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Abstract

Klebsiella pneumoniae species complex (KpSC) is a group of closely related bacterial species
including Klebsiella pneumoniae sensu stricto known as a major human opportunistic pathogen
associated with healthcare. KpSC gut carriage is a major risk factor for clinical infections and
elderly people (>60y) are at the risk of KpSC gut colonisation. This master project investigated
the presence, duration and dynamics of KpSC gut carriage among a community-based general
adult population (n=108, 62% female; >47 y), recruited from the previous Tromse7 Cross-
sectional KpSC Carriage Study, during six months (September 2021 to March 2022). Monthly
faecal samples were screened for KpSC by ZKIR-qPCR, and whole metagenome sequencing
(WMS) was used for microbiome analysis and ST typing by StrainGE. qPCR confirmed the
majority of the population being transient carriers (76.5%), a minority of the population were
non-carriers (9.1%), and few were chronic carriers (14.1%). Alpha diversity analysis did not
show any significant difference among the three KpSC carriage groups. Alpha diversity
significantly decreased with increased KpSC relative abundance in the age group below 60y.
The chronic carriers were significantly older than the transient carriers. Evaluation of StrainGE
tool for analysing KpSC phylogenetic relationships from metagenome samples revealed that
StrainGE accurately identified two out of the three phylogeny relations. Furthermore, ST
analysis by StrainGE identified a highly diverse KpSC population with 13 STs and two
phylogroups detected in 41 metagenome samples from seven participants (one transient and six
chronic carriers). Three out of the six chronic carriers retained a single ST in all six months.
This study indicates that there might be an association of gut colonisation with KpSC with age
and gut microbiome. The accuracy of StrainGE suggests that it might be a useful tool in
epidemiological surveillance and outbreak investigation using metagenomic samples. The
diversity of KpSC in gut colonisation highlights the niche-specific adaptive capacity of the

KpSC members and the challenges for the development of decolonisation strategies.

Keywords: Klebsiella pneumoniae species complex, WMS, sequence type, gut carriage,

longitudinal study, antimicrobial resistance, StrainGE
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1 Introduction

1.1 Antimicrobial resistance (AMR): An urgent global health
threat

Antimicrobial resistance (AMR) in bacteria is one of the growing threats to public health due
to the emergence and spread of drug resistance untreatable making common infections
untreatable with the currently available antibiotics [1]. The World Health Organization (WHO)
declared AMR a “global public health concern” in 2001 [2]. More than 33,000 deaths and
87,000 disability-adjusted-life-years (DALYs) directly attributed to AMR infections were
estimated in the EU for the year 2015 [3]. Recently the global burden of AMR was assessed to
4.95 million bacterial associated deaths and 1.27 million bacterial attributable deaths in 2019
[3]. Six pathogens including Escherichia coli, Staphylococcus aureus, Klebsiella pneumoniae,
Streptococcus pneumoniae, Acinetobacter baumannii and Pseudomonas aeruginosa altogether
were responsible for 929,000 of the attributable deaths and 3.57 million associated deaths
(Figure 1) [1].
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Figure 1. Global death (counts) associated and attributable to AMR by pathogen in 2019. The blue
arrow shows the top six pathogens in the list. Error bars represent 95% confidence interval. The figure
is modified from the source. [1]

AMR causes increased mortality, morbidity, prolonged treatment and increased financial
burden due to the lack or unavailability of efficient antibiotics. Moreover, there is a void of
discovery for new antibiotics. The combined effect threatens the practice of modern medicine
like intensive care, surgery, cancer therapy and organ transplantation due to the risk of

infections caused by untreatable superbugs. Global Antimicrobial Resistance and Use
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Surveillance System (GLASS) 2022 has reported high level of AMR in K. pneumoniae among
other bacteria globally (127 countries covering 72% of the global population) [4]. GLASS 2022
report also reported that 8% of the global bloodstream infections (BSI) caused by K.
pneumoniae are resistant to carbapenem, an antibiotic class usually reserved for severe

multidrug-resistant infections as the last resort B-lactams [4].

1.2 K. pneumoniae: A key global source and vehicle of AMR
K. pneumoniae is an opportunistic pathogen that was first identified by Carl Friendlédnder in
1882 [5]. The most common infections caused by K. pneumoniae are pneumonia, urinary tract

infection (UTT), wound infection, bloodstream infection and neonatal sepsis [5-7].

K. pneumoniae as one of the ESKAPE pathogens (Gram positives Enterococcus faecium,
Staphylococcus aureus; and Gram-negatives K. pneumoniae, A. baumannii, P. aeruginosa,
Enterobacter species) is throwing challenges towards twenty-first century’s treatment for
hospital-acquired infections (HAI) due to the ability to acquire AMR and develop multidrug
resistance (MDR) [8]. WHO has categorized K. pneumoniae as one of the critical priority
pathogens in 2017 due to its ability to acquire extended-spectrum B-lactamases (ESBL) and
develop carbapenem-resistant strains (CRKp) [9]. ESBL-producing and CRKp strains are alone
responsible for more than 90,000 infections and 7,000 deaths annually in Europe [3]. There was
no report of CRKp before 2005 in Europe but as of 2015, CRKp has emerged as a major
nosocomial pathogen in several countries including Romania, Italy and Greece [6]. Globally
more than 250,000 deaths are associated to K. pneumoniae infections and at least 100,000
deaths are due to CRKp and third-generation cephalosporin-resistant K. pneumoniae strains [1].
According to the European Antimicrobial Resistance Surveillance Network database
(http://atlas.ecdc.europa.eu/public/index.aspx?Instance = GeneralAtlas), resistance in K.
pneumoniae has steadily increased over the years against four major antibiotics classes,
including third generation cephalosporins, aminoglycosides, fluoroquinolones and
carbapenems. Non-susceptible rates against all classes of antibiotics including carbapenem are
higher in K. pneumoniae than E. coli [6]. The higher resistance rates in K. pneumoniae than E.

coli indicates the importance of the former pathogen in AMR.



1.3 Characteristics of K. pneumoniae

K. pneumoniae (Kp) is a gram-negative, facultative anaerobic, encapsulated, non-motile, non-
flagellated, non-spore forming, rod-shaped, lactose fermenting and oxidase negative
opportunistic bacterium [10-13]. Kp rods are arranged as single, paired in short chains, or

occasionally in clusters (Figure 2) [14].

Figure 2. Scanning electron
microscopy picture of biofilm
producing  Kp.  Magnifications:
200,000x and Scale bar: 1 um. [15]

1.3.1 Taxonomic composition and species designations

K. pneumoniae is classified under the order of Enterobacterales and the family of
Enterobacteriaceae like many other clinically relevant bacteria (E. coli and the notorious
human pathogens Salmonella, Yersinia, Serratia, Enterobacter, Citrobacter, Kluyvera,
Leclercia, Raoultella, Cronobacter, etc) [5]. The genus Klebsiella was named by Trevisan
(1885) honouring the German microbiologist Edwin Klebs (1834-1913) [13]. The diverse
species belonging to the Klebsiella genus include the members of K. preumoniae species
complex (KpSC) and others (Klebsiella indica, Klebsiella terrigena, Klebsiella spallanzanii,
Klebsiella huaxiensis, Klebsiella oxytoca, Klebsiella grimontii, Klebsiella pasteurii and

Klebsiella michiganensis) [16].

KpSC shares only 90% of the average nucleotide identity with the other Klebsiella species
(Figure 3) [5]. Members of the KpSC share 95%-96% average nucleotide identity (ANI) with
K. pneumoniae sensu stricto and were originally designated as the phylogroups of Kp [17-19].
Later confirmed as different species according to the designation of new species (>3% genome-
wide ANI) of by the whole genome sequencing (WGS) [20, 21]. At the time of this writing,
there were seven members consisting of five species classified as KpSC including K.

pneumoniae sensu stricto (Kpl), K. quasipneumoniae subsp. quasipneumoniae (Kp2) and K.
3



variicola subsp. variicola (Kp3), K. quasipneumoniae subsp. similipneumoniae (Kp4) and K.
variicola subsp. tropica (Kp5), K. quasivariicola (Kp6) and K. africana (Kp7) [22]. Kp1 is the
clinically most important one as it constitutes more than 85% of the clinical KpSC isolates [5].

Henceforth, “Kp” will be used for Kp1 and KpSC will refer to all the members of the KpSC.

K. pneumoniae R
K. quasivariicola

K. africana

K. quasipneumoniae

K. pneumoniae S .
subsp. similipneumoniae

species
Co‘,):plex . . K. variicola subsp. tropica
K. quasipneumoniae
subsp. quasipneumoniae K. variicola subsp. variicola
K. terrigena K. aerogenes
- .
3 K. electrica Cronobacter
>~ .
E K. planticola
S K. ornithinolytica
Leclercia
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K. huaxiensis

K. oxytoca
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K. pasteurii . grimontii

Citrobacter

Salmonella

0.02 Kluyvera

Escherichia

Figure 3. Phylogenetic relationship between Kp, members of KpSC and other Klebsiella genus. In the
figure, Klebsiella pneumoniae represents Kp. [5]

It has been a challenge to distinguish between different members of KpSC in the clinical
laboratory due to the lack of suitability of the existing microbiology methods [19]. Even modern
identification techniques like WGS and mass spectrometry (MALDI-TOF) platforms can fail
the proper identification of different KpSC species due to the lack of an updated reference
database [5]. The Kp multilocus sequence typing (MLST) scheme based on allelic differences
in seven housekeeping genes can be used to properly identify different KpSC members as the

database contains the allele sequences and profile definition of the whole species complex [23].

1.3.2 Genomic diversity and global problem clones of Kp

Kp has large and diverse genomes of ~ 5-6 Mbp in size, including ~ 5000-6000 genes [5]. The
number of core genes which are conserved in all the members of the species is ~1700 [20]. The
pangenome (core genes and accessory genes together found in different Kp strains) is very

diverse and likely contains more than 100,000 protein-coding sequences [5]. The large
4



pangenome provides broad metabolic and other capabilities to adapt to a wide range of niches
[12]. Kp has an open pangenome, meaning more genes will be detected as more genome is
sequenced [20]. The diverse pangenome indicates a high capacity of horizontal gene transfer
(HGT), including plasmid-mediated conjugation, phage-mediated transduction and integrative

conjugative elements [5].

Core genome-based phylogenetic analysis revealed hundreds of deep-branching lineages
termed as “clones” with only ~0.5% nucleotide divergence [5]. Clonal groups (CGs) or clones
are closely related Kp strains originating from a recent common ancestor. CGs can be identified
either by allelic differences in seven core genes by multi-locus sequence typing (MLST) scheme
or by core genome multi-locus sequence typing (cgMLST) schemes. cgMLST schemes provide
higher discriminatory power between CGs as it contains 694 genes (Institut Pasteur’s BIGSdb-
Kp) or 2,365 genes (SeqSphere+, Ridom GmbH, Muenster, Germany) for comparison [21].
Different clones can also be separated from each other based on accessory genes as clone-

specific niche adaptation occurs through HGT [24].

The diverse sequence types (STs) of Kp, which are identified by allelic differences in the
housekeeping genes, differ in prevalence of pathogenicity and virulence factors between clones
[25]. Some clones are locally distributed with limited spread in single hospitals or health care
communities, but some of the clones are referred as ‘global problem clones’ due to the high
burden of global disease and their association with virulence and ability to develop MDR [5].
Some clones belong to the classical Kp (cKp) pathotype which is prone to develop multidrug
resistance and has non-overlapping geographical distribution with clones of hypervirulent Kp

strains [26, 27].

Multidrug-resistant (MDR) Kp clones are defined by clones which are resistant against three
or more antimicrobial classes in addition to intrinsic resistance to ampicillin [5]. MDR clones
are mostly associated with HAl/outbreaks such as causing UTIs and bacteremia in
immunocompromised patients (Figure 4) [28]. For example, local outbreaks in Kilifi, Kenya
and Melbourne, Australia were caused by MDR clones ST70 and ST323, respectively [29, 30].
The most common MDR-Kp clones include ST11, ST258 and ST437 [5].



Hypervirulent Kp (hvKp) clones are defined as
virulent pathogens causing infections in healthy

persons of any age at any site of the body and often
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multiple sites of the body are affected (Figure 4)
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(PLA) cases in Taiwan [31]. hvKp infections are
caused by a small subset of lineages and are highly
prevalent in the Asia Pacific rim, although the global
occurrence is also increasing [5]. The most common
hvCGs are CG23, CG65 (ST67 and ST 375) [5].
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Yy P Figure 4. Kp infection sites in human

pneumonia, necrotizing fasciitis, endophthalmitis body.[27]

and meningitis [31]. hvKp clones rarely possess acquired AMR genes in contrast to MDR

clones [24]. However, they harbour key virulence loci for increased pathogenicity [24].

The emergence of superbug: convergence of MDR Kp with hvKp

The presence of multiple acquired resistance genes or distinct virulence loci separates MDR
Kp from hvKp creating separate lineages (Figure 5) [5]. These two non-overlapping lineages
are increasingly converging in the last few years and developing clinically more difficult-to-
treat clones with the combination of MDR and hypervirulence (MDR-hvKp) [16]. Since the
first report of MDR-hvKp in 2015, MDR-hvKp clones have been isolated from Asia (China
(China mainland, Hong Kong and Taiwan), India, Iran), Europe (France, Norway, the United

Kingdom, Russia), Africa (Egypt), South (Brazil) and North America [32].

The mechanisms involving the convergence of MDR and hypervirulence may include the
acquisition of AMR genes by hvKp clones, the transfer of virulence plasmids into MDR clones,
the transmission of mobile genetic elements (MGE) to create hybrid vectors (AMR genes into
virulence plasmids or recombination of AMR genes with virulence plasmid backbones or

transfer of AMR genes into MDR plasmids) [5, 33].
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Figure 5. Global distribution of MDR-hvKp. The triangle and asterisk represent K. quasipneumoniae
subsp. similipneumoniae and K. variicola subsp. Variicola, respectively, the rest of them represent the
prevalence of MDR-hvKp. [16]

Some of the MDR clones and hvKp clones have become global problems termed ‘global
problem clones’ or ‘high-risk clones’. Global MDR clones are highly resistant lineages
(resistant against third-generation cephalosporins and/or carbapenems) including CG258,
CG15, CG20, CG29, CG37, CG101, CG147 and CG307. Global hvKp clones include CG23,
CG25, CG65, CG66, CG86 and CG380 [5, 34]. The more recent ST307 and ST147 emerged in
Europe during the 1990s and spread globally in a very short period causing worldwide
nosocomial outbreaks [35]. Both clones acquired plasmids with ESBL-and/or carbapenemase-
encoding genes aiding their global spread [35]. Carbapenemase-producing ST307 has been
reported to be the cause of longer hospital stays and over 50% mortality of the patients with
Kp-BSI in tertiary care centres compared to other strains in a two-year surveillance study in

Medellin, Colombia [34].

1.3.3 AMR in Kp

Kp is well known for harbouring AMR genes and spreading AMR through HGT within and
between species [5]. Both intrinsic and acquired AMR genes in Kp are responsible for the
development of MDR [5]. Kp is intrinsically resistant to penicillins, including ampicillin and
piperacillin, due to the production of class A B-lactamase enzyme SHV by core gene blasuv in
Kp, blaien in K. variicola, blaoxp in K. quasipneumoniae and other species [20]. Moreover,
mutations and mobilization of numerous core genes on plasmids and transposons (mobile

forms) have been associated with clinical resistance (Table 1) [5].



Table 1. Core genes of Kp involved in AMR
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Most of the resistance in Kp is conferred by the acquired accessory AMR genes. Kp has twice
the amount of reported acquired AMR genes (> 400) than E. coli [12]. The acquired AMR
genes are mostly plasmid-associated but chromosomal integration has also been reported [5].
The distribution of acquired AMR genes follows a bimodal distribution separating MDR clones
with high load of acquired AMR genes from hvKp clones with rare occurrences of acquired
AMR genes [5]. Possible factors influencing this difference in distribution have been proposed
including the difference in recombination rates, distribution of AMR genes on the same mobile
genetic elements (MGE) and fitness cost due to maintenance of the plasmid [5]. One of the
major threats to modern antibiotic treatment is the spread of ESBL-producing Kp. Thus, the

distribution of AMR genes among ESBL-producing Kp will be discussed further.

ESBL-producing Kp are resistant to B-lactams, including third-generation cephalosporins
(cefotaxime, ceftazidime and ceftriaxone), fourth-generation cephalosporin (cefepime) and

monobactams (aztreonam) [36]. According to the Giske et al. classification, ESBLs are divided



into three main groups consisting of ESBLa, ESBLym and ESBLcarea [37]. The ESBLa
enzymes include CTX-M (cefotaxime-hydrolyzing [-lactamase) and variants of SHV
(sulphydryl variable) and TEM (Temoneira) [37]. ESBLA hydrolyses penicillin, monobactams
and cephalosporins but cannot hydrolyse cephamycin, carbapenems and penicillin + B-lactam
inhibitors leaving them as useful antimicrobial agents [37]. ESBLwm contains a diverse group of
B-lactamases including plasmid-mediated AmpC and OXA-ESBLs which hydrolyses most
cephalosporins, all monobactams and penicillins but is unable to hydrolyse carbapenems and
4th generation cephalosporins [37, 38]. ESBLcarBa has hydrolytic activity against
carbapenems, most often hydrolyses all B -lactams and includes Ambler class B metallo -
lactamases (MBL) such as Verona integrated-encoded MBL (VIM) and New Delhi MBL
(NDM), class A and class D carbapenemases such as Klebsiella pneumoniae carbapenemase
(KPC) and OXA-48 family, respectively [37-39]. Most of the ESBL genes are present on
plasmids and disseminated by HGT.

1.3.4 Pathogenicity and virulence factors of Kp

Pathogenicity is the ability of a pathogen to cause disease and virulence factors enhance
pathogenicity [28]. Kp has intrinsic virulence factors encoded chromosomally and present
among all the members, which are basic requirements for causing opportunistic infections
including capsular polysaccharide (K antigen), lipopolysaccharide LPS (O antigen), fimbriae
(type 1 and 3) and siderophores (Figure 6) [5].

Capsular polysaccharides (K antigen) play an important role in gut colonisation, protect
against host-mediated clearance and contribute to interactions with mucus [40]. Only two of
the serotypes K1 and K2 among 77 serological serotypes are associated with invasive infections
outside the hospital setting [41]. The distribution of capsule types is conserved in hypervirulent
Kp, where K1 is present in CG23 and the rest have K2. K3 and K5 are associated with
rhinoscleromatis (a rare chronic granulomatous infection mainly occurring in the upper
respiratory tract, including the nasal cavity and nasopharynx) and liver abscess, respectively
[42, 43]. MDR clones have diverse K locus with only the exception of CG307, which carries
K-loci 102 (KL102) [44].

LPS (O antigen) is an integral component of the outer membrane in Gram-negative bacteria
and has numerous functions like resisting host antibodies and clearance of microbes, including
evasion of antibody-dependent complement-mediated lysis due to modification [40, 45].

Clinical Kp mostly has serotypes O1 and O2, which might provide enhanced defence against
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phagocytosis [41]. An ex-vivo experiment showed that O2afg (a subtype of O2) suppresses the
production of pro-inflammatory cytokines and chemokines, assisting the host immune evasion
[46].

Fimbriae are filamentous organelles expressed on the surface of the bacteria and fimbrial
adhesins play important role in adhesion to mucosal membrane [47]. Both type 1 (fim) and 3
(mrk) fimbriae help Kp in the colonisation and persistence [48]. They are critical for biofilm
formation on biotic and abiotic surfaces like respiratory devices or recently implanted devices
[48]. Type 1 and 3 fimbriae have been associated with adhesion to urogenital epithelial cells
and bladder endothelial cells, respectively [48]. However, type 1 fimbriae are dispensable for

the Kp gut colonisation [49].
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Figure 6. Virulence factors in Kp. The figure is modified from reference. [50]

Some of the virulence factors are only present in few Kp encoded by the accessory loci
enhancing pathogenicity [5]. These virulence factors are known as acquired virulence factors,
usually plasmid-encoded and give Kp the ability to transform from an opportunistic pathogen

to a true pathogen such as hvKp causing CAls [5].

Siderophores are low molecular weight molecules with high binding affinity for iron and are
essential for acquiring iron from extracellular environment to ensure growth in most niches
[51]. The core siderophore in Kp, enterobactin (Ent), is encoded by the ent locus and acquired
siderophores, yersiniabactin, aerobactin and salmochelin, are encoded by the ybt, iuc and iro
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loci, respectively [5]. All the accessory siderophore systems increase virulence by providing an
advantage over the host’s iron-withholding devices [5]. For example, glycosylated Ent known
as salmochelin, produced by iro locus can evade host lipocalin 2 (Lcn2) secreted by neutrophils
and continue iron scavenging, whereas core Ent-based iron scavenging activity is disrupted due

to the binding with Lcn2 followed by host inflammatory response [52, 53].

Hypermucoidy and colibactins are also acquired virulence factors, among which
hypermucoidy is the most well-known in Kp [5]. Hypermucoidy can be described by, but not
limited to, the overproduction of the capsule due to the presence of accessory regulatory genes,
regulator of the mucoid phenotype rmpAI or rmpA2 and confirmed by the phenotypic string
test [54]. However, hypermucoidy is not a core feature of all hypervirulent clones and its role
in disease progression is not well understood [27]. Colibactin, a genotoxin that induces DNA
damage in eukaryotic cells, is present in ~10% of Kp [46]. It has been associated with liver

abscess and invasion from the intestine to the vascular system [5].

1.3.5 Plasmid diversity in Kp

Plasmid-mediated gene transfer is the main mechanism in the spread of AMR genes spread in
Kp [5]. The presence of multiple plasmids with multiple AMR genes in Kp comes with a fitness
cost for the maintenance of the plasmids [5]. The majority of the acquired accessory genes are
on large plasmids capable of self-transmission via conjugation [5]. Self-transmissible plasmids
in Kp belong to a small number of incompatibility groups (IncFII, IncN, IncR and IncX3)[5].
However, AMR genes in Kp are also found on mobilizable but not self-transmissible plasmids
such as dominant virulence plasmids KpVP-1 and KpVP-2 [55]. Although plasmid variation
among single clones has been found, there is also evidence of specific plasmid maintenance
among some problem clones [56]. For example, the FIBx blaKPC plasmid pKpQIL47, Fllx
blaCTX-M-15 plasmid and FIBk Kp virulence plasmid (KpVP-1) have been maintained in
ST258, ST307 and ST23 respectively [44, 56]. Tracking of plasmid transmission through
genomics is now used as infection control and strategy to lessen disease burden during
outbreaks in hospitals [5]. There is a knowledge gap regarding Kp-plasmid diversity in transient
carriers (colonised with Kp from time to time) and persistent carriers (colonised with Kp
continuously for longer period), which might help to better understand the colonisation

dynamics of Kp.
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1.3.6 Phages of Kp

Bacteriophages (phages) are viruses infecting bacteria and utilizing bacterial replication
machinery for their replication, producing progeny and releasing the progeny in the lytic cycle
through host cell lysis [57]. Prophages are dormant phages integrated into the host genome
during the lysogenic cycle [57]. Prophages remain dormant for an unspecified amount of time
and replicate with the bacterial genome without harming the host [57]. Prophages can become
activated under certain stimulation and initiate full lytic cycle. Prophages in Kp are very diverse
and accessory genomes of Kp contain many prophages [58]. Prophages give several benefits to
the host including defending against adverse environmental stress or attack from similar phages
[59]. Global problem clone CG258 has its conserved prophages participating in the evolution
and fitness benefit [58]. Genetic changes during the lysogenic cycle may cause degradation of
the phage genome or transfer of phage genes into the host that leads to toxin production and
gain of antibiotic resistance capability by the host [60]. Furthermore Clustered Regularly
Interspaced Short Palindromic Repeats (CRISPR)-Cas system in Kp can prevent the expansion
of the prophages [58]. However, most of the studies on prophages in Kp are based on
bioinformatics based and lack the experimental evidence. The diversity and role of prophages

in long-term persistence of Kp is another unexplored field.

1.3.7 Ecological niches and cross-niche transmission of KpSC

KpSC has several ecological niches apart from the human body, including soil, water, plants,
insects, birds, reptiles and other mammals [12]. A cross-sectional estimation with culture-based
techniques indicated a gut prevalence of 39% and 44% Kp (and/or the broader KpSC as the
study did not distinguish between phylogroups) in the intestinal tract of dogs and dairy cattle,
respectively [61, 62]. KpSC can both be free living and host-associated [5]. The bacteria can

co-exist with the host as a commensal organism and cause opportunistic infections [63].

KpSC members, K. quasipneumoniae and K. variicola are mostly associated with healthy
human gut and agricultural niches, respectively [19, 64]. Previously, they were thought to
represent the human gastrointestinal tract (GIT) colonisation instead of infection [20]. The
Tromse 7 cross-sectional KpSC carriage study (T7-study) based on culture-based WGS
reported the gut carriage of 6.4% and 27.7% of Kp2 and Kp3 in community-based adults in
Norway, respectively [65]. Later, they were also reported as the cause of minority Klebsiella
infections in patients at health care system [5, 66]. WGS of non-ESBL isolates from the

nationwide Norwegian surveillance programme on resistant microbes in humans (NORM)
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reported the presence of Kp (69.1%), Kp2 (3.1%), Kp3 (24.5%) and Kp4 (3.3%) in KpSC
bacteraemias and gut colonisation is the prerequisite for the infection [67]. One out of every
four cases of KpSC bacteraemia in Norway is caused by susceptible Kp3 [67]. ESBL-producing
K. quasipneumoniae and Kp3 strains were found as virulent as Kp, causing fatal infections with

similar mortality rates [19].

In recent years, the environment has become a potential reservoir for the spread of Kp and
antibiotic resistance in humans (Figure 7) [68]. A recent study on the Norwegian marine
environment reported a close genetic relationship between Kp isolate (2016-1200 ST25) from
blue mussels (Mytilus edulis) with a clinical isolate from Germany [68]. This finding suggests
the possible transmission of Kp from the marine environment to humans via seafood [68]. In
another longitudinal study on healthy adults in Austria, it was also hypothesized that the high
diversity of the Kp isolates found in the study was due to the consumption of contaminated
foods [69]. The study revealed that individuals who shared meals had identical strains several

times over the one-year study period indicating food as a source of Kp transmission [69].
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Figure 7. Routes of transmission of Kp. Kp strains can disseminate from one niche to another along
with their plasmids and AMR genes. The direction of transmission can either be from the environment
to the human or animal as host via contaminated water, food and contact or from the host back to the
environment through sewage or effluent. Transmission between humans can also occur through direct
contact from person to person and global dissemination can occur through travelling. The figure is
modified from the references. [6, 12]

Cross-niche transmissions, such as from human and companion animals and vice versa, have
also been reported in previous studies. One study examining the Kp gut colonisation in
household members and companion dogs found that they shared the same Kp STs, indicating
that dogs may act as a reservoir for Kp in humans and vice versa. [61]. Limited zoonotic

transmission of Kp was also reported in another study based on pig farms in Thailand, where
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sharing of the same clones of some of the STs (ST4788, ST3541, ST661 and ST29) were
confirmed between humans and pigs [70]. One study in Norwegian healthy poultry also
revealed the presence of overlapping Kp STs (ST13, ST17, ST35, ST37 and ST290) between
humans and poultry animals, indicating transmission among humans and animals [71].
However, a recent large-scale One Health study based on WGS of Klebsiella species isolates
from a wide range of clinical, community, animal and environmental samples in Pavia, Italy,
revealed that the most common way of Klebsiella transmission is person-to-person contact
rather from animals or the environment [72]. Although, the study had limitations concerning
food-borne and wastewater-mediated transmission, which might have a crucial impact on the

transmission cycle among humans, animals and the environment [72].

The lack of large-scale systematic sampling has created a void of knowledge regarding the
ecology and distribution of KpSC in different niches and their main reservoirs. Hence, we lack
information about to what extent the cross-niche transmission is happening, the strain diversity
and relative abundance of KpSC over the time in a particular niche and the factors influencing
the carriage. The current study focuses to address the duration of KpSC gastrointestinal
carriage, as well as strain diversity and dynamics, over the six-months study period in

community-based adult population.

1.3.8 Human gut colonisation of Kp

Following acquisition, Kp mostly colonises the mucosal surfaces in humans, including the
nasopharynx and the GIT [7]. Kp can also be found transiently on the skin [73]. Colonisation
is defined by the presence of bacteria on the body surface but not causing any symptoms or
disease [74]. Thus, colonised individuals can act as silent carriers [75]. The silent carriage can
turn into a clinical Kp infection when the host becomes immunocompromised or acquire other
risk factors for infection [76]. The rate of Kp-colonisation depends on the type of human body
site and the type of acquisition, whether hospital-acquired (HA) or community-acquired (CA)
[73]. Studies from Brazil, Indonesia and Vietnam showed that the rate of colonisation in healthy
children and adults varied a lot between 3-15% for CA nasopharyngeal colonisation and up to
19% for HA nasopharyngeal colonisation [73]. However, studies based on intensive-care unit
(ICU) and cancer patients in USA and Australia indicated gastrointestinal Kp colonisation rates
of up to 20% in hospitalized patients [73]. The prevalence of Kp gut colonisation in the
community (USA and Australia) has been reported lower (~4-6%) than in recent health care

exposed individuals (~25%) [77-80]. Culture based detection of KpSC in the T7 study on
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community-based adults (> 40 years) in Norway reported 16.3% gut carriage of KpSC [65].
Additionally, culture-based detection of Kp also confirmed a higher percentage (18-87%) of
Kp gut carriage in healthy adults in many other countries such as Korea and Chinese healthy

adults in Japan, Singapore, Taiwan and Malaysia [81, 82].

Intestinal carriage has been established as a key risk factor for Kp infection [77, 79]. A direct
comparison of carriage and disease-causing strains of Kp revealed a four times elevated risk of
infection in colonised patients (cancer and ICU) compared to non-colonised patients [77, 79].
Combined analysis from two different studies (one in Australia and another in the USA) based
on rectal swabs from ICU patients confirmed that 80% of the HA Kp infections were due to the
patient's own carriage strains [77, 83]. Furthermore, the six most prevalent STs in the T7-study
were also listed as the frequently observed bacteraemia STs in the NORM study [65, 67]. One
of the main concerns is the colonisation of the hypervirulent strains, which are prevalent in
Asia. These strains possess the threat of metastatic spread from GIT to other tissues causing
life-threatening abscesses and sepsis [84]. Furthermore, the increased relative abundance of Kp
within the gut has also been associated with the risk of bloodstream infection in long-term

intensive-care hospital patients [85].

Risk factors for KpSC gut colonisation in a general adult community-based population have
recently been examined the T7-study (Figure 8) [65]. The T7-study has shown that increased
KpSC colonisation is positively correlated with age >60y [65]. It is shown that alcohol
consumption increases the prevalence of oropharyngeal Kp colonisation, but a larger cohort is
needed to find its association with gut colonisation [65]. Antibiotic treatment also predisposes
individuals to KpSC gut colonisation which is likely due to the disruption of the gut microbiome
[65, 86]. This suggests the role of gut microbiota in maintaining the barrier protecting from
KpSC colonization. Non-antibiotic drugs such as proton pump inhibitors (PPIs) or non-steroidal
anti-inflammatory drugs (NSAIDs) were also positively associated with KpSC gut carriage
supporting the influence of non-antibiotic drugs on gut microbiota selecting specific bacterial

species [87][65].
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Figure 8. Risk factors associated with KpSC gut carriage. Travelling abroad, medications (antibiotics,
PPIs, NSAIDs), age and inflammatory bowel disease are key risk factors positively associated with
Kp carriage. The role of alcohol consumption needs to be further investigated. The black arrow
represents established risk factors and the red arrow represent possible risk factor. Figure was created
by Biorender.

Crohn'’s disease and ulcerative colitis have also been associated with an increased prevalence
of Kp gut carriage [65]. One of the influencing factors might be the disease-specific alteration
of the gut microbiota in Crohn’s disease or ulcerative colitis. There is a significant increase in
the abundance of Enterobacterales with a decrease in gut microbial diversity in patients with
Crohn’s disease [88]. Travelling abroad to Asia/Greece was also a risk factor for Kp gut
carriage, which could be explained by the high Kp carriage among the local population [65, 82,
89]. Personnel hygiene, consumption of specific food (raw meat or vegetables), hospitalization
of household members and animal contacts have also been associated as risk factors for Kp

carriage among pregnant women living in low-income countries [89].

The dynamics and duration of human gut Kp-carriage, however, are still not well studied. A
previous study based on ESBL- producing Kp outbreak in neonatal intensive care units (NICUs)
at Stavanger University Hospital in Norway between November 2008 and April 2009 reported
that the duration of gut colonisation by the same Kp-clone (ST17) in children can be more than
twelve months [90, 91]. However, another longitudinal study in Austria with only six healthy
adult study subjects reported the presence of specific STs only for two consecutive calendar
weeks [69]. The two above-mentioned studies had different study subjects and contexts, which
might affect the different observations. Data of strain diversity in colonisation and infection is

important for vaccine research and a better understanding of the cross-niche transmission from
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reservoirs facilitating human Kp colonisation [12, 92]. Moreover, we still lack knowledge of

potential role of gut microbiota composition on Kp carriage.

Human gut microbiota
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our ‘second genome’ [95]. The term ‘microbiome’ was

which includes the microbiota (living microorganisms

of different kingdoms including Bacteria, Archaea, Protozoa and Fungi and algae), structural
elements (microbial structures, mobile genetic elements, etc.), microbial metabolites and the
environmental conditions of the habitat known as the ‘biome’ (pH, temperature, oxygen level,
etc.) [96, 97]. The human microbiome is dynamic, differing from one site of the body to another
and between individuals and consists of bacteria, archaea, protozoa, fungi, algae and viruses
[98, 99]. The human gut microbiome is the most diverse among other sites of the body with
thousands of species and has been associated with human health and disease (Figure 9) [100,

101].

Human gut microbiota has coevolved with the host into a complex relationship shaping the
immune system, providing protection against colonisation of pathobionts, assisting digestion
of indigestible food, production of essential vitamins and homeostasis maintenance [102].
Human gut microbiota composition is influenced by host genetics, age, diet, lifestyle, ethnicity
and living environment [102]. In children, gut microbiota composition is also influenced by the
mode of infant delivery (vaginal or c-section) and feeding (breastfed or formula-fed) [103].
Dysbiosis in the gut, which is the alteration of the microbiota composition from normal state,

including change in relative abundance, membership, or localization of microorganisms, has
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been associated with various immune, metabolic and neurological disorders in both intestinal
and extra-intestinal sites, including inflammatory bowel disease, irritable bowel syndrome,

diabetes mellitus, obesity and colorectal cancer [104-107].

We need to know the composition of healthy gut microbiota to understand dysbiosis. There
is no clear definition of a healthy gut microbiota [108]. Most of the studies investigating healthy
gut microbiota are from socioeconomically developed societies in Europe and North America,
which might not reflect the microbiome of individuals from developing, non-industrialized
countries [108]. However, current studies and data from Human Microbiome Project (HMP)
show that most of the healthy adult human gut microbiota is dominated by Firmicutes and
Bacteroidetes, followed by Proteobacteria and Actinobacteria [93, 98, 109]. The relative
abundance (presented as mean + standard deviation) of the dominant Phyla in healthy adult
human faecal samples from two cross-sectional studies, Segata et al. 2012 and King et al. 2019

is presented in Table 2 [93, 109].

Table 2. Relative abundance of dominant phyla in healthy human faecal samples

65.20 + 20.50 73.13 £22.16

29.64 +19.26 22.20 + 18.66
291+4.74 2.15+10.39
0.51+2.82 1.82+3.00
0.44 +1.74 0.70 £ 1.68
0.07 £ 0.50 Not detected

There is also a difference in the relative proportions of bacterial families along the whole gut
due to the physio-chemical differences [110]. For example, lower pH, higher amount of
antimicrobial peptides, presence of bile salts and higher oxygen tension in the small intestine
limit the bacterial load compared to the colon [110]. The small intestine is dominated by
Lactobacillaceae and Enterobacteriaceae, whereas Bacteroidaceae, Prevotellaceae,
Rikenellaceae, Lachnospiraceae and Ruminococcaceae are common in the colon [110]. A
healthy individual starts shaping gut microbiota very early in life and one study has shown that
intestinal microbiota is not fully developed until after the first five years of life [111, 112]. As
we grow older, we achieve relative stability in gut microbiota composition, including developed

enterotypes [113].
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Enterotypes of human gut microbiota are defined as clusters of bacteria contributing
collectively to the preferred community compositions, which remain stable from adulthood and
can be restored upon modification [113]. Three enterotypes have been identified in one of the
previous studies that differ in species and functional composition [113]. Enterotypes are
identified by the level of one of the three genera dominating the microbiota- Bacteroides
(enterotype 1), Prevotella (enterotype 2) and Ruminococcus (enterotype 3) [113]. Bacterial
species in each enterotype have distinctive routes to generate energy, for example, bacteria
clusters of enterotype 1 utilize mostly carbohydrates, using principally glycolysis and pentose
phosphate pathways, while bacteria clusters of enterotypes 2 and 3 degrade mucins resulting in
the uptake of simple sugars from gut mucosal layer [113]. How gut microbiota resists Kp
colonisation and the mechanisms involved in overcoming colonisation resistance by Kp are

questions yet to be fully answered.

Colonisation resistance is the phenomenon when the native symbiotic microbiota limits the
entry and colonisation of pathogens under undisturbed conditions [114]. Gut microbiota can
also limit the expansion of indigenous potentially threatful ‘pathobionts’ along with resisting
colonisation of pathogens or innocuous species like probiotics [115]. Colonisation resistance

can be achieved by direct mechanisms or indirect mechanisms [116].

Direct colonisation resistance includes exploitative competition, such as spatial or nutrient
competition, where bacteria compete for niche availability, metabolites and essential nutrients
(Figure 10) [117-120]. A recent study in mice has revealed that Klebsiella oxytoca strains
outcompete MDR Kp with the help of other commensals like Blautia coccoides, Enterococcus
faecalis and Enterocloster clostridioformis in gut colonisation by specific carbohydrate
competition involving the utilization of specific beta-glucosides [121]. Microbiota can also
resist colonisation directly by producing inhibitory molecules, toxic compounds such as short-
chain fatty acids (SCFA) and type VI secretion system (T6SS) mediated killing [116]. While a
plasmid-encoded tellurium resistance operon called ter has been shown to improve Kp fitness
in gut colonisation in a microbiome-dependent manner, SCFA administered exogenously has
been shown to reduce the fitness when fer operon is inactivated [122]. The role of SCFA in
colonisation resistance also aligned with the protective role of Bifidobacterium longum 5' in

the pulmonary Kp infection [123]. B. longum 5'*

, which belongs to the genus Bifidobacterium,
one of the largest producers of SCFA, protects against Kp infection by inducing the production

of reactive oxygen species (ROS) and killing Kp by alveolar macrophages, suppressing
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proinflammatory mediators and finally participating in the resolution phase of inflammation by
IL10 [123]. Furthermore, SCFA limits the expansion of CRKp in the gut by intracellular
acidification, countering the competitive advantage in respiration to utilize O and NO3 by Kp
[124]. The above-mentioned studies support the direct colonisation resistance by microbiota
enriched with SCFA producers against Kp. In another animal study, reduction in K.
quasipneumoniae gut colonisation was achieved by using Klebsiella species-specific colicin-
type bacteriocins [125]. T6SS mediated colonisation and killing of K. oxytoca by Salmonella
enterica subsp. enterica serovar Typhimurium has been reported [126]. However, there is a

clear knowledge gap regarding T6SS-mediated colonisation resistance against Kp.
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Figure 10. Mechanisms of colonisation resistance to Kp. The red arrow indicates a negative
relationship and the blue arrow indicates a positive association.

Indirect colonisation resistance mechanisms include the mucus layer, oxygen gradients,
antimicrobial proteins and peptides produced by host cells and host innate and adaptive immune
responses, including the production of certain cytokines modulated by the gut microbiota
(Figure 10) [116]. Bacteroidetes provide intestinal colonisation resistance to Kp by fortifying
the mucosal barrier via IL-36 signalling and macrophages but depend on the polysaccharide

utilization locus known as conserved commensal colonisation factor (CCF) [127].
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Gut microbiota mediated Kp gut colonisation

Along with protection against colonisation, gut microbiota can also help in colonisation as well
(Figure 10). In vitro analysis has shown that cross-feeding between Kp and Acinetobacter
baumannii promotes their co-existence [128]. Lactate or ethanol produced by Kp is utilized by
A. baumannii, while biofilm produced by A. baumannii protects Kp from antibiotics such as
cefotaxime and gentamicin [128]. Kp also utilizes alternative carbon sources, such as
underutilized fucose liberated from mucin by gut commensals to overcome colonisation
resistance by nutrient competition [129]. T6SS in Kp promotes colonisation by attaching and
invading epithelial cells along with increased bacterial dissemination due to enhanced virulence
[130]. T6SS in Kp also decreases intestinal microbiota richness and colonisation resistance
[131]. Members of the Oscillospiraceae family have been suggested to be specific competitors
for long-term gut colonisation by Kp [131]. However, which mechanisms are involved in Kp
non-carriers to achieve the colonisation resistance or to overcome the colonisation resistance
for long-term Kp carriers needs further investigation. We need longitudinal human colonisation

studies to approach these questions.

1.4 Whole metagenome sequencing (WMS): Emerging
diagnostic and surveillance tool in infectious diseases

WMS is the sequencing of total genomic DNA isolated from a given sample [132]. WMS is a
powerful culture-independent tool to analyse complex microbial communities and provides
information at the species or even strain level (Figure 11) [133]. Culture independence of WMS
ensures an advantage over conventional culture-dependent diagnostic tools like whole genome
sequencing (WGS) and matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry (MALDI-TOF-MS) where difficult-to-culture or non-cultivable microorganisms

are present in the sample [134].

Figure 11. Impact of WMS in the
clinical setting. The figure is
edited from reference. [135]
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The next-generation sequencing (NGS) has given WMS a speed, which is unmatched by
traditional culture-based detection techniques. [134]. A standard Illumina instrument takes
more than 18 hours of sequencing run providing information regarding a broad range of
pathogens (viruses, bacteria, fungi and/or parasites), which is almost half of the time required
by the conventional culture-based techniques [134]. The development of bioinformatic tools,
which do not require the assembly of the sequence reads, has also made the bioinformatic
analysis to identify species and strains faster than before [136]. Some of the limitations,
including updated reference database, cost and clinical utility, are currently preventing the
routine implementation of WMS in patient care settings [134]. However, the development of
rapid diagnostic platforms, such as nanopore sequencing and surveillance networks, may
facilitate the use of WMS to detect and identify specific pathogens for therapeutic and infection
control purposes [134].

2 Aim of the study

This master project is part of a larger project with the overarching aim of investigating adult
human gut carriage of KpSC in a longitudinal community-based context: chronic, transient or

non-carriage, abundance and associated factors, including microbiota composition.
The primary aim of the master project was to investigate the following:

“The duration and dynamics of KpSC human gut carriage in adult community-based

population”
The following secondary questions were addressed to investigate the primary aim -

1) Are there any differences in gut microbiota diversity between KpSC carriers of different
carriage duration and KpSC non-carriers?

2) Are there any associations between gut microbiota diversity and KpSC abundance?

3) Is KpSC carriage duration related to age?

4) Is it possible to rebuild accurate phylogenetic ST relationships from the metagenomic
samples?

5) Is chronic carriage of KpSC associated with a specific ST or multiple STs

6) What is the ST dynamic in chronic carriers? Whether chronic carriers regularly turned

over strain or maintained the same throughout the study.
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3 Materials and Methods

3.1 Participants and faecal samples

For the longitudinal KpSC gut carriage study, participants were recruited from the previous T7-
study where risk factors for Kp-colonisation and Kp-genomic diversity were analysed in a
general adult population (Figure 12) [65]. WGS of Single isolates from the previous T7-study
and metagenome sequences of sweep samples from the comparative study of KpSC detection
methods were used to evaluate phylogenetic relationship from metagenome sample by Strain

Genome Explorer (StrainGE) toolkit (Figure 12) [65, 137].

3.1.1 The longitudinal KpSC gut carriage study

The longitudinal KpSC gut carriage study was designed to examine KpSC carriage duration
and dynamics in participants recruited from the previous T7-study. Briefly, gender and age-
matched community-based participants (n=240) from the previous T7 study (n = 2975) were
selected for invitation, among which 50% had been KpSC culture positive and 50% culture-
negative when examined in 2015-16. Both groups were matched for age and sex. A total 116
accepted the invitation. Two different faecal sampling kits, ESwab 490CE.A (Copan, Brescia,
Italy; for viable bacteria) and Norgen Nucleic Acid Preservation system (Norgen Biotek, cat#
53700); for DNA preservation, extraction and WMS, were sent to the participants each month
for six months between September 2021 and March 2022. Additionally, questionaries regarding
age, sex, cohabitation, work in health sector, travel, health conditions (diabetes, Inflammatory
Bowel Disease), hospitalization and medications (antibiotics, NSAIDs, PPIs) (last 4 months)
were also provided (Figure S1). These risk factors were selected since they have previously
been associated with Kp gut carriage in the T7-study. ESwab samples were stored as described
below (section 3.2.1) and Norgen samples were directly stored at -80°C and subjected to DNA
extraction (section 3.3). Previously, it has been shown that ESwab sample collection can have
a bias effect of enriching Enterobacterales in stool samples [137]. Therefore, ESwab samples
are not reliable for analysis of the overall microbiome [137]. However, Norgen Nucleic Acid
Preservation system has been demonstrated to preserve the composition of the stool sample,
which makes it suitable for microbiome analysis [137]. ESwab samples were therefore used in
this study to collect culture viable samples for further enrichment of KpSC by Simmons citrate

agar (SCA) with 1% inositol (SCAI) media as ESwab preserves the viability of bacteria [137].
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3.1.2 KpSC single isolates for the evaluation of phylogeny relation by
StrainGE

Kp single isolate whole genome sequence (WGS) data used in this master's project for the
evaluation of phylogeny relation by StrainGE were selected from the previous T7-study [65].
In the T7-study, community-based adult participants (age > 40 years) were recruited as part of
the seventh survey of the Tromse Study (The Tromse Study: Tromse7) during 2015-2016 and
a collection of 2975 faecal samples was analysed for cross-sectional KpSC carriage [65].
Briefly, samples were self-collected by the participants with nylon-flocked ESwab 490CE
(Copan, Brescia, Italy) stool collection kit. Samples were stored at -80°C with 200 pL added
glycerol (85%) and cultured on SCAI medium enabling single colony picking. KpSC colonies
were picked during this study based on their morphology of large, yellow, glossy and dome
shape. Species identity confirmed by MALDI-TOF from subcultures of the suspected colonies.
Upon confirmation by MALDI-TOF, DNA was isolated followed by WGS (Illumina MiSeq
platform) and MLST typing by Kleborate v2.0.0 [22, 65].

3.1.3 SCAI sweep samples for the evaluation of phylogeny relation by
StrainGE

Culture-enriched metagenome sequencing data of SCAI sweep samples used in this master
project for the evaluation of phylogeny relation by StrainGE were selected from the previous
comparative study of Kp detection methods [136, 137]. In the comparative study of KpSC
detection methods, a subset of 103 samples from the T7-study were selected for WMS based
on Kp culture positive (n=52) and culture negative (n=51) and the time between initial
collection to freezing the samples (less than 2 days) [137]. Samples were grown on SCAI media

and sweep (section 3.2) samples were collected for WMS during this previous study [137].
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Figure 12. Study populations and experimental outline of the master project. Created with
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3.2 Bacterial culture on SCAI media

All KpSC single isolates and sweep samples used in this master’s project were cultured from

human faecal samples collected in ESwab collection kit using SCAI media. SCAI media was

selected due to its selectivity for KpSC [138]. All Kp phylogroups can grow on SCAI, but E.

coli (a major competitor in faecal cultures)has shown limited growth on this media, which gives

a competitive growth advantage for lower abundance KpSC species [138]. This is due to SCAI
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containing citrate and inositol as the sole carbon sources. Kp carries the Na"-dependent citrate
carrier (citS) and oxaloacetate decarboxylase (0adGAB), which enables the use of citrate as the
sole source of carbon [139, 140]. Most E. coli strains, however, lack the citrate transporter and
can use citrate as the source of carbon only under anoxic conditions with the presence of
oxidizable co-substrate [141]. KpSC colonies grown on SCAI have distinctive morphology of
large, moist and yellowish dome shape [138]. The fermentation of inositol lowers the pH of the
media due to acidic final product and the pH indicator bromothymol blue turns yellow. On the
other hand, fermentation of citrate creates basic environment and the pH indicator turns blue.
Most E. coli strains grown on SCAI have either small colonies due to limited growth using trace
nutrients from faeces or pale-yellow flat colonies or blue colonies (when capable of fermenting
citrate) [138]. However, Klebsiella ozaenae (now Klebsiella terrigena) and Klebsiella
rhinoscleromatis (now Klebsiella. planticola) are also capable of growing on SCAI media as
they can utilize citrate and inositol at a lower percentage [138]. Human bowel rarely has K.
ozaenae and K. rhinoscleromatis limiting any influence on analysis of Kp phylogroup in faecal

samples [138].

Faecal samples (100 pL) collected in ESwab stool collection kit, were plated on SCAI media
(Sigma-Aldrich, cat # 85462— 500 G and 15125-500 G) and incubated for 48 hours at 37°C.
Single KpSC isolates were picked during the T7-study as described by Raffelsberger et al. [65].
For SCAI sweep samples, following incubation, samples were collected as described by
Lindstedt et al. [137]. Briefly, everything grown on the plate was first ‘swept’ into the centre
of the plate and collected with 10 uL inoculation loop (Figure 13). Sweep samples from the
previous comparative Kp detection methods study were resuspended in Buffer S1 + 20mg/Ml1
lysozyme for in-house DNA extraction (see Section 3.3), while samples from the current Kp
Longitudinal Carriage study were resuspended in DNA/RNA Shield (Zymo Research Cat. No
R1100-250) stored at -80°C for long term storage.

26



2060

l After 48 hours
of incubation

Single isolate Sweep

Figure 13. Streaking technique for bacterial culture on SCAI plates. Created with BioRender.com.

3.3 Isolation of DNA for gPCR

Extraction of total microbiome DNA by appropriate methodology is one of the crucial steps in
the study of the human microbiota since biases introduced during the DNA extraction process
can generate erroneous microbial representation [142]. Thus, for faccal samples from Norgen
collection kit was used for metagenomic analysis in this study, the whole microbiome DNA
was isolated with the Purelink™ Microbiome DNA Purification kit (Thermo Fisher Scientific,
catalogue # A29790). This was performed according to the manufacturer’s instructions, with
some modifications as described by Lindstedt et al. [137]. Purelink™ Microbiome DNA
Purification kit uses chemical, heat and mechanical (beads beating) methods to lyse the cells as
efficient cell lysis ensures proper DNA extraction and has been shown previously to give a
good representation of stool microbiota [142]. Faecal samples were thawed on ice and 600 pL
of S1 lysozyme solution (Lysozyme, Thermo Fisher, catalogue # 89833 in S1 lysis buffer at
final concentration of 20 mg/mL) was added to 200 pL - 300 puL of stool samples, vortexed
briefly and incubated at 37 °C for 10 minutes. This step was done to improve DNA extraction
by breaking down bacterial cell wall and dissolving any precipitation developed in the S1
solution [143]. Samples were transferred to Matrix E bead tubes (MP Biomedicals, 6914050)
followed by addition of 100 uL S2-Lysis Enhancer and vortexed briefly, incubated at 95 °C for
10 minutes. At this stage, Matrix E bead tubes were used to homogenize cells rather than bead
tubes provided with the kit due to recommended bead sizes required for bead beating by

Precellys Evolution Homogeniser (Bertin Technologies, Montigny Le Bretonneux, France).
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Bead beating was performed at 6500 rpm for 2x23 seconds followed by centrifugation at
14000g for 5 minutes. The supernatant (400 pL) was transferred to a clean Eppendorf tube
avoiding any pellet and debris followed by re-centrifugation at 14000g for 5 minutes to remove
residual debris. The supernatant was transferred to a clean eppendorf tube. RNAse A (2 uL)
(10 mg/mL, Thermo Fisher, cat # EN0531) was added and incubated at room temperature for
5 minutes to remove any RNA contamination. Upon addition of S3-Cleanup Buffer (250uL)
samples were vortexed immediately to remove inhibitors of downstream analysis, such as bile,
bilirubin, digestive food and humic acid. Samples were centrifuged at 14000g for 2 minutes
and 500 pL supernatant was transferred to clean eppendorf tubes, avoiding pellet and debris.
The next step ensured binding of DNA to the column by adding 900 uL of S4-Binding Buffer
to each sample and vortexing briefly followed by transfer of sample (700 uL) to spin column-
tube assembly and centrifuge at 14000g for 1 minute. Binding buffer contains chaotropic salts,
which facilitate binding of DNA to silica surfaces by disrupting the bonds between nucleic
acids and protein [144]. Flow through was discarded and remainder of sample (approx. 700 uL)
was added to spin column assembly and re-centrifuged at 14000g for 1 minute. The spin column
was placed in clean collection tube and 500 pL. S5-Wash Buffer (with added ethanol) was added
to spin column. Samples were centrifuged at 14000g for 1 minute. Flow through was discarded
and re-centrifuged at 14000g for 30 seconds to remove residual S5-Wash Buffer. Spin column
was placed in LoBind microcentrifuge tube, followed by addition of S6-Elution Buffer (50 uL).
Samples were incubated at room temperature for 1 minute and centrifuged at 14000g for 1
minute. Purified DNA was in collection tube and spin column was discarded. Extracted DNA

was stored at -20°C for further analysis. All centrifugation steps were done at room temperature.

3.3.1 Quantification of DNA by Qubit

The concentration of DNA was measured by Qubit™ 1X double-stranded DNA (dsDNA) high-
sensitivity (HS) kit using the Qubit® 3.0 fluorometer (Thermo Fischer Scientific, catalogue #
Q33231) according to the kit protocol. Target-selective DNA dye in the kit emits fluorescence
only when bound to dsDNA. The Qubit™ dsDNA HS assay is designed to specifically detect
double-stranded DNA over RNA or single-strand DNA (ssDNA) in samples with low
concentrations of DNA (0.005-120 ng/uL). This allowed the use of only 1 pL of the sample
for concentration measurement, minimizing the amount of sample needed for the assay [46].
Qubit was the choice for quantifying DNA due to its sensitivity (10 pg/mL) and specificity
towards dsDNA[46].
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3.3.2 Quality assessment of DNA by Nanodrop

The quality of the DNA was assessed by Nanodrop 2000 spectrophotometer (Thermo Fisher
Scientific, Waltham USA) according to the manufacturer’s instructions. The detection area for
dsDNA by Nanodrop is 2 ng/ul to 15,000 ng/ul. Nanodrop reports the quality of the DNA as
the ratio of A2s0/A2g0 [145]. The maximum absorption occurs at around 260 nm for DNA and
280 nm for proteins. The ratio of absorbance at 260 nm and 280 nm for pure DNA is ~1.8 and
~2.0 for pure RNA [146]. Nanodrop also reports Azeo/A230, which indicates phenol, EDTA, or
carbohydrate contamination. The standard range of A2s0/A230 for DNA and RNA is 2.0 to 2.2
[146]. Interpretation of absorbance from Nanodrop is in Table 3 [147].

Table 3. Interpretation of absorbance from Nanodrop

< 1.7 for DNA and
<1.9 for RNA
< 2.0 for DNA and phenol, EDTA, or carbohydrate contamination.

Protein contamination

RNA Improper washing steps.

3.4 Detection of KpSC by ZKIR (zur-khe intergenic region)
quantitative PCR (qPCR)

Quantitative PCR (qPCR) has been used as a powerful technique to rapidly detect and quantify
microorganisms from complex compositions like environmental and faecal samples due to easy
standardization, high sensitivity and high throughput [148]. qPCR gives information of the
amplification of each cycle in real-time by using fluorescence reporters. Currently, there are
several fluorescence reporters used in qPCR, such as TagMan Probe [149], Hybridization
probes [150], LightUp probes [151] and SYBR Green [152]. SYBR Green has become popular
due to the simplicity of its application and cost-effectiveness. SYBR Green does not require
probe incorporation into the primer design. SYBR Green binds only to the minor grove of
double-strand DNA and is not target-specific (Figure 14a). The fluorescence signal increases
with the increase of DNA amplicon in each cycle. The number of cycles in which the
fluorescence signal reaches above the background signal is known as the threshold cycle (Cr)
[153]. The absolute quantity of the target DNA can be obtained through Cr value and a standard
curve (Figure 14b) of serially diluted standard samples with known concentrations or copy
numbers [154, 155]. Tm, melting temperature (the temperature at which the double strand is

separated and the dye dissociates resulting decrease in fluorescent signal) is an important
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parameter in qPCR to check the specific amplification. Any deviation from the specific T

range would indicate primer dimer formation or a non-specific amplification [156].
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Figure 14. SYBR green assay and standard curve for gPCR. (a) Mechanism of SYBR Green [157]. (b)
Typical standard curve and amplification plot in gPCR. [154]

ZKIR qPCR was selected for qPCR detection in our samples because ZKIR-qPCR is a novel
qPCR approach to detect KpSC in environmental and faecal samples [137, 158, 159]. ZKIR-
qPCR overcomes the existing challenge of specificity for the detection of KpSC by qPCR as it
targets a unique region of KpSC known as zur-khe intergenic region (ZKIR). ZKIR is highly
specific and conserved in all members of the KpSC and has not been identified in any other
species, even closely related Klebsiella species [158]. ZKIR is 249 bp non-coding region
residing in between khe (annotated as a putative hemolysin) and zur (zinc uptake regulator)
genes. ZKIR-qPCR uses primer pairs that amplify a 78 bp sequence with melting temperature
in the range between 79.9°C to 80.7°C (Figure 15) [137, 158].
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Figure 15. ZKIR on Kp genome (ATCC 13883) with primer and amplicon details. Boxed area expands
to show the detail of the location of ZKIR primers and amplicon region (78bp) specific for KpSC. [158]

3.4.1 ZKIR-qPCR reaction conditions and primers

All qPCR reaction conditions and primers used were as described by Barbier et al. [158]. The
final volume of each reaction mixture was 20 puL and contained 2 pL of each primer (final
concentrations, 300 nM, ZKIR forward primer: 5-CTA-AAA-CCG-CCA-TGT-CCG-ATT-
TAA-3’, ZKIR reverse primer: 5'-TTC-CGA-AAA-TGA-GAC-ACT-TCAGA-3"), 10 uL of
Takyon Low Rox SYBR MasterMix dTTP Blue (Eurogentec, Belgium), 2.5 puL (total 25 ng of
human faecal microbiome DNA or 10ng/ul. of human microbiome DNA per qPCR reaction)
of template DNA, 0.5 pL of T4 gene 32 protein (Sigma-Aldrich) and 3.0 uL of PCR-grade
water. Cycling conditions for qPCR were as described in Table 4. All the qPCR assays were
performed on 7500 real-time thermocycler (Applied Biosystems, Life technologies, Waltham,
USA). Samples were tested in technical triplicate and a minimum of two positive replicates
with a TM between 78.3°C and 80.4°C and Cq < 40 were considered as positive to minimize
false positive detection. Chronic carriers were defined as being KpSC positive by the ZKIR-
qPCR for all of the six sampling points throughout the six months study period, transient
carriers were defined as being KpSC positive for at least once, but less than six months and

non-carriers were defined as being negative for KpSC for all six months.
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Table 4. ZKIR-qPCR cycles and conditions

03:00 Enzyme activation

00:10 Denaturation

01:00 Annealing (data collection)
00:15 Dissociation stage

01:00 Program step and hold T increment
00:30 +0.3C

3.4.2 Standard curve
Genomic DNA (gDNA) from K47-25 (GenBank assembly accession: GCA_001462555.1) was
used to prepare the standard curve [160]. Seven five-fold dilutions of K47-25 gDNA with final

genome copies per reaction: 2.5x10°, 5x10%, 104 2x10°, 400, 80, 16 and 3 were used for the

standard curve. Genome copies per reaction were calculated according to the following

(mass of input DNA inng) x (6.022 x 1023 molecules/mole)
length of genome in bp x 660 g/mol x 10° ng/g

genome copy number =

161]
where, length of Kp genome = 5.5 x 106 bp

All the samples and standards had three technical replicates. The threshold for fluorescence
signal was set at 1.0 and analysis was done by 7500 real-time PCR Analysis Software v2.3
(Applied Biosystems, Life Technologies, Waltham, USA). The standard curve was considered
acceptable if R? (coefficient of determination) was greater than 0.98 and E (amplification
efficiency) was greater than 90%. R? value greater than 0.98 indicates that there was no
pipetting error and E value greater than 90% indicates the proper doubling of targeted DNA
during each cycle [162]. Melting temperature (Tm) was checked from the melting curve for the

confirmation of specific target amplification.

3.5 WMS analysis from faecal and culture-enriched samples

WMS was used for the identification of KpSC-strains by StrainGE in the current KpSC
longitudinal study from faecal samples (n=573) collected by the Norgen stool collection kit.
Moreover, all the KpSC positive and selected KpSC negative samples, identified by ZKIR-
qPCR, were grown on SCALI for culture-sweep enrichment (n=353) and sent for WMS analysis
to extract as much KpSC-strain information as possible by StrainGE. Although, the sequencing
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data of the sweep samples was not available during the master project and could not be

analysed.

Isolation of DNA for WMS was performed using MagPure Stool DNA LQ Kit (catalogue #
D6364-01) by MGI Tech Co (Riga, Latvia). WMS analysis of faecal and culture-enriched
samples from the longitudinal study was sequenced on the G400 platform, MGI Tech Co
(150bp short reads and sequencing depth of 20 million paired-end reads). MGI sequencing takes
advantage of the DNBSEQ™ technology, which uses DNA nanoballs prepared by rolling circle
amplification (RCA). RCA uses high-fidelity polymerase and original DNA circle is amplified
in each cycle ensuring lower amplification error rate. The use of RCA in DNBSEQ™
technology provides advantages of low amplification error rates over the other existing
sequencing platforms [163]. Prior to sequencing, samples went through library preparation by
MGIEasy FS DNA Library Prep Set v2.1 (MGI Tech Co, catalogue# 1000005254) on the 7-
MGISP-960 automated library preparation system (software version: V1.2.0.163, automation
version: V1.0). MGIEasy FS DNA Library Prep Set uses advanced Adapter Ligation
technology and High-fidelity PCR Enzymes to efficiently increase library yield and conversion
rate [164].

3.6 Bioinformatic analysis

3.6.1 Pre-processing of the data

Raw data from the sequencing procedure needs to undergo thorough preprocessing steps before
the downstream analysis can be performed. The raw reads contain adapters ligated during the
library preparation step, host DNA and bad-quality reads, which might affect downstream
analysis. Faecal metagenomic sequences used in this master project for strain analysis and
sweep samples for phylogenetic analysis did not require any pre-processing. However, the
single isolates from the cross-sectional study used for phylogenetic analysis in this project went
through pre-processing and assembly as described by Raffelsberger et al. [65]. Additionally,
samples from the current longitudinal study also went under pre-processing before taxonomic
classification with Centrifuge (version 1.0.4) with the default database, p_compressed+h + v
along with Kraken 2 (version 2.1.2) and Bracken (version 2.6.1) with the MiniKraken DB_8GB
v202003, performed by one of our colleagues (Dorota Julia Buczek, Postdoc, UiT, Norway) as
described by Lindstedt ez al. [137, 165-167]. The taxonomic classification output file generated

from Bracken was used in this master project for the calculation of alpha diversity index
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(Shannon index). The pre-processing of the sequences from the current longitudinal study is

described below.

3.6.1.1 Quality assessment and filtering by FastP

MGTI sequencing platform provided sequences for forward and reverse reads (150bp) of each
sample in FASTQ format. FASTQ is a text-based format storing information about the raw
sequences and corresponding quality scores of each base [168]. Quality assessment and
trimming of the bad-quality reads were performed by fastp (version 0.23.2) [169]. fastp is an
automated quality control and preprocessing tool for FASTQ files [169]. It assesses the before
and after filtering quality of the sequence, trims adapters, filters bad reads, corrects bases and
performs ultra-fast deduplication. fastp is faster than other preprocessing tools like
Trimmomatic and Cutadapt [169]. Preprocessing was performed by using the default

parameters of fastp.

3.6.1.2 Removal of duplicates by Clumpify

During the sequencing process, duplicates may occur, including PCR duplicates, optical
duplicates and tile-edge duplicates. These duplicate reads were removed by Clumpify, package
of BBMap version 38.79 [170]. Clumpify groups overlapping reads into clumps and maximizes

the compression of the file, making the downstream analysis faster [170].

3.6.1.3 Removal of host contamination by FastQ Screen

DNA was isolated from human faeces. Thus, the isolated DNA may contain residuals of human
DNA. Human DNA was removed by FastQ Screen (version 0.14.0) to avoid confidentiality risk
and any problem during downstream analysis by screening reads against the GRCh38 assembly

(accession number GCF_000001405.39) [171].

3.6.1.4 Synchronization of the reads by BBrepair
The paired reads can become unsynchronized during the previous processing steps.
Unsynchronized paired-end files are often not accepted by different downstream analysis tools.

Thus, unpaired reads were synchronized by the repair.sh tool of BBMap (version 38.79) [170].

3.6.2 Alpha diversity

Alpha diversity was analysed to observe the difference of microbiota diversity between KpSC
non-carriers, transient carriers and chronic carriers in the longitudinal study. Alpha diversity
termed by Whittaker (1972) is the diversity of taxa within a sample [172]. It is described by the

richness (number of taxa) and/or evenness (the relative abundance of the taxa) [173]. In this
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master project Shannon index was used for alpha diversity metrics as Shannon index measures
both richness and evenness [174]. R package Vegan 2.6-4 was used to analyse Shannon index
from the taxonomic classification output file at the species level generated from Bracken

(version 2.6.1) with a cut off value of 0.1% (relative abundance) (Figure 16). Command lines

] |
Fa:
Raw data, Sc::l » | Clumpify Fastp BBrepair

Removal of Deduplication Quality checkand ~ Synchronization
human DNA filtering of reads

l

0.1% cut off
« Kraken- | | . |MetaSPAdes
Vegan Bracken

Alpha diversity Taxonomic Assembly of
(Shannon index ) classification reads

used are in Appendix 2.

Sequencing

Figure 16. Workflow of alpha diversity analysis. Created with BioRender.com.

3.6.3 Evaluation of StrainGE for phylogenetic relationship analysis
Phylogenetic analysis was performed on single isolates from the T7-study and compared to
phylogenetic analysis of SCAI-Sweep samples from the comparative study of KpSC detection
methods by Lindstedt et al. (Figure 17, Table 5) [137]. This was performed to investigate the
relationships between strains with the same sequence types and to assess the ability of StrainGE
in tracking clonal transmission using WMS [65, 137]. Samples were selected based on the
availability of both single isolate and sweep sample from the same participant and same sample
in the T7-study. A phylogenetic tree gives information about the ancestor from which a
descendent arises. A typical phylogenetic tree consists of tips, nodes and branches [175]. The
clade, tips, nodes and branches represent the group of organisms with a common ancestor, the
descendent taxa such as species, common ancestor of the descendants and relationship between
ancestor and descendants, respectively [176].

Table 5. Sample details for phylogenetic relationship analysis

T7-012-Sweep® T7-127-Sweep S-26-Sweep
T7-037-Sweep T7-308-Sweep” T7-19-Sweep
T7-463-Sweep T7-451-Sweep T7-384-Sweep
T7-408-Sweep®
Single Isolate (Reference) T7-012-Isolate’ T7-308-Isolateb T7-408-Isolate®

2 Same sample from one individual, cultured on SCAI media and collected as single isolate and sweep.
b¢ Similar condition as described above.

35



Phylogenetic tree for SCAI-Sweep samples (ST20, ST25 and ST26) from the comparative
study of KpSC detection methods was constructed using the subcommand ‘tree’ of StrainGR.
StrainGR constructs the phylogenetic tree based on distance matrix by neighbour joining (NJ)
method [136, 137]. A core SNP alignment was also performed for single isolate (ST20) from
T7-study using Snippy (version 4.6.0) (https://github.com/tseemann/snippy). SNP distance

matrix was calculated by snp-dists (version 0.8.2) from the core alignment file

(https://github.com/tseemann/snp-dists). Maximum likelihood (ML) phylogeny of the core

genome alignment was constructed using RAXML (Randomized Axelerated Maximum
Likelihood, version 8.2.12) with 1000 bootstrap [177]. All the phylogenetic trees were
visualized by FigTree (version 1.4.4) (http:/tree.bio.ed.ac.uk/software/figtree/). All the

command lines used are in Appendix 2.

SNP distance
matrix snp-

dists
Single isolate Sweep samples from
from T7 study comparative study
1 |
ST20, ST25 and ST20andST25 ——— |SMiPPY(| . | RAXML

ST26

core SNP Phylogenetic
alignment tree construction

StrainGR - FigTree|| *

Phylogenetic tree Phylogenetic tree
construction visualization

Figure 17. Workflow of phylogenetic relationship analysis. Created with BioRender.com.

3.6.4 Identification of strains by StrainGE and Kleborate

Strain identification for KpSC was performed by Strain Genome Search Tool (StrainGST), one
of the key components of StrainGE, followed by Kleborate (version 0.4.0 beta) (Figure 18) [22,
136]. StrainGE is a toolkit for characterizing and tracking low abundant strains in complex

samples like metagenome samples and is accurate to at least 0.1% relative abundance [136,
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137]. StrainGST provides information about the nearest matched reference genome (s) from a

customizable database.

Reference match

Raw data with sample

. aun  Strain analysis
—  » | StrainGE —

Kleborate

Matched reference from
StrainGST database

Sequencing

Figure 18. Workflow for identification of KpSC strains. Created with BioRender.com.

The database for this study included KpSC genomes (n = 3922). Kp refseq (NCBI) genomes (n
= 1305) were downloaded on 18/10/2022 using ncbi-genome-download (version 0.3.1) tool
(Appendix 2). Additionally, KpSC genomes from the T7 study (n=484) and the SPARK study
(n=2109) were added to build the customized database for StrainGST (Table 6) [65, 72, 178].
Reference sequences were kmerized (k-mer size = 23) and kmer sets were compared for
similarity followed by clustering of references. The threshold value of clustering was set to 0.95
according to previous study by Lindstedt et al. to avoid co-clustering of related ST-types such
as ST11 and ST258 [137]. StrainGST is designed to select only one representative reference
genome from the cluster. At the end of StrainGST pipeline, pangenome of k-mer database was
created from the selected reference genomes. Detailed command lines used are in Appendix 2.
WMS raw reads were kmerized (k-mer size = 23) and StrainGST reported the closest reference
genome (s) based on the comparison of kmers. StrainGR, the second component of StrainGST,
can characterize the strains within metagenome samples. StrainGR reports the ST and
nucleotide level comparison of the strain (s) present in the sample with the reference including

single nucleotide variant (SNV) [136].

Table 6. Details of additional genomes to create the in-house database of StrainGST

T7 SPARK

303 1705
31 76
134 279
16 49
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However, the main purpose of this master project was strain analysis at the ST level in the
longitudinal samples and strain analysis by Kleborate was faster than StrainGR. Kleborate is a
genotyping tool which uses seven locus MLST scheme to strain identification [22]. Strain
analysis by Kleborate can also be performed from metagenome samples, however, it requires
metagenome-assembled genomes (MAGs) [22]. Hence, matched references from our custom
StrainGST database were run through Kleborate (version 0.4.0 beta) for identifying ST to

reduce analysis time in this master project. All the command lines used are in Appendix 2.

Samples were selected based on the cut-off value of 0.05% relative abundance of Kp from the
taxonomic classification by Centrifuge (version 1.0.4) and participants who delivered samples

for at least five months were only selected for further ST analysis.

3.7 Data visualization and Statistical analyses

All the figures and statistical analyses were done by R studio (version 4.2.1). The normality of
the dataset was analysed by density plot and Shapiro-Wilk test (Figure S2). A linear mixed
effects analysis of the relationship between the Shannon index and KpSC relative abundances
(from ZKIR-qPCR) was done by using the Ime4 package in R (Appendix 2) [179]. The random
effect in the model was participants and fixed effects were Shannon index and KpSC relative
abundances. A similar model was used while comparing different KpSC carriage groups where
the random effect in the model was participants and fixed effects were Shannon index and
carriage groups (Appendix 2). Visual inspection of residual vs fitted values did not show any
noticeable deviations from homoscedasticity (Figures S3 and S4). p-values were calculated for
the mixed model linear regression models by Likelihood Ratio Tests of the full model with the
effect in comparison to the reduced model without the effect using the anova function. The
nonparametric Kruskal-Wallis test was done for the association of age between different KpSC
carriage types. p-values were adjusted by Dunn’s posthoc test with the Bonferroni method for
the association of age between different KpSC carriage types. p-value <0.05 was considered

significant. All the command lines used are in Appendix 2.

3.8 Computational analysis
All the bioinformatic analyses were performed through Saga supercomputer on the Norwegian
academic high-performance computing and storage services maintained by the Sigma2

Norwegian Research Infrastructure Service (NRIS) [180].
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3.9 Ethical considerations
The project was approved by the Regional Committee for Medical and Health Research Ethics,
North Norway (REK North reference 137064/2020).

4 Results

4.1 Gastrointestinal carriage of KpSC

Gastrointestinal carriage of KpSC was assessed by ZKIR-qPCR targeting KpSC in faecal
samples from 108 participants (62% female, median age of 69.0 years with interquartile range
(IQR) of 74.0-65.0 years). A total of 595 samples were received for examination from
September 2021 to March 2022) 47 years and older. KpSC prevalence varied from month to
month, with the lowest prevalence in September (49.5%) and the highest prevalence in
December (69.1%) during the six-month study period (Figure 19a, Table S1). Qualitative
analysis of the prevalence data showed no strong visual correlation between the prevalence of
KpSC in September 2021 and the T7-study (unpublished data, Lindstedt et al., Figure S5). A
total of 85 participants delivered all six samples throughout the six months period. The majority
were transient carriers (76.5%, n=65) (Figure 19b). However, there were also 9.4% (n=8) non-
carriers (defined by ZKIR-qPCR negative for all six months) and 14.1% (n=12) chronic carriers
(defined by ZKIR-qPCR positive for all six months) among the 85 participants (Figure 19b and
19¢). KpSC abundance significantly increased with carriage duration (unpublished data,
Lindstedt et al., Figure S6) and chronic carriers had high and relatively stable KpSC abundances
throughout the study period (Figure 19c¢).
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Figure 19. Gastrointestinal prevalence of KpSC. (a)KpSC prevalence by month (From September 2021
to March 2022) among 108 participants” (b) Percentage of non-carriers, transient carriers and chronic
carriers during the six-month study period in a total of 85 participants who delivered samples all six
months® (c) gPCR abundance of chronic, transient and non-carriers. Chronic carriers (n=12) are
highlighted in different colour lines and non- and transient carriers are shown in grey colour lines.
“Number of samples analysed was 591 from a total of 595 received, as 4 of the samples failed DNA
extraction.

*Number of samples analysed was 510 as only 85/108 participants delivered samples for all six months
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4.2 Correlation of human gut microbiota diversity with KpSC
carriage duration

Members of the human gut microbiota have a complex relationship with each other. Some
compete and some help each other for their successful colonisation and survival. Correlation
between human gut microbiota diversity and KpSC gut carriage duration was assessed in this
study by comparing the Shannon index of each participant within non-carriers, transient carriers
and chronic carriers to investigate whether there is any significant difference in gut microbial
diversity between the groups. Median Shannon index of non-carriers, transient and chronic
carriers was 3.03 (IQR: 2.87-3.22), 3.03 (IQR: 2.80-3.21) and 2.98 (IQR: 2.41-3.11),
respectively (Figure 20, Table S2).
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. Non-carriers
53 . Transi
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Figure 20. Alpha diversity (Shannon index) in three different KpSC carriage groups. Shannon
diversity index for non-carriers, transient carriers and chronic carriers shows no significant difference
in the gut microbial diversity between the groups®. The lower border of the box indicates the
25th percentile, the upper border of the box indicates the 75" percentile and the median is indicated by
the black line within the box. The top and bottom whiskers indicate the 90™ and 10™ percentile,
respectively. Points outside the whiskers are outliers beyond the 10" and 90™ percentile. NS=non-
significant (Likelihood Ratio Test by anova function). The median and IQR are shown below the plot.
“Number of samples analysed was 439 (73 participants)/ 510 (85 participants) due to at least one out
of the six samples failing the sequencing QC for 12/85 participants. NS = non-significant
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Chronic carriers had a slightly lower median Shannon index than non-carriers and transient
carriers. However, the Likelihood Ratio Test did not show any significant difference in the
Shannon index between the groups (p-value: 0.3685 for chronic carriers and non-carriers,
0.3076 for chronic carriers and transient carriers and 0.8252 for non-carriers and transient

carriers) (Figure 20).

4.3 Correlation of human gut microbiota diversity with KpSC
abundance

The correlation between KpSC abundance (from ZKIR-qPCR) and alpha diversity (Shannon
index) was analysed to further observe the effect of gut microbiota diversity on KpSC
abundance. Correlation analysis showed a negative correlation between KpSC abundance and
Shannon index with a slope of -0.007 (Figure 21a). However, the correlation was non-

significant (p-value = 0.148) (Figure 21a).

As age over 60 is a known risk factor for KpSC carriage and age also influences microbiome
diversity, we looked at the correlation between the Shannon index and KpSC abundance in two
age subgroups (age group of <60 y and >60 y) [65, 181]. There was a stronger negative
association between the Shannon index and KpSC abundance in the age group of <60 y than in
the age group of >60 y, with slopes of -0.032 and -0.004, respectively (Figure 21b). Although
there was no significant association of the Shannon index and KpSC abundance in the age group
>60 y (p-value = 0.423), the age group <60 y interestingly demonstrated a significant negative
relationship (p-value = 0.005) (Figure 21b).
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Figure 21. Correlation between alpha diversity (Shannon index) and KpSC abundance in the human
gut. (a) Shannon index vs KpSC relative abundance (genome copies/ng DNA)®. The blue line represents
the regression line and the blue shaded area indicates the upper and lower 95% confidence interval. (b)
Shannon index vs KpSC relative abundance (genome copies/ng DNA) among the age group of <60 y
(m=94) and >60 y (n=474). The black and red lines represent the regression line and the shaded areas
indicate the upper and lower 95% confidence interval. R is the slope. (Likelihood Ratio Test)
“Number of samples analysed was 568/595 received due to 21 samples failing sequencing QC and six
samples had insufficient amounts of DNA.for gPCR



4.4 Effect of age on KpSC carriage duration

Age has already been established as an associated risk factor for KpSC gut carriage [65]. Thus,
the relationship between age and KpSC gut carriage duration was assessed in this study by
comparing the age of each participant between three groups, including non-carriers, transient
carriers and chronic carriers, to investigate whether there is any significant difference in age
between the groups. The median age of non-carriers, transient carriers and chronic carriers were
69.5 (IQR: 55-74), 68 (IQR: 64-74) and 75 (IQR: 70.5-76) (Figure 22, Table S3). Chronic
carriers had higher age than non-carriers and transient carriers. However, a significant
difference in age was only observed between chronic and transient carriers (p-value = 0.011).
in contrast to chronic carriers versus non-carriers (p-value = 0.068) and non-carriers versus

transient carriers (p-value = 1.0).
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Figure 22. Age in three different carriage groups. The lower border of the box indicates the
25th percentile, the upper border of the box indicates the 75" percentile and the median is indicated by
the black line within the box. The top and bottom whiskers indicate the 90™ and 10™ percentile,
respectively. Points outside the whiskers are outliers beyond 10" and 90™ percentile. Median and IOR
are shown below the plot’. NS=non-significant and ** indicates p value < 0.01 (Kruskal-Wallis with
Dunn’s post hoc adjusted with Bonferroni method).

* Number of samples analysed were 510 as only 85/108 participants delivered samples all six months
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4.5 Evaluation of the application of StrainGE in analysing
phylogenetic relationships from metagenome sequence

StrainGE based phylogenetic relationships from culture-enriched metagenome samples
(Sweep) were analysed to evaluate the suitability and accuracy of StrainGE in strain
identification before applying this tool for strain identification. Ten sweep samples representing
three different STs (ST20: T7-012-Sweep, T7-037-Sweep and T7-463-Sweep; ST25: T7-308-
Sweep, T7-451-Sweep and T7-127-Sweep; and ST26: T7-408-Sweep, T7-19-Sweep, T7-384-
Sweep and S26-Sweep) were selected from the comparative study of KpSC detection methods
and used to construct phylogenetic relationship by StrainGE. The corresponding single isolates
taken from the same sample as on the sweep samples from each ST (ST20: T7-012-Isolate,
ST25: T7-308-Isolate and ST26: T7-408-Isolate) from the T7-study were used as references.
This was performed to observe whether the single isolate and the same sweep sample from the

same individual could be correctly identified from WMS as belonging to the same clade.

Phylogeny of ST20 samples confirmed the presence of T7-012-Sweep and T7-012-Isolate
samples in the same clade with no difference in the horizontal distance from the recent common
ancestor (Figure 23). The other ST20-containing sweep samples, T7-037-Sweep and T7-463-
Sweep, belonged to a different clade than T7-012-Sweep and T7-012-Isolate samples (Figure
23). Phylogeny of ST25 samples revealed the presence of T7-308-Sweep and T7-308-Isolate
samples in different clades, although the samples are from the same individual (Figure 24). T7-
308-Isolate was placed in the same clade as T7-127-Sweep despite not corresponding to the
single isolate clone (Figure 24). T7-451-Sweep belonged to a different clade than the other
three samples (Figure 24). Phylogeny of ST26 samples confirmed the presence of T7-408
sweep and isolate samples in the same clade (Figure 25). S26-Sweep was located further away
in the tree from the rest of the samples. T7-408-Sweep and T7-408-Isolate were more closely

related to T7-19-Sweep and T7-384-Sweep than S26-Sweep (Figure 25).

Phylogeny of core genome alignment from single isolates of ST20 samples (T7-012, T7-037
and T7-463) was analysed to compare the accuracy of the phylogeny of corresponding ST20
sweep samples (T7-012-Sweep, T7-037-Sweep and T7-463-Sweep) created by StrainGE. ST25
(T7-308-Isolate) was also included in the analysis as an outlier to verify the phylogenetic
relationship. The core genome phylogeny of ST20 isolates revealed similar phylogeny
structures compared to the phylogeny of ST20 metagenome samples created by StrainGE
(Figure 26). Single isolates from T7-037 and T7-463 were more closely related to each other

than single isolate from T7-012 depicted from the location of the clades (Figure 26). ST25 (T7-
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308-Isolate) was included in the analysis as an outlier to verify the phylogenetic relationship.
The SNP distance matrices also confirmed fewer SNPs (n= 605) between T7-037-Isolate and
T7-463-Isolate than T7-012-Isolate and T7-037-Isolate (n=1678) or T7-012-Isolate and T7-
463-Isolate (n=1432) (Table S4). The core genome alignment of single isolates of ST25 and
ST26 could not be analysed due to the unavailability of corresponding single isolates of the
sweep samples. Phylogenetic relationships of the ST20 single isolates using core genome
alignment corresponded to the phylogenetic relationships of the ST20 sweep samples by
StrainGE.
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Figure 23. Phylogenetic tree reconstruction of Kp-ST20 from the sweep metagenome and the
corresponding WGS single ST20 isolate. NJ tree constructed by StrainGE. Trees were rooted

arbitrarily. Scale bar at the bottom represents the horizontal distance scale. o Reference " Sweep
sample from same participant as the corresponding single isolate.
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Figure 24. Phylogenetic tree reconstruction of Kp-ST25 from the sweep metagenome and the
corresponding WGS single ST25 isolate. NJ tree constructed by StrainGE. Trees were rooted

arbitrarily. Scale bar at the bottom represents the horizontal distance scale. L Reference " Sweep
sample from same participant as the corresponding single isolate.
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Figure 25. Phylogenetic tree reconstruction of Kp-ST26 from the sweep metagenome and the
corresponding WGS single ST26 isolate. NJ tree constructed by StrainGE. Trees were rooted

arbitrarily. Scale bar at the bottom represents the horizontal distance scale. = Reference " Sweep
sample from same participant as the corresponding single isolate.
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Figure 26. Phylogenetic tree reconstruction of Kp-ST20 from the WGS single ST20 isolates. ML tree
from the core genome alignment of the single ST20 isolates. Trees were rooted arbitrarily. Scale bar at

the bottom represents the horizontal distance scale. d Reference Boutlier

4.6 KpSC ST diversity

ST analysis of metagenomes from the seven most KpSC abundant participants (ID: 4469, 4473,
4484, 4592, 4604, 4679 and 4689) identified 13 different STs in 41 samples distributed in two
phylogroups (Kpl and Kp3) (Figures 27 and 28, Table S5). All the participants were positive
for KpSC detected by ZKIR-qPCR throughout the six months, except participant ID4689 was
negative for KpSC during September 2021. Samples were selected based on >0.05% relative
abundance of Kp. ID 4484 had Kp1(ST12) and Kp3 (ST360) in September and December 2021.
ID 4484 had Kp3 (ST360 and ST2386) also in January and February 2022. Most of the STs
were unique for the individual participant except ST12, which was found in two participants
(ID 4484 and ID 4604) (Figure 28, Table 7). Three participants (ID: 4469, 4592 and 4473) had
single ST over the six-month study period and three (ID: 4689, 4604 and 4484) had multiple
STs over the six-month study period. Multiple STs within a single sample were also detected

in two participants (ID 4484 and ID 4689). StrainGE could not identify any STs in ID 4679 for
49



two samples (November 2021 and January 2022) out of six samples and ID 4604 for one sample
(November 2021), despite these samples were positive by the ZKIR-qPCR, as the abundances
were below the detection limit of StrainGE (0.1% relative abundance). ID 4689 was initially
qPCR negative during September, but three different STs (ST643 with one locus variant (LV),
ST502 and ST3544) were identified in the following months, with ST643-1LV identified in all
of the five following samples. ID 4604 had two different STs (ST12 and ST20) and ID4484 had
five different STs (ST12, ST36, ST253, ST360 and ST2386) (Figure 28).
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Figure 27. KpSC qPCR abundance in seven highest abundant participants selected for ST analysis
by StrainGE and Kleborate. Seven highest abundant participants are highlighted in different colour
lines and others are shown in grey colour lines.
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Figure 28. ST diversity in seven participants with highest KpSC abundance. ST was detected by
StrainGST and Kleborate. NDs = ST not detected by StrainGE, Negative = ZKIR-qPCR negative for
KpSC.

Table 7. Relative abundance of each STs by StrainGE and metadata in the seven highest KpSC
abundant participants

< f N, b

p December March

January February

ID4469  ST13 (0.238%%) ST13 (0.119%)

' iHe
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Two of the participants (ID 4469 and ID 4604) took PPI during September and November 2021,
ID 4473 and ID 4592 took NSAIDs during March 2022, ID 4592 and ID 4689 took antibiotics
during March 2022 and September 2021, respectively (Table 7). Only one of the participants
(ID4473) had diabetes and was hospitalized prior to the study and during the study (November
2021) as well (Table 7). Only one (ID 4679) had IBD and one (ID 4689) travelled to Spain
(November and December 2021) during the study (Table 7). Qualitative assessment of the
metadata showed that there was no effect of hospitalization (during the last 4 weeks) on ST
diversity in ID 4473 (Table 7). There were no STs changes in ID 4469 after taking PPI, ID4473
after taking NSAIDs and ID4593 after taking both antibiotic and NSAIDs (Table 7). There was
a change of ST from ST12 to ST20 in ID 4604 after taking PPI and new STs were also detected
in ID 4689 after travelling to Spain (ST643-1LV, ST502 and ST3544) (Table 7).

5 Discussion

In this master’s project, we have studied the duration and dynamics of the KpSC gut carriage
in an adult community-based cohort of 108 individuals over a period of six months from

September 2021 to March 2022.

KpSC identification was performed by ZKIR-qPCR in 108 individuals (September 2021 to
March 2022) recruited from the T7-study [158]. The percentage of KpSC varied over the six
months of the period from 49.5% (September) to 69.1% (December). The culture-based KpSC
carriage prevalence in the cross-sectional study of healthy Chinese adults in Asian countries
(Taiwan, Japan, Hong Kong, China, Thailand, Malaysia, Singapore and Vietnam) was (19—
88%) and the community-based general adult population from Norway was 16.3% [65, 82].
Furthermore, variation in carriage prevalence in pregnant women in low-income countries (40—
66%), hospital admission study in Australia (6—19%) and hospitalized patients in the USA
(23%) indicates that the prevalence depends on the context, including socio-economic situation,
geographical location and study populations [77, 79, 89]. The rate of KpSC carriage from the
current study could not be compared to the T7-study due to the selection criteria for the
participants and method of KpSC detection. Participants were recruited randomly in the T7-
study, whereas in the current study, the participants were invited among KpSC culture positive
(50%) and KpSC culture negative (50%) from the T7-study. The ZKIR-qPCR detection method
for KpSC used in this study is also more sensitive than the culture-based detection method,
which may at least partly explain the higher prevalence of KpSC in this study compared to the
T7-study [137]. Additionally, a previous study based on hospital data from four different
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continents confirmed increased Kp BSI during the summer season, but one longitudinal study
on six healthy adults in Austria found no impact of seasonal variation on Kp carriage prevalence
[69, 182]. However, due to time constraints, the current study lacks the correlation of seasonal

variation on KpSC carriage prevalence and will require further statistical analysis.

Among the 108 study subjects, 85 delivered samples for all six months, hence were included in
the investigation of KpSC carriage duration. KpSC carriage duration was categorized into three
different groups based on the detection of KpSC detection by ZKIR-qPCR: non-carriers
(positive 0/6 months), transient carriers (positive 1 or 5 times out of 6 months) and chronic
carriers (positive 6/6 months). Most of the population fell into the transient carrier category
(76.5%), which is in concordance with the previous culture-based longitudinal study on a
limited number of community-based healthy adults (n=6), showing that faecal colonisation is
intermittent [69]. However, subsets of the study participants were either negative (9.4%) for
KpSC or consecutively positive for six months (14.1%). A possible explanation for this
colonisation failure or success might be due to colonisation resistance due to a particular gut
microbiota composition that could prevent or assist KpSC colonisation, respectively. In
accordance with the explanation, a study in mice has shown that Kp is outcompeted in gut
colonisation by K. oxytoca with the help of other commensals [121]. Difference between gut
microbiota composition was also reported between Kp colonised and non-colonised ICU
patients based on 16s rRNA gene-based analysis from rectal swab culture in one of the hospitals
in the USA, which was due to the presence or absence of Kp [183]. However, at the time of this
writing, there was no available study related to microbial composition in people with long-term
KpSC colonisation (stated as chronic carriers in the study). Investigation of the influence of gut
microbiota composition is a major aim of the larger ongoing longitudinal KpSC gut carriage

study.

Chronic carriers had a relatively higher relative abundance of KpSC than non-carriers and
transient carriers (unpublished data, Lindstedt et al). The relative abundance of KpSC in

chronic carriers also remained high throughout the six months study period.

The high relative abundance of KpSC in chronic carriers suggested a possible decrease in the
overall gut microbial diversity consistent with dysbiosis providing KpSC with an advantage to
overcome colonisation resistance in the gut. Hence, further investigation of alpha diversity
using the Shannon index was done to analyse the difference in microbial diversity among the

non-, transient and chronic carriers. A high Shannon index value indicates high microbial
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diversity and people with dysbiosis are associated with a low Shannon index and decreased
microbial diversity [184, 185]. However, a previous cross-sectional study in the USA has
shown no significant difference in the overall microbial diversity between Kp colonised and
non-colonised ICU patients [183]. This also corresponds to the microbiota analysis in this study
showing no significant difference in the overall gut microbial diversity among different carriage
durations (non-, transient and chronic carriers). However, the number of non-carriers and
chronic carriers was low compared to transient carriers, which might have limitations in
reaching the statistical power of the analysis. One of the possible explanations for the lack of
significant difference in microbial diversity among different carriage groups is the general adult
elderly population in the current study cohort, who did not have a dramatic change in their gut
microbial diversity. Microbial composition instead microbial diversity in elderly people might
affect the KpSC colonisation as the elderly people lose the beneficial commensals with age,

which can result in decreased colonization resistance towards KpSC[186].

Chronic carriers had high KpSC abundance (unpublished data, Lindstedt et al.), thus we next
investigated the association between alpha diversity and the relative abundance of KpSC. In
accordance with the previous experiment, there was also no significant correlation found
between the relative abundance of KpSC and the Shannon index. One of the possible
explanations behind the lack of statistical significance of the negative correlation between the
relative abundance of KpSC and the Shannon index was likely the wide age range of the study
population (47-81y), as previous studies have shown that the microbiome diversity is strongly
influenced by age [181]. Therefore, the correlation of gut microbial diversity is better explained
if the study population is analysed in different age groups [181]. Additionally, age >60y has
been established as an independent risk factor for KpSC carriage [65]. Thus, the next analysis
was performed to observe the correlation of gut microbial diversity with the relative abundance
of KpSC within two different age groups (ages <60y and >60y). Interestingly, the age group
<60y showed a significant negative correlation of the Shannon index with the relative
abundance of KpSC, however, no significant association was found in the age group >60y.
Previous studies have revealed that alpha diversity increases with age, stabilizes around 40
years and then starts to increase again after the seventh decade of life. [187-189]. The relatively
higher stability of microbiome diversity within the age group <60y, therefore, could be a barrier
to KpSC colonisation and requires a reduction in diversity for the successful colonisation of
KpSC. The lack of a significant negative correlation between the Shannon index and the relative

abundance of KpSC in the age group >60y suggests that KpSC does not require low alpha
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diversity lacking in the number and varieties of species in the gut microbiome for colonisation
within this group. A possible mechanism for colonisation resistance inhibiting successful
colonisation of potential pathogens like KpSC is interactions with other specific commensal
bacteria in the gut [121, 123]. Therefore, the loss of such beneficial commensals with increased
age might facilitate the colonisation of KpSC within the elderly group in our study, which needs
further investigation [186]. Thus, analysis of the beta diversity index which reflects the

similarity or differences of microbial communities between groups, is currently ongoing.

Age (>60y) is already a well-known risk factor for KpSC carriage and advanced age (>80y)
was associated with Kp bacteremia [65, 190]. Elderly people have a higher prevalence of
underlying diseases like diabetes, hypertension and immunosuppression along with exposure
to antibiotics, other therapeutics and surgical operations [183]. Therefore, we next investigated
whether the chronic carriers of KpSC belonged to the elderly group and whether there was any
significant difference in the age between different groups of carriage duration. The current
study showed a significant difference in age between chronic and transient carriers, further
strengthening the association of increased age with KpSC carriage. Although, there was no
significant difference in age neither between chronic carriers and non-carriers nor non-carriers
and transient carriers. However, the difference in age between non-carriers and chronic carriers
was close to significance (p-value 0.068). The lack of statistical significance might be due to
the small size of the sample. These observations support the notion that increased age is a risk
factor for KpSC carriage. However, age in itself might not be the most influencing factor for
the colonisation failure of KpSC. This is also in line with a study showing that other factors,
such as distinct microbial composition in non-colonised ICU patients compared to colonised

patients, might be associated with colonisation failure of KpSC [183].

An integral part of epidemiological typing and pathogen monitoring during outbreaks is ST
typing and phylogenetic analysis of related strains [191]. Identification of the sources of
infection, characterization of transmission dynamics, allocations of adequate prevention
resources and control measures are essential during outbreaks [192]. With the increasing
availability and affordability of WGS, it has become a choice of method for pathogen
sequencing and is widely used for ST typing [ 193]. WMS has the potential to complement WGS
and will probably be used in future outbreak investigations [193]. WMS can detect unculturable
bacteria and provides a gain of time due to culture independence [191]. An ongoing
comparative analysis of tools has confirmed the accuracy of strain identification by StrainGE

from metagenome samples (unpublished data, Buczek et al.). In this master project, we also
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evaluated the suitability of StrainGE for the analysis of phylogenetic relationships from
metagenome samples. Phylogenetic relationship analysis by StrainGE of single WGS-isolates
and corresponding SCAI-sweep samples of the same ST from the same individual revealed that
StrainGE analysis of metagenomes could identify two (ST20 and ST26) out of the three STs
correctly. Furthermore, the phylogenetic relationship from the core genome alignment of single
WGS-isolates belonging to ST20 (taken from the same faecal samples as the SCAI-sweep
samples) by Snippy also agreed with the phylogenetic relationship built by StrainGE. However,
StrainGE failed to predict the correct phylogenetic relationship of the single WGS-isolate and
SCAI-sweep samples belonging to ST25 from the same individual. Notably, the pairwise
distances generated by StrainGE at lower coverage might not produce an accurate phylogenetic
relationship which might account for the incorrect phylogenetic relationship prediction in the
samples containing ST25 [136]. Although StrainGE showed promise in correctly identifying
2/3 phylogenetic relationships, it will be impossible to conclude based on only three sets of STs
containing 3-4 samples each, whether StrainGE can index case and transmission chains in a
clonal outbreak or not. Larger studies are required to determine the accuracy of StrainGE for
the analysis of phylogenetic relationships from metagenome samples more conclusively.
However, StrainGE might be a potential tool for rapid analysis of clonal transmission or to

index clones from metagenome samples.

The molecular epidemiology of KpSC is important in the assessment of KpSC infections from
a public health perspective. For example, high-risk clones of Kp are either prone to develop
MDR causing severe HAI or cause CAI mostly in younger and healthy individuals (hvKp
strains) [28, 61]. Worldwide, certain STs of Kp belong to high-risk clones and can also colonise
individuals outside the hospital [89, 194]. ST analysis from the metagenomic sample of the
seven most KpSC-abundant participants (six chronic carriers and one transient carrier) in this
study revealed highly diverse STs (n=13) distributed in two phylogroups (Kpl and Kp3).
Although Kpl is the most prevalent clinical species among the KpSC, Kp3 is considered an
emerging human pathogen [195]. Kp3 has been isolated more frequently in UTI than Kp1 and
Kp2 by culture-based MALDI-TOF detection in a retrospective study in the USA[195].
Moreover, proportion of Kp3 is highly variable in clinical settings, with the highest prevalence
of 24.4% reported in KpSC-BSI in the University Hospital in Solna, Sweden [66]. There were
no overlapping STs found between participants except one, ST12 was present in two
participants. A previous longitudinal study on healthy adults in Austria showed that

colonisation with the same specific ST was found for no longer than two consecutive weeks
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[69]. In contrast, the data from our study revealed that four of the six chronic carriers maintained
single STs for six months and three of the six chronic carriers maintained single STs for four
months, which strongly suggests the ST maintenance by chronic carriers throughout the study
period. A previous study has suggested that bacteriocin produced by commensal strain Kp
MVO1-1 inhibited the growth of wide-spectrum Klebsiella species [196]. This in line with our
observation, suggests the possibility of colonisation dominance of single KpSC ST type in
chronic carriers inhibiting colonization by other KpSC STs, which needs further
investigation. It was not possible to conclude about the ST diversity of transient carriers due to
small sample size (n=1). However, a larger dataset is required to precisely conclude whether
chronic carriers tend to maintain a single ST over time and transient carriers undergo higher
STs turnover. The observed ST diversity might also be an underestimation due to the analysis
of direct metagenomic samples, which has limited sensitivity. Instead, culture-enriched
metagenomic samples (SCAl-sweep) facilitate the detection of less abundant STs providing
greater ST detection sensitivity. The analysis tool StrainGE can only detect and analyse STs
from the samples with 0.1% relative abundance of the taxa, which limited the selection of
samples for the analysis in this study [136]. Upon future analysis of the STs from sequencing
data of SCAI sweep samples, it will be possible to fill in the blank spots where StrainGE could
not detect the ST directly from faecal metagenomes and more precise information on ST

diversity will be available.

Questionnaires answered by participants were analyzed qualitatively to observe the effect on
KpSC ST diversity. Diabetes has been associated as a risk factor for Kp liver abscess in a
nationwide Korean study [197]. Although a chronic carrier in our study had diabetes and was
hospitalized before the study and during the study, there was no change in the STs from this
participant. One of the chronic carriers with Crohn’s disease also had a single ST in four
months, although it was undetectable by StrainGE in two months. Interestingly ID4689 was
qPCR negative in the first month but became heavily colonised the second month after taking
antibiotics and travelling to Spain. These single case observations in our study are consistent
with identified risk factors in the T7-study showing Crohn’s disease, use of antibiotic and
travelling to certain places (Greece/Asia) as risk factors of KpSC carriage [65]. It is also
noteworthy that ID4484 worked in healthcare and had the highest number of different STs (n=5)
belonging to two different phylogroups (Kpl and Kp3), which emphasizes the possible
occupational exposure of a variety of STs. It has already been reported in a previous study in

Baltimore, USA, that 14% of the healthcare workers had contamination of gloves or gowns
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with Kp after patient care [198]. The presence of Kp1 and Kp3 at the same time in ID4484 also
indicates that there might be a synergistic relationship between Kpl and Kp3, which needs

further investigation.

The major strengths of this study include a large cohort in a community setting, the longitudinal
methodology with six-time points for sample collection and metadata provided by the
participants. The elderly age group of the study population also added valuable knowledge
which will aid in understanding KpSC ecology and colonisation in the most vulnerable group
prone to KpSC infections. The choice of method for sample collection, including collection kits
suitable for microbiome analysis (Norgen) and viable bacteria for culture enrichment (ESwab),
also provided additional strength for future analysis of ST diversity. Use of ZKIR-qPCR
ensured the accurate detection and quantification of KpSC. Furthermore, WMS was one of the

strengths in providing the maximum amount of information for microbiome analysis.

However, the age of the study population was one of the limiting factors, as the majority of
people were elderly. It would be interesting to include different age groups, such as young
adults and early middle-aged people with less exposure to antibiotics, disease and hospitals to
correlate the carriage duration with age. Although metadata including different questions such
as age, sex, cohabitation, hospitalization, travelling, medicines etc. were included, it lacked
some other features like diet, oral hygiene, alcohol consumption, other co-morbidities and body
mass index (BMI), which are established factors influencing the gut microbial composition.
The outcome of the analysis based on the longitudinal data might also be different depending
on the criteria of carriage durations for chronic carriers (qQPCR positive for 6/6 months) and
transient carriers (QPCR positive for (1 to 5)/6 months) used in this study. According to U.S.
National Center for Health Statistics and CDC the minimum duration of a disease to be called
chronic is three months and one year, respectively [199]. Although colonisation with KpSC is
not considered a disease condition, further investigation would be needed to observe if the
inclusion criteria for chronic carriers is set to qPCR positive for >3 out of six months and has
any effect on the outcome of the overall analysis. One of the limitations also included a lack of
adjustment of the data for all the confounding variables during the correlation analysis in the
study. It is noteworthy that the sample size of non-carriers and chronic carriers was only eight
and twelve, respectively, which might also affect the statistical power. An increased sample
size will provide more precise results. Further statistical analysis is required to investigate the
association of metadata with carriage durations and KpSC abundance. Moreover, the key

limitation of the study was the time limit for the master’s degree, which was reflected by the
58



unavailability of the ST diversity from SCAI-Sweep samples as the sequencing data was not

available in time.

6 Conclusions and future perspectives

To our knowledge, this is the first study investigating the duration and dynamics of KpSC in
general community-based adults using WMS. This is also the first study investigating the ability
of StrainGE to analyse KpSC phylogenetic relationships from metagenome samples. Findings

from this study revealed that:

e In a community-based adult elderly cohort, we could identify chronic, transient
(dominant) and non-carriers of KpSC in faecal samples.

e There were no significant differences in overall gut microbiome diversity among
different KpSC carriage groups.

e There was a significant decrease in the overall microbiome diversity with increasing
relative abundance of KpSC in the age group of <60y, indicating the mechanism of
colonisation by KpSC involves interaction with other members of the human gut.

e In chronic carriers, age was significantly higher than in transient carriers, supporting
previous observations that the elderly people are more prone to be colonised with KpSC
for a longer duration.

e StrainGE reported two out of three phylogenetic relationships correctly from
metagenome samples, suggesting the potential use of WMS in future clonal
transmission investigations.

e STs detected (n=13) were highly diverse and distributed in two phylogroups (Kp and
Kp3). Chronic carriers (4/6) maintained only a single ST throughout the study period,
indicating that long-term gut carriage of KpSC might be associated and dominated by
single STs.

Future studies:

e Beta diversity needs to be studied to explore the effect of specific bacteria on KpSC gut
colonisation.
e All metadata needs to be analysed in relation to KpSC carriage duration to identify

potential significant variables.
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Statistical methods adjusting all the variables influencing the dataset will be required
for the association of factors from the metadata.

More metagenome samples need to be analysed with StrainGE to confirm the possibility
of its use in future analysis of clonal transmission.

Analysis of the SCAI-Sweep samples is required for extracting more information on ST

diversity and dynamics from samples with a low abundance of KpSC.
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Appendix 1: Supplementary figures

Tro mSO - KONFIDENSIELT
undersoekelsen

TARMBZARERSKAP AV KLEBSIELLA PNEUMONIAE HOS VOKSNE

Dato for prgvetakning: m

11 Alder? 21 Har du eller har du hatt?

Ja  Nei
12 Kjgnn? Diabetes OO

Crohns sykdom eller ulcergs kolitt
Mann[] Kvinne [] Annen[] v 0o

22 Harduilgpet av de siste 12 manedene vaert innlagt pa

13 Hvem bor du sammen med? sykehus?
Nei
Ja  Nei Antall M
Ektefelle eller samboer O O Ja, innenfor siste 4 uker O
Andre personer over 18 ar O 0O ‘ Ja, for mer enn 4 uker siden O
Personer under 18 &r O O |

BRUK AV MEDISINER

14 Jobber du i helsevesenet? 3.1 Har duilgpet av de siste 4 ukene tatt en antibiotikakur?
Ja[[] Nei[]

Huvis ja - vennligst skriv navn pa antibiotika du har brukt(e)

Ja[]  Nei[]

1.5 Har du i Igpet av de siste 12 maneder vaert pa reise
utenlands i over en uke?

ja[d  Nei[] 3.2 Har du i Igpet av de siste 4 ukene brukt fglgende
medisiner?

Hvis ja, hvilke(t) land besgkte du? Ikke brukt Sjeldnere  Hver uke, Daglig
siste 4 ennhver  men ikke

uker uke hver dag

Betennelsesdempende

medisiner (eks:

ibuprofen, celecoxib) D D D D
Magesyrengytraliserene

medisiner (eks:

esomeprazole,

pantoprazole) O O O O

Huvis ja, vennligst skriv navn pa medisinen(e) du har brukt:

Figure S1. Sample questionaries
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Figure S3. Homoscadascity of the model for linear mixed effects analysis of the relationship between
the Shannon index and KpSC carriage duration.
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Figure S4. Homoscadascity of the model for linear mixed effects analysis of the relationship between
the Shannon index and KpSC relative abundance.
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Figure S§5. KpSC status in the T7 study and first month of the current longitudinal study
(unpublished data, Lindstedt et al.)
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Appendix 2: Bioinformatic syntax

### Analysis of alpha diversity index the Shannon index

library(vegan)

##remove the input files from the list

1

2

3

4

5 rm(list = 1s())
6

7 ##define dataframe
8

input_data = "Bracken_all_min@-1.tsv"
9
10 df_input_data = read.table(file = input_data, header = TRUE, sep = "\t",
11 row.names = 1,
12 stringsAsFactors = FALSE)
13
14
15 ##calculate shanon index
16 data_shannon <- diversity(df_input_data, index = "shannon™)

####StrainGST database creation

As described in https://strainge.readthedocs.io/en/latest/create-database.html

#### Downloading high quality reference genome
ncbi-genome-download bacteria -1 complete -T 573 -H -F all -o ref genomes
##### Organization of references

python3 prepare strainge db.py ref genomes/human_readable -s -o strainge db >

strainge db/references meta.tsv
#### k-merization of each genome

straingst kmersim --all-vs-all -t 4 -S jaccard -S subset

/cluster/work/users/wka004/StrainGE/Kmer/* .hdf5 > similarities.tsv
#### Cluster of references

straingst cluster -i /cluster/work/users/wka004/StrainGE/Kmer/similarities.tsv -d -C 0.99 -c
0.95 --clusters-out clusters.tsv /cluster/work/users/wka004/StrainGE/Kmer/*.hdf5 >

references_to keep.txt
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#### Creation of pan-genome k-mer database

straingst createdb -f /cluster/work/users/wka004/StrainGE/Cluster/references _to keep.txt -o

pan-genome-db.hdf5

#H### k-merize samples by StrainGST

errexit
nounset

module —--quiet
module load Anaconda3/2019.03
PS1=\$
${EBROOTANACONDA3}/etc/profile.d/conda.
conda init
conda activate /cluster/projects/nn9794k/Dorota/envs/StrainGE/

DATADIR=""/cluster/projects/nn9794k/Dorota/PROJECTS/Repair_5a/Extracted/SWEEP_all"
for f1 in "${DATADIR}"/x_R1_repair.fastq.gz; do
f2="¢${f1/_R1_repair.fastq.gz/_R2_repair.fastq.gz}"
ouT="%( ${f1/_R1_repair.fastq.gz/})"
straingst kmerize -k 23 -o ${OUT} ${f1} ${f2}
done
exit @

### Sample run by StrainGST

-0 errexit
-0 nounset

module —-quiet
module load Anaconda3/2019.03
PS1=\$
${EBROOTANACONDA3}/etc/profile.d/conda.
conda init
conda activate /cluster/projects/nn9794k/Dorota/envs/StrainGE/

DATADIR="/cluster/work/users/wka0@4/Dorota/"
for f1 in "${DATADIR}"/*.hdf5; do

0UT="¢$(basename ${f1/.hdf5/.tsv})"

straingst run -o ${OUT} /cluster/projects/nn9794k/DB/StrainGE_DB_Kp_NCBI_T7_SPARK/pan-genome-db-T7-SPARK.hdf5 ${f1}
aone

0
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#### Concatenated reference FASTA by StrainGR

straingr prepare-ref -s /cluster/work/ /wka@04/StrainGST/StrainGST_result/*.tsv —p

luster/work/users/wka@04/StrainGE/strainge_db/{ref}" -S /cluster/work/ /wka@04/StrainGE/Kmer/similarities.tsv
-0 refs_concat.fasta

#H### Align reads by StrainGR

-0 errexit
-0 nounset

module ——quiet
module load Anaconda3/2019.03
PS1=\$
${EBROOTANACONDA3}/etc/profile.d/conda.
conda init
conda activate /cluster/projects/nn9794k/Dorota/envs/StrainGE/

luster/projects/nn9794k/Wasifa/SCAI_sweep/StrainGR/Direct_S_35_45_46/"
'${DATADIR}"/*_R1_001.fastq.gz; do
f2="¢${f1/_R1_001.fastq.gz/_R2_001.fastq.gz}"
0UT="$(basename ${f1l/_R1_001.fastq.gz/.sam})"
bwa mem -I 300 -t 2 "${REFDIR}"/refs_concat.fasta ${f1} ${f2} > ${0OUT}
done

0

#### Call variants by StrainGR

DATADIR="/cluster/projects/nn9794k/Wasifa/SCAI_sweep/StrainGR/Direct_S_35_45_46"
straingr call "${DATADIR}"/refs_concat.fasta D-45_5217_L004.bam ——hdf5-out D-45_5217_L004.hdf5 ——
summary D-45_S217_L004.tsv —tracks all

#### Distance matrix by StrainGR

straingr dist -r /cluster/projects/nn9794k/DB/StrainGE/strainge db/T7 012.fa.gz 51-S-
36_S162_1L004.hdf5 86-S-72_S202_L004.hdf5 -d jc -o matrix.txt

### NJ phylogenetic tree by StrainGR
straingr tree matrix.txt -o tree.txt
#### Call SNPs by Snippy

snippy --ref /cluster/projects/nn9794k/Wasifa/SCAI sweep/Snippy/ref/T7 308.fa --ctgs
K66 45 STl1l.fasta --outdir out dir K66 45 ST11 --cleanup —report
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#### Core SNPs by Snippy core

snippy-core --ref /cluster/projects/nn9794k/Wasifa/SCAI sweep/Snippy/ref/T7 308.fa
out dir T7 451 out_dir T7 127 out dir K66 45 ST11

#### Calculation of SNP distance

snp-dists /cluster/projects/nn9794k/Wasifa/SCAI sweep/Snippy/snp core T7/core.full.aln >

matrix_snp_core T7.tab
### Phylogenetic analysis RaxML

raxmlHPC -m GTRGAMMA -p 12345 -s
/cluster/projects/nn9794k/Wasifa/SCAI sweep/Snippy/T7 451 127 308/snp _core T7/core.a
In -n Raxml wasifa -fa -x 12345 -N 1000 -T8

#### ST analysis by Kleborate
Kleborate —all -o high abundance carriers Kleborate results.txt -a *.fa.gz

##### Linear mixed effects analysis of the relationship between the Shannon index and KpSC

carriage duration
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library(lme4)

data<- read.csv("Box_plot.csv")
df <- as.data.frame(data)

##Non-carriers vs transient

modell = lmer((df[,2]) ~ carriage_type +
(1lparticipant), subset=(df$carriage_type == "Non-carriers" | df$carriage_type == "Transient"),
data=df, REML = FALSE)

modell_null = lmer((df[,2]) ~
(1lparticipant), subset=(df$carriage_type == "Non-carriers" | df$carriage_type == "Transient"),
data=df, REML = FALSE)

modell
anova(modell_null,modell)

k#Chronic vs transient

model2 = lmer(shannon_index ~ carriage_type +
(llparticipant), subset=(df$carriage_type == "Chronic" | df$carriage_type == "Transient"),
data=df, REML = FALSE)

model2_null = lmer((df[,2]) ~
(1llparticipant), subset=(df$carriage_type == "Chronic" | df$carriage_type == "Transient"),
data=df, REML = FALSE)

model2
anova(model2_null,model2)

##Chronic vs non-carriers

model3 = lmer(shannon_index ~ carriage_type +
(1llparticipant), subset=(df$carriage_type == "Chronic" | df$carriage_type == "Non-carriers"),
data=df, REML = FALSE)

model3_null = lmer((df[,2]) ~
(1llparticipant), subset=(df$carriage_type == "Chronic" | df$carriage_type == "Non-carriers"),
data=df, REML = FALSE)

model3
anova(model3_null,model3)
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##### Linear mixed effects analysis of the relationship between the Shannon index and KpSC

relative abundances

1 ###linear mixed model regression analysis of shannon index vs KpSC abundance
2 library(lme4)

3

4 df= read.csv("alpha_diversityl.csv")

5 df_59= read.csv("59.csv")

6 df_60= read.csv("60.csv")

7

8 abundance <- 1log(df[,6] + .1)

9 abundance_59 <- 1log(df_59[,6] + .1)

10 abundance_60 <- log(df_60[,6] + .1)

11

12 modell <- 1mer(shannon_index ~ abundance +

13 (1lparticipant), data=df, REML = FALSE)
14

15 modell_null <- 1mer(shannon_index ~

16 (1llparticipant), data=df, REML = FALSE)
17

18 modell

19 anova(modell_null,modell)
20
21 model59 <- 1mer(shannon_index ~ abundance_59 +
22 (1lparticipant), data=df_59, REML=FALSE)
23
24  model59_null= lmer(shannon_index ~
25 (1lparticipant), df_59, REML=FALSE)
26
27 model59
28 anova(model59_null,model59)
29
30 model6@ <- 1lmer(shannon_index ~ abundance_60 +
31 (1lparticipant), data=df_60, REML=FALSE)
32
33 model6@_null= lmer(shannon_index ~
34 (1llparticipant), df_60, REML=FALSE)
35
36 model6@
37 anova(model6@_null,model6@)
38
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Appendix 3: Supplementary tables

Table S1. Relative abundance of KpSC from ZKIR-qPCR

Prticpant Month  Average genome | Prticpant Month  Average genome
ID copies/ng ID copies/ng
4468 Sep 0.009 4570 Jan 7.300
4468 Nov 0.098 4570 Mar 0.180
4468 Dec 0.011 4571 Sep 0.000
4468 Jan 0.100 4571 Nov 0.000
4468 Feb 0.000 4571 Dec 0.000
4468 Mar 0.164 4571 Jan 0.000
4469 Sep 490.667 4571 Feb 0.026
4469 Nov 310.533 4571 Mar 0.007
4469 Dec 1693.333 4572 Sep 0.000
4469 Jan 724.100 4572 Nov 0.324
4469 Feb 1676.462 4572 Dec 0.084
4469 Mar 29.308 4572 Jan 0.023
4470 Nov 74.364 4572 Feb 129.562
4470 Sep 192.933 4572 Mar 0.114
4473 Sep 18066.667 4573 Sep 0.000
4473 Nov 1262.667 4573 Nov 0.008
4473 Dec 6200.000 4573 Dec 0.000
4473 Jan 6340.200 4573 Jan 0.000
4473 Feb 6820.869 4573 Feb 0.068
4473 Mar 1922.589 4573 Mar 0.027
4474 Sep 0.000 4575 Sep 0.015
4474 Nov 9.890 4575 Nov 0.151
4474 Dec 0.000 4575 Dec 0.201
4474 Jan 0.000 4575 Jan 0.300
4474 Feb 0.054 4575 Feb 1.926
4474 Mar 0.082 4575 Mar 0.143
4476 Sep 1.510 4580 Sep 0.007
4476 Nov 0.770 4580 Nov 0.060
4476 Dec 8.405 4580 Dec 8.994
4476 Jan 0.500 4580 Jan 0.200
4480 Sep 0.025 4580 Feb 0.035
4480 Nov 18.178 4580 Mar 2.405
4480 Dec 56.133 4585 Sep 0.000
4480 Jan 0.000 4585 Nov 0.007
4480 Feb 0.064 4585 Dec 0.628
4480 Mar 0.000 4585 Feb 0.024
4481 Sep 0.014 4585 Jan 1.000
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4481 Nov 0.028 4585 Mar 0.146
4481 Dec 0.158 4586 Sep 0.000
4481 Jan 0.000 4586 Nov 0.154
4481 Feb 0.015 4586 Dec 0.021
4481 Mar 0.018 4586 Jan 0.000
4484 Sep 156.267 4586 Feb 0.061
4484 Nov 1695.477 4586 Mar 0.000
4484 Dec 15133.333 4592 Sep 89866.667
4484 Jan 888.500 4592 Nov 13266.667
4484 Feb 202.578 4592 Dec 24176.541
4484 Mar 847.184 4592 Jan 26675.800
4488 Sep 0.035 4592 Feb 43846.785
4488 Nov 0.000 4592 Mar 42528.920
4488 Dec 1234.614 4593 Sep 10.495
4488 Jan 0.400 4593 Nov 2.940
4488 Feb 0.000 4593 Dec 0.706
4488 Mar 0.174 4593 Jan 1.800
4489 Sep 0.075 4594 Sep 88.533
4489 Nov 0.063 4594 Nov 34.741
4489 Jan 0.000 4594 Dec 0.006
4489 Feb 0.026 4594 Jan 0.000
4490 Sep 0.016 4594 Feb 0.000
4490 Nov 0.000 4594 Mar 0.036
4490 Dec 23.203 4595 Sep 0.602
4490 Jan 0.000 4595 Nov 1.109
4490 Feb 0.058 4595 Jan 5.400
4490 Mar 0.000 4595 Mar 48.151
4491 Sep 0.008 4597 Sep 0.000
4491 Nov 0.444 4597 Nov 0.057
4491 Dec 0.425 4597 Dec 9.513
4491 Jan 0.000 4597 Jan 0.000
4491 Feb 0.088 4597 Feb 0.000
4491 Mar 3.589 4597 Mar 0.284
4492 Sep 0.000 4600 Sep 0.000
4492 Nov 0.000 4601 Sep 2.729
4492 Dec 0.011 4601 Nov 0.000
4492 Jan 0.000 4601 Dec 1.890
4492 Feb 0.000 4601 Jan 0.200
4492 Mar 0.000 4601 Feb 0.128
4496 Sep 0.000 4601 Mar 0.013
4496 Nov 0.000 4604 Nov 2182.768
4496 Dec 0.069 4604 Sep 47.200
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4496 Jan 0.000 4604 Dec 575.667
4496 Feb 0.080 4604 Jan 5499.000
4496 Mar 0.000 4604 Feb 6392.746
4497 Sep 7.616 4604 Mar 7629.783
4497 Nov 4.903 4608 Sep 1.468
4497 Dec 0.701 4608 Nov 22811
4497 Jan 0.100 4608 Dec 0.041
4497 Feb 74.422 4608 Jan 21.600
4497 Mar 12.277 4608 Feb 0.278
4501 Sep 0.015 4608 Mar 768.784
4503 Sep 0.019 4610 Sep 0.000
4503 Nov 0.006 4610 Nov 126.267
4503 Dec 0.010 4610 Dec 0.000
4503 Jan 0.000 4610 Jan 0.000
4503 Feb 0.954 4610 Feb 0.137
4503 Mar 0.037 4610 Mar 0.017
4504 Sep 0.014 4613 Sep 0.000
4504 Nov 0.866 4613 Nov 2.607
4504 Dec 0.000 4613 Dec 0.538
4504 Jan 0.000 4613 Jan 0.100
4504 Feb 0.080 4613 Feb 0.084
4504 Mar 0.027 4613 Mar 0.007
4506 Sep 0.052 4619 Sep 0.007
4506 Nov 0.110 4619 Nov 0.020
4506 Dec 3.972 4619 Dec 0.097
4506 Jan 0.400 4619 Jan 0.300
4506 Feb 0.000 4619 Feb 0.031
4506 Mar 0.024 4619 Mar 0.039
4508 Sep 0.017 4620 Sep 3.956
4508 Nov 0.011 4620 Nov 0.003
4508 Dec 0.000 4620 Dec 0.067
4508 Jan 0.000 4620 Jan 0.000
4508 Feb 0.000 4620 Feb 0.108
4508 Mar 0.000 4620 Mar 0.000
4511 Sep 3.157 4623 Sep 0.000
4511 Nov 0.000 4623 Nov 0.000
4511 Dec 6.007 4623 Dec 0.003
4511 Jan 0.000 4623 Jan 0.000
4511 Feb 0.087 4623 Feb 0.006
4511 Mar 0.156 4623 Mar 0.009
4516 Sep 0.018 4626 Sep 32.884
4516 Nov 1.102 4626 Nov 0.007
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4516 Dec 0.731 4626 Dec 0.013
4516 Jan 138.900 4626 Jan 0.100
4516 Feb 0.104 4626 Feb 11.954
4516 Mar 0.221 4626 Mar 9.731
4519 Sep 0.012 4628 Sep 0.000
4519 Nov 0.000 4628 Nov 0.034
4519 Dec 0.000 4628 Dec 0.102
4519 Jan 0.000 4628 Jan 0.000
4519 Feb 0.017 4628 Mar 0.005
4519 Mar 0.000 4634 Sep 0.031
4520 Sep 0.185 4634 Nov 0.000
4520 Nov 0.417 4634 Dec 0.010
4520 Dec 1.404 4635 Sep 87.200
4520 Jan 0.700 4637 Sep 0.061
4520 Feb 0.217 4637 Nov 0.121
4520 Mar 0.000 4637 Dec 0.351
4522 Sep 0.005 4637 Jan 0.100
4522 Nov 0.000 4637 Feb 0.000
4522 Dec 0.000 4637 Mar 0.377
4522 Jan 0.000 4642 Sep 3.999
4522 Feb 0.503 4642 Nov 0.996
4523 Sep 0.000 4642 Dec 0.140
4523 Nov 0.068 4642 Jan 0.100
4523 Dec 0.108 4642 Feb 0.000
4523 Jan 0.000 4642 Mar 0.605
4523 Feb 0.013 4643 Sep 0.000
4523 Mar 0.000 4643 Nov 0.000
4524 Sep 0.005 4643 Dec 0.003
4524 Nov 1.327 4643 Jan 0.300
4524 Dec 0.451 4643 Feb 3.515
4524 Jan 0.200 4643 Mar 0.003
4524 Feb 0.000 4644 Sep 0.000
4526 Sep 0.027 4644 Nov 0.256
4526 Nov 830.667 4644 Dec 0.012
4526 Dec 0.065 4644 Jan 0.000
4526 Jan 0.000 4644 Feb 0.000
4526 Feb 0.031 4644 Mar 0.001
4526 Mar 2.891 4647 Sep 0.000
4527 Sep 63.467 4647 Nov 0.000
4527 Nov 2.465 4647 Dec 0.031
4527 Dec 13.621 4647 Jan 0.000
4527 Jan 12.500 4647 Feb 0.000
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4527 Feb 42.117 4647 Mar 0.007
4527 Mar 4.340 4650 Sep 0.000
4528 Sep 0.000 4650 Nov 0.000
4528 Nov 0.189 4650 Dec 0.073
4528 Dec 0.145 4650 Jan 0.000
4528 Jan 0.000 4650 Feb 0.109
4528 Feb 0.060 4650 Mar 0.028
4528 Mar 0.027 4654 Sep 0.083
4529 Sep 0.027 4654 Nov 0.000
4530 Sep 0.016 4654 Dec 0.000
4530 Nov 0.000 4654 Jan 0.000
4530 Dec 0.088 4654 Feb 0.000
4530 Jan 0.100 4654 Mar 0.126
4530 Feb 0.286 4657 Sep 4.933
4530 Mar 0.026 4657 Nov 36.805
4531 Sep 0.339 4657 Dec 176.267
4531 Nov 36.123 4657 Jan 18.500
4533 Sep 0.121 4657 Feb 0.230
4533 Nov 0.253 4657 Mar 0.461
4533 Dec 1.598 4660 Sep 0.635
4533 Jan 0.300 4660 Nov 0.000
4533 Feb 0.000 4660 Dec 0.872
4538 Sep 0.008 4660 Jan 0.000
4538 Nov 0.169 4660 Feb 73.326
4538 Dec 0.013 4660 Mar 3.486
4538 Jan 0.000 4664 Sep 0.028
4538 Feb 0.000 4664 Nov 0.000
4538 Mar 0.000 4664 Dec 0.030
4539 Sep 0.025 4664 Jan 0.000
4539 Nov 0.000 4664 Feb 0.035
4539 Dec 0.000 4664 Mar 0.020
4539 Jan 0.000 4668 Sep 0.024
4539 Feb 0.000 4668 Nov 0.000
4539 Mar 0.000 4668 Jan 0.000
4540 Sep 0.006 4669 Sep 0.008
4540 Nov 0.000 4669 Nov 0.278
4540 Dec 0.000 4669 Dec 36.301
4540 Jan 0.000 4669 Jan 0.000
4540 Feb 0.000 4669 Feb 0.000
4540 Mar 0.000 4669 Mar 0.000
4543 Sep 0.027 4670 Sep 0.007
4543 Nov 0.015 4670 Nov 0.026

88



Prticpant Month  Average genome | Prticpant Month  Average genome
ID copies/ng ID copies/ng
4543 Dec 0.025 4670 Dec 9.429
4543 Jan 0.000 4670 Jan 0.000
4543 Feb 0.000 4670 Feb 0.113
4543 Mar 0.000 4670 Mar 0.297
4546 Sep 94.667 4672 Sep 0.000
4546 Nov 0.341 4672 Nov 0.000
4546 Dec 0.038 4672 Dec 0.074
4546 Jan 0.000 4672 Jan 0.000
4546 Feb 0.014 4672 Feb 0.522
4546 Mar 0.000 4672 Mar 0.019
4549 Sep 0.023 4677 Sep 215.467
4549 Nov 0.007 4677 Nov 8.592
4549 Dec 0.042 4677 Dec 29.434
4549 Jan 0.000 4677 Jan 0.300
4549 Feb 2.075 4677 Feb 27.542
4549 Mar 0.012 4677 Mar 5.631
4550 Sep 0.016 4679 Sep 117.067
4550 Nov 0.056 4679 Nov 102.157
4550 Dec 0.727 4679 Dec 97.972
4550 Jan 3.100 4679 Jan 177.100
4550 Feb 0.000 4679 Feb 1063.900
4550 Mar 0.063 4679 Mar 121.817
4553 Sep 0.005 4682 Sep 0.000
4553 Nov 0.519 4682 Nov 0.000
4553 Dec 15.108 4682 Dec 0.000
4553 Jan 0.000 4682 Jan 0.000
4553 Feb 0.104 4682 Mar 0.000
4553 Mar 0.130 4684 Jan 0.200
4554 Sep 0.003 4684 Feb 3.146
4554 Nov 0.831 4684 Mar 0.550
4554 Dec 0.054 4685 Sep 119.067
4554 Jan 0.100 4685 Nov 0.128
4554 Feb 0.886 4685 Dec 0.039
4554 Mar 0.000 4685 Jan 0.100
4559 Sep 0.000 4685 Feb 0.079
4559 Nov 0.000 4685 Mar 0.001
4559 Dec 0.000 4689 Sep 0.009
4559 Jan 0.000 4689 Nov 44666.667
4559 Feb 0.086 4689 Dec 44111.920
4559 Mar 0.000 4689 Jan 22647.400
4560 Sep 0.000 4689 Feb 48654.176
4560 Nov 0.000 4689 Mar 29807.114
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4560 Dec 0.019 4690 Sep 0.159
4560 Jan 0.000 4690 Nov 0.170
4560 Feb 0.032 4690 Dec 0.000
4560 Mar 0.002 4690 Jan 0.000
4561 Sep 0.000 4690 Feb 0.139
4561 Nov 0.227 4690 Mar 530.101
4561 Dec 0.003 4692 Sep 0.000
4561 Jan 0.000 4692 Nov 0.000
4561 Feb 0.048 4692 Dec 0.000
4561 Mar 0.000 4692 Jan 0.000
4562 Sep 0.618 4692 Feb 0.005
4562 Nov 0.179 4692 Mar 0.014
4562 Dec 1.224 4695 Sep 4.966
4562 Jan 1.200 4695 Nov 0.049
4562 Feb 0.000 4695 Dec 0.090
4562 Mar 0.147 4695 Jan 0.400
4563 Sep 0.003 4695 Feb 0.010
4563 Nov 0.010 4695 Mar 0.279
4563 Dec 0.029 4696 Sep 0.000
4563 Jan 0.000 4696 Nov 0.012
4563 Feb 0.051 4696 Dec 0.011
4563 Mar 0.019 4696 Jan 14.700
4564 Sep 0.000 4696 Feb 5.291
4564 Nov 0.000 4696 Mar 0.000
4564 Dec 0.000 4697 Sep 0.328
4564 Jan 0.000 4697 Jan 0.100
4564 Feb 0.000 4697 Feb 0.073
4564 Mar 0.000 4697 Mar 0.003
4565 Sep 0.022 4697 Dec 0.646
4565 Nov 0.016 4698 Sep 0.008
4565 Dec 0.010 4698 Nov 0.000
4565 Jan 0.000 4698 Dec 0.000
4565 Feb 0.033 4698 Jan 0.000
4565 Mar 0.076 4698 Feb 0.000
4566 Sep 0.378 4698 Mar 0.013
4566 Nov 0.010 4700 Sep 0.017
4566 Dec 0.062 4700 Nov 0.028
4566 Feb 0.072 4700 Dec 0.014
4566 Mar 0.178 4700 Jan 22.000
4567 Sep 0.000 4700 Mar 0.041
4567 Nov 0.000 4702 Sep 1.106
4567 Dec 0.034 4702 Nov 1.497
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4567 Jan 0.000 4702 Dec 0.139
4567 Feb 0.000 4702 Mar 1.538
4567 Mar 0.265 4704 Sep 0.000
4570 Sep 0.198 4704 Nov 8.997
4570 Nov 0.016 4704 Jan 0.000
4570 Dec 1.227 4704 Feb 0.127
4570 Feb 0.248

Table S2. Statistical parameters for the comparison between Shannon index and KpSC carriage types

Non-carriers Transient Chronic

Minimum 2.4 2.18 2.23
First Quartile 2.87 2.80 2.41
Median 3.03 3.03 2.98
Third Quartile 3.22 3.21 3.11
Maximum 3.46 3.52 3.35

Table S3. Statistical parameters for the comparison between age and KpSC carriage types

Chronic  Non-carriers Transient

Min 67 49 50
First Quartile 70.5 55 64
Median 75 69.5 68
Third Quartile 76 74 74
Maximum 80 79 81

Table S4. SNP distances among isolates belonging to ST20 by SNP-dist

T7-012-Isolate T7-037-Isolate T7-463-Isolate T7-308-Isolate

T7-012-Isolate 0 1678 1432 29866
T7-037-Isolate 1678 0 605 30136
T7-463-Isolate 1432 605 0 30065
T7-308-Isolate 29866 30136 30065 0
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Table S5. Relative abundance of the KpSC in the seven highest abundant participants

Participant
ID
4469

4469
4469
4469
4469
4469
4473
4473
4473
4473
4473
4473
4484
4484
4484
4484
4484
4484
4592
4592

Month

Sep
Nov
Dec
Jan
Feb
Mar
Sep
Nov
Dec
Jan
Feb
Mar
Sep
Nov
Dec
Jan
Feb
Mar
Sep
Nov

Kp (%)
Centrifuge
0.446

0.146
0.625
0.200
1.165
0.498
6.583
0.610
0.941
1.634
3.127
0.416
0.283
1.845
13.879
0.353
0.461
1.699
15.055
21.696

KpSC (%)
StrainGE
0.238

0.119
0.404
0.155
0.598
0.311
4.72
0.39
0.617
1.084
1.831
0.311
0.295
0.788
6.734
0.34
0.484
0.366
5.749
9.51
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Participant

ID
4592

4592
4592
4592
4604
4604
4604
4604
4604
4679
4679
4679
4679
4679
4689
4689
4689
4689
4689
4689

Month

Dec
Jan
Feb
Mar
Sep
Dec
Jan
Feb
Mar
Sep
Nov
Dec
Feb
Mar
Sep
Nov
Dec
Jan
Feb
Mar

Kp (%)
Centrifuge
16.292

8.256
11.376
18.456
0.053
0.324
1.048
1.044
2.179
0.076
0.062
0.159
0.793
0.310
0.001
29.655
20.116
17.104
16.874
20.847

KpSC (%)
StrainGE
9.21

5.231
9.493
11.589
0.089
0.598
1.175
1.045
2.099
0.294
undetectable
0.106
0.316
0.385
undetectable
17.399
6.43
6.353
7.823
11.226






