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Abstract 24 

Introduction: Invasive bacterial infections, particularly those caused by the ESKAPE group, 25 

account for a substantial proportion of neonatal deaths in low- and middle-income countries, 26 

yet the contribution of healthcare-associated transmission of such infections remains poorly 27 

defined. Pathogen whole genome sequencing (WGS) offers superior resolution to delineate 28 

transmission events compared to conventional methods. We aimed to determine the 29 

proportion of neonatal infection cases attributable to healthcare-associated transmission by 30 

comparing classical epidemiological and enhanced genomic approaches. 31 

Methods: We retrospectively analyzed infants with culture-confirmed bloodstream infection 32 

or meningitis from six lower-tier hospitals in South Africa from September 2019 through 33 

October 2020. Isolates including Klebsiella pneumoniae, Acinetobacter baumannii, 34 

Staphylococcus aureus, Enterococcus faecium, Enterococcus faecalis, and Escherichia coli 35 

underwent antimicrobial susceptibility testing (AST) and WGS. Clusters were delineated 36 

using: 1) SNP-EPI (WGS-based reference standard), defined as 2 or more cases in the 37 

same hospital within 14 days and 11 or less single nucleotide polymorphisms (SNPs) (10 or 38 

less for A. baumannii); and 2) AST-EPI (conventional approach), defined as 2 or more cases 39 

with identical AST patterns within 14 days in the same hospital. The healthcare-associated 40 

transmission rate was calculated as the proportion of all cases allocated to SNP-EPI 41 

clusters. 42 

Results: We included 428 cases of infection with both AST and WGS data, including K. 43 

pneumoniae (40%, n=172), A. baumannii (23%, n=98), and S. aureus (21%, n=90). The 44 

overall healthcare-associated transmission rate was 31% (131/428 cases); this was highest 45 

for A. baumannii (50%, 47/98) followed by K. pneumoniae (42%, 72/172) and S. aureus 46 

(11%, 10/90), with substantial variation by facility (range, 5%-95%). We identified 39 SNP-47 

EPI clusters across all hospitals, mostly involving multi-drug-resistant (MDR) strains, 48 

including large outbreaks of carbapenem-resistant K. pneumoniae ST152 and high-risk A. 49 

baumannii ST1 and ST2 clones. The AST-EPI criteria detected only 28 clusters and yielded 50 
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a lower overall healthcare-associated transmission rate of 18%. Compared to the SNP-EPI 51 

approach, the AST-EPI method particularly underestimated transmission for K. pneumoniae 52 

(23% vs. 42%) and A. baumannii (29% vs. 48%), often fragmenting larger, persistent SNP-53 

EPI clusters. 54 

Conclusions: Healthcare-associated transmission contributed substantially to the burden of 55 

invasive bacterial infections among South African infants, primarily driven by MDR K. 56 

pneumoniae and A. baumannii. WGS provided greater resolution than conventional methods 57 

for cluster detection. Genomic surveillance should be integrated into routine practice for 58 

effective outbreak detection and informed infection prevention and control responses in low-59 

resource settings.  60 
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Introduction 61 

Invasive infections account for 17%-29% of neonatal deaths in low- and middle-income 62 

countries (LMICs) [1]. A large proportion of this infection incidence is probably related to 63 

healthcare-associated transmission events, caused by inadequate infection prevention and 64 

control (IPC), during which pathogens are transferred to patients either from a contaminated 65 

environment or on the hands of healthcare workers. Unfortunately, many of these 66 

healthcare-associated infections are caused by the ESKAPE pathogens (i.e. Enterococcus 67 

faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, 68 

Pseudomonas aeruginosa, Enterobacter species), which are commonly resistant to multiple 69 

antimicrobial agents. In South Africa, the incidence of culture-confirmed blood and central 70 

nervous system infections in the newborn population is 6.0 per 1000 live births (95% 71 

confidence interval [CI], 6.0-6.1), with ESKAPE pathogens Klebsiella pneumoniae, 72 

Acinetobacter baumannii and Staphylococcus aureus, accounting for 50% of these infections 73 

[2].  74 

Furthermore, healthcare transmission events probably result in infection outbreaks which are 75 

undetected owing to insufficient surveillance infrastructure. An epidemiological approach, in 76 

which temporal and spatial linkage of events with or without pathogen antimicrobial 77 

susceptibility profiles are used to detect outbreaks, is not always adequate [3]. Healthcare 78 

infection surveillance incorporating pathogen whole genome sequencing (WGS) is currently 79 

the most robust approach, yielding granular pathogen data to characterize transmission 80 

pathways and detect healthcare-associated outbreaks [3, 4]. In a multi-center surveillance 81 

study, the combination of genomic data and epidemiological rule-based thresholds provided 82 

sufficient information to prospectively detect clusters of multi-drug-resistant (MDR) 83 

pathogens that would otherwise have been missed by pathogen antimicrobial susceptibility 84 

and epidemiological links alone [4, 5]. A recent study demonstrated that incorporating 85 

prospective WGS data resulted in early detection of clusters, rapid action, and aversion of 86 
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large outbreaks [6]. Prevention of infections was associated with a net US$695,706 cost 87 

reduction over two years. 88 

The implementation of genomic surveillance in LMICs has the potential to reduce the burden 89 

of infection by rapidly detecting outbreaks, identifying infection sources and informing 90 

targeted IPC interventions. However, the added value of genomic data to IPC activities in 91 

low-resource settings has not been demonstrated, in part due to a lack of setting-specific 92 

studies. We conducted a study across six neonatal units in South Africa, integrating WGS, 93 

epidemiological data, and antimicrobial susceptibility test (AST) results. Our primary 94 

objective was to estimate the proportion of infection cases linked to healthcare-associated 95 

transmission by comparing a traditional epidemiological approach with an enhanced 96 

genomic approach. We aimed to demonstrate the potential value of genomic data for the 97 

timely detection of outbreaks during continuous real-time surveillance, as well as for 98 

monitoring transmission dynamics and assessing the impact of IPC interventions through 99 

routine retrospective or periodic data reviews. 100 

Methods 101 

Baby GERMS-SA surveillance 102 

In the Baby GERMS-SA surveillance, infants with culture-confirmed bloodstream infection or 103 

meningitis were retrospectively enrolled between September 2019 and October 2021 at six 104 

lower-tier hospitals in South Africa [7]. The surveillance included babies admitted to a 105 

neonatal unit or those aged ≤6 months admitted to a pediatric unit who had a pathogen 106 

isolated in culture from blood or cerebrospinal fluid. Demographic and clinical information of 107 

the case-patients was abstracted by medical officers from retrospectively-scanned medical 108 

records. National Health Laboratory Service (NHLS) microbiology laboratories at sentinel 109 

hospitals submitted isolates from case-patients to reference laboratories at the National 110 

Institute for Communicable Diseases (NICD) for species-level identification, AST and WGS. 111 

WGS was performed only on the first isolate of each case-patient with infection due to 112 
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Enterococcus faecalis, Enterococcus faecium, S. aureus, K. pneumoniae, A. baumannii, and 113 

Escherichia coli. The Baby GERMS-SA study received approval from the Human Research 114 

Ethics Committee of the University of the Witwatersrand (M190320). Informed consent was 115 

waived because the study involved the retrospective collection of clinical data through 116 

medical record review after discharge from hospital or death. No personal identifiers were 117 

collected, and each patient was assigned a unique study ID. 118 

Reference laboratory testing 119 

Bacterial strains were transported on Dorset transport medium (Diagnostic Media Products, 120 

NHLS, Johannesburg, South Africa). The species of viable isolates was confirmed using 121 

matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF 122 

MS) (Bruker Daltonik, Bremen, Germany). Minimum inhibitory concentrations (MICs) were 123 

determined using the MicroScan WalkAway 7465 instrument (Beckman Coulter, 124 

Sacramento, USA) and MIC values were interpreted according to Clinical and Laboratory 125 

Standards Institute (CLSI) recommendations (M100, 31st edition, 2021).  126 

Whole genome sequencing 127 

DNA was extracted from overnight broth cultures using the QIAamp DNA Micro Kit (Qiagen, 128 

USA), following the manufacturer's protocol. The DNA concentration was measured using a 129 

Nanodrop 2000 spectrophotometer (Thermo Fisher Scientific, UK), and the DNA purity was 130 

assessed using a Qubit 4 fluorometer (Thermo Fisher Scientific). The Illumina DNA Prep kit 131 

(Illumina, San Diego, USA) was used to generate multiplexed, paired-end libraries of 2x 150 132 

bp. Sequencing was performed on the Illumina NextSeq 550 platform, targeting 100x 133 

coverage per isolate.  134 

Bioinformatic analysis 135 

Raw paired-end sequencing reads were processed using the Jekesa pipeline v1.0 for read 136 

quality control, species identification, and multi-locus sequence typing [8]. Resistance genes 137 
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were identified by scanning assembled contigs with AMRFinderPlus [9], ABRicate, and 138 

staramr against PointFinder, ResFinder [10], and AMRFinderPlus databases, with outputs 139 

summarised using hAMRonization [11] . For phylogenetic analysis, assembled genomes 140 

were aligned to reference genomes (K. pneumoniae HS11286, A. baumannii ATCC17978, 141 

and S. aureus Newman) using scapper [12], with recombinant regions removed using 142 

Gubbins v3.2.1. Variable sites were extracted using snp-sites v2.5.1, and maximum-143 

likelihood phylogenetic trees were generated using IQ-TREE v2.0.3 with GTR + F + ASC + 144 

R4 model and 1000 UFBoot2 bootstrap approximations. Trees were visualised using iTOL 145 

(v7). Pairwise single nucleotide polymorphism (SNP) distances calculated with snp-dists 146 

v0.8.2 were used for cluster analysis with SNP2Cluster v0.5.4 [13].  147 

Cluster analysis 148 

We used the Baby GERMS-SA epidemiological data, reference laboratory AST data, and 149 

WGS data to retrospectively identify clusters and/or outbreaks of E. faecalis, E. faecium, S. 150 

aureus, K. pneumoniae, A. baumannii, and E. coli. We defined cases according to the main 151 

study [7]. Bloodstream infection or meningitis was defined as a pathogenic organism isolated 152 

from a blood or cerebrospinal fluid culture, respectively. For the purpose of this analysis, we 153 

considered patients with more than one pathogen as having separate episodes. If the same 154 

pathogen was isolated >14 days after an initial culture-positive specimen, the patient was 155 

considered to have a new infection episode. Cases of P. aeruginosa and E. cloacae complex 156 

were not included due to a lack of WGS data (Fig S1).  157 

SNP-EPI and AST-EPI clusters 158 

Clusters were detected using two approaches: the reference standard approach, in which we 159 

used WGS data to ascertain the relatedness of isolates (i.e. SNP-EPI clusters), and a 160 

conventional approach, in which pathogen AST patterns were used (i.e. AST-EPI clusters). 161 

A SNP-EPI cluster was defined as ≥2 cases in the same hospital with culture-positive 162 

specimens collected within 14 days of each other and a SNP cut-off of ≤11 (with the 163 
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exception of A. baumannii for which a ≤10 SNP cut-off was used) [14–16]. AST-EPI clusters 164 

were defined as ≥2 cases with identical pathogen identification and AST patterns, with 165 

culture-positive specimens collected within 14 days of each other, and admission to the 166 

same hospital. We calculated the proportion of cases associated with healthcare 167 

transmission by dividing the number of cases allocated to clusters by all cases included in 168 

the cluster analysis, i.e. all those with both AST and WGS data available. Due to a wide 169 

range of adopted SNP cut-offs for isolate relatedness in outbreaks [14] we conducted 170 

sensitivity analyses for the primary SNP-EPI definition, varying SNP cut-offs and the time 171 

between culture-positive specimen collection dates, including combinations of ≤11 SNP-60 172 

days, ≤20 SNP-14 days, ≤20 SNP-60 days and ≤25 SNP-45 days. 173 

Statistical analysis 174 

Characteristics of case-patients were compared using Chi square test or Fisher’s exact test 175 

for categorical variables and the Kruskal Wallis test for continuous variables. We assessed 176 

the risk of death by causative pathogen using logistic regression. We explored factors 177 

associated with being part of a SNP-EPI cluster using a multivariable logistic regression. We 178 

included known infection risk factors such as age, prematurity, body weight at invasive 179 

specimen collection, and healthcare related factors such as prior antibiotic use, 180 

breastfeeding, and presence of medical devices, among others. Analysis was performed 181 

using Stata (v18.5, StataCorp LLC, Tx, USA) and R statistical software (v 5.4.1). 182 

Results 183 

Of the 1079 cases of bloodstream infection (97%, n=1051) or meningitis (3%, n=28) (Fig 184 

S1), we included 428 (40% of all cases) with both AST and WGS data. K. pneumoniae 185 

(40%, n=172), A. baumannii (23%, n=98), and S. aureus infections (21%, n=90) accounted 186 

for most cases. The median age of these infants at diagnosis was 7 days (interquartile range 187 

[IQR]: 3-18) and 54% (n=221) were male (Table 1). The median age differed by causative 188 

pathogen, with S. aureus infected infants being older (9 days, IQR: 3-25, p=0.011). Of the 189 
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428 included infants, 22% (n=95) were in non-neonatal units at the time of specimen 190 

collection and a large proportion had late-onset sepsis (82%, 347/424). A majority of the 191 

infants weighed ≤1500 g (44%, 100/225), but most with S. aureus infections (72%, 28/39) 192 

weighed ≥2500 g while a majority with K. pneumoniae (45%, 44/97) and A. baumannii (68%, 193 

38/56) weighed ≤1500 g (p<0.001). The overall mortality rate was 32% (88/277); this was 194 

higher in infants infected with A. baumannii (49%, 35/71) and K. pneumoniae (36%, 41/115) 195 

and lowest in infants with S. aureus infections (8%, 4/50) (p<0.001). Compared to S. aureus 196 

infections, the odds of death were 6 times higher in patients with K. pneumoniae infections 197 

(crude odds ratio [OR] 6.4, 95% CI 2.14-18.96, p=0.001) and 11 times higher in those with 198 

A. baumannii infections (OR 11.1, 95% CI 3.63-34.35, p<0.001) (Table S1).  199 

Using the SNP-EPI criteria, we identified 39 clusters, with the majority caused by K. 200 

pneumoniae (46%, n=18), A. baumannii (38%, n=15) and S. aureus (13%, n=5), and a 201 

single cluster of E. faecium. The largest cluster was caused by NDM-1-producing ST152 K. 202 

pneumoniae strains in hospital C (n=15) alongside a smaller simultaneous cluster of OXA-1-203 

producing ST307 K. pneumoniae (n=4) (Fig 1, Fig S2). Medium-sized K. pneumoniae 204 

clusters of OXA-1-producing ST307 (n=6) in hospital E, OXA-1/181-producing ST39 (n=6) in 205 

hospital B and OXA-1-producing ST405 (n=7) in hospital D were detected. Smaller K. 206 

pneumoniae clusters caused by ST348 and OXA-1/181-producing ST17 were recorded at 207 

different time points in hospital B. Overall, 11 of the 18 (61%) K. pneumoniae clusters had 208 

one or more isolates that were phenotypically resistant to carbapenems (Table 2).  A. 209 

baumannii clusters were primarily caused by MDR OXA-23- and/or NDM-1-producing ST1 210 

and ST2 strains (Fig S3), with notable clusters of ST2 in hospital B (n=7 and n=6) and ST1 211 

in hospital E (n=7). Clusters of S. aureus and E. faecium (data not shown) were small (≤2 212 

cases per cluster), with four of five S. aureus clusters caused by methicillin-resistant strains 213 

(Fig S4). No clusters of E. faecalis or E. coli were detected using the SNP-EPI criteria. 214 

In the univariable logistic regression analysis, older infants at specimen collection (OR 0.98, 215 

95% CI 0.96-0.99, p=0.002) and those with a weight of ≥2500 g at specimen collection (OR 216 
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0.20, 95% CI 0.09-0.44, p<0.001) were less likely to be in a cluster, while those with an 217 

umbilical line were more likely to be in a cluster (OR 2.02, 95% CI 1.03-3.90) (Table S2). In 218 

the multivariable model, infants with a weight of ≥2500 g were 80% less likely to be in a 219 

cluster (adjusted OR 0.20, 95% CI 0.04-0.83, p=0.033). 220 

The overall healthcare transmission rate using the primary SNP-EPI criteria was 31% 221 

(131/428 cases) (Table 1); this was highest for A. baumannii (48%, 47/98) followed by K. 222 

pneumoniae (42%, 72/172), S. aureus (11%, 10/90) and E. faecium (10%, 2/10) (p<0.001). 223 

For each pathogen, the healthcare transmission rate varied by facility (range, 5%-95%) (Fig 224 

2). Relaxing the SNP-EPI criteria resulted, on average, in the inclusion of 1-2 additional 225 

cases within clusters, merging of clusters and/or detection of new clusters (Fig S5-S7), 226 

which increased the estimated healthcare transmission rate (Fig 2). Cluster sizes and/or 227 

patterns changed more when increasing the threshold duration between specimen collection 228 

dates than when increasing SNP cut-offs (Fig 2, Fig S5-S7). Clusters of E. faecalis or E. coli 229 

were not detected when varying the SNP-EPI criteria.  230 

We detected 28 AST-EPI clusters compared to 39 SNP-EPI clusters (Table 2). Most of the 231 

clusters that were missed when applying the AST-EPI criteria were caused by A. baumannii 232 

(15 versus 8). The AST-EPI criteria resulted in fragmented clusters or entirely different 233 

clusters (Fig 3). Overall, clusters identified using the SNP-EPI criteria were larger. The 234 

proportion of clusters with the smallest size (i.e., 2 cases per cluster) was higher when 235 

applying AST-EPI criteria (75%, 21/28) than by applying SNP-EPI criteria (53.8%, 21/39). 236 

SNP-EPI clusters also occurred over a longer period than AST-EPI clusters (median, 10 237 

days [IQR: 4-17] versus 6 days [IQR: 2-10]). The healthcare transmission rate was lower 238 

when applying the AST-EPI criteria overall (18% versus 31%), to K. pneumoniae (23% 239 

versus 42%) and to A. baumannii (29% versus 48%), but the rate remained the same for S. 240 

aureus (i.e. 11%). 241 

 242 
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Discussion 243 

The national incidence of culture-confirmed neonatal infections in South Africa was 244 

previously documented to be high, with a substantial proportion caused by Gram-negative 245 

bacteria [2]. Although it has been speculated that transmission events mediated by 246 

healthcare workers and/or environmental contamination play a major role, our study aimed 247 

to provide robust evidence for this by combining genomic and epidemiological data. We 248 

found that almost a third of the infection episodes analyzed in our study probably occurred 249 

through healthcare transmission. This was similar to the 31% reported in an Australian study 250 

conducted among in-patients infected with MDR pathogens, including methicillin-resistant S. 251 

aureus, ceftriaxone-resistant E. coli and K. pneumoniae, and vancomycin-resistant 252 

enterococci [4]. In a systematic review of studies that retrospectively identified clusters using 253 

genomic and epidemiological data, the average putative healthcare transmission was 23% 254 

overall, with 0% in some studies and rates as high as 61.6% in others [14], demonstrating 255 

that transmission patterns probably differ by pathogen and setting. While results from these 256 

studies provide some insight into the relative contribution of healthcare transmission to the 257 

burden of disease, we acknowledge that direct comparisons are inherently limited by 258 

methodological differences.  259 

Compared to other pathogens, we found substantially higher healthcare transmission of K. 260 

pneumoniae (up to 74%) or A. baumannii (up to 80%) at some facilities. These findings are 261 

consistent with the predominance of Gram-negative infections among neonates in LMICs, 262 

including South Africa [2, 17]. Prematurity and low birth weight play a substantial role in the 263 

vulnerability of newborns to Gram-negative bacterial infections. We found that infants who 264 

weighed ≥2500 g were 80% less likely to be in a cluster. A combination of factors, such as 265 

immunological immaturity, impaired physical barriers and healthcare-related risk factors such 266 

as invasive procedures which occur during prolonged hospital stays, create multiple entry 267 

points and opportunities for invasive infection particularly in low-weight premature infants 268 

[18–20]. Pathogen-specific factors also contribute. K. pneumoniae and A. baumannii are 269 
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frequently multidrug resistant and can outcompete susceptible bacteria under empirical 270 

broad-spectrum antibiotic pressure, which is common in neonatal care. Furthermore, both 271 

species are highly adapted to persist in hospital environments and colonize hosts for 272 

prolonged periods, establishing a constant reservoir for infection and outbreaks, especially 273 

where IPC measures are suboptimal [21–23]. The high transmission rates of these MDR 274 

pathogens places a significant burden on patients and the healthcare system due to 275 

treatment challenges and high mortality risk. Consistent with this, infants in our study 276 

infected with A. baumannii and K. pneumoniae had a higher crude in-hospital mortality 277 

compared to infants with other pathogens. In contrast, we found that clusters of S. aureus 278 

and E. faecium were generally small, and no clusters of E. faecalis or E. coli were detected. 279 

Infections caused by these latter species may be more sporadic in nature and healthcare 280 

transmission may therefore play a comparatively minor role in their overall burden.  281 

A high proportion of clusters detected in our study were caused by MDR strains. The largest 282 

was a prolonged polyclonal outbreak caused by NDM-1-producing ST152 K. pneumoniae 283 

and OXA-181 ST307 K. pneumoniae, which was detected during the Baby GERMS-SA 284 

surveillance study and has been described previously [24]. We also found other notable 285 

clusters caused by high-risk, globally distributed, carbapenem-resistant K. pneumoniae 286 

clones, including ST307, ST39, ST405, ST348, and ST17. These clones often possess 287 

various additional antimicrobial resistance (AMR) determinants and are frequently 288 

associated with outbreaks worldwide [25, 26]. IMP-38-producing ST307, NDM-1-producing 289 

ST17, and NDM-producing ST348 outbreaks have been documented in neonatal units in 290 

other regions [27–29]. The OXA-181 producing ST307 strain, predicted to have been 291 

introduced into private-sector hospitals in South Africa in 2023, rapidly spread via intra- and 292 

inter-hospital transmission and is now considered endemic in South Africa [30, 31]. While 293 

ST405 is also recognized globally as a MDR lineage, there are fewer documented outbreaks 294 

compared to ST307, and none reported in neonatal units [32]. Similarly, A. baumannii 295 

clusters were caused by AMR-associated clones, specifically the globally dominant ST1 and 296 
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ST2 lineages [33]. While outbreaks of MDR A. baumannii in neonatal units are well-297 

documented, the genomic characteristics of the strains involved are less frequently reported. 298 

Nonetheless, regional neonatal outbreaks of MDR OXA-23- and NDM-1-producing ST1 299 

outbreaks have been reported in Botswana and the KwaZulu-Natal Province of South Africa 300 

[34, 35]. Our results confirm the presence of high-risk clones that are spread by healthcare 301 

transmission in South African neonatal units. The presence of these clones and the 302 

outbreaks they cause present a major public health problem, particularly in the lower-tier 303 

hospitals included in this study. These facilities currently lack the resources for routine 304 

genomic surveillance needed to detect high-risk lineage clusters, which in turn elevates the 305 

risk of mortality due to limited treatment options for these MDR organisms. In this study, 306 

infants with A. baumannii and K. pneumoniae infections had much higher risk of in-hospital 307 

mortality than those with S. aureus and other pathogens. 308 

Previous studies that considered within-host diversity, pathogen mutation rates, and/or 309 

epidemiological information proposed SNP cutoffs for recent transmission, for example ≤25 310 

whole-genome SNPs for MRSA and ≤11 SNPs for K. pneumoniae  [36, 37]. Despite this, a 311 

wide range of SNP cutoffs continue to be used in outbreak investigations [14]. Due to the 312 

absence of a standardized definition for outbreaks, we examined the impact of adjusting 313 

both the SNP cutoff (to define isolate relatedness) and the time interval between specimen 314 

collection dates. Modifying these parameters changed the clustering patterns and increased 315 

the estimated rates of healthcare transmission, with the duration between specimen 316 

collection dates having a more significant influence. This indicates that while our primary 317 

definition is probably suitable for rapid-onset outbreaks, which are common in our setting, it 318 

may overlook prolonged outbreaks associated with contaminated environmental reservoirs 319 

or those involving pathogens with a faster genetic evolutionary rate [3, 34, 38]. Failing to 320 

recognize ongoing transmission could result in inadequate IPC measures being 321 

implemented, leading to higher infection rates. Nevertheless, our primary definition 322 

successfully identified the majority of clusters compared to alternative criteria, although it 323 
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split some clusters and excluded certain individuals from transmission chains. To facilitate 324 

cluster detection, accurate measurement of healthcare transmission, valid external 325 

comparisons, and monitoring of temporal changes, there is a need for the development and 326 

adoption of standardized, evidence-based, and universally applicable methodologies for 327 

clinically significant pathogens. 328 

In our analysis, we found that all but two concurrently occurring clusters in a single facility 329 

were not recognized during the surveillance period. This highlights the inadequacies of 330 

relying solely on healthcare workers' perceptions or routine surveillance data, particularly in 331 

settings with high infection incidence. We directly compared conventional AST-based 332 

clusters with those defined by WGS SNP data. Consistent with prior studies, we discovered 333 

that AST patterns missed several SNP-defined clusters and/or fragmented them into multiple 334 

smaller clusters [39]. This highlights the limited discriminatory power of phenotypic pathogen 335 

profiles, which may misinterpret clonal spread due to convergent resistance patterns, 336 

horizontal gene transfer, or differential expression of resistance genes. In contrast, WGS 337 

provided a higher-resolution view of the isolates, revealing larger, more persistent clusters 338 

and enabling differentiation of concurrent outbreaks caused by distinct sequence types 339 

within the same hospital. Despite WGS being considered the gold standard, the 340 

implementation of genomic surveillance to inform IPC and/or diagnostic and antimicrobial 341 

stewardship is still challenged by long turnaround times, high costs, and the need for 342 

specialized bioinformatics expertise [40]. Measures to address these challenges are actively 343 

being explored, including the possible adoption of rapid technologies such nanopore 344 

sequencing and the development of culture-independent metagenomics [41, 42]. Regional 345 

genomic hubs have been proposed to reduce cost, improve resource efficiency, and provide 346 

technical training on analysis and interpretation of WGS data to local laboratories and/or 347 

facilities [40]. Although AST is relatively inexpensive and remains crucial as a complement to 348 

WGS for phenotypic resistance confirmation and clinical treatment guidance, its utility for 349 

definitive outbreak delineation is limited. Nonetheless, AST data can still be a valuable 350 

 . CC-BY 4.0 International licenseIt is made available under a 
perpetuity. 

 is the author/funder, who has granted medRxiv a license to display the preprint in(which was not certified by peer review)preprint 
The copyright holder for thisthis version posted November 13, 2025. ; https://doi.org/10.1101/2025.11.10.25339895doi: medRxiv preprint 

https://doi.org/10.1101/2025.11.10.25339895
http://creativecommons.org/licenses/by/4.0/


15 
 

complement to WGS, particularly in detection of emerging strains with novel resistance 351 

profiles and unknown genetic determinants [43]. 352 

Our study is subject to several limitations that impact on the precision and generalizability of 353 

our findings on healthcare transmission. First, the analysis was limited by isolate availability, 354 

as nearly two-thirds (58%) of isolates from case-patients were unavailable for WGS. This 355 

substantial missing data introduced a sampling bias. Depending on whether the excluded 356 

infections belonged to a cluster or were isolated cases, this bias could potentially result in an 357 

overestimation or underestimation of the calculated transmission proportions, potentially 358 

obscuring the full reality of transmission patterns across the hospitals. Secondly, we lacked 359 

crucial hospital utilization data (such as patient-days) to contextualize our findings, 360 

precluding the calculation of adjusted transmission rates and hindering direct comparison 361 

with other studies. Furthermore, the scope of the study was restricted to only invasive 362 

infections (bloodstream and central nervous system) caused by the most common ESKAPE 363 

pathogens. Our estimates may not fully reflect the total burden of healthcare transmission, 364 

as we did not include colonization screening, less severe infections, or infections caused by 365 

other clinically-relevant bacterial and fungal pathogens. Finally, the retrospective design 366 

limited our capacity to integrate granular ward-level epidemiological or environmental data, 367 

which would have been essential for identifying specific infection sources or drivers of 368 

infection acquisition. Although we found that infants with a higher body weight were less 369 

likely to be in a cluster, our study was not specifically powered for this analysis, and thus we 370 

cannot rule out or rule in any of the patient- or healthcare-level factors in their role in 371 

facilitating healthcare transmission or outbreaks. While this design prevents direct linkage of 372 

genomic findings to immediate IPC intervention outcomes, the genomic resolution achieved 373 

provides a baseline for prospective studies and highlights the scale of the problem, 374 

suggesting on average around one-third of infections were associated with nosocomial 375 

transmission. 376 
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In conclusion, our study provides compelling evidence that healthcare-associated 377 

transmission contributes substantially to the burden of invasive bacterial infections among 378 

infants in South Africa, particularly driven by MDR K. pneumoniae and A. baumannii. WGS 379 

offers substantially higher resolution than conventional AST, effectively delineating complex 380 

transmission chains and simultaneously identifying crucial resistance determinants. Genomic 381 

approaches should be integrated into clinical and public health practice for robust outbreak 382 

detection and response, specifically as an outbreak investigative response to signals such 383 

as a rise in case numbers, high rates of specific MDR pathogens, or the detection of new 384 

resistance patterns. While ongoing genomic surveillance (i.e. sequencing most isolates) may 385 

be the goal, an investigative strategy is a pragmatic and impactful starting point for low-386 

resource settings. Strengthening IPC practices remains an essential core action, but WGS 387 

complements these efforts by pinpointing where and when interventions are most needed, 388 

enabling timely, evidence-based action to limit the spread of pathogens and improve 389 

outcomes for vulnerable newborns in low-resource healthcare settings.  390 
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Table 1: Characteristics of infant cases of bloodstream infection and meningitis, overall and by causative pathogen, at six sentinel hospitals in 412 

South Africa, September 2019-October 2020, n=428   413 

 
Overall 

K. pneumoniae 

(172) 

A. baumannii 

(n=98) 

S. aureus 

(n=90) 

E. coli 

(n=27) 

E. faecalis 

(n=21) 

E. faecium 

(n=20) 

 

n (%) or median [IQRa] p value 

Age (days) 7 [3 - 18] 8 [5 - 18] 6 [3 - 13] 9 [3 - 25] 4 [2 - 37] 4 [1 - 10] 4 [0 - 14] 0.011 

Sex         

Male 221 (53.6) 89 (54.9) 50 (52.1) 46 (52.9) 19 (70.4) 9 (45.0) 8 (40.0) 0.376 

Hospital                

Hospital A 97 (22.7) 32 (18.6) 23 (23.5) 20 (22.2) 9 (33.3) 7 (33.3) 6 (30.0) <0.001 

Hospital B 66 (15.4) 31 (18.0) 20 (20.4) 7 (7.8) 5 (18.5) 2 (9.5) 1 (5.0)  

Hospital C 65 (15.2) 36 (20.9) 7 (7.1) 16 (17.8) 2 (7.4) 1 (4.8) 3 (15.0)  

Hospital D 50 (11.7) 29 (16.9) 9 (9.2) 6 (6.7) 2 (7.4) 1 (4.8) 3 (15.0)  

Hospital E 95 (22.2) 28 (16.3) 29 (29.6) 19 (21.1) 8 (29.6) 4 (19.0) 7 (35.0)  

Hospital F 55 (12.9) 16 (9.3) 10 (10.2) 22 (24.4) 1 (3.7) 6 (28.6) 0 (0)  

Ward type                

Neonatal 333 (77.8) 146 (84.9) 78 (79.6) 57 (63.3) 15 (55.6) 18 (85.7) 19 (95.0) <0.001 

Otherb 95 (22.2) 26 (15.1) 20 (20.4) 33 (36.7) 12 (44.4) 3 (14.3) 1 (5.0)  

Gestational age (weeks) 33 [29 - 37] 32 [29 - 36] 30 [28 - 34] 
37 [32 - 

37] 

36 [30 - 

37] 

36 [32 - 

39] 

36 [34 - 

37] 

<0.001 

Underlying conditions         

Neonatal jaundice 80 (18.7) 29 (16.9) 27 (27.6) 13 (14.4) 4 (14.8) 5 (23.8) 2 (10.0) 0.177 

HMDc/ RDSd 71 (16.6) 23 (13.4) 32 (32.7) 9 (10.0) 3 (11.1) 2 (9.5) 2 (10.0) 0.001 

NECe 23 (5.4) 15 (8.7) 5 (5.1) 2 (2.2) 0 (0) 1 (4.8) 0 (0) 0.204 

Cardiac abnormalities 26 (6.1) 12 (7.0) 9 (9.2) 3 (3.3) 0 (0) 0 (0) 2 (10.0) 0.258 

Other 151 (35.3) 67 (39.0) 40 (40.8) 24 (26.7) 7 (33.3) 7 (33.3) 6 (30.0) 0.261 

Current weightf         

≤1500 g 100 (44.4) 44 (45.4) 38 (67.9) 9 (23.1) 3 (27.3) 4 (33.3) 2 (20.0) <0.001 
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1501-2499 g 52 (23.1) 29 (29.9) 10 (17.9) 2 (5.1) 3 (27.3) 4 (33.3) 4 (40.0)  

 ≥2500 g 73 (32.4) 24 (24.7) 8 (14.3) 28 (71.8) 5 (45.5) 4 (33.3) 4 (40.0)  

Infection type         

Bloodstream 425 (99.3) 172 (100) 97 (99) 89 (98.9) 26 (96.3) 21 (100) 20 (100) 0.180 

Meningitis 3 (0.7) 0 (0) 1 (1.0) 1 (1.1) 1 (3.7) 0 (0) 0 (0)  

Infection timingg         

Early-onset  77 (18.2) 24 (14.1) 12 (12.2) 15 (16.9) 8 (30.8) 8 (38.1) 10 (50.0) <0.001 

Late-onset  347 (81.8) 146 (85.9) 86 (87.8) 74 (83.1) 18 (69.2) 13 (61.9) 10 (50.0)  

Healthcare-transmission 

rateh  
       

 

SNP-EPI method  131 (30.6) 72 (41.9) 47 (48.0) 10 (11.1) 0 (0) 0 (0) 2 (10) <0.001 

AST-EPI method 77 (18.0) 39 (22.7) 28 (28.6) 10 (11.1) 0 (0) 0 (0) 0 (0) <0.001 

In-hospital outcome         

Alivei 189 (68.2) 74 (64.3) 36 (50.7) 46 (92.0) 10 (71.4) 14 (87.5) 9 (81.8) <0.001 

Died 88 (31.8) 41 (35.7) 35 (49.3) 4 (8.0) 4 (28.6) 2 (12.5) 2 (18.2)  

a: IQR = interquartile range; b: includes any unit where infants <6 months were admitted; c: HMD = Hyaline membrane disease; d: RDS = 414 

respiratory distress syndrome; e: NEC = necrotising enterocolitis; f: weight at positive culture specimen collection; g: early onset = positive 415 

culture specimen collection from day of admission up to day 2 of life, late onset = specimen collection on or after day 3 of life; h: Rate 416 

calculated as the number of cases of infection allocated to a cluster by the specified method divided by all cases with both pathogen 417 

antimicrobial susceptibility and whole genome sequence data; i: Alive includes patients who were alive on discharge or transferred to another 418 

facility 419 
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Table 2: Characteristics of clusters at six lower-tier hospitals in South Africa, September 420 

2019 - October 2020 421 

Characteristics  
SNP-EPI 

method  

Cluster n = 39 

AST-EPI 

method 

Cluster n = 28  

 n (%) or median (IQR) 

Pathogen phenotypea     

Carbapenem-resistant K. 

pneumoniae 
11/18 (61) 9/15 (60) 

Minocycline-resistant A. 

baumannii 
6/15 (40) 2/8 (25) 

Methicillin-resistant S. aureus 4/5 (80) 2/5 (40) 

Vancomycin-resistant enterococci 1/1 (100) 0 (0.0) 

Hospital     

Hospital A  8 (20.5) 6 (21.4) 

Hospital B  10 (25.6) 6 (21.4) 

Hospital C 4 (10.3) 7 (25.0) 

Hospital D 4 (10.3) 3 (10.7 

Hospital E 9 (23.1) 5 (17.9) 

Hospital F 4 (10.3) 1 (3.6) 

Cluster location   

Neonatal wards only 26 (66.7) 18 (64.3) 

Neonatal & other wards 13 (33.3) 8 (28.6) 

Other wards only 0 (0.0) 2 (7.1) 

Cluster size  2 (2–3) 2 (2–2.3) 

2 cases 21 (53.8) 21 (75.0) 

3-5 cases  11 (28.2) 5 (17.9) 

6-10 cases  6 (15.2) 2 (7.1) 

>10 cases 1 (2.6) 0 (0.0) 

Duration of clusterb 10 (4–17) 6 (2–10) 

1-2 days  8 (20.5) 7 (25.0) 

3-7 days  7 (17.9) 9 (32.1) 

8-14 days  13 (33.3) 7 (25.0) 

15-21 days 5 (12.8) 3 (10.7) 

>21 days   6 (15.4) 2 (7.1) 

a: The number and percentage of clusters with at least one pathogen in the cluster exhibiting 422 

the phenotype 423 

b: Calendar days (inclusive) from the first to last observation in the cluster 424 
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Figure legends 425 

Fig 1: K. pneumoniae, A. baumannii and S. aureus infection clusters detected using the 426 

SNP-EPI cluster criteria for hospitals (A-F), by sequence type and time, September 2019 427 

through to October 2020.  428 

Key: KP: K. pneumoniae; AB: A. baumannii; SA: S. aureus 429 

Colors denote distinct clusters, circles and triangles denote case-patients in neonatal and other 430 

wards, respectively. Other wards included general pediatric wards, pediatric intensive care units 431 

(ICU), general ICU and/or high care wards. The grey dots (bg) represent cases that were not 432 

categorized as part of clusters by the SNP-EPI criteria. 433 

 434 

Fig 2: Healthcare transmission rates (i.e. proportion of cases linked to a cluster) by 435 

pathogen and hospital when varying SNP-EPI parameters. 436 

 437 

Fig 3: Infection clusters of A) K. pneumoniae, B) A. baumannii, and C) S. aureus detected in 438 

Hospital A-F using the SNP-EPI and AST-EPI cluster criteria, September 2019-October 439 

2020. 440 

Boxes shaded in grey (bg) represent cases with both pathogen antimicrobial susceptibility testing 441 

(AST) and whole genome sequence (WGS) data but were not linked to clusters. White boxes (na) 442 

represent case-patients without AST and/or WGS data and thus excluded from the analysis  443 
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