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ABSTRACT

The preterm infant microbiota is dominated by Enterobacteriaceae (Escherichia, Klebsiella
or Enterobacter spp.), Enterococcus and Staphylococcus spp. Recent work has
demonstrated 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 retrospective studies have examined the association of the preterm gut
microbiota with diseases 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 profiles, 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.
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The genus Klebsiella

As of February 2023, the genus Klebsiella (family Enterobacteriaceae) encompassed 13
species of bacteria 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 immunocompromised 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
epidemiological 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. quasivariicola”, K. africana, K. variicola (subsp. tropica and variicola)]
[7]. The K. oxytoca complex comprises several distinct phylogroups (Ko) defined based on
differences in blaoxy sequences [K. michiganensis (Kol, Ko5), K. oxytoca (Ko2), K.
spallanzanii (Ko3), K. pasteurii (Ko4), K. grimontii (Ko6), K. huaxiensis (Ko8) and three
unnamed novel species] [4]. The contribution of K. oxytoca to human clinical infections 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 gastrointestinal functions)
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contribute to nosocomial infections such as early-onset sepsis (EOS; < 72 h after birth), late-
onset sepsis (LOS; 2 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 6,639 VLBW infants admitted
to 35 different NICUs over a 3-year period. From the LOS cases recorded, 456/1,511 (30 %)
positive cultures were obtained from blood: among these K. pneumoniae was the bacterium
most often associated 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 1) depends on geographical location.

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 bacteria in this patient group. Curation of a PubMed and
Web Of Science search for original research articles published in the last 5-10 years using
the terms “Klebsiella” and “preterm infants” reveals many available scientific articles are
retrospective/observational studies (Supplementary Table 1) [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 baumannii, Pseudomonas aeruginosa,
Enterobacter spp.), that are known to be associated with nosocomial infections, 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.
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They do not provide a true understanding 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 infection, 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 retrospective 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 Klebsiella, 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 infections [51].

Increased exposure to maternal cytokines (e.g. TNF-q, 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 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
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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 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 environmental 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 1) and in other cases considering diet
[synbiotics, prebiotics, probiotics or different milks (breast milk, fortified breast milk, formula

milks)] or therapeutic 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, USA) during the first month of life, sampling
each infant at <2 weeks, 3 weeks and 4 weeks postnatally. 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 to
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 pg/g stool



193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229

at <2 weeks postnatally, P<0.05). Correlation does not equate with causation or mechanistic
understanding of associations. Therefore, the question 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 quantification 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, potentially 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; n = 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 fortnightly samples
week 2 to week 12 after birth) analysed. Klebsiella spp. contributed to the gut microbiota of
extremely preterm neonates, together with nine other genera described as prevalent (found

at 210° cells in at least 1/5 faecal samples). Klebsiella spp. were less abundant in early stool
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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 to neonates 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 associations 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 compared to 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, Klebsiella spp. and the preterm infant microbiota

Diet-related differences in the faecal microbiota of preterm infants have been observed.
Parnanen 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 to 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
intolerance [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.
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Virulence of Klebsiella spp. and cytotoxicity

We investigated Klebsiella populations associated with the faecal microbiota in a UK 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.
guasipneumoniae strains were isolated. Faecal Klebsiella isolates (from both healthy and
sick infants) were able to reside, persist and potentially replicate in macrophages,
suggesting 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 species belonging to the K. oxytoca complex (specifically K.
oxytoca, K. michiganensis, K. grimontii and K. pasteurii); TM spontaneously reacts with
indole to form TV, which targets tubulin and disrupts the spindle apparatus of eukaryotic
cells [8,69]. These metabolites are causative agents of antibiotic-associated haemorrhagic
colitis (AAHC; 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 intestinal stem cells within weeks of a

single K. oxytoca overgrowth, driving somatic changes that could hypothetically contribute to
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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 (nhon-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
abundance) [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; approximately 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
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complex-positive samples, 46/76 encoded the minimal til 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 pathogens and the
presentation of NEC in this cohort. In addition, it is clear that refined molecular-based
identification [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 correctly identify clinically relevant isolates.

TM can inhibit growth of Lactobacillus, Bacteroides, Fusobacterium, Proteus and
Bifidobacterium spp., members of the commensal gut microbiota [69,78]. In the UK, probiotic
interventions in neonates most frequently involve feeding Bifidobacterium and Lactobacillus-
containing multi-strain preparations [57]. Whether 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 uM) 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
resistance 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 microbiota
[79].

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

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

382 e There is an urgent need for mechanistic studies focusing on host—Klebsiella

383 interactions to determine why only some preterm infants develop infections caused
384 by these bacteria. In addition, there is a need for Klebsiella—microbiota studies to
385 elucidate the mechanisms contributing to establishment and maintenance of

386 Klebsiella populations in the preterm infant gut microbiota.

387



388
389

390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431

13

REFERENCES
1 Ma, Y., Wu, X, Li, S, Tang, L., Chen, M. and An, Q. (2021) Proposal for reunification of the genus Raoultella

with the genus Klebsiella and reclassification of Raoultella electrica as Klebsiella electrica comb. nov. Res.
Microbiol. 172, 103851 10.1016/j.resmic.2021.103851

2 Alnajar, S. and Gupta, R.S. (2017) Phylogenomics and comparative genomic studies delineate six main
clades within the family Enterobacteriaceae and support the reclassification of several polyphyletic members
of the family. Infect. Genet. Evol. J. Mol. Epidemiol. Evol. Genet. Infect. Dis. 54, 108-127
10.1016/j.meegqid.2017.06.024

3 Tindall, B.J., Sutton, G. and Garrity, G.M. (2017) Enterobacter aerogenes Hormaeche and Edwards 1960
(Approved Lists 1980) and Klebsiella mobilis Bascomb et al. 1971 (Approved Lists 1980) share the same
nomenclatural type (ATCC 13048) on the Approved Lists and are homotypic synonyms, with consequences
for the name Klebsiella mobilis Bascomb et al. 1971 (Approved Lists 1980). Int. J. Syst. Evol. Microbiol. 67,
502-504 10.1099/ijsem.0.001572

4 Yang, J., Long, H., Hu, Y., Feng, Y., McNally, A. and Zong, Z. (2022) Klebsiella oxytoca complex: update on
taxonomy, antimicrobial resistance, and virulence. Clin. Microbiol. Rev. 35, e0000621 10.1128/CMR.00006-21

5 Appel, T.M., Quijano-Martinez, N., De La Cadena, E., Mojica, M.F. and Villegas, M.V. (2021) Microbiological
and clinical aspects of Raoultella spp. Front. Public Health 9, 686789 10.3389/fpubh.2021.686789

6 Davin-Regli, A., Lavigne, J.-P. and Pages, J.-M. (2019) Enterobacter spp.: update on taxonomy, clinical
aspects, and emerging antimicrobial resistance. Clin. Microbiol. Rev. 32, e00002-19 10.1128/CMR.00002-19

7 Lam, M.M.C., Wick, R.R., Watts, S.C., Cerdeira, L.T., Wyres, K.L. and Holt, K.E. (2021) A genomic
surveillance framework and genotyping tool for Klebsiella pneumoniae and its related species complex. Nat.
Commun. 12, 4188 10.1038/s41467-021-24448-3

8 Shibu, P., McCuaig, F., McCartney, A.L., Kujawska, M., Hall, L.J. and Hoyles, L. (2021) Improved molecular
characterization of the Klebsiella oxytoca complex reveals the prevalence of the kleboxymycin biosynthetic
gene cluster. Microb. Genomics 7 10.1099/mgen.0.000592

9 Melville, J.M. and Moss, T.J.M. (2013) The immune consequences of preterm birth. Front. Neurosci. 7, 79
10.3389/fnins.2013.00079

10 Stewart, C.J., Embleton, N.D., Marrs, E.C.L., Smith, D.P., Nelson, A., Abdulkadir, B., et al. (2016) Temporal
bacterial and metabolic development of the preterm gut reveals specific signatures in health and disease.
Microbiome 4, 67 10.1186/s40168-016-0216-8

11 Wandro, S., Osborne, S., Enriquez, C., Bixby, C., Arrieta, A. and Whiteson, K. (2018) The microbiome and
metabolome of preterm infant stool are personalized and not driven by health outcomes, including necrotizing
enterocolitis and late-onset sepsis. mSphere 3 10.1128/mSphere.00104-18

12 Chen, Y., Brook, T.C., Soe, C.Z., O'Neill, I., Alcon-Giner, C., Leelastwattanagul, O., et al. (2020) Preterm
infants harbour diverse Klebsiella populations, including atypical species that encode and produce an array of
antimicrobial resistance- and virulence-associated factors. Microb. Genomics 6 10.1099/mgen.0.000377

13 Rao, C., Coyte, K.Z., Bainter, W., Geha, R.S., Martin, C.R. and Rakoff-Nahoum, S. (2021) Multi-kingdom
ecological drivers of microbiota assembly in preterm infants. Nature 591, 633-638 10.1038/s41586-021-
03241-8

14 Multicenter Study Collaborative Group for Evaluation of Outcomes in Very Low Birth Weight Infants (2023) A
multicenter prospective cohort study of late-onset sepsis and its poor prognosis in very low birth weight
infants. Zhonghua Er Ke Za Zhi Chin. J. Pediatr. 61, 228-234 10.3760/cma.j.cn112140-20221026-00909

15 Abdellatif, M., Al-Khabori, M., Rahman, A.U., Khan, A.A., Al-Farsi, A. and Ali, K. (2019) Outcome of late-onset
neonatal sepsis at a tertiary hospital in Oman. Oman Med. J. 34, 302—-307 10.5001/0mj.2019.60



432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474

14

16 Al-Faifi, J. and Ibrahim, M.E. (2022) Congenital brucellosis associated with subsequent Klebsiella
pneumoniae co-infection in a premature neonate: a rare case report. J. Infect. Public Health 15, 586-588
10.1016/j.jiph.2022.04.009

17 Amin, S.E., Hossain, M.A., Akhtaruzzaman, M., Choudhury, M.F., Islam, N., Hossain, C.F., et al. (2020)
Antimicrobial sensitivity pattern in neonatal sepsis in neonatal intensive care unit of Mymensingh Medical
College Hospital. Mymensingh Med. J. MMJ 29, 784-792

18 Antoine, J., Inglis, G.D.T., Way, M., O'Rourke, P. and Davies, M.W. (2020) Bacterial colonisation of the
endotracheal tube in ventilated very preterm neonates: a retrospective cohort study. J. Paediatr. Child Health
56, 1607-1612 10.1111/jpc.15046

19 Atif, M., Zia, R., Malik, I., Ahmad, N. and Sarwar, S. (2021) Treatment outcomes, antibiotic use and its
resistance pattern among neonatal sepsis patients attending Bahawal Victoria Hospital, Pakistan. PloS One
16, e0244866 10.1371/journal.pone.0244866

20 Baier, C., Pirr, S., Ziesing, S., Ebadi, E., Hansen, G., Bohnhorst, B., et al. (2019) Prospective surveillance of
bacterial colonization and primary sepsis: findings of a tertiary neonatal intensive and intermediate care unit.
J. Hosp. Infect. 102, 325-331 10.1016/j.jhin.2019.01.021

21 Baier-Grabner, S., Equiluz-Bruck, S., Endress, D., Blaschitz, M., Schubert, S., Indra, A., et al. (2022) A
yersiniabactin-producing Klebsiella aerogenes strain causing an outbreak in an Austrian neonatal intensive
care unit. Pediatr. Infect. Dis. J. 10.1097/INF.0000000000003553

22 Ballot, D.E., Bandini, R., Nana, T., Bosman, N., Thomas, T., Davies, V.A., et al. (2019) A review of -multidrug-
resistant Enterobacteriaceae in a neonatal unit in Johannesburg, South Africa. BMC Pediatr. 19, 320
10.1186/s12887-019-1709-y

23 Bilgin, H., Yalinbas, E.E., Elifoglu, I. and Atlanoglu, S. (2021) Maternal urinary tract infection: is it associated
with neonatal urinary tract infection? J. Fam. Reprod. Health 15, 8-12 10.18502/jfrh.v15i1.6067

24 Bonasoni, M.P., Palicelli, A., Dalla Dea, G., Comitini, G., Nardini, P., Vizzini, L., et al. (2021) Klebsiella
pneumoniae chorioamnionitis: an underrecognized cause of preterm premature rupture of membranes in the
second trimester. Microorganisms 9, E96 10.3390/microorganisms9010096

25 Boskabadi, H., Heidari, E. and Zakerihamidi, M. (2020) Etiology, clinical findings and laboratory parameters in
neonates with acute bacterial meningitis. Iran. J. Microbiol. 12, 89-97

26 Cheng, L., Xu, F.-L., Niu, M., Li, W.-L., Xia, L., Zhang, Y.-H., et al. (2019) Pathogens and clinical features of
preterm infants with sepsis. Zhongguo Dang Dai Er Ke Za Zhi Chin. J. Contemp. Pediatr. 21, 881-885

27 Eberhart, M., Grisold, A., Lavorato, M., Resch, E., Trobisch, A. and Resch, B. (2020) Extended-spectrum
beta-lactamase (ESBL) producing Enterobacterales in stool surveillance cultures of preterm infants are no risk
factor for necrotizing enterocolitis: a retrospective case-control study over 12 years. Infection 48, 853—860
10.1007/s15010-020-01453-0

28 Eshetu, B., Gashaw, M., Solomon, S., Berhane, M., Molla, K., Abebe, T., et al. (2020) Bacterial isolates and
resistance patterns in preterm infants with sepsis in selected hospitals in Ethiopia: a longitudinal observational
study. Glob. Pediatr. Health 7, 2333794X20953318 10.1177/2333794X20953318

29 Gao, K., Fu, J.,, Guan, X., Zhu, S., Zeng, L., Xu, X., et al. (2019) Incidence, bacterial profiles, and antimicrobial
resistance of culture-proven neonatal sepsis in south China. Infect. Drug Resist. 12, 3797-3805
10.2147/IDR.S223597

30 Gao, X.-Y., Dai, Y.-H., Fan, D.-Z., Xie, X.-Y., Yang, G., Xiao, X., et al. (2020) The association between the
microbes in the tracheobronchial aspirate fluid and bronchopulmonary dysplasia in preterm infants. Pediatr.
Neonatol. 61, 306—310 10.1016/j.pedneo.2019.12.010



475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519

15

31 Guo, J., Luo, Y., Wu, Y., Lai, W. and Mu, X. (2019) Clinical characteristic and pathogen spectrum of neonatal
sepsis in Guangzhou City from June 2011 to June 2017. Med. Sci. Monit. Int. Med. J. Exp. Clin. Res. 25,
2296-2304 10.12659/MSM.912375

32 Jatsho, J., Nishizawa, Y., Pelzom, D. and Sharma, R. (2020) Clinical and bacteriological profile of neonatal
sepsis: a prospective hospital-based study. Int. J. Pediatr. 2020, 1835945 10.1155/2020/1835945

33 Jiang, S., Hong, L., Gai, J., Shi, J., Yang, Y., Lee, S.K,, et al. (2019) Early-onset sepsis among preterm
neonates in China, 2015 to 2018. Pediatr. Infect. Dis. J. 38, 1236-1241 10.1097/INF.0000000000002492

34 Kartam, M., Embaireeg, A., Albalool, S., Almesafer, A., Hammoud, M., Al-Hathal, M., et al. (2022) Late-onset
sepsis in preterm neonates is associated with higher risks of cerebellar hemorrhage and lower motor scores
at three years of age. Oman Med. J. 37, €368 10.5001/0mj.2022.41

35 Khaertynov, K.S., Anokhin, V.A., Davidyuk, Y.N., Nicolaeva, I.V., Khalioullina, S.V., Semyenova, D.R., et al.
(2017) Case of meningitis in a neonate caused by an extended-spectrum-beta-lactamase-producing strain of
hypervirulent Klebsiella pneumoniae. Front. Microbiol. 8, 1576 10.3389/fmicb.2017.01576

36 Lu, L., Li, P., Pan, T. and Feng, X. (2020) Pathogens responsible for early-onset sepsis in Suzhou, China.
Jpn. J. Infect. Dis. 73, 148-152 10.7883/yoken.JJID.2019.243

37 Mahich, S., Angurana, S.K., Sundaram, V. and Gautam, V. (2021) Epidemiology, microbiological profile, and
outcome of culture positive sepsis among outborn neonates at a tertiary hospital in Northern India. J. Matern.-
Fetal Neonatal Med. Off. J. Eur. Assoc. Perinat. Med. Fed. Asia Ocean. Perinat. Soc. Int. Soc. Perinat.
Obstet. 1-9 10.1080/14767058.2021.1939300

38 Ma, L., Peng, Q., Wang, W., Yang, Y., Chen, Y., Wang, L., et al. (2021) Late-onset sepsis in very low birth
weight preterm infants: 7 years’ experience at a tertiary hospital in China. Pediatr. Neonatol. 62, 529-535
10.1016/j.pedneo.2021.05.011

39 Moni, S.C., Mollah, A.H., Banerjee, M., Khan, T.H., Sejuti, A. and Morshed, S.S. (2020) Neonatal sepsis:
clinical characteristics, epidemiology and antibiotic sensitivity pattern of the bacterial pathogens in neonatal
intensive care unit of a tertiary care hospital. Mymensingh Med. J. MMJ 29, 366—-375

40 Pandit, B.R. and Vyas, A. (2020) clinical symptoms, pathogen spectrum, risk factors and antibiogram of
suspected neonatal sepsis cases in tertiary care hospital of southern part of Nepal: a descriptive cross-
sectional study. JINMA J. Nepal Med. Assoc. 58, 976-982 10.31729/jnma.5094

41 Peng, X., Zhou, W., Zhu, Y. and Wan, C. (2021) Epidemiology, risk factors and outcomes of bloodstream
infection caused by ESKAPEEc pathogens among hospitalized children. BMC Pediatr. 21, 188
10.1186/s12887-021-02661-9

42 Rangelova, V., Raycheva, R., Kevorkyan, A., Krasteva, M. and Dermendzhiev, T. (2020) Surveillance of
nosocomial infections in a Bulgarian neonatal intensive care unit. Folia Med. (Plovdiv) 62, 753-761
10.3897/folmed.62.e50437

43 Salmanov, A.G., Ishchak, O.M., Dobarin, S.A., Susidko, O.M., Mosendz, O.V., Korniyenko, S.M., et al. (2021)
Perinatal infections in Ukraine: results of a multicenter study. Wiadomosci Lek. Wars. Pol. 1960 74, 2025—
2032

44 Solomon, S., Akeju, O., Odumade, O.A., Ambachew, R., Gebreyohannes, Z., Van Wickle, K., et al. (2021)
Prevalence and risk factors for antimicrobial resistance among newborns with Gram-negative sepsis. PloS
One 16, e0255410 10.1371/journal.pone.0255410

45 Suhas, P., Vishnu, S. and Muthayya, M. (2021) Pathogenic bacteria and their antibiotic sensitivity in
ophthalmia neonatorum. Oman J. Ophthalmol. 14, 85-87 10.4103/0jo.0jo_22_21

46 Szubert, M., Weteska, M., Zgliczynska, J., Olszak, O., Zgliczynska, M., Kalinka, J., et al. (2021) The
association between imbalances in vaginal microflora and duration of pregnancy as well as selected maternal
and neonatal parameters. Ginekol. Pol. 10.5603/GP.a2021.0035



520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564

16

47 You, T., Zhang, H., Guo, L., Ling, K.-R., Hu, X.-Y., Li, X.-Y. (2020) Differences in clinical characteristics of
early- and late-onset neonatal sepsis caused by Klebsiella pneumoniae. 34, 2058738420950586
10.1177/2058738420950586

48 Yu, Y., Huang, Q. and Liu, A. (2021) Analysis of pathogens, drug resistance, sensitive antibiotic treatment and
risk factors of early-onset sepsis in very low birth weight infants. Am. J. Transl. Res. 13, 12939-12948

49 Zhang, X., Li, Y., Tao, Y., Ding, Y., Shao, X. and Li, W. (2022) Epidemiology and drug resistance of neonatal
bloodstream infection pathogens in East China Children’s Medical Center from 2016 to 2020. Front. Microbiol.
13, 820577 10.3389/fmich.2022.820577

50 Zhou, J., Yang, J., Hu, F., Gao, K., Sun, J. and Yang, J. (2020) Clinical and molecular epidemiologic
characteristics of ceftazidime/avibactam-resistant carbapenem-resistant Klebsiella pneumoniae in a neonatal
intensive care unit in China. Infect. Drug Resist. 13, 2571-2578 10.2147/IDR.S256922

51 Neu, J. and Walker, W.A. (2011) Necrotizing enterocolitis. N. Engl. J. Med. 364, 255-264
10.1056/NEJMral1005408

52 Pandey, M., Chauhan, M. and Awasthi, S. (2017) Interplay of cytokines in preterm birth. Indian J. Med. Res.
146, 316-327 10.4103/ijmr.IIMR_1624_14

53 Jobe, A.H. (2010) Lung maturation: the survival miracle of very low birth weight infants. Pediatr. Neonatol. 51,
7-1310.1016/S1875-9572(10)60003-4

54 Hackam, D.J. and Sodhi, C.P. (2022) Bench to bedside - new insights into the pathogenesis of necrotizing
enterocolitis. Nat. Rev. Gastroenterol. Hepatol. 19, 468-479 10.1038/s41575-022-00594-x

55 Dalby, M.J. and Hall, L.J. (2020) Recent advances in understanding the neonatal microbiome.
F1000Research 9, F1000 Faculty Rev-422 10.12688/f1000research.22355.1

56 Hascoét, J.-M., Chevallier, M., Gire, C., Brat, R., Rozé, J.-C., Norbert, K., et al. (2022) Use of a liquid
supplement containing 2 human milk oligosaccharides: the first double-blind, randomized, controlled trial in
pre-term infants. Front. Pediatr. 10, 858380 10.3389/fped.2022.858380

57 Robertson, C., Savva, G.M., Clapuci, R., Jones, J., Maimouni, H., Brown, E., et al. (2020) Incidence of
necrotising enterocolitis before and after introducing routine prophylactic Lactobacillus and Bifidobacterium
probiotics. Arch. Dis. Child. Fetal Neonatal Ed. 105, 380-386 10.1136/archdischild-2019-317346

58 Hortensius, L.M., van den Hooven, E.H., Dudink, J., Tataranno, M.L., van Elburg, R.M. and Benders, M.J.N.L.
(2021) NutriBrain: protocol for a randomised, double-blind, controlled trial to evaluate the effects of a
nutritional product on brain integrity in preterm infants. BMC Pediatr. 21, 132 10.1186/s12887-021-02570-x

59 Luoto, R., Ruuskanen, O., Waris, M., Kallioméki, M., Salminen, S. and Isolauri, E. (2014) Prebiotic and
probiotic supplementation prevents rhinovirus infections in preterm infants: a randomized, placebo-controlled
trial. J. Allergy Clin. Immunol. 133, 405-413 10.1016/j.jaci.2013.08.020

60 Murphy, K., Ross, R.P., Ryan, C.A., Dempsey, E.M. and Stanton, C. (2021) Probiotics, prebiotics, and
synbiotics for the prevention of necrotizing enterocolitis. Front. Nutr. 8, 667188 10.3389/fnut.2021.667188

61 Sharif, S., Heath, P.T., Oddie, S.J. and McGuire, W. (2022) Synbiotics to prevent necrotising enterocolitis in
very preterm or very low birth weight infants. Cochrane Database Syst. Rev. 3, CD014067
10.1002/14651858.CD014067.pub2

62 Ho, T.T.B., Groer, M.W., Kane, B., Yee, A.L., Torres, B.A., Gilbert, J.A., et al. (2018) Dichotomous
development of the gut microbiome in preterm infants. Microbiome 6, 157 10.1186/s40168-018-0547-8

63 Ho, T.T.B., Groer, M.W., Kane, B, Yee, A.L., Torres, B.A., Gilbert, J.A., et al. (2019) Enteric dysbiosis and
fecal calprotectin expression in premature infants. Pediatr. Res. 85, 361-368 10.1038/s41390-018-0254-y

64 Heida, F.H., Kooi, E.M.W., Wagner, J., Nguyen, T.-Y., Hulscher, J.B.F., van Zoonen, A.G.J.F., et al. (2021)
Weight shapes the intestinal microbiome in preterm infants: results of a prospective observational study. BMC
Microbiol. 21, 219 10.1186/s12866-021-02279-y



565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607

17

65 Seki, D., Mayer, M., Hausmann, B., Pjevac, P., Giordano, V., Goeral, K., et al. (2021) Aberrant gut-microbiota-
immune-brain axis development in premature neonates with brain damage. Cell Host Microbe 29, 1558-
1572.e6 10.1016/j.chom.2021.08.004

66 Olm, M.R., Bhattacharya, N., Crits-Christoph, A., Firek, B.A., Baker, R., Song, Y.S., et al. (2019) Necrotizing
enterocolitis is preceded by increased gut bacterial replication, Klebsiella, and fimbriae-encoding bacteria. Sci.
Adv. 5, eaax5727 10.1126/sciadv.aax5727

67 Parnanen, K.M.M., Hultman, J., Markkanen, M., Satokari, R., Rautava, S., Lamendella, R., et al. (2022) Early-
life formula feeding is associated with infant gut microbiota alterations and an increased antibiotic resistance
load. Am. J. Clin. Nutr. 115, 407—421 10.1093/ajcn/nqab353

68 Yuan, Z., Yan, J., Wen, H., Deng, X., Li, X. and Su, S. (2019) Feeding intolerance alters the gut microbiota of
preterm infants. PLoS ONE 14, e0210609 10.1371/journal.pone.0210609

69 Unterhauser, K., Péltl, L., Schneditz, G., Kienesberger, S., Glabonjat, R.A., Kitsera, M., et al. (2019) Klebsiella
oxytoca enterotoxins tilimycin and tilivalline have distinct host DNA-damaging and microtubule-stabilizing
activities. Proc. Natl. Acad. Sci. U. S. A. 116, 3774-3783 10.1073/pnas.1819154116

70 Tse, H., Gu, Q., Sze, K.-H., Chu, LK., Kao, R.Y.-T., Lee, K.-C., et al. (2017) A tricyclic pyrrolobenzodiazepine
produced by Klebsiella oxytoca is associated with cytotoxicity in antibiotic-associated hemorrhagic colitis. J.
Biol. Chem. 292, 19503-19520 10.1074/jbc.M117.791558

71 Schneditz, G., Rentner, J., Roier, S., Pletz, J., Herzog, K.A.T., Biicker, R., et al. (2014) Enterotoxicity of a
nonribosomal peptide causes antibiotic-associated colitis. Proc. Natl. Acad. Sci. U. S. A. 111, 13181-13186
10.1073/pnas.1403274111

72 Poltl, L., Kitsera, M., Raffl, S., Schild, S., Cosic, A., Kienesberger, S., et al. (2023) Microbiota-derived
genotoxin tilimycin generates colonic stem cell mutations. Cell Rep. 42, 112199 10.1016/j.celrep.2023.112199

73 Paveglio, S., Ledala, N., Rezaul, K., Lin, Q., Zhou, Y., Provatas, A.A., et al. (2020) Cytotoxin-producing
Klebsiella oxytoca in the preterm gut and its association with necrotizing enterocolitis. Emerg. Microbes Infect.
9, 1321-1329 10.1080/22221751.2020.1773743

74 Greimel, T.M., Stampfer, L., Leitner, E., Kienesberger, S., Zechner, E.L., Bozic, M., et al. (2022) Toxin-
producing Klebsiella oxytoca in healthy infants: commensal or pathobiont? J. Pediatr. Gastroenterol. Nutr. 74,
el-e7 10.1097/MPG.0000000000003299

75 Shao, Y., Forster, S.C., Tsaliki, E., Vervier, K., Strang, A., Simpson, N., et al. (2019) Stunted microbiota and
opportunistic pathogen colonization in caesarean-section birth. Nature 574, 117-121 10.1038/s41586-019-
1560-1

76 Leitner, E., Bozic, M., Kienesberger, S., Cosic, A., Landt, O., Hégenauer, C., et al. (2022) Improved diagnosis
of antibiotic-associated haemorrhagic colitis (AAHC) in faecal specimens by a new qualitative real-time PCR
assay detecting relevant toxin genes of Klebsiella oxytoca sensu lato. Clin. Microbiol. Infect. Off. Publ. Eur.
Soc. Clin. Microbiol. Infect. Dis. 28, 690-694 10.1016/j.cmi.2021.09.017

77 Smith-Zaitlik, T., Shibu, P., McCartney, A.L., Foster, G., Hoyles, L. and Negus, D. (2022) Extended genomic
analyses of the broad-host-range phages vB_KmiM-2Di and vB_KmiM-4Dii reveal slopekviruses have highly
conserved genomes. Microbiology. 168 10.1099/mic.0.001247

78 Ledala, N., Malik, M., Rezaul, K., Paveglio, S., Provatas, A., Kiel, A., et al. (2022) Bacterial indole as a
multifunctional regulator of Klebsiella oxytoca complex enterotoxicity. mBio e0375221 10.1128/mbio.03752-21

79 Kienesberger, S., Cosic, A., Kitsera, M., Raffl, S., Hiesinger, M., Leitner, E., et al. (2022) Enterotoxin tilimycin
from gut-resident Klebsiella promotes mutational evolution and antibiotic resistance in mice. Nat. Microbiol. 7,
1834-1848 10.1038/s41564-022-01260-3



608
609
610
611
612
613

80 Asnicar, F., Thomas, A.M., Beghini, F., Mengoni, C., Manara, S., Manghi, P., et al. (2020) Precise
phylogenetic analysis of microbial isolates and genomes from metagenomes using PhyloPhlAn 3.0. Nat.
Commun. 11, 2500 10.1038/s41467-020-16366-7

81 Letunic, |. and Bork, P. (2019) Interactive Tree Of Life (iTOL) v4: recent updates and new developments.
Nucleic Acids Res. 47, W256-W259 10.1093/nar/gkz239

18



614
615

616
617
618
619
620
621
622
623

624
625

19

Kiebsiella aerogenes (GCF_003417445)

Klebsiefla quasipneumoniae (GCF_000751755)
Kiebsiefla pneurnoniae (GCF_000742135)
— "Klebsiella quasivaricola" (GCF_002269255)

— Kiebsiella variicola (GCF_000828055)
L Klebsiefia africana (GCF_020526085)
[Raouitella] terrigena (GCF_900706855)
Ij"K.’ebsfel.’a taxon 2" bla (GCF_009707385)

Kiebsiella huaxiensis ((;)8;7003261575)
E "Klebsiella taxon 3" bla, ., (GCF_013705725)
[Raoultelia] electrica (GCF_006711645)
[Raouitelia) ornithinolytica (GCF_001598295)
Tree scale: 0.1 [Raoultelia] planticola (GCF_000735435)
- Kiebsiella indica (GCF_005860775)
Kiebsiefla spallanzanii (GCF_902158555) L
"Klebsiella taxon 1" bla,,..,, (GCF_003201885) H-o "
Klebsiella michiganensis (GCF_901556995) " N
|: Klebsiella oxytoca (GCF_900977765) Cort \\,/1
Klebsiella pasteurii (GCF_902158725) f

N
Klebsiella grimontii (GCF_900200035) ; S

Legend Tilimycin

D Klebsiella pneumoniae species complex

[] Klebsielta oxytoca complex Tilivalline

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.



