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The preterm infant microbiota is dominated by Enterobacteriaceae (Escherichia, Klebsiella
or Enterobacter spp.), Enterococcus and Staphylococcus spp. Recent work has demon-
strated the development of this microbiota is predictable and driven by simple microbe—
microbe interactions. Because of their systemic immaturity, including an underdeveloped
immune system, preterm infants are susceptible to a range of infections. Numerous retro-
spective studies have examined the association of the preterm gut microbiota with dis-
eases such as necrotizing enterocolitis (NEC), early-onset sepsis and late-onset sepsis.
To date, no single bacterium has been associated with infection in these infants, but a
Klebsiella/Enterococcus-dominated faecal microbiota is associated with an increased risk
of developing NEC. Staphylococci aid and enterococci inhibit establishment/maintenance
of gastrointestinal Klebsiella populations in preterm infants, though the mechanisms
underlying these interactions are poorly understood. Klebsiella spp. recovered from
healthy and sick preterm infants display similar antimicrobial resistance and virulence pro-
files, giving no clues as to why some infants develop potentially life-threatening diseases
while others do not. The identification of cytotoxin-producing Klebsiella oxytoca sensu
lato in the gut microbiota of some preterm infants has led to the suggestion that these
bacteria may contribute to NEC in a subset of neonates. This mini review highlights
current knowledge on Klebsiella spp. contributing to the preterm gut microbiota and
provides insights into areas of research that warrant further attention.

The genus Klebsiella

As of February 2023, the genus Klebsiella (family Enterobacteriaceae) encompassed 13 species of bac-
teria with validly published names and one species with a non-valid name. Raoultella spp. are also
considered part of the genus Klebsiella (Figure 1) [1,2]. Klebsiella pneumoniae, Klebsiella oxytoca and
Klebsiella aerogenes (formerly Enterobacter aerogenes [3]) have received most attention from a clinical
perspective, with K. pneumoniae responsible for up to 15% of healthcare-associated infections and
increasing levels of antimicrobial resistance being reported for all species [4-7]. Klebsiella spp. are
found in the environment, and contribute to the commensal gut microbiota of humans and animals.
Gut colonization with Klebsiella spp. contributes to extraintestinal infections in the immunocomprom-
ised and clinically vulnerable [7]. K. oxytoca and K. aerogenes, and to a lesser extent Raoultella spp.,
represent emerging pathogens [4-6].

In recent years, the adoption of whole-genome sequencing in taxonomic, clinical and epidemio-
logical studies has led to an increased understanding of the genetic diversity of Klebsiella spp.
(Figure 1). K. pneumoniae has a diverse population structure, representing a complex of five species
[K. pneumoniae, K. quasipneumoniae (subsp. quasipneumoniae and similipneumoniae), ‘K. quasivarii-
cola’, K. africana, K. variicola (subsp. tropica and variicola)] [7]. The K. oxytoca complex comprises
several distinct phylogroups (Ko) defined based on differences in blagxy sequences [K. michiganensis
(Kol, Ko5), K. oxytoca (Ko2), K. spallanzanii (Ko3), K. pasteurii (Ko4), K. grimontii (Ko6), K.
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Figure 1. The K. pneumoniae species complex and the K. oxytoca complex.

The phylogenetic tree shows the genus Raoultella is intermixed with the genus Klebsiella. Strains of some species of the K.
oxytoca complex (shown in bold text) can produce the cytotoxic pyrrolobenzodiazepine metabolite tilimycin (TM), which
spontaneously reacts with indole to form tilivalline (TV) (discussed later in the text); TM and TV are causative agents of
antibiotic-associated haemorrhagic colitis [69]. The tree, rooted at K. aerogenes, was created from an alignment of 338 core
protein sequences using PhyloPhlAn3 [80] and visualized using iToL v6 [81]. Scale bar, average number of amino acid
substitutions per position.

huaxiensis (Ko8) and three unnamed novel species] [4]. The contribution of K. oxytoca to human clinical infec-
tions has likely been over-estimated, with K. michiganensis more prevalent based on retrospective analyses of
publicly available genome data [4,8].

Preterm infants

Preterm describes infants born prematurely [i.e. <37 weeks gestational age (GA)], and they are often of low
birth weight (LBW; <2.5 kg). Approximately 11% of global live births are preterm, and account for a third of
all neonate deaths [9]. Intestinal colonization of preterm infants occurs in neonatal intensive care units
(NICUs), with empiric antibiotics administered to most, but not all, preterm infants in the first days of life to
cover possible early-onset infection from birth contributing to the development of a gut microbiota dominated
by Enterobacteriaceae, Enterococcus and Staphylococcus spp. [10,11]. Between 1 and 10% of preterm infants
harbour Klebsiella spp. in their faecal microbiota [12], but this proportion can be much higher depending on
geographical location [10,13]. Colonization with these, and other opportunistic pathogens, along with an
unstable microbiome and systemic developmental immaturity (especially with respect to immune and gastro-
intestinal functions) contribute to nosocomial infections such as early-onset sepsis (EOS; <72 h after birth),
late-onset sepsis (LOS; >72 h after birth), necrotizing enterocolitis (NEC; infection and inflammation of the
small and large intestines that can progress to necrosis, sepsis and death) in this patient group [12]. Infants
born at <32 weeks GA and of very low birth weight (VLBW; <1.5 kg) are particularly susceptible to infection.
A recent study in China (Sina-Northern Neonatal Network) looked at the incidence of LOS in 6639 VLBW
infants admitted to 35 different NICUs over a 3-year period. From the LOS cases recorded, 456/1511 (30%)
positive cultures were obtained from blood: among these K. pneumoniae was the bacterium most often asso-
ciated with LOS (147/456, 32%) [14]. However, it is clear from other retrospective studies that the proportion
of preterm infections that K. pneumoniae contributes to (between 9 and 76%; summarizing data for sepsis,
which includes EOS and LOS; Supplementary Table S1) depends on geographical location.
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In this review, we aim to summarize the current understanding of Klebsiella spp. in relation to preterm
infants and other information regarding Klebsiella that may be relevant to these neonates, and to highlight the
need for further research to unravel the role(s) of Klebsiella spp. in this patient population.

Retrospective studies
What do we know or understand about Klebsiella spp. and their interactions with preterm infants? The answer
is very little. This is largely because there has, until recently, been very little interest in or focus on these bac-
teria in this patient group. Curation of a PubMed and Web Of Science search for original research articles pub-
lished in the last 5-10 years using the terms ‘Klebsiella’ and ‘preterm infants’ reveals many available scientific
articles are retrospective/observational studies (Supplementary Table S1) [15-50]. Most of these studies do not
focus on Klebsiella spp. specifically, instead they include information on a range of bacteria, predominantly
ESKAPE pathogens (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter bau-
mannii, Pseudomonas aeruginosa, Enterobacter spp.), that are known to be associated with nosocomial infec-
tions, antimicrobial resistance and/or preterm infants and different neonatal health outcomes. The overriding
message is that Klebsiella spp., along with a range of other opportunistic pathogens, contribute to disease in
preterm populations globally. No single bacterium has been linked to preterm-associated infections. However,
faecal microbiotas dominated by Klebsiella, or Klebsiella and Enterococcus spp. have been described as two of
six preterm gut community types, with the latter type more commonly associated with a NEC diagnosis [10].
While retrospective studies are relatively inexpensive to run and allow consideration of multiple outcomes,
with outcome data already available, they are not without disadvantages. They do not provide a true under-
standing of the relationship between preterm infants and different bacterial groups, including Klebsiella spp. It
is often not possible to link time of exposure of a preterm infant to a specific bacterium to subsequent infec-
tion, and high numbers of patients are required to detect rare associations. Differences in definitions of disease
state and inclusion criteria also influence study outcomes [10]. Significant biases may be introduced to retro-
spective studies based on culture medium and/or cultivation environment selected: many of the documented
studies have relied on clinical microbiological data generated using a broad range of microbiological cultivation
techniques known to pick up easily cultivated microbes or predominant clinical isolates. To investigate the
association/role of Klebsiella spp. with preterm infant health outcomes, study design should include specific
focus on Kiebsiella, whether that be using appropriate cultivation methods [Klebsiella-specific agar(s) and/or
culture conditions] or molecular tools and analyses focused on Klebsiella-specific genetic targets. In addition,
such research should involve as wide a range of preterm infants as possible and a range of sample types, not
simply those preterm infants with specific clinical outcomes/conditions which necessitate sampling (e.g. blood,
sputum, stool) for clinical microbiology aimed at informing subsequent therapeutic regimes and identifying/
monitoring outbreaks.

Klebsiella spp. and the preterm infant gut microbiota

The younger their GA, the more underdeveloped are the organs and immune system of preterm infants.
However, as the immune system of full-term infants is also immature at birth, the immaturity of preterm
infants” other systems (including intestinal motility and secretions, digestion, absorption, mucosal surfaces,
barrier function and circulatory regulation) also contributes to their increased susceptibility to neonatal infec-
tions [51].

Increased exposure to maternal cytokines (e.g. TNF-o, IL-1, IL-6 and IL-8) can have immunomodulatory
effects on preterm infants [9,52]. It has been proposed that these may contribute to the protection of VLBW
infants against infection and the acceleration of lung maturation [53]. Although the preterm immune system is
underdeveloped, the gut of these neonates is highly immunoreactive and has an exaggerated pro-inflammatory
response in NEC [51,54]. The lipopolysaccharide receptor TLR-4 contributes to normal development of the
small intestine, but in preterm infants its expression is increased compared with full term infants; its in vivo
activity can be inhibited by amniotic fluid and breast milk, and reduced by sodium butyrate [54]. TLR-4 of
preterm infants is activated in utero and by Gram-negative members of the preterm gut microbiota
(Enterobacteriaceae, including Klebsiella spp.): its activation leads to recruitment of pro-inflammatory T helper
17 cells and release of pro-inflammatory cytokines (IL-17, IL-22), eventually leading to erythrocyte death,
mucosal injury and translocation of bacteria to the microvasculature underlying the intestinal epithelium [54].
TLR-4 activation also mediates loss of enteric glia, resulting in impaired intestinal motility and
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hyperinflammation [54]. The cytokine IL-8, which mediates migration and activation of neutrophils to sites of
inflammation, is produced by intestinal epithelial cells, and can contribute to necrosis in the preterm gut [51].

The differential exposure of preterm and full-term infants to antibiotic therapy, microbiological and environ-
mental components, immune status and hospital stay influence neonatal microbiome development in these
infant groups [55]. Several recent studies have investigated the gut microbiota of preterm infants, in some cases
focusing on specific neonatal clinical outcomes (Supplementary Table S1) and in other cases considering diet
[synbiotics, prebiotics, probiotics or different milks (breast milk, fortified breast milk, formula milks)] or thera-
peutic regimes targeting improved clinical outcomes [56-61].

Ho et al. [62] used 16S rRNA gene amplicon sequencing to characterize the faecal microbiota of VLBW
infants (n =45; GA 28 £2 weeks; birth weight 1126 £208 g) in a NICU (South Florida and Tampa General
Hospital, U.S.A.) during the first month of life, sampling each infant at <2 weeks, 3 weeks and 4 weeks post-
natally. Proteobacteria (46% of total microbiota, mostly Gammaproteobacteria) and Firmicutes (41%, mostly
Bacilli) predominated initial samples (<2 weeks). Actinobacteria and Bacteroidetes were minor components of
the gut microbiota of this study cohort. Relative abundance of Gammaproteobacteria increased throughout the
study: from 42.5% (<2 weeks) to 69.7% (3 weeks) to 75.5% (1 month). However, there was wide interindividual
variation in carriage of Gammaproteobacteria in neonates initially (0-90%), with two clusters defined based on
Gammaproteobacteria abundance (cluster 1, 2.1 +5.9%, n =20 infants; cluster 2, 79.2 £ 21.6, n =24 infants).
Cluster 1 infants were more likely to have been delivered by Caesarean section and had lower birth weight than
cluster 2 infants, and seemingly had delayed establishment of Gammaproteobacteria (in terms of abundance)
compared with cluster 2. Klebsiella was the most abundant genus observed in the gut microbiota of cluster 2
infants, with a single amplicon sequence variant dominating. A subsequent publication from the same authors
examined the relationship between faecal Gammaproteobacteria and faecal calprotectin (a biomarker for
mucosal inflammation) in this study cohort [63]. While they again discussed two subgroups of the cohort
(clusters 1 and 2), their distinction of clusters was different — based on Klebsiella [63] rather than
Gammaproteobacteria abundance [62] (with three infants moving from cluster 2 [62] to cluster 1 [63]). Faecal
calprotectin levels were significantly correlated with Klebsiella abundance (r=0.207, P <0.05), with cluster 1
having lower faecal calprotectin than cluster 2 (148 vs 226 ng/g stool at <2 weeks postnatally, P <0.05).
Correlation does not equate with causation or mechanistic understanding of associations. Therefore, the ques-
tion arises as to whether mucosal inflammation influences Klebsiella colonization, or vice versa.

Two recent studies characterized the faecal microbiota of preterm infants during the first 4-6 weeks of life to
determine early microbiota development [13,64]. Heida et al. [64] demonstrated an initial abundance of
Staphylococcus spp., which transitioned to an Enterobacteriaceae-dominated microbiota during the first month
postnatally in a weight-associated manner. Delivery mode was shown to influence the initial gut microbiota,
with Escherichia and Bacteroides spp. more common in the faeces of vaginally delivered infants. Klebsiella spp.
were a common/normal member of the developing neonatal microbiota [64]. Rao et al. [13] collected faecal
samples from 178 preterm infants fortnightly during the first 6 weeks of life (at 1, 14, 28 and 42 days), together
with near daily sampling from 13 of the cohort. Similar to other studies [10,64], initial dominance of the faecal
microbiota with staphylococci was seen, with subsequent transition to a Klebsiella-, Enterococcus- or
Escherichia-dominated microbiota with age. By using a scalable multi-kingdom absolute abundance quantifica-
tion method, ecological modelling and in vitro/in vivo validations, Rao et al. [13] were able to demonstrate the
predictability of assemblage of the preterm microbiota, driven by simple microbe-microbe interactions.
Establishment of Klebsiella spp. in the gut was facilitated by Staphylococcus spp., with klebsiella suppressing
growth of staphylococci. Klebsiella spp. were inhibited by enterococci. The factors produced by staphylococci
and enterococci that influence the growth of Klebsiella spp. warrant further attention. Rao et al. [13] also
demonstrated that reliance on relative abundance data in microbiota profiling studies can skew findings, poten-
tially masking microbial dynamics (especially Klebsiella and Escherichia ‘blooms’ commonly associated with
pre-disease states in preterm infants). In addition, they highlighted that correlation analysis in no way predicted
the dynamics or ecological processes underlying development of the preterm gut microbiota. These findings
have implications for the wider microbiome research community.

Seki et al. [65] examined multiple data points of extremely preterm neonates (<28 weeks GA) related to the
gut microbiota—-immune-brain axis. This observational study included 53 infants (n =15 diagnosed with severe
brain injury; # =38 had no/mild brain injury), with magnetic resonance imaging scans (brain development),
peripheral blood samples (immune markers) and regular stool samples (gut microbiota; day 3, day 7 and fort-
nightly samples week 2 to week 12 after birth) analyzed. Klebsiella spp. contributed to the gut microbiota of
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extremely preterm neonates, together with nine other genera described as prevalent (found at >10° cells in at
least 1/5 faecal samples). Klebsiella spp. were less abundant in early stool samples (days 3 and 7) of neonates
with severe brain injury, but more abundant (1.7 times higher) at 4 and 6 weeks of age compared with neo-
nates with no/mild brain injury. Elevated Klebsiella abundance was associated with white-matter injury, as were
a number of immune-related components in peripheral blood (C-reactive protein, specific T-cell populations,
and several cytokines/chemokines) [65]. Mechanistic studies are required to unravel the relevance of these asso-
ciations with preterm infant health.

Olm et al. [66] investigated the gut microbiota associated with NEC, using shotgun metagenomic analysis of
biobanked faecal samples of NEC patients and matched controls. UniFrac analysis of microbiota data did not
show distinct clustering of NEC and control neonates. However, K. pneumoniae was enriched in samples from
infants subsequently diagnosed with NEC, detected in 52% of pre-NEC samples compared with 23% of control
samples. When bacterial replication rates (iRep values) were considered rather than relative abundances from
metagenomic data, significantly higher replication rates (total microbiota) were seen in pre-NEC samples com-
pared with controls. Machine learning-informed analyses of metagenomic data identified four aspects of the
preterm gut microbiome that differed between pre-NEC and control samples: iRep value (total microbiota),
Klebsiella spp., secondary metabolite clusters and fimbriae that could elicit a TLR4-mediated pro-inflammatory
response [66]. Similar to Rao et al. [13], these authors highlighted reliance of relative abundance data (without
consideration of measures such as iRep) could lead to misleading interpretation of study findings.

Diet, Kiebsiella spp. and the preterm infant microbiota
Diet-related differences in the faecal microbiota of preterm infants have been observed. Piarnidnen et al. [67]
found several ESKAPE organisms (including K. pneumoniae), as well as K. oxytoca and Clostridioides difficile,
enriched in the faecal microbiota of formula-fed infants compared with breast-fed or fortified human-milk-fed
infants. A study focused on feeding intolerance and the gut microbiota of preterm infants suggested that the
relative diversity of the gut microbiota significantly decreased in association with a diagnosis of feeding intoler-
ance [68]. A Klebsiella-dominant faecal microbiota was observed for the feeding-intolerance group when this
intolerance was diagnosed (stool collected within 24 h of diagnosis), although this may partially reflect the
reduced diversity of the microbiota (i.e. loss of species richness rather than an increased abundance of
Klebsiella spp.) [68]. However, it should be noted that Klebsiella spp. are lactose-fermenting bacteria —
increased abundance of these bacteria in feeding-intolerant preterm infants may be due to microbial catabolism
of lactose included in some enteral feeds.

Virulence of Klebsiella spp. and cytotoxicity
We investigated Klebsiella populations associated with the faecal microbiota in a U.K. preterm cohort (n =109,
<37 weeks GA) [12]. Microbiota profiling (amplicon-based) demonstrated 38.5% of infants harboured
Enterobacteriaceae in their first available stool sample after birth. Cultivation work recovered Enterobacteriaceae
from 42.2% of the same faecal samples. Multiple species of Enterobacteriaceae were harboured by some infants,
while others appeared to have a single predominant species (based on colony morphology and biochemical
data from distinctive colony types) [12]. Most infants harbouring lactose-fermenting Enterobacteriaceae (i.e.
Klebsiella, Escherichia and Enterobacter spp.) were healthy preterm infants (n =23), three had a NEC diagnosis
during their stay in NICU, there were eight cases of suspected sepsis, one infant had an eye infection and one
had an operation (gastroschisis). No common Klebsiella strains were found among the infants in the cohort,
with virulence- and antimicrobial-associated differences observed among genome sequences of isolates from
each infant, even when they shared sequence, capsule and/or O-antigen types. Eight K. pneumoniae, three K.
grimontii, two K. michiganensis and one K. quasipneumoniae strains were isolated. Faecal Klebsiella isolates
(from both healthy and sick infants) were able to reside, persist and potentially replicate in macrophages, sug-
gesting they could all evade the host immune system and had the potential to cause opportunistic infections
[12]. Preterm infants receive a range of iron supplements (blood transfusions, parenteral feeding, oral) while in
NICUs during the first weeks of life. All Klebsiella strains recovered from healthy and sick infants produced
siderophores (iron scavengers) in vitro, demonstrating no difference in the colonization or virulence potential
of these bacteria [12]. Consequently, much research is required to determine the interactions between neonate
and Klebsiella spp. that lead to disease in some preterm infants.

Tilimycin (TM) and tilivalline (TV) are cytotoxic pyrrolobenzodiazepine metabolites (Figure 1). TM, a
DNA-damaging agent, is encoded by a biosynthetic gene cluster (BGC) in the genomes of some strains of
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species belonging to the K. oxytoca complex (specifically K. oxytoca, K. michiganensis, K. grimontii and K. pas-
teurii); TM spontaneously reacts with indole to form TV, which targets tubulin and disrupts the spindle appar-
atus of eukaryotic cells [8,69]. These metabolites are causative agents of antibiotic-associated haemorrhagic
colitis (AAHGC; diffuse mucosal oedema, haemorrhagic erosions, bloody diarrhoea), with disease caused by the
overgrowth of cytotoxin-producing strains secondary to the use of antibiotics [70,71]. A recent study in mice
has demonstrated the DNA-alkylating metabolite TM causes the accumulation of mutations in cycling intes-
tinal stem cells within weeks of a single K. oxytoca overgrowth, driving somatic changes that could hypothetic-
ally contribute to disease susceptibility in some preterm infants who are subject to transient ‘blooms’ of
TM-producing bacteria in their gut [72]. We have identified strains of K. grimontii in the faecal microbiota of
preterm infants that encode the BGC, along with metagenome-assembled genomes of K. michiganensis and K.
oxytoca recovered from faecal samples of preterm infants [8,12]. Around the same time as our study [8], using
a m-hydroxybenzoate agar that selects for K. oxytoca-related bacteria over other Klebsiella spp., Paveglio et al.
[73] recovered strains from preterm infants (<32 weeks GA) with NEC that could produce both TM and TV
(confirmed by mass spectrometry analysis and apoptosis assays). They identified the strains as cytotoxin-
producing K. oxytoca based on 16S rRNA, pehX (a marker for K. oxytoca sensu lato) and npsAB (non-
ribosomal peptide synthetase genes A and B essential for the synthesis of TM) gene sequence analyses, but they
were in fact strains of K. grimontii and K. pasteurii based on reanalysis of their multilocus sequence data [8].
They then used frozen stool samples from NEC and non-NEC matched controls to isolate K. oxytoca from the
gut microbiota. Cytotoxin-producing K. oxytoca was isolated from 6/10 and 4/5 of the NEC and non-NEC
infants, respectively, with 4/10 and 1/5 harbouring cytotoxin-negative strains of the bacterium. Interestingly,
the relative abundance of K. oxytoca from 16S rRNA gene-based amplicon profiling from these infants’ faecal
samples differentiated NEC infants harbouring nspAB-positive K. oxytoca (high relative abundance of K.
oxytoca) from all other infants (NEC patients with toxin-negative K. oxytoca and control infants, low abun-
dance) [73]. Furthermore, the presentation of NEC symptoms was different for patients in accordance with the
timing of high abundance of K. oxytoca relative to NEC onset (high K. oxytoca abundance ‘prior to’ versus
‘near or shortly after’ onset). This may reflect differences in antibiotic treatment regimens (course duration and
proximity to NEC onset) used for these cases given the known association of AAHC with antibiotic
administration.

As mentioned above, preterm infants are given empiric antibiotics in the first days to weeks of life, and —
similar to AAHC — blood in the stool and intestinal necrosis are hallmarks of NEC. The finding of cytotoxin-
producing strains of the K. oxytoca complex in the faeces of preterm infants has led to the suggestion that
these bacteria could contribute to NEC in a proportion of preterm infants [8,73]. Healthy infants (weeks 0-8 of
life) in an Austrian cohort had a carriage rate of K. oxytoca sensu lato of 49-73%, with PCR-based assays
leading to higher rates of detection than cultivation work; ~50% of recovered isolates were cytotoxic, though it
was noted that not all npsAB-positive strains produced cytotoxin as assessed by MTT and chemical analyses
[74]. A recent study examined a published metagenomic dataset [75] derived from 829 faecal samples from
571 full-term infants born in the UK. for the presence of K. oxytoca complex bacteria [72]. At days 7 and 21
of life, 76/504 (15%) and 74/325 (23%) samples, respectively, harboured toxigenic Klebsiella spp. Of the
complex-positive samples, 46/76 encoded the minimal il locus (BGC) at day 7 (in order of species prevalence:
K. grimontii, n =34/37; K. michiganensis, n = 4/25; K. oxytoca, n=6/11; K. pasteurii, n =2/3), with prevalence
of each BGC-positive species increasing between days 7 and 21 of life (from 9.1 to 12.6%, n =41/74). Across all
BGC-positive samples, the relative abundance of BGC-encoding bacteria was high (range 0.92-94.1%, median
12.6%) [72]. No robust data are available for the gut carriage of K. oxytoca sensu lato (cytotoxic or otherwise)
by preterm infants. Therefore, it is clear the association of cytotoxin-producing Klebsiella spp. with diseases
affecting preterm infants is complex and warrants further study. Adoption of the real-time PCR assay for
npsAB genes [76], with a sensitivity of 15 cfu/ml of sample, for the detection of potential cytotoxin-producing
bacteria in the faeces of preterm infants would allow us to better define the relationship between these patho-
gens and the presentation of NEC in this cohort. In addition, it is clear that refined molecular-based identifica-
tion [whole genome (15), shotgun metagenomic [12] or rpoB gene [77] sequencing] should be adopted to
accurately identify members of the K. oxytoca complex in the gut microbiota of preterm infants and to cor-
rectly identify clinically relevant isolates.

TM can inhibit the growth of Lactobacillus, Bacteroides, Fusobacterium, Proteus and Bifidobacterium spp.,
members of the commensal gut microbiota [69,78]. In the U.K., probiotic interventions in neonates most fre-
quently involve feeding Bifidobacterium and Lactobacillus-containing multi-strain preparations [57]. Whether
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TM inhibits and/or influences intestinal colonization with probiotic bacteria remains to be studied. It has been
hypothesized that TM confers cytotoxin-producing strains with a competitive advantage over other gut bacteria
when in the presence of an appropriate carbon source (e.g. glucose). Support for this suggestion comes from a
study done with in vitro systems inoculated with human faeces that showed TM (1-170 wM) exerted broad-
spectrum activity against a range of Gram-positive and Gram-negative gut bacteria [79]. In mice TM caused
reductions in the species richness and evenness of the murine gut microbiota, driving compositional changes
[79]. In addition, and of great concern with respect to the global and preterm burden of antimicrobial resist-
ance in ESKAPE pathogens, TM directly contributed to de novo mutations in the genomes of Escherichia coli
and K. pneumoniae strains that led to their resistance to rifampicin and nalidixic acid; a strain of Pseudomonas
aeruginosa also acquired a resistance determinant associated with rifampicin upon exposure to TM [79]. No
antibacterial effect has been demonstrated for TV to date, either in pure or mixed culture or the murine micro-
biota [79].

Perspectives
e Klebsiella spp. are often part of the normal gut microbiota of preterm infants, and sometimes
contribute to infectious diseases affecting this patient population.

e The current literature is dominated by retrospective studies. Shotgun metagenomic and
cultivation-based studies of the preterm faecal microbiota have shown Klebsiella spp. contrib-
uting to infections in preterm infants are phenotypically and genotypically diverse.

e There is an urgent need for mechanistic studies focusing on host-Klebsiella interactions to
determine why only some preterm infants develop infections caused by these bacteria. In add-
ition, there is a need for Klebsiella—microbiota studies to elucidate the mechanisms contribut-
ing to establishment and maintenance of Klebsiella populations in the preterm infant gut
microbiota.
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Supplementary Table 1. Summary of recent retrospective/observational studies and case reports of preterm infants referencing Klebsiella

Abbreviations used in the table are defined in the footnote.

Study information Main findings Reference
Investigation of neonatal outcomes of LOS Most BSls occurred in VLBW neonates (n = 81) and preterm infants (n = 74). Predominant organisms isolated were CONS [1]
patients in Oman (2007-2014); n = 125 (47.2 %), Kle. pneumoniae (16.8 %), Esc. coli (7.2 %), Pse. aeruginosa (5.6 %), Bur. cepacia (5.6%), Enterococcus spp.
LOS cases from 26,289 live births. (3.2 %), MRSA (2.4 %), and Ser. marcescens (2.4 %).
Case report of premature neonate with signs Spontaneous vaginal delivery at 30 weeks GA. Congenital brucellosis associated with Kle. pneumoniae co-infection. [2]
of severe respiratory distress.
Antimicrobial sensitivity pattern in neonatal 72.3 % premature neonates; 84.0 % LBW; 76.6 % EOS. 21.3 % of cases had positive blood culture, Klebsiella spp. were [3]
sepsis in Bangladesh NICU (July-Dec isolated in 35.0 % of positive cases. MDR Kle. pneumoniae and Esc. coli were leading causes of neonatal sepsis.
2017); n = 94.
Investigation of bacterial endotracheal tube Three colonization groups: (1) no growth, n = 319; (2) normal respiratory bacteria only, n = 357; and (3) significant bacteria, [4]
colonization in preterm infants in Brisbane n=378 — 40 % harboured Gram -ve bacteria and 34 % Klebsiella (which was most prevalent organism in the significant
(Australia) (2007- 2016); n = 1054 bacteria group).
intubated preterm neonates (<32 weeks Significant bacteria group had significantly lower birth weights (P<0.001) and younger GA (P<0.001) than no growth
GA). neonates.
The odds of septicaemia (10 % of cohort) were higher for normal respiratory bacteria group (2.6 times) and significant
bacteria group (4.5 times) than for no growth group. Study did not determine causative agent of septicaemia.
Investigation of outcomes of neonatal sepsis Neonatal sepsis based primarily on clinical features. 56 % preterm infants, and 51 % LBW. 415 EOS, 171 LOS. Positive [5]
patients in Bahawal Victoria Hospital blood cultures were seen in 8.9 % of patients; although microbiological analysis was not performed for 20.5 % of sepsis
(Pakistan) (Jan-June 2019); n = 586. patients. Predominant organisms isolated were Kle. pneumoniae (36.5 %), Esc. coli (28.5 %), and Sta. aureus (15.4 %).
123 neonates died (21 %).
Bacterial colonization and primary sepsis at Gut and respiratory tract samples screened for MRSA, VRE and Gram -ve bacteria. 282 neonates were colonized with at [6]
Hanover Medical School (Germany) (Nov least one target organism, 26.2 % of whom had MDR isolate(s). 534 bacterial isolates of target organisms were obtained,
2016-Mar 2018); n = 584. with the predominant organisms being Esc. coli (131 neonates), Etb. cloacae (106 neonates), Kle. oxytoca (72 neonates)
and Kle. pneumoniae (49 neonates). 9 neonates were shown to have hospital-acquired Kle. pneumoniae (monoclonal
cluster, over a 3-week period).
23 positive blood culture LOS cases; the predominant organisms isolated were Staphylococcus spp. (60.9 %), Etb. cloacae
(8.7 %) and Kle. aerogenes (4.3 %).
Klebsiella aerogenes outbreak in Austrian Sequencing confirmed outbreak of a yersiniabactin-producing Kle. aerogenes strain. [7]

NICU (Sept-Dec 2016); n = 16.

13 neonates were asymptomatic for Kle. aerogenes infection, some of whom developed LOS caused by another pathogen.
3 LBW preterm neonates developed NEC, 2 complicated by sepsis (1 of whom died).




Study information Main findings Reference

MDR Enterobacteriaceae in neonatal unit in 291 neonates with EOS (465 bacterial infections). Predominant organisms isolated were Kle. pneumoniae (66.2 %), Etb. [8]
Johannesburg (2013-2015); n = 2437. cloacae (1.5 %), Esc. coli (9.6 %), Ser. marcescens (6.2 %) and other Klebsiella spp. (5.8 %). LBW and younger GA

were associated with MDR EOS. Ser. marcescens EOS had highest mortality rate (55.2 % of mortalities).

Association of maternal UTI with neonatal Statistically significantly higher rate of UTI (25.2 %) in study group (exposed in utero to maternal UTI) than control group [9]
UTI in Dumlupinar University NTU, Turkey (no maternal UTI) (7.8 %; P<0.001).

(July 2017-Jan 2018); n = 230 singleton Most common organisms isolated from study group were Esc. coli (n = 15), Klebsiella spp. (n = 5), Proteus spp. (n =3) and
births. UTI classified as >10° CFU/ml of Serratia spp. (n = 2).
urine of one organism.

Case report of K. pneumoniae acute Kle. pneumoniae acute chorioamnionitis caused intrauterine foetal death at 138 days GA (just under 20 weeks). Kle. [10]
chorioamnionitis. pneumoniae isolated post mortem from foetal blood and lung samples. Maternal blood and urine samples taken after

foetal death were culture negative.

Aetiology, clinical signs and laboratory Meningitis confirmed by positive CSF culture and/or clinical signs. 233 had lumbar puncture with 36.5 % positive CSF [11]
parameters of acute bacterial meningitis in culture. 94 % of confirmed meningitis cases were preterm infants (<37 weeks GA). Gestational disorders were seen in
neonates at Ghaem hospital Mashhad 55.3 % of meningitis neonates (PROM, 19 %; chorioamnionitis, 9 %; and hypertension, 7 %).

NICU (Iran) (2009-2018); n = 468. Positive blood culture was seen in 80 % of neonates with late-onset meningitis. Kle. pneumoniae (48.6 %) and Kle.
aerogenes (14.3 %) were the leading causes of meningitis; with respiratory symptoms (94%) the most common clinical
finding associated with meningitis.

Pathogen composition and clinical features Sepsis confirmed by positive blood culture. 73 EOS (< 1 week old) and 298 LOS (= 1 week old). LOS group had [12]
of preterm infants with sepsis at significantly higher NEC rate (P<0.05). Kle. pneumoniae was the predominant bacterium isolated (27.4 % of EOS and
Zhengzhou University NICU (China) (Jan 43.6 % of LOS cases), followed by Esc. coli (16.4 % EOS and 7.0 % LOS).
2014-May 2018); n = 371.

Case-control stool surveillance study 270 ESBL-E isolates from 217 preterm infants; 44 cases harboured more than one species. 10/217 ESBL-E cases [13]
investigating whether ESBL-producing developed NEC, compared to 2/217 matched controls. Predominant ESBL-E were Kle. oxytoca (46 %), Kle. pneumoniae
Enterobacteriales (ESBL-E) are a risk (19 %), Cit. freundii (17 %). Faecal ESBL-E carriage was not a risk factor for NEC.
factor for NEC in preterm infants (2005-

2016); n = 217 ESBL-E cases, n = 217
matched controls.

Bacterial epidemiology of neonatal sepsis in 2,003 presented with clinical signs of sepsis; 1,807 EOS, 196 LOS. Positive blood culture for 36.9 % of 690 blood samples [14]
preterm infants in Ethiopia (July 2016-May tested. Predominant organisms isolated were Klebsiella spp. (33.9 %), CONS (18.2 %), Sta. aureus (16.9 %) and Esc.

2018); n = 4,919 preterm neonates. coli (5.2 %). 91.3 % of the blood isolates were MDR.
Bacterial epidemiology of culture-positive 388 full-term infants and 206 preterm infants (11.9 % LBW; 9.0 % VLBW); no GA records for 3 neonates. 97 EOS, 502 LOS [15]

neonatal sepsis in South China (2012-
2016); n = 597 cases.

(some neonates experienced multiple episodes of sepsis caused by different pathogens). 620 isolates; Kle. pneumoniae
(21.9%), Esc. coli (21.9 %), Group B Streptococcus (13.2 %), Sta. aureus (6.8 %). 57 sepsis patients died in hospital,
with Esc. coli (n = 22) the leading cause of mortality, followed by Kle. pneumoniae (n = 12), Group B Streptococcus (n =
4), and Sta. aureus (n = 2).




Study information Main findings Reference
Association between tracheobronchial 41 neonates diagnosed with BPD. Significantly lower BW (P<0.001) and younger GA (P<0.01) for BPD group. Incidence of [16]
aspirate fluid isolates and BPD in VLBW neonatal sepsis was higher in BPD patients. Positive tracheobronchial aspirate fluid cultures for 33/155 neonates;
preterm infants admitted to NICU (2015- predominant organisms isolated were Ste. maltophilia and Kle. pneumoniae. Gram +ve cocci isolated from 14.6 % of
2017); n = 155. BPD and 6.1 % of non-BPD patients, Gram -ve bacteria isolated from 39.0 % BPD and 8.8 % non-BPD patients.
Clinical characteristics and bacterial Detailed clinical and microbiological data available for 297 cases. Predominant organisms isolated were Esc. coli, Kle. [17]
epidemiology of culture-positive neonatal pneumoniae and CONS.
sepsis in Guangzhou city (South China) Full-term infants — Esc. coli (26 %), CONS 24%, Str. agalactiae (18 %); preterm infants — Kle. pneumoniae (31 %), Esc. coli
(June 2011-June 2017); n = 1048. (25 %), Enterococcus spp. (13 %). Caesarean section born infants — Kle. pneumoniae (30 %), Esc. coli (16 %),
Enterococcus spp. (16 %), CONS (13 %); vaginally delivered infants — Esc. coli (32 %), Kle. pneumoniae (18 %), CONS
(17%), Str. agalactiae (10 %). PROM cases — Esc. coli (35 %), Kle. pneumoniae (22 %), Enterococcus spp. (14 %).
VLBW — Kle. pneumoniae (32 %), Esc. coli (20 %), Enterococcus spp. (14 %), Candida spp. (13 %); LBW — Esc. coli (36
%), Kle. pneumoniae (29 %), Enterococcus spp. (12 %); normal BW — Esc. coli (25 %), CONS (25 %), Str. agalactiae (15
%), Kle. pneumoniae (14 %). EOS — Esc. coli (32 %), Str. agalactiae (27 %), CONS (17 %); LOS — Kle. pneumoniae (29
%), Esc. cali (23 %), CONS (15 %).
Clinical and bacteriological profile of 232 clinically suspected EOS (24 blood culture positive), 82 clinically suspected LOS (20 blood culture positive). 48 [18]
neonatal sepsis in Bhutan (2016); n = 314. bacteria isolated from 44 positive culture cases, with 64.6 % being Gram -ve bacteria. Predominant bacteria were CONS
(31.0 %), Kle. pneumoniae (27.0 %) and Acinetobacter spp. (18.8 %).
Investigation of EOS among preterm EOS confirmed by positive blood culture within 72 h of birth. 321 confirmed EOS cases, 61 of whom died within a week of [19]
neonates in China (April 2015-May 2018); EOS onset. Gram -ve bacteria were the predominant organisms isolated (61.7 %) and associated with 82.0 % of EOS
n = 27,532 infants <34 weeks GA. deaths. Esc. coli (20.3 %) was the leading bacterium isolated, followed by CONS (16.5 %), Ach. xylosoxidans (9.0 %),
Kle. pneumoniae (8.1 %), and Group B Streptococcus (2.5 %).
Investigation of sepsis and its association 16 EOS, 94 LOS. Higher cerebellar haemorrhage risk was seen with LOS. LOS group had lower BW, younger GA, and [20]
with neurodevelopmental outcomes in smaller length and head circumference that EOS and no sepsis groups. A significantly higher risk of cerebral palsy was
preterm infants (24-32 weeks GA) at NICU seen in LOS group (28.0 %) compared to EOS (0.0 %) and no sepsis (9.6 %) groups (P<0.01). Significantly lower motor
of Maternity hospital in Kuwait (2017); n = scores were seen for LOS group at 3 years of age, compared to EOS and no sepsis groups (P<0.05).
203. Kle. pneumoniae (31.3 %) most common organism isolated in EOS, followed by Str. agalactiae (25.0 %) and Esc. coli (18.8
%). Kle. pneumoniae (57.4 %) most common organism isolated in LOS, followed by other pathogens (27.7 % - including
CONS, Sta. epidermidis, MRSA and Serratia spp.).
Case report of neonatal meningitis caused Hypervirulent ESBL-producing Kle. pneumoniae strain causative agent of pyogenic meningitis in a full-term neonate. [21]
by Kle. pneumoniae. Isolated from blood and CSF samples. Despite antibiotic treatment (modified following confirmed Kle. pneumoniae
culture), the patient died on 35" day of disease [32 days after hospitalization with suspected meningitis, fever (39 °C) and
seizures].
Investigation of epidemiology of culture 128 full-term and 178 preterm infants. Predominant organisms isolated Group B Streptococcus [28.1 %; significantly higher [22]

positive EOS in Suzhou (China) (2011-
2017); n = 306.

in full-term (32.8 %) than preterm infants (18.3 %) (P<0.01)], Esc. coli (21.6 %), Lis. monocytogenes (11.8 %), and Kle.
pneumoniae [7.8 %; significantly higher in preterm (10.2 %) than full-term infants (~3 %) (P<0.01)]. Bacteria were
isolated from CSF of 30/220 who underwent lumbar puncture.




Study information Main findings Reference
30 patients had early onset meningitis, with the same bacteria cultured from both blood and CSF for 22 of them (the
remaining 8 patients had negative blood cultures, but positive CSF cultures).
Epidemiology of culture-positive sepsis 280 EOS, 126 LOS. Gram -ve bacteria (46.5 %), Gram +ve (27.6 %), yeasts (25.9 %). Predominant Gram -ve organisms [23]
among out-born patients in Northern India isolated were Kle. pneumoniae (46.5%), Aci. baumannii (17.5 %), Esc. coli (8.0%), Bur. cepacia complex (7.4 %), Aci.
(Feb 2018-Jan 2019); n = 406. junii (5.3 %), and Ent. cloacae (3.1 %). Gram -ve sepsis cases had higher rate of medical respiratory intervention
(oxygen, mechanical) and lower survival rate (50.3 % vs 72.3 %: P<0.05) compared to Gram +ve sepsis cases.
Investigation of LOS in VLBW preterm 171 LOS cases (24 %), 139 with positive blood culture (17 of whom also had CSF positive culture). Predominant organisms [24]
infants in China (2012-2018); n = 710. isolated were Kle. pneumoniae (32.4 %), Sta. aureus (11.7 %), Aci. baumannii (11.0 %), Sta. epidermidis (6.2 %). 30
LOS patients died, 25 of LOS, 3 of NEC, 1 of intraventricular haemorrhage and 1 of multiple organ failure.
Clinical characteristics, epidemiology and 82 EOS, 118 LOS. LOS group had lower BW and younger GA than EOS group. Positive blood cultures were found in 55 % [25]
antimicrobial resistance associated with of sepsis cases, with Kle. pneumoniae the predominant bacterium isolated.
neonatal sepsis at Dhaka Medical College
hospital NICU (Bangladesh) (Jan 2014-
June 2015); n = 200.
Investigation of suspected neonatal sepsis 1024 clinically suspected EOS, 176 clinically suspected LOS. Positive blood cultures obtained for 28.32 % suspected EOS [26]
cases in Southern part of Nepal (Jan and 41.47 % suspected LOS cases. Predominant bacteria isolated for EOS cases were Sta. aureus (62.8 %), Kle.
2017-Feb 2018); n =1200. pneumoniae (14.1 %), Streptococcus spp. (7.9 %), Pse. aeruginosa (5.5 %), Esc. coli (4.8 %) and CONS (3.1 %).
Predominant bacteria isolated for LOS cases were Sta. aureus (64.4 %), Kle. pneumoniae (9.6 %), Streptococcus spp.
(6.8 %), Pse. aeruginosa (6.8 %), CONS (4.8 %) and Esc. coli (4.1 %).
Epidemiology and risk factors of culture 174 cases (76.3 %) were caused by ESKAPE pathogens, 124 involving MDR bacteria. Predominant ESKAPE bacteria [27]
positive childhood BSI at West China isolated were Esc. coli (26.8 %), Kle. pneumoniae (20.2 %), Ent. faecium (12.7 %), and Sta. aureus (12.7 %). Hospital
Second University Hospital (2016-2018); n stays were longer for patients with MDR ESKAPE BSI (P<0.01) and ESKAPE BSI (P<0.05), compared to non-ESKAPE
=228. BSI patients. MDR-ESKAPE BSI cases had more nosocomial infections (P<0.001) and underlying diseases (P<0.001)
than all other BSI cases (50 non-MDR ESKAPE BSI and 54 non-ESKAPE BSI).
Surveillance of NI in a Bulgarian NICU (Jan 54 NI recorded in 48 neonates. LBW and premature infants most at risk of NI. Predominant organisms isolated were Kle. [28]
2017-June 2018); n = 507. pneumoniae (21.35 %), CONS (13.49 %), Esc. coli (11.24 %), Pse. aeruginosa (10.12 %), Aci. baumannii (10.12 %) and
Ent. faecalis (7.86 %).
Perinatal infections in Ukraine (2017-2019); 472 perinatal infections recorded - including BSls (35.6 %), lower respiratory tract infections (21.4 %), meningitis (18.2 %, [29]
n =18,348. conjunctivitis (11.9 %), skin and soft tissue infections (6.6 %), dacryocystitis (3.8 %) and UTI (2.5 %). LBW and younger
GA were potential risk factors for neonatal infections, as well as PROM, maternal infection, respiratory distress during
birthing, turbid and meconial amniotic fluid, and invasive procedures (e.g. intubation).
Esc. coli, Str. agalactiae, Sta. aureus, Kle. pneumoniae, CONS, Ent. cloacae and Pse. aeruginosa were the most common
organisms isolated.
Investigation of prevalence and risk factors 39 full-term and 80 preterm infants. 82 EOS, 37 LOS. Kle. pneumoniae was the predominant organism isolated (79 % [30]

of antimicrobial resistant Gram -ve

cases), followed by Esc. coli (8 %). 11 sequence types (ST) of Kle. pneumoniae were identified. ST37 was more
common among inborn, Caesarean-section-delivered LOS cases, implying hospital-acquired ST37 infections.




Study information Main findings Reference
bacteremia in Ethiopia (Mar-Dec 2017); n
=1109.
Investigation of pathogenic bacteria Positive culture obtained from conjuncitivitis swabs in 92 cases. [31]
associated with neonatal conjunctivitis in CONS was predominant organism isolated (35.9 %), followed by Kle. pneumoniae (16.3 %), Acinetobacter spp. (16.3 %),
Chennai; n = 139. Sta. aureus (14.1 %), Pse. aeruginosa (8.7 %) and Esc. coli (8.7 %).
Association of vaginal microbial dysbiosis Vaginal swabs sampled on hospital admission for delivery. 48.95 % mothers had abundant aerobic bacteria and/or fungi [32]
with selected neonatal outcomes in Lodz (i.e. AVM). Significantly more preterm births in AVM group (9.09 %), than control group (5.31 %) (P<0.05) and
(Poland) (Jan-June 2019); n = 809. significantly more perinatal infections in neonates from AVM group (23.97 %) compared to control group (15.94 %)
(P<0.01). Most prevalent AVM vaginal bacteria isolated were Str. agalactiae (57.32 %), Candida spp. (39.64 %),
Klebsiella spp. (9.85 %) and Sta. aureus (7.32 %). Higher incidence of signs of infection (35.90 % vs 19.16 %; P<0.05),
and respiratory stress signs (18.00 % vs 6.28 %; P<0.05), in neonates whose mothers AVM included Klebsiella spp.
Clinical characteristics of EOS and LOS 66 EOS, 114 LOS. 66 LOS patients had MDR Kle. pneumoniae, all other Kle. pneumoniae isolates were non-MDR. LOS [33]
caused by Kle. pneumoniae (Children’s patients had lower GA and LBW, higher rates of respiratory failure, BPD, and intraventricular haemorrhage, and lower
Hospital of Chongging Medical University, rate of acute respiratory distress syndrome than EOS group (P<0.05). LBW, younger GA, longer antibiotic exposure,
China) (2000-2019); n = 180. peripheral catheter insertion, mechanical ventilation and parenteral nutrition prior to sepsis diagnosis were more common
in neonates with MDR Kle. pneumoniae sepsis than non-MDR Kle. pneumoniae group.
Investigation of EOS in VLBW infants in Qilu 34 EOS, 14 LOS. Risk factors for EOS included contaminated amniotic fluid, intrauterine distress, PROM, and maternal [34]
Hospital (Qingdao, China) (2014-2020); n fever.
= 69 VLBW infants. Positive blood cultures (49 isolates) were obtained from the 48 sepsis cases. 27 Gram -ve bacteria [predominantly Esc. coli
(n =12; 8 EOS, 4 LOS) and Kle. pneumoniae (n = 9; 6 EOS, 3 LOS)], and 21 Gram +ve bacteria [predominantly Sta.
epidermidis (n = 8; 6 EOS, 2 LOS) and Str. agalactiae (n = 7; all EOS)].
Epidemiology of neonatal sepsis in East Preterm infants were more likely to be infected by Gram -ve bacteria. Predominant organisms isolated were CONS (67.4 [35]
China (2016-2020); n = 707 neonatal BSI. %), Esc. coli (12.9 %), Kle. pneumoniae (9.1 %), Str. agalactiae (8.6 %) and Sta. aureus (3.3 %). Rates of Esc. coli and
Kle. pneumoniae infections were similar in 2016 and 2017, but Esc. coli infections have significantly increased since
then.
Epidemiology of ceftazidime/ avibactam- 43 CRKP isolates (10 of which were CZAR) from 300 Kle. pneumoniae isolates. Non-B-lactam antibiotic resistance [36]
resistant CRKP in NICU (China) (July spectrum of CZAR isolates was different to other CRKP isolates, with lower resistance rates to amikacin, levofloxacin,
2016-June 2017); n = 5348. ciprofloxacin and nitrofurantoin. CZAR isolates had different carbapenemase genes to other CRKP isolates. All CZAR
isolates had ESBL genes (with 9 carrying SHV-11) and CTX-M-14 gene. 8 different sequence types were identified from
the 10 CZAR isolates.

Ach., Achromobacter; Aci., Acinetobacter; AVM, abnormal vaginal microbiota; BPD, bronchopulmonary dysplasia; BSI, blood stream infections;
Bur., Bulkholderia; Cit., Citrobacter; CONS, coagulase-negative Staphylococcus; CRKP, carbapenem-resistant Klebsiella pneumoniae; CSF,

cerebrospinal fluid; CZAR, ceftazidime/avibactam-resistant; Esc., Escherichia; Ent., Enterococcus; Etb., Enterobacter; EOS, early-onset sepsis



(< 72 h after birth, unless otherwise stated); ESBL, extended-spectrum p-lactamase; GA, gestational age; Gram -ve, Gram-negative; LBW, low
birth weight; Lis., Listeria; LOS, late-onset sepsis (= 72 h old, unless otherwise stated); MDR, multidrug-resistant; MRSA, methicillin-resistant
Staphylococcus aureus; NEC, necrotizing enterocolitis; NI, nosocomial infection; NICU, neonatal intensive care unit; PROM, premature rupture
of membranes; Pse., Pseudomonas; Ser., Serratia; Sta., Staphylococcus; Ste., Stenotrophomonas; Str., Streptococcus; UTI, urinary tract

infection; VLBW, very low birth weight; VRE, vancomycin-resistant enterobacteria.
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