <10 PathogenWatch SNPs. Bars are coloured by hospital and
annotated with sublineage (SL), sequence type (ST), and K and O loci.
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Figure 4

Distribution of genomic variables in invasive (n= 508) isolates and colonising (n= 184) isolates of K.
pneumoniae that underwent genomic analysis from hospitalised South African adults. (a) Sequence
type. (b) K-loci. (c) O-antigen type
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