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Abstract:   47 
  48 
Background: Klebsiella pneumoniae is a leading cause of neonatal sepsis in low- 49 
and middle-income countries, with antimicrobial resistance (AMR) significantly 50 
contributing to associated mortality. Infection prevention and control (IPC) 51 
interventions effectively reduced healthcare-associated infections and significantly 52 
decreased neonatal mortality in the Sepsis Prevention in Neonates in Zambia 53 
(SPINZ) study. Here we use whole genome sequencing to explore the impact of an 54 
IPC intervention on K. pneumoniae strains and transmission dynamics responsible 55 
for sepsis in a Zambian neonatal unit.  56 
  57 
Methods and Findings: Blood culture isolates were collected during the SPINZ 58 
study, including a 7-month baseline period and 12 months following implementation 59 
of a low-cost IPC bundle. Bacterial isolates were sequenced (using Illumina), 60 
assembled, and characterised in terms of lineage, AMR determinants, and 61 
polysaccharide antigens (using Kleborate and Kaptive). High-quality genome 62 
assemblies were obtained for 411 neonatal K. pneumoniae infections. The K.  63 
pneumoniae population was diverse, comprising 24 unique STs, but dominated by 64 
ST307 (69.3%, n=285). Nearly all isolates (99.0%) carried extended spectrum beta-65 
lactamases, but few carried carbapenemases (2.7%). Probable transmission 66 
clusters were identified using single-linkage clustering with pairwise distance 67 
thresholds of ≤4 weeks and ≤10 single nucleotide variants (SNVs) between isolates. 68 
Most infections (95.6%) were associated with clusters, ranging in size from 2–202 69 
patients and spanning durations of 2–232 days. Most K. pneumoniae (n=228, 70%) 70 
were isolated during the 7-month baseline period and formed six clusters, including 71 
one cluster of >200 neonates infected with ST307, which was interrupted by the IPC 72 
implementation. Novel clusters emerged during the post-intervention period, 73 
including additional STs and distinct ST307 lineages (unrelated to the 74 
preintervention cluster), but also ST2004 and ST101 clusters that were genetically 75 
indistinguishable from those detected pre-intervention.  76 
  77 
Conclusions: In this neonatal unit, K. pneumoniae sepsis was mostly attributable to 78 
nosocomial transmission clusters, including a large and sustained outbreak of 79 
ST307 affecting >200 neonates over eight months. Transmission of all strains was 80 
periodically suppressed by an IPC bundle; however not all strains were eliminated, 81 
and some were able to re-emerge later to re-establish infection and transmission, 82 
alongside newly introduced strains that formed additional transmission clusters. 83 
Some clusters were associated with rapid onset of disease (within 2 days of 84 
admission) and others with delayed onset, suggesting different sources of 85 
contamination (e.g. reagent vs environmental). These findings reinforce the need for 86 
sustained IPC efforts, and better understanding of environmental reservoirs of 87 
opportunistic pathogens in neonatal units to inform such efforts.  88 
   89 
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Introduction  90 
  91 
In 2019, an estimated 2.44 million neonatal deaths were attributable to infectious 92 
causes (1), with 99% of these deaths occurring in low- and middle-income countries 93 
(LMICs) (2). Neonatal sepsis in LMICs contributes significantly to this high burden of 94 
neonatal deaths, accounting for 78.9% of the world’s total reported cases and 93.9% 95 
of global neonatal deaths in 2019 (3-5). Klebsiella species, predominantly Klebsiella 96 
pneumoniae, are a leading agent of neonatal sepsis (4, 6), with infections 97 
additionally often resistant to World Health Organization (WHO) recommended 98 
treatment regimens (7). It is estimated that the fraction of sepsis deaths attributable 99 
to antimicrobial resistance (AMR) increased by 18% in children younger than 5 100 
years between 1990 to 2019, with K. pneumoniae being one of the biggest 101 
contributors to AMR-attributable sepsis deaths in 2021 (8, 9). Of particular concern 102 
is the increasing proportion of neonatal deaths attributable to extended-spectrum 103 
beta-lactamase (ESBL) producing or carbapenem-resistant K. pneumoniae, which 104 
was declared a critical priority in the WHO Bacterial Priority Pathogen List (8, 10).   105 
  106 
Accurate and timely diagnosis of neonatal sepsis in LMICs is challenging, due to 107 
shared clinical features with many common conditions, and neonates not 108 
consistently presenting with severe clinical signs (11, 12). Additionally, limited 109 
availability of blood culture and other laboratory testing may limit accurate and 110 
prompt diagnosis, ultimately leading to underestimation of the burden of neonatal 111 
sepsis (12).   112 
  113 
Given the prevalence of AMR among Klebsiella isolates, the growing burden of K. 114 
pneumoniae related sepsis, and the diagnostic challenges, there is a renewed focus 115 
on prevention. A significant measure proposed to reduce the burden of neonatal 116 
sepsis is the introduction of a maternal vaccine, targeting the external capsular (K) 117 
and/or lipopolysaccharide (O) antigens of K. pneumoniae (13, 14). Pathogen 118 
agnostic prevention measures, such as infection prevention and control (IPC) 119 
interventions within neonatal intensive care units (NICUs), are more realistic and 120 
achievable in the short-term, with some having been shown to be effective in 121 
reducing infection and mortality. However, the evidence base is limited, and the 122 
relative efficacy of different intervention strategies is not yet clear (15-18).   123 
  124 
The impact of prevention strategies on pathogen populations can be informed by 125 
pathogen whole genome sequencing (WGS). Evaluations of IPC interventions 126 
measure key outcomes such as the number of infections and fatalities; however, 127 
pathogen WGS can be additionally used to enhance our understanding of the 128 
underlying bacterial populations targeted by the intervention, how they change in 129 
response to the intervention, and whether changes are stable over the duration of 130 
the intervention (19). In the absence of serological K typing, which is only available 131 
in one centre globally, WGS is also the predominant tool for profiling K and O 132 
serotypes in K. pneumoniae (20, 21).  133 
  134 
We recently reported an evaluation of an IPC intervention in a NICU in Zambia, 135 
where the majority of positive blood cultures (>70%) yielded K. pneumoniae (22). 136 
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The multi-faceted intervention included IPC training, text message reminders, 137 
alcohol hand rub, enhanced environmental cleaning, and weekly bathing of babies  138 
≥1.5 kg with 2% chlorhexidine gluconate. Mortality decreased following the 139 
implementation of these measures compared with the pre-intervention (baseline) 140 
period of observation (22). Here we use WGS to characterize stored K. pneumoniae 141 
clinical isolates from that study, to compare the populations before and after the IPC 142 
intervention and investigate its impact on the pathogen population.  143 
  144 

Methods   145 
  146 
Ethics  147 
  148 
The Sepsis Prevention in Neonates in Zambia (SPINZ) study was reviewed and 149 
approved by the institutional review boards and ethics boards at Boston University, 150 
Children’s Hospital of Philadelphia, and the Excellence in Research Ethics and 151 
Science (ERES) Converge in Zambia. Written informed consent was provided by the 152 
mothers of neonates recruited into the study. Retrospective investigation of 153 
transmission using WGS was also approved by the Observational/Interventions 154 
Research Ethics Committee of the London School of Hygiene and Tropical Medicine 155 
(ref #29931).  156 
  157 
Study population  158 
  159 
SPINZ was a prospective observational cohort study of hospitalized neonates 160 
conducted in a large tertiary care University Teaching Hospital (UTH) in Lusaka, 161 
Zambia. Full details of the original intervention study were reported previously (22).  162 
Briefly, a 6-month baseline period (‘Baseline’), was followed by six weeks of IPC 163 
bundle implementation and 11 months of intervention assessment, both combined in 164 
this study to be referred to as the ‘Post-implementation’ period. During SPINZ, 165 
neonates admitted to the NICU between September 2015, and March 2017 were 166 
enrolled in the prospective study, and blood cultures were obtained from all 167 
neonates with clinically suspected sepsis (defined as fever, hypothermia, 168 
tachycardia or bradycardia, hypoglycemia, respiratory difficulty, new-onset seizures, 169 
lethargy, poor feeding, abdominal distention, vomiting, diarrhea, or poor perfusion) 170 
(23). The NICU has approximately 3300 admissions per year and is typically filled 171 
beyond its official capacity (60 cots and an average daily count of 75 infants). Blood 172 
culture was performed at the UTH microbiology laboratory, Lusaka, Zambia using 173 
BD Bactec FX200 culture system (BD Life Sciences, New Jersey, USA), followed by 174 
species identification and antibiotic susceptibility testing with the automated Vitek 2 175 
Compact system (bioMérieux, Marcy-l'Étoile, France). Isolates were stored in Skim 176 
milk-tryptone-glucose-glycerine stocks at -80° until further processing.   177 
  178 
Bacterial isolates, sequencing and sequence analysis  179 
  180 
All blood culture isolates from SPINZ that were identified as Klebsiella or E. coli 181 
were retrieved and revived in preparation for WGS. Frozen bacterial glycerol stocks 182 
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were revived by streaking onto LB agar plates and incubating overnight at 37°C. A 183 
single colony pick was taken from each plate to inoculate LB broth and incubated 184 
overnight at 37°C. All procedures were performed under sterile conditions using 185 
aseptic techniques. DNA was extracted using the QIAamp DNA Mini Kit (QIAgen, 186 
Hilden, Germany), and shipped to the Quadram Institute of Bioscience, UK for 187 
sequencing. Libraries were generated using a modified Nextera XT DNA protocol 188 
(24) and sequenced on an Illumina NextSeq 500 instrument (Illumina, California, 189 
USA).   190 
  191 
Paired-end reads were de-novo assembled using Unicycler v0.5.0 (23) (depth filter: 192 
0, mode: normal). Assemblies were filtered based on the KlebNET-GSP quality 193 
control criteria (i.e. contig count <500, genome size in the range 4,969,898 to 194 
6,132,846 bp, and G+C content 56.35% to 57.98%). Assemblies meeting these 195 
criteria were uploaded to Pathogenwatch (25), and those not confirmed as K. 196 
pneumoniae species (n=32), were excluded from further analysis. Only the first 197 
WGS-confirmed K. pneumoniae isolate per neonate was included, thus excluding 198 
n=2 assemblies.   199 
  200 
Genome assemblies were further analysed using Kleborate v3.1.3 (26) to identify 201 
multi-locus sequence types (STs) and to determine the presence of AMR 202 
determinants. K and O loci (gene clusters encoding the capsule or 203 
lipopolysaccharide, respectively), and the associated K and O serotype predictions, 204 
were identified using Kaptive v3.1.0 (20). Pathogenwatch was used to generate 205 
pairwise distances and a neighbour-joining tree of all K. pneumoniae genomes 206 
(based on 1,972 core genes (25)).   207 
  208 
WGS data were matched to clinical metadata including sex, clinical outcome 209 
(discharged or death), date of NICU admission, date of specimen collection, and 210 
birth location.  211 
  212 
For STs represented by at least four genomes, we undertook phylogenetic and 213 
transmission analysis. For each ST, the closest reference sequence to our isolates 214 
was identified using Bactinspector closest_match (v0.1.3) (27) (K. pneumoniae 215 
genomes updated from NCBI prior to running, June 2024). Accession numbers for 216 
all reference sequences are provided in Supplementary Table S1.   217 
  218 
Snippy (v4.4.5) (28) was used to identify single nucleotide variants (SNVs) against 219 
the reference genome for each ST. The Coresnpfilter (v0.2.0) (29) package was 220 
used with a threshold of 80% (-c 0.8), to generate an alignment of all variant sites 221 
with an allele called in at least 80% of sequences. Invariant sites were included to 222 
create a final pseudo whole-genome alignment containing high-quality SNVs. Each 223 
alignment was filtered for recombination using Gubbins (v3.3.5) (30), and maximum-224 
likelihood phylogenetic trees inferred from the resulting recombination-filtered 225 
alignment using RAxML-NG (v8.2.13) (31), with the GTR+G model and 1000 226 
bootstrap repeats. The final bootstrapped tree was midpoint rooted using ggtree 227 
(v3.12.0) (32).   228 
  229 
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Transmission clusters were identified using the Transmission Estimator tool (33) 230 
taking as input a pairwise SNV distance matrix (generated for each ST from the 231 
recombination-filtered alignment, using snp-dists (v0.6.3) and pairwise temporal 232 
distances between infection dates (culture date where available, otherwise NICU 233 
admission date). Clustering via single-linkage with thresholds of 7–28 days and 5–234 
25 SNVs, were tested. Only isolates with an available infection date were included 235 
in transmission/clustering analysis (148 isolates excluded).    236 
  237 
In all genomes, contigs were investigated for plasmid indicators using the MOB-suite 238 
package (v3.1.9) (34). Plasmids were classified into clusters, with clustered 239 
plasmids sharing the same generated ID across isolates. Novel plasmids were 240 
determined if the genomic distance deviated by >0.05 from a known reference. The 241 
tool Abricate (v1.0.1) (35) was used to detect the presence of AMR genes (using the 242 
CARD database (36)) on plasmids identified by MOB-suite.   243 
  244 
To investigate mphA plasmids in ST307 clusters, we used the Bandage assembly 245 
graph viewer (v0.8) (37) to assess the plausibility of the nearest neighbour reference 246 
plasmid identified by MOB-suite being the location of the mphA gene. We used the 247 
blastn function in Bandage to search each graph for the reference plasmid 248 
sequence and the mphA gene, using the blastn parameter ‘-max_hsps 1’ to report 249 
nonoverlapping hits which we summed to calculate overall coverage and mean 250 
identity of the reference plasmid in each assembly.  251 
  252 
Statistical analysis   253 
  254 
All statistical analyses were carried out in R (v4.4.0). The number of days to 255 
infection onset relative to admission was calculated for neonates with both a known 256 
date of NICU admission and culture date. This variable was categorised into 0 days 257 
through to 7 days, 8+ days and unknown, and into ‘rapid-onset’ (days 0–2) and 258 
‘delayed-onset’ (days 3+) categories for comparison and ease of visualisation. 259 
Location of birth was categorized into ‘inborn’ if the neonate was born in any UTH 260 
site (including the UTH labour ward, UTH theatre and UTH postnatal wards), and 261 
‘outborn’ for any other birth location. Study month was categorised into baseline and 262 
postimplementation, month 1–7 vs month 8–17, respectively.    263 
  264 
Categorical variables with more than two groups were compared using the Kruskal– 265 
Wallis test. For binary variables, comparisons were conducted using the chi-squared 266 
test or Fisher’s exact test when expected cell counts were small (<5). Differences in 267 
proportions (i.e., probabilities of success) across groups were assessed using the 268 
prop.test function from the stats package (v4.4.0). Univariate logistic regression was 269 
used to evaluate the association between birth location (inborn vs outborn) or onset 270 
category (rapid-onset vs delayed-onset) and cluster membership, using the glm() 271 
function (family=binomial) from the stats package. In all cases, a significant 272 
difference was considered if the p-value was <0.05.  273 
  274 
Code and data availability  275 
  276 
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All analysis and visualisation code are available at 277 
https://github.com/klebgenomics/SPINZ (DOI: 10.5281/zenodo.17589084).   278 
  279 
Whole-genome sequence data were deposited by the sequencing laboratory 280 
(Quadram Institute of Bioscience, UK) under BioProject PRJEB46513. Sample level 281 
accession information, together with associated clinical and source data, and WGS-282 
derived typing data, is provided in Supplementary Table S2.   283 
  284 
  285 
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Results  286 
  287 
Of 465 blood culture isolates identified as Klebsiella species during the study period, 288 
460 were successfully sequenced and 443 of these were confirmed from WGS as K.  289 
pneumoniae. Two isolates originally identified as E. coli were additionally 290 
characterised as K. pneumoniae from WGS data. Thus, we confirmed 445 blood-291 
culture positive K. pneumoniae infections. Following quality control, a total of 411 292 
confirmed high-quality K. pneumoniae genomes remained representing unique 293 
neonatal infections (S1 Figure). Twenty-four different K. pneumoniae STs were 294 
identified (Table 1).   295 
  296 
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295  Table 1: K and O loci and types identified per ST  
ST  K locus  K type  O locus  O type  Count  

ST307 
(n=285)  

KL102  Capsule null 
(n=249)  

OL2α.2  O2β  193  

OL2α.2  O2α  56  

Unknown  
(n=36)  

OL2α.2  O2β  36  

ST2004  KL23  K23  OL2α.2  O2β  58  

ST983  KL127  Unknown  OL13  O13  12  

 ST5856  KL15  K15  OL4  O4  9  

ST101  KL17  K17  OL2α.1  O1αβ,2α  9  

ST985  KL39  K39  OL2α.2  O1αβ,2β  6  

ST15  KL54  K54  OL2α.2  O1αβ,2β  4  

ST147  KL64  K64  OL2α.1  O2α  4  

ST1119  KL110  Unknown  OL3γ  O3γ  4  

ST1486  KL38  K38  OL3γ  O3γ  3  

ST340  KL15  K15  OL4  O4  2  

ST268  KL20  K20  OL2α.1  O2α  2  

ST45  KL24  K24  OL2α.1  O2α  2  

ST14  KL2  K2  OL2α.1  O1αβ,2α  1  

ST1427  KL67  K67  OL13  O13  1  

ST13  KL3  K3  OL2α.2  O1αβ,2β  1  

ST1731  KL122  Unknown  OL2α.2  O2β  1  

ST20  KL24  K24  OL2α.1  O1αβ,2α  1  

ST253  KL64  K64  OL2α.1  O1αβ,2α  1  

ST280  KL23  K23  OL2α.2  O2β  1  

ST405  KL151  Unknown  OL4  O4  1  

ST54  KL14  K14  OL3γ  O3γ  1  

ST831  KL18  K18  OL2α.1  O1αβ,2α  1  

ST966  KL71  K71  OL3γ  O3γ  1  

296    
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The most prevalent was ST307 (69.3%, 285/411), followed by ST2004 (14.1%, 296 
58/411). In total, there were nine common STs, each represented by ≥4 infection 297 
isolates. There was a close association between K locus and ST, with each ST 298 
associated with a single K locus. KL102 was the most commonly identified K locus, 299 
exclusively found in all ST307 isolates (Table 1). The second most prevalent was 300 
KL23, found in all ST2004 isolates. The most prevalent O type was O2, representing 301 
72.3% (297/411) of isolates (Table 1). Each ST was associated with a single O type, 302 
except for ST307 in which 19.6% (n=56/285) of isolates were O2α and the remainder 303 
O2β (n=229/285).   304 
  305 
The presence and number of acquired AMR genes varied between and within STs  306 
(Figure 1). Few isolates had an acquired carbapenemase gene (n=11/411, 2.7%; all 307 
ST5856 or ST340 carrying blaNDM-5). Most isolates had an acquired extended-308 
spectrum ß-lactamase (ESBL) gene (99.0%, 407/411; n=405 with only blaCTX-M-15 in  309 
22 STs, n=1 ST5856 with both blaCTX-M-15 and blaTEM-116, n=1 ST101 with blaCTX-M-14). 310 
Many isolates had additional acquired AMR genes detected, including those 311 
associated with resistance to ß-lactams (blaOXA-1 and blaTEM-1, 99.3%; supplementing 312 
the intrinsic core gene blaSHV), fluoroquinolones (81.5%), aminoglycosides (100%), 313 
tetracycline (75.7%), phenicols (12.9%), macrolides (10.7%), sulfonamides (99.5%) 314 
or trimethoprim (94.9%). No acquired AMR determinants for colistin, fosfomycin, or 315 
tigecycline were detected. The virulence-associated yersiniabactin siderophore locus 316 
(ybt) was detected in 10.5% of isolates (n=43/412). We did not identify any isolates 317 
with hypervirulence-associated loci aerobactin, salmochelin, colibactin, rmpADC or 318 
rmpA2.   319 
  320 
  321 
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 322 
Figure 1. Neighbour-joining tree of WGS-confirmed K. pneumoniae. ST is indicated by the 323 
colour of tree branch tips. ‘Other STs’ (pink tips) are those with ≤4 genomes identified: ST1486, 324 
ST340, ST268, ST45, ST14, ST1427, ST13, ST1731, ST20, ST253, ST280, ST405, ST54, 325 
ST831 and ST966. Heatmap indicates the presence (coloured block) or absence of acquired 326 
resistance genes corresponding to specific antibiotic classes (indicated by the block colour). 327 
Presence of the virulence-associated yersiniabactin locus is shown in the final column (grey).  328 
  329 
Of the 411 K. pneumoniae isolates successfully sequenced and representing unique 330 
culture-positive neonates, 324 had associated clinical metadata available which 331 
included the date of NICU admission, and 263 of these had a specimen collection 332 
date recorded for the blood sample from which K. pneumoniae was cultured (Table 333 
2). For neonates with both dates, the median day of onset of confirmed K. 334 
pneumoniae infection relative to admission was three days for both the baseline and 335 
post-implementation periods, and the proportion of sepsis classified as rapid-onset 336 
was similar in both periods (43.9% baseline vs 36.8% post-implementation, p=0.36). 337 
Amongst the 324 K. pneumoniae culture-positive neonates with clinical data, 279 338 
had a recorded location of birth, with 205 inborn at UTH and 74 outborn (Table 2). 339 
The proportion of culture-positive neonates inborn at UTH was significantly lower in 340 
the post-implementation period (64.7% post-implementation vs 77.3% baseline, 341 
p=0.04).  342 
  343 
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Table 2: Clinical characteristics of neonates with invasive Klebsiella 344 
pneumoniae disease during the baseline and post-implementation study 345 
periods  346 
  347 

Characteristic  N1  Baseline  
N = 2282  

  

Post-implementation  
N = 962  

  
Sex   279    

    Male    94 (48%)  51 (60%)  
    Female    100 (52%)  34 (40%)  
    Unknown     34    11  

Admission Date   324    

    Present    228 (100%)    96 (100%)  

Culture Date   263    

    Present    187 (100%)  76 (100%)  
    Unknown     41    20  

Clinical outcome   273    

    Discharged    121 (64%)  45 (54%)  
    Died    68 (36%)  39 (46%)  
    Unknown     39    12  

Birth location   279    

    Inborn    150 (77%)  55 (65%)  
    Outborn    44 (23%)  30 (35%)  
    Unknown     34    11  

Days to onset from 
admission  

263  
  

  

    0    16 (8.6%)  3 (3.9%)  
    1    33 (18%)  12 (16%)  
    2    33 (18%)  13 (17%)  
    3    35 (19%)  12 (16%)  
    4    20 (11%)  9 (12%)  
    5    15 (8.0%)  3 (3.9%)  
    6    11 (5.9%)  2 (2.6%)  
    7    12 (6.4%)  1 (1.3%)  
    8+ days    12 (6.4%)  21 (28%)  
    Unknown   41  20  
1 N = Total with non-missing data for this variable. 2 N (%) = Total with this value (values in brackets 
indicate percentage of total samples with non-missing data for this variable, N).  

  348 
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Of the 324 sequenced K. pneumoniae isolates with clinical metadata, the majority 349 
(n=228, 70%) were isolated in the baseline period (based on date of specimen 350 
collection where available or NICU admission date otherwise) (see Table 2, Figure 351 
2). ST307 K. pneumoniae were present from the beginning of the study, with a 352 
median 5 infections per week throughout the baseline period (mean 6.7 infections 353 
per week for 31 weeks). The number of sequenced infections with ST307 declined to 354 
zero after the IPC was implemented (mean 0.6, median 0 infections per week, weeks 355 
32–73) (Figure 2). However, ST307 infections reappeared in weeks 54 and 56 (n=3) 356 
and weeks 72 and 73 (n=6). A small number of sequenced infections with the  357 
second most common sequence type, ST2004, occurred prior to the implementation 358 
period (n=8, mean 1.3, median 1 infection per week over 6 weeks). However most 359 
sequenced infections caused by ST2004 occurred during the post-implementation 360 
period (n=39, mean of 2.4 and median of 2 infections per week over a 16-week 361 
period) (Figure 2). ST101 was also associated with infections during both the 362 
baseline (n=4) and post-implementation periods (n=5). In contrast, ST985 (n=5) and 363 
ST147 (n=4) were identified amongst sequenced isolates from the baseline period 364 
only, and ST983 (n=11) and ST15 (n=4) were identified post-implementation only 365 
(Figure 2). ST983 infections were temporally clustered within a short time period 366 
post-implementation (n=11 between weeks 33 and 38, mean 1.8 and median 1.5 per 367 
week), and ST15 was detected post-implementation only, in weeks 71–73 (n=4, 1–2 368 
per week for 3 weeks) (Figure 2). Eight other STs were detected during the study 369 
period, mostly as single infections occurring sporadically during the study (n=10, see 370 
Figure 2).  371 
  372 
  373 
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  374 
Figure 2. Temporal distribution of WGS-confirmed Klebsiella pneumoniae invasive infections.  375 
Solid vertical lines represent the start of the post-implementation period, which continues to the study 376 
end. (A) Timeline shows number of sequenced K. pneumoniae cases per week, belonging to each ST 377 
(one row per ST, also coloured by ST to match panel B). Each data point indicates one week, sized to 378 
indicate the number of isolates of the given ST per week. (B) Monthly counts of confirmed K.  379 
pneumoniae cases, stratified by ST. Total counts of cases per month are represented on each bar.  380 
  381 
Transmission clusters  382 
  383 
As the timeline of sequenced cases revealed temporal clustering by ST (Figure 2A), 384 
we undertook high-resolution genomic comparisons to investigate potential 385 
transmission patterns and explore changes following the IPC intervention (see 386 
Methods). Single-linkage clustering was done using a genetic distance threshold of  387 
≤10 core genome SNVs and a temporal distance threshold of ≤28 days. Singleton 388 
STs were designated as non-clustered cases. Using these thresholds, clusters 389 
ranged in size from 2–202 neonates (median 6, IQR 4–11), and duration from within 390 
a single week to 33 weeks (median 3, IQR 2–5).   391 
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  392 
Overall, the proportion of cases belonging to clusters, or attributable to clusters, was 393 
significantly higher in the baseline period than the post-implementation period 394 
(n=221/226, 97.8% vs n=86/95, 90.5%, p=<0.01 and n=214/226, 94.7% vs n=78/95, 395 
82.1% attributable, p=<0.001). To assess sensitivity of clustering to choice of 396 
thresholds, we additionally ran clustering with a range of pairwise distance 397 
thresholds, between 5–25 genome-wide SNVs and between 7–28 days, which 398 
yielded only minor differences in cluster number and size (Supplementary Figure 399 
S2). Varying SNV distance threshold had no impact on clustering for ST307, 400 
ST2004, ST983, ST147, ST15 and ST985. Only for ST101 did a SNV distance 401 
threshold of five have a minor impact on clustering compared to 10–25 SNVs. 402 
Varying the temporal threshold between 7–28 days had a small impact on the 403 
number of clusters and proportion of clustered sequences for ST307 ranging from 404 
(97.0% (225/232) in 8 clusters - 99.5% (231/232) in 5 clusters), ST101 (22% (2/9) in 405 
1 cluster - 67% (6/9) in 2 clusters), ST2004 (94% (44/47) in 6 clusters - 100% (47/47) 406 
in 2 clusters), ST983 (100% (9/9) in 2 clusters - 100% (9/9) in 1 cluster) and ST147 407 
(75% (3/4) in 1 cluster - 100% (4/4) in 1 cluster). In contrast, varying the temporal 408 
threshold had no impact on clustering for ST15 and ST985. Based on the range of 409 
estimates from these sensitivity analyses, between 292–306 (94.2–98.7%) of total 410 
cases were associated with a transmission cluster, and 272–293 out of 310 (87.7– 411 
94.5%) were attributable to nosocomial transmission.   412 
  413 
Clustered sequences were not significantly associated with inborn vs outborn 414 
neonates (OR 1.23, 95% CI 0.32-3.89, p=0.7), or rapid-onset infection (OR 1.47, 415 
95% CI 0.44-5.63, p=0.5). Of the 202 inborn neonates within the study hospital with 416 
a K. pneumoniae infection, 193 (95.5%) were within a cluster, and 9 (4.5%) were not. 417 
Proportions were similar in outborn neonates in which 70/74 (94.6%) of infections 418 
were clustered. Of the 110 neonates with rapid-onset infection, 106 (96.4%) isolates 419 
were clustered, and similarly, 144/152 (94.7%) isolates from neonates with delayed-420 
onset infection were clustered. For neonates with data in both (n=236), inclusion of 421 
an interaction term between birth location and onset category did not yield a 422 
statistically significant effect (p=0.3), despite changes in the estimated odds ratios.  423 
  424 
During the baseline period, all identified clusters included infections in both inborn 425 
and outborn neonates (Figure 3A). ST147 cluster 1 comprised exclusively delayed-426 
onset infections (n=4; 3 inborn, 1 outborn), and ST985 cluster 1 was predominantly 427 
delayed-onset (4/5; 2 inborn, 2 outborn), with one rapid-onset case in an outborn 428 
neonate. Neither ST was observed in post-implementation clusters. Metadata for 429 
ST2004 cluster 1 was limited, 2 of 8 neonates were outborn with delayed-onset 430 
infections; one additional case involved a neonate with delayed-onset infection and 431 
unknown birth location, and another was an inborn neonate with an unknown onset 432 
category infection (Figure 3A). In contrast, post implementation ST2004 cluster 2 433 
infections included both rapid-onset (8/39) as well as delayed-onset (22/39) 434 
infections, occurring predominantly in inborn (21/39) compared to outborn (16/39) 435 
neonates (Figure 3B).   436 
  437 
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  438 
Figure 3. Breakdown of birth location and onset category for infections in each cluster, divided 439 
into those detected (A) at baseline and (B) post-implementation. Individual plots are labelled with 440 
ST and cluster number. Clusters were assigned to baseline or post-implementation based on the 441 
timing of the first case in the cluster. Onset category is defined as ‘rapid-onset’ (day 0-2 of admission 442 
to NICU) or ‘delayed-onset’ (day 3+ of admission to NICU). ST101 cluster 1 is not shown due to lack 443 
of any data on birth location or onset category for all cases.  444 
  445 
ST307 cluster 1 was the largest, comprising 202 infections, predominantly among 446 
inborn neonates (68.8%, 139/202). Among those inborn neonates, rapid- and 447 
delayed-onset infections occurred in equal proportions (42.4%, 59/139 for both) 448 
similarly to proportions in outborn neonates (35.3% rapid-onset, 52.9% delayed-449 
onset). ST307 cluster 2 involved equal numbers of inborn and outborn (n=3 each) 450 
neonates, with most infections being delayed-onset (5/7; 3 inborn, 1 outborn, 1 451 
unknown). ST307 cluster 3, first detected at baseline (n=1), persisted into the 452 
postimplementation period and included both inborn (n=5) and outborn (n=4) 453 
neonates, with 50% each of rapid-onset and late-onset infections (Figure 3A).  454 
  455 
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Two novel ST307 clusters emerged post-implementation (Figure 3B). Cluster 4 456 
caused exclusively delayed onset infections (n=3), affecting one inborn and two 457 
outborn neonates—distinct from the mixed onset pattern seen in earlier ST307 458 
clusters. In contrast, cluster 5 predominantly caused rapid-onset infections (4/6), all 459 
in inborn neonates. Additional post-implementation clusters included ST101 cluster 460 
2, which caused delayed-onset infections in two inborn neonates. Two new clustered 461 
STs, ST15 cluster 1 which included rapid-onset infections in inborn neonates (n=2) 462 
and delayed-onset infections in outborn neonates (n=2). The second, ST983 cluster 463 
1, was predominantly detected in inborn neonates (10/11), causing both rapid- (n=6) 464 
and delayed-onset (n=2) infections (Figure 3B).  465 
  466 
Persistence vs novel introductions   467 
  468 
Three STs (ST307, ST2004 and ST101) were identified both at baseline and 469 
postimplementation. To explore whether post-implementation infections may have 470 
arisen from contamination persisting during the intervention or represented new 471 
strain introduction into the unit, we conducted additional phylogenomic analyses (see 472 
Methods).   473 
  474 
The ST307 phylogeny revealed a dominant sublineage accounting for n=248/285 475 
ST307 genomes (cluster 1, green in Figure 4). Of these, 202 had known dates of 476 
admission and 180 had a known specimen collection date; these all belonged to 477 
cluster 1 and were detected throughout the baseline period (n=31 weeks, median 5 478 
cases per week) and during the first three weeks post-implementation, but not after 479 
month eight. Four other ST307 sublineages were evident in the tree, mapping to 480 
clusters 2–5 (Figure 4). Cluster 3 was first detected two weeks prior to the IPC 481 
intervention (n=1) and persisted into the post-implementation period (n=11, median 1 482 
per week for 9 weeks) but was not detected after this. One other cluster (cluster 2) 483 
was detected prior to intervention (n=7, median 1 per week for four weeks); and two 484 
clusters were detected during the post-implementation period (cluster 4; n=3, median 485 
1.5 per week for three weeks in month 13; and cluster 5; n=6, median three per week 486 
for two weeks in month 17) (Figure 4). No ST307 cases sequenced from the 487 
postimplementation period (cluster 4 and 5) belonged to the same phylogenetic 488 
lineage as baseline isolates (cluster 1, 2 and 3), and the minimum pairwise genetic 489 
distance between cluster 4 or 5 and any other isolates was 71 SNVs. Therefore, the 490 
ST307 infections identified post-implementation appear to be unrelated to the ST307 491 
sublineage responsible for the earlier infection clusters.   492 
  493 
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 494 
Figure 4. Core SNV phylogenies of Klebsiella pneumoniae aligned to acquired AMR gene data 495 
and infection timelines. ST307 isolates (top), ST101 isolates (middle) and ST2004 isolates (bottom). 496 
A midpoint-rooted maximum-likelihood phylogenetic tree was inferred separately for each ST, based 497 
on an alignment of SNVs identified against a closed reference genome of that ST. Tips are coloured to 498 
indicate the cluster number, inferred via single-linkage clustering using thresholds of ≤10 SNVs and 499 
≤28 days. X-axis below each tree indicates phylogenetic distance expressed as number of SNVs. 500 
Heatmaps show the presence of key acquired resistance genes and hypervirulence genes (if present) 501 
aligned to tree tips. Timeline plot indicates the date of isolation (study week) for each isolate, aligned 502 
to tree tips and coloured by cluster number. The timing of the start of the IPC implementation is 503 
indicated by a solid vertical line.   504 
  505 
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To assess the impact of using admission date as a proxy for date of K. pneumoniae 506 
isolation (in n=61 cases with an admission date, but lacking a recorded culture date), 507 
an additional clustering sensitivity analysis was conducted for ST307 508 
(Supplementary Figure S3). Clustering based solely on isolates with a known 509 
culture date (Supplementary Figure S3B) identified the same isolates present in 510 
clusters, but separated the very large cluster into two, separated by an intervening 511 
period of 32 days between culture dates in month 5 and month 6.   512 
  513 
All except one ST307 isolate carried blaCTX-M-15, and the different subgroups of ST307 514 
presented overall similar AMR profiles, with the exception of cluster 4 in which 515 
n=9/12 isolates carried aadA2 instead of aac(3’)-IIa (suggesting loss of gentamicin 516 
resistance) and dfrA12 instead of dfrA14 (retention of trimethoprim resistance). 517 
Cluster 3 and 4 additionally carried mphA and mrx genes (suggesting reduction of 518 
azithromycin susceptibility), and sul1 in addition to sul2 (retention of trimethoprim-519 
sulfamethoxazole resistance). The acquired siderophore, yersiniabactin, was present 520 
in clusters 2 and 4 only (Figure 4).  521 
  522 
The ST101 core SNV phylogeny revealed a sub-lineage of seven genetically related 523 
isolates, and two genetically distant isolates (Figure 4). The genetically-linked 524 
isolates were temporally divided into two clusters, one during the baseline period 525 
(n=2 cases, isolated in the same week) and a second during the post-implementation 526 
period (n=4 cases over 6 weeks) (Figure 4). The seventh isolate was just seven 527 
SNVs different and detected four weeks after the last cluster-2 case. Clusters 1 and 528 
2 were not genetically distinct, separated by 0–7 pairwise SNVs and sharing the 529 
same AMR profile, consistent with persistence of a single clone from the baseline to 530 
the post-implementation period (Figure 4).  531 
  532 
The ST2004 phylogeny revealed a dominant sub-lineage, split into two temporally 533 
separated clusters of genetically near-identical isolates (Figure 4). Cluster 1 was 534 
detected during the baseline period (n=8 cases, median 1 per week for 6 weeks), 535 
and cluster 2 in the post-implementation period (n=39 cases, median 2 cases per 536 
week for 16 weeks) (Figure 4). Pairwise genetic distances between these two 537 
clusters were 0-5 SNVs, with identical resistance profiles, again consistent with long-538 
term persistence of a single clone.  539 
  540 
The remaining four STs with ≥4 infection isolates (ST15, ST147, ST983 and ST985), 541 
detected in either the baseline period or the post-implementation period, could not be 542 
phylogenetically represented due to low intra-sequence diversity. For each of these 543 
STs, the maximum number of SNVs between all genomes was three (Full SNV data 544 
is available at https://github.com/klebgenomics/SPINZ). AMR profiles and infections 545 
by study week for these STs are shown in Supplementary Figure S4.    546 
  547 
Serotypes and AMR post intervention  548 
  549 
The prevalence of predicted K-types differed significantly between the baseline and 550 
post-implementation periods (p<0.001 using Chi-square test) (Figure 5A), driven by 551 
changes in the prevalence of associated STs. Most notably, infections in the baseline 552 
period were dominated by a large cluster of ST307 with disruptions in the KL102 553 
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locus, which were assigned by Kaptive as capsule null (87.1% of infections), 554 
whereas the post-implementation period was dominated by KL23 ST2004 (43.8%), 555 
KL102 ST307 (24.7%) and KL127 ST983 (12.4%). The KL102-disrupted ST307 556 
isolates belonging to ST307 cluster 1, shared a deletion of 661 base pairs truncating 557 
the wbaP and wzy genes within the capsule locus (Supplementary Figure S5) that 558 
are likely to result in a lack of capsule synthesised via this locus. The distribution of 559 
predicted O loci also differed in the post-implementation periods compared with 560 
baseline (Figure 5B), most notably with reduced prevalence of OL2ɑ.2 loci (96.4% 561 
vs 82.0%) and introduction of O13 (0% vs 12.4%) via the ST983 cluster.  562 
  563 
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  564 
Figure 5. Prevalence of K-loci (A) and O-loci (B), and mean number of acquired AMR genes (C) 565 
detected amongst K. pneumoniae isolated in the baseline and post-implementation study 566 
periods.  567 
  568 
AMR gene profiles were very similar across STs and clusters (Figure 1), and 569 
consequently there were few changes post-implementation (Figure 5C). There was 570 
an increase in presence of azithromycin resistance-associated genes 571 
postimplementation (from 3.1%, n=7/228 to 22.9%, n=22/96), driven by the presence 572 
of mphA in the post-implementation ST307 clusters 3 and 4. In ST307 cluster 4 573 
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genomes, the mphA gene was carried on a 6 kilobase pairs (kbp) contig flanked by 574 
repeat sequences (transposases). The location could therefore not be fully resolved 575 
from short read sequence data, however inspection of the assembly graph suggests 576 
it was likely located in a plasmid with similarity to a mphA-carrying reference plasmid 577 
with GenBank accession CP021752.1 (identified as a close reference using MOB-578 
suite), as this plasmid was present in the assembly graphs (96.9% coverage at mean 579 
98.6% identity) and connected the mphA contig (Supplementary Figure S6). The 580 
location of mphA was even harder to resolve in cluster 3 genomes, where it was 581 
located on a 3.2 kbp contig. However, the reference plasmid CP021752.1 had only 582 
74% coverage in these genomes, suggesting this cluster may harbour a distinct 583 
mphA plasmid.  584 
  585 

Discussion  586 
  587 
Analysis of high quality WGS data from 411 K. pneumoniae blood isolates from 588 
neonates showed that most infections (95.6%) belonged to temporal clusters of near-589 
identical isolates, consistent with nosocomial transmission. The fraction of clustered 590 
isolates was the same amongst neonates inborn at UTH and those born elsewhere 591 
before admission to the NICU, with clustering not shown to be associated with birth 592 
location, rapid-onset of infection (day 0-2 of NICU admission), or their interaction. 593 
This finding is consistent with nosocomial transmission in the NICU specifically (as 594 
opposed to e.g. the labour ward).   595 
  596 
The primary SPINZ analysis reported previously that sepsis incidence declined 597 
following implementation of the IPC bundle (22). Here, the new K. pneumoniae WGS 598 
data support that the IPC bundle successfully disrupted a large, long-running 599 
outbreak of K. pneumoniae ST307 that persisted throughout the baseline 600 
observation period (median 5 new infections per week) but disappeared three weeks 601 
after the implementation began. The data also showed the fraction of K. pneumoniae 602 
infections involved in clusters to be smaller post-implementation (97.8% vs 90.5%, 603 
p=<0.01), consistent with an effect of the implementation. However, the overall 604 
cluster rate remained high compared with similar estimates from other African NICUs 605 
(38) and indicated ongoing challenges with maintaining effective IPC.  606 
  607 
Notably, a substantial proportion of infections (26.8%), and of clustered infections 608 
(34.5%), were rapid-onset, identified within two days of admission to the NICU. This 609 
differs from the usual definition of healthcare-associated infection (HCAI) which 610 
designates infections occurring after a hospital stay of two days or more (39). 611 
However, here we observed multiple cases of neonates with K. pneumoniae isolated 612 
from blood stream infections on day 0 or 1 of NICU admission, with isolates 613 
genetically identical to those from other patients on the same ward within days.  This 614 
includes outborn infants, providing compelling evidence of transmission within the 615 
NICU as opposed to acquisition from a common source outside the unit prior to 616 
admission. Recent outbreak investigations in other African NICUs have identified 617 
diverse sources of infection including contaminated environments (e.g. sinks, bed 618 
railings), water sources and colonised healthcare workers as well as contaminated 619 
reagents including IV bags (40-42). It is plausible that outbreaks mediated by 620 
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contaminated reagents, which are directly inoculated into newborns via injection or 621 
feeding tubes, could result in rapid-onset infections. In contrast, transmission 622 
mediated by environmental contamination of colonised healthcare workers may be 623 
more likely to begin with gut colonisation of neonates, followed by overgrowth in the 624 
gut before progressing to systemic infection and sepsis, better fitting the standard 625 
expectations of HCAI onset after ≥2 days on the ward. Consistent with this, the 626 
distribution of rapid-onset infections was skewed, with six putative transmission 627 
clusters including very few (0 or 1) rapid-onset infections, while four clusters—most 628 
notably the large, persistent ST307 baseline cluster 1—were dominated by rapid-629 
onset infections, often including babies born outside the hospital. During the 630 
baseline period, most clusters were composed of delayed-onset infections (≥2 days 631 
post admission). However, following implementation of the IPC bundle, 3 out of 6 632 
clusters included at least half, or a majority, rapid-onset infections. This shift may 633 
indicate the IPC measures effectively eliminated outbreak sources linked to 634 
environmental contamination or poor hand hygiene, while more direct sources, such 635 
as contaminated reagents, may have persisted. This explanation would be 636 
consistent with the nature of the IPC bundle, however no environmental or reagent 637 
screening was undertaken during the study period to enable a direct assessment of 638 
outbreak sources post-implementation, and whether they differed in nature to the 639 
baseline period sources. This raises an important consideration for future studies 640 
assessing the effectiveness of IPC interventions.  641 
  642 
Infections with ST101 and ST2004 were associated with clusters in both the baseline 643 
and post-implementation periods, with genetically indistinguishable strains isolated in 644 
both periods. For ST101, we observed two infections in the same week (week 6 645 
during baseline), then four infections during weeks 39-44 in the post-implementation 646 
period (0-7 SNVs from the first two cases, see Figure 4B and Supplementary 647 
Figure S7), and a single infection 4 weeks later (7 SNVs). The timing of onset 648 
information was unknown for the two baseline infections, however the second cluster 649 
of infections were all delayed onset (day 5-15 following NICU admission) and the 650 
single infection in week 48 was also delayed onset, following 41 days in the NICU 651 
(i.e. the infant was already present on the ward during the 4-case cluster, so could 652 
have become colonised around the same time as the others). For ST2004 we 653 
observed a cluster of eight infections in weeks 4-9 and a second cluster of 39 654 
infections between weeks 45-60, with 0-5 SNVs between the two clusters. For the 655 
first cluster, timing of onset was known for three babies, all of whom had delayed-656 
onset (3-7 days following admission to NICU); the later cluster included eight rapid-657 
onset infections (in two inborn babies and six outborn) and 22 that were known to be 658 
delayed onset (3-39 days). We hypothesise these patterns could be explained by 659 
some form of environmental contamination present during the baseline period, which 660 
persisted through the IPC intervention, and occasionally transmitted to additional 661 
sources that resulted in temporally clustered infections.   662 
  663 
The high numbers of cases of neonatal sepsis with K. pneumoniae overall and 664 
diversity of STs (24 among 411 isolates) over a 19-month period is similar to findings 665 
in other settings (43). The high level of diversity can be linked to the various 666 
reservoirs that could be introducing pathogens such as K. pneumoniae into the NICU 667 
environment, including healthcare workers, parents, medical equipment, and other 668 
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environmental fomites (44). Some of the K. pneumoniae lineages associated here 669 
with nosocomial transmission (ST307, ST101, ST147, ST15) are considered high-670 
risk clones that have been associated with HCAI outbreaks in other settings including 671 
neonatal units across continents as well as within adult ICUs in high-income 672 
countries (45, 46). In particular the most common ST, associated with five clusters 673 
and a majority of infections, was ST307. Since its emergence in the mid1990s (47), 674 
ST307 has rapidly spread across every continent except Antarctica, causing 675 
nosocomial outbreaks worldwide (48-50). One such outbreak in a Korean NICU was 676 
reportedly controlled through enhanced IPC measures, including frequent 677 
disinfection of medical devices, active surveillance cultures, hand hygiene re-678 
education, and segregation of infected and newly admitted individuals (51). Although 679 
Klebsiella pneumoniae ST307 has been reported in Africa, including Zambia, it 680 
appears less frequently than in Europe and the USA. To our knowledge this is the 681 
first study to perform genomic characterization using WGS, including sequence 682 
typing and AMR gene profiling, to explore the prevalence and distribution of STs.  683 
  684 
Notably, the ST307 strain causing the very large cluster (>200 infections during 685 
baseline observation) had a disrupted KL102 locus (Supplementary Figure S5), 686 
which was predicted as capsule-null by the Kaptive genotyping tool (20).The two 687 
truncated genes, wbaP and wzy, are thought to encode proteins essential for 688 
capsule formation, responsible for the initiation of the synthesis of the capsular 689 
repeat units and their polymerisation, respectively (52). Capsule-null K. pneumoniae 690 
are rarely observed in blood isolates, consistent with the role of the capsule in 691 
evading serum complement and phagocytosis (53, 54). However capsule inactivation 692 
has been reported in clinical isolates from other body sites, and may enhance 693 
epithelial cell invasion, biofilm formation and persistence particularly in urinary tract 694 
infections (55). ST307 genomes harbour a second putative polysaccharide locus, 695 
Cp2 (56), that was intact in all cluster 1 ST307 genomes, and may encode an 696 
alternative capsule. We were unable to retrieve isolates to experimentally confirm 697 
whether cluster 1 ST307 isolates were encapsulated. Previous reports of a 698 
KL102disrupted ST307 with intact Cp2 loci display reduced complement resistance 699 
when tested against sera from healthy adult volunteers (4-log reduction after two 700 
hours). However, this reduced level of resistance may still be sufficient to infect 701 
neonates, whose complement systems are underdeveloped (57). Given the 702 
susceptibility of unencapsulated bacteria to host immune defences, it is unlikely 703 
these isolates lacked a capsule yet maintained sustained transmission at the 704 
observed scale over a sustained period of time. This observation, alongside the 705 
dynamic shifts in K-type prevalence, underscores the importance of considering both 706 
O- and K-antigen variability in the design of a maternal vaccine. The detection of a 707 
second capsule locus in ST307—and potentially in other sequence types—raises 708 
concerns about selective pressure driving capsule switching or alternative 709 
polysaccharide expression, potentially undermining vaccine efficacy. Genomic 710 
surveillance plays a critical role not only in identifying transmission clusters but also 711 
in characterizing the circulating K. pneumoniae population—an essential step in 712 
informing vaccine target selection and coverage.  713 
  714 
The next most prevalent ST, ST2004 is much less well described. It was first defined 715 
from a 2015 Chinese isolate (58) and has publicly available genome data from 716 
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China, Japan, Australia, Europe and USA, but no cases reported previously from 717 
Africa. There is insufficient data to determine the origin of this ST or the likelihood of 718 
importation from one of the countries listed above. However, the nearest neighbours 719 
in Pathogenwatch, based on LINcodes, were identified in Switzerland and the 720 
Netherlands, showing 0.32-0.64% allelic diversity. Most public ST2004 genomes 721 
include blaCTX-M-15, as we observed in this study, suggesting this may be an emerging 722 
ESBL clone.   723 
  724 
Profiling of AMR genes predicted most K. pneumoniae isolated in this study were 725 
multi-drug resistant, with 99% carrying ESBL genes and a number of STs belonging 726 
to known MDR lineages (59-62). The majority of isolates carried acquired genes 727 
associated with resistance to aminoglycosides, ß-lactams (including ESBLs), 728 
fluoroquinolones and trimethoprim-sulfamethoxazole. No substantial change in 729 
genotypic AMR profiles was seen following the implementation of the IPC bundle 730 
(Figure 5C), which is as expected given there was no change in antimicrobial use. 731 
However, we did observe the introduction of mphA in ST307 clusters 2 and 4. While 732 
azithromycin is not typically used to treat neonatal sepsis, its use prophylactically to 733 
reduce maternal and neonatal postpartum infections has been studied. A recent 734 
review found modest benefits for maternal outcomes but no effect on neonatal 735 
adverse outcomes (63). Intrapartum antibiotics may also alter the neonatal 736 
microbiome and increase AMR gene abundance, particularly in K. pneumoniae 737 
(6467). Several studies have reported elevated prescribing rates in Zambian 738 
hospitals, surpassing WHO prescribing indicators (68, 69), potentially sustaining the 739 
presence of MDR pathogens within the hospital environment.  740 

  741 
A small number of isolates carried a blaNDM-5 carbapenemase gene, belonging to 742 
ST340 (n=2) and ST5856 (n=9). These isolates could not be linked to clinical 743 
metadata and so were not included in cluster analysis, however they clustered 744 
closely genetically (0-8 SNVs between ST340 isolates, 0-14 SNVs between ST5856 745 
isolates based on Pathogenwatch clustering), indicative of some form of local 746 
transmission either within the unit or the community. Despite numbers being low, this 747 
finding is of concern given the role of carbapenems as a last line treatment option for 748 
K. pneumoniae. More recent data from the same hospital indicates an increase in 749 
carbapenem resistance amongst K. pneumoniae clinical isolates from adult patients 750 
(imipenem resistance rose from 3% in 2015, when the SPINZ study commenced, to 751 
19% in 2020), and high rates of carbapenem resistance amongst K. pneumoniae 752 
isolated from the NICU environment (88% resistant to meropenem in 2023), 753 
suggesting that carbapenem resistance has likely escalated in this setting since the 754 
conclusion of the study (70).  755 
   756 
There are limitations to this work, primarily related to the fact that the WGS analysis 757 
was carried out retrospectively, and was not part of the original study design. This 758 
resulted in incomplete clinical data and limited linkage between laboratory and 759 
clinical datasets, ultimately constraining the scope and depth of the analysis. The 760 
presence of missing data also introduces potential biases that cannot be fully 761 
accounted for. Beyond these constraints, had the study been prospectively designed 762 
with the current analysis in mind, additional measures could have significantly 763 
enhanced the completeness and interpretability of the findings. For instance, our 764 
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results suggest the elimination of some sources and persistence of others, indicated 765 
by the relatedness of strains before and after the IPC implementation. Incorporating 766 
environmental sampling during the study period could have provided direct 767 
information on the reservoirs and transmission pathways of K. pneumoniae on the 768 
unit, offering more specific actionable insights regarding IPC failures and guiding 769 
future intervention efforts. An additional limitation of this analysis is the exclusive use 770 
of short-read Illumina sequencing, which lacks the resolution to accurately assemble 771 
plasmids compared to Nanopore long-read data. Incorporating long-read sequencing 772 
would enhance the detection of plasmid structures and associated AMR gene 773 
content.  774 
  775 
In conclusion, this WGS analysis of isolates collected from the SPINZ study (22) 776 
highlights the value of genomic surveillance in informing and monitoring IPC 777 
interventions in neonatal units, even when applied retrospectively. Delivery of IPC 778 
best practices in LMIC healthcare facilities may be compromised by unpredictable 779 
water supply, high patient-to-nurse ratios, facility overcrowding, personal protective 780 
equipment and hand hygiene supply shortages, reuse of single-use items, and high 781 
burden of AMR colonization and infection, among other factors (71, 72). Evidence 782 
shows that despite most neonatal units having IPC and cleaning guidelines, 783 
adequate infrastructure and consumables to support optimal IPC are lacking (73). 784 
Additionally, bacterial pathogens have adapted characteristics to enable survival on 785 
surfaces and medical equipment, such as the ability to form biofilms (74), increasing 786 
resistance to cleaning and disinfectants (75). The WHO guidelines for IPC issued in 787 
2016 outline eight core components for the implementation of effective IPC, however 788 
the feasibility of application depends greatly on settings, and guidelines must be 789 
adapted based on feasibility (18). Notably, identifying and containing outbreaks, 790 
particularly in low-resource settings, presents distinct challenges due to often limited 791 
infection control training, inadequate infrastructure, and constrained healthcare 792 
resources (76). In the NICU studied here, persistent overcrowding and a patient-to-793 
nurse ratio of 20:1 further hinder efforts to prevent transmission among neonates.  794 
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