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Abstract

Klebsiella pneumoniae (Kp) is among the top etiological agents of hospital acquired infections
behind only Escherichia coli and Pseudomonas aeruginosa. Due to Kp’s large accessory genome, it
rapidly acquires antimicrobial resistance (AMR) genes in response to changing antibiotics used in
clinical practice. Carbapenemase producing Kp are a particular problem as the resulting infections have
very limited treatment options. Kp is usually described as a nosocomial pathogen, but there are
hypervirulent strains of Kp (hvKp) endemic in East Asia, which cause community acquired pyogenic liver
abscess. While usually susceptible to antibiotics, hvKp infections disseminate rapidly and require
aggressive treatment.

In Kp, both AMR and hypervirulence are usually the consequence of horizontally acquired
genes. Horizontal gene transfer is mediated by plasmids and might be inhibited by bacterial restriction-
modification systems that have been suggested as a bacterial immune system. Restriction-modification
systems generate methylation patterns that | have identified in clinical Kp isolates (n=8) using data from
the PacBio third-generation sequencing platform. Long reads from this platform allowed me to create
complete genome assemblies of these isolates.

| have also examined the evolving genomic patterns, including of AMR genes and plasmids, in a
longitudinal collection of Kp isolates (n=509; years 1980 to 2019) sourced from Portugal that underwent
short-read sequencing on an lllumina platform. The analysis revealed the active transmission of strains
with AMR genes. A subsequent analysis of global Kp (n=725) characterised hypervirulence biomarkers
in the core and accessory genomes using genome wide association study and machine learning
methods. This analysis revealed not only known salmochelin and aerobactin loci, but also other genes
putatively linked to hypervirulent phenotype.

Extending this work, | applied manifold learning and density-based clustering methods to all
publicly available Kp assemblies (n=13,176) to investigate the relationship between carbapenemase
genes, hypervirulence genes and plasmids. This analysis identified multiple likely outbreaks of

carbapenem resistant hvKp and provided insights into the global dynamics of plasmids and genes they
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carry. In summary, my work has reinforced the importance of genomics and applied statistical methods

to understand Kp hypervirulence, epidemiology, AMR and transmission.

Page 4 of 164



Table of contents

FAN oy - [ o1 O TP P USRI 3
TaDIE OF CONETENTS ...ttt ettt e st e e e sh et e she e e sabeeeabee e sbeeeabeeeareeanreesareeenneas 5
F Yol [ VY] 1Yo Fed 0 1= Y £ PSPPI 7
LiSt Of @DBIrEVIATIONS ..cuveeiieitieiie ettt e sb et ere e et et b e b sr e nnees 8
[T f o oW o] I Tor= 4 o R 11
(0 0 =Y o3 =Y g A T o g Yo [¥ ot [ o U UUEUPRE 13
KIebSiella PNEUMONIGE. ...........cueeeeeeieeeeee ettt e et e e e e e e ettt ae e e e e e e s e tabeeeeeeaeesabtssaeeaaaessansenaaeaaen 14
KIEDSI@lIa AR AFIVEIS .....eouiieiieiie ittt ettt et et ettt b e s bt e st e sate st e eabeenne e bt e neereenneens 16
2] R - [o1 =1 OO PPO PP PP PRPPRN 16

F N0 01T o T d AV Tolo 1 o [y RS 19

(S [UToT oo 1T o] fo o T<T-T o EUURUPRRNS 20
Other antimicrobial AGENTS......coccuiiii e et e st e e e sta e e e s sbte e e e srtaeeeenteaae e 21
ViITUIENCE FACTOTS ettt sttt b et bttt et ettt e b e e saeesnnenmeennees 22
(07 o 1 U] LTSRS PPPRROt 22

[T To] oToY VA= Tolol o =T T [T USRS 23

ST 00] <A ST USSP PRSP 24
2101 o' PO TSSO P PO PRP 25

Y Lo L= o] o] oYY =T3PPSRt 25
oY oI TaTo I=Y i (0D Cq o T o o o 1TSS SPP 27
VoY o1 [l =T o T W Tol =] F=T 5 =Y o SRR 27
Insertion seqUENCES aNd trANSPOSONS .......uuiiiieeeeeiciiieerieeeeeeiirrereeeeeeesssrreeeeeeesesssnsteeseaseesassssreeeseesnans 28
GeNne CasSettes aNd INTEEIONS .......eiiiiciiie ettt e et e e e et be e e eta e e e s tbae e e ssaesesassaeeeessaeanns 28

[ 0 0T [ TR P PRSPPI 29
Integrative CoONJUEAE EIEMENTES ...ueiii i e e e et ee e e e e e et e re e e e e e eeaas 31

Y= d 01V = o T o USSR 32
Sequencing and Bioinformatic ANAIYSIS ......ceeuiiiiiie e et 33
Genome sequencing and data ProOCESSING.......ccccviiiiiiiiee et eerctee e et e e sere e e esrre e e e sare e e s sasaeeesnrneaaas 33
GENOME ANNOTATION c.ueviiiiiiiiiiii e e 35

(oY o U] = oY oI5y o U Lot U TSRS 35
Genotypic-phenotypic aSSOCIATIONS ...ueiiiii i e e e e e e e e e e e nnreaeee s 39
Chapter 2: ReSEarch QUESIONS .....ccccuiiieiiiieie ettt et e e e e e ette e e e sate e e e satteeeesbteeeesstaeeesanteeeesnnes 40
DATASELS ...eiiiii ittt a e e e e s s era s e e eans 43
Pachio sequUENCE data (N=8) ......cciiiciiee e e e e e e e e et e e e e e e e e earae e e e nanaeas 43
Humina sequence data (N=509) .......ooiiiiiiiii ettt et eee e ee e e e ete e e e e bae e e eereeeeenraeeeenraeas 43

Page 5 of 164



Publicly available data (N=13,176)......ccoiiiiiee et ettt e et e et ee e e e ere e e e eabae e e eeraeeeeeanneas 44
Chapter 3: Methylation analysis of Klebsiella pneumoniae from Portuguese hospitals..........cccceeeeeunneen. 46

Chapter 4: Genomic epidemiological analysis of Klebsiella pneumoniae from Portuguese hospitals
reveals insights into circulating antimicrobial resistance ........cccccceeeii i, 59

Chapter 5: Genomic analysis of hypervirulent Klebsiella pneumoniae reveals potential genetic markers
for differentiation from classiCal StrAINS ....ccovcuiiiiiiii i e b e s sbe e e sbeeeens 75

Chapter 6: Large scale genomic analysis of global Klebsiella pneumoniae plasmids reveals multiple

simultaneous clusters of carbapenem resistant hypervirulent strains........cccccooveeciiiiiiiee s 86
ChaPLEr 7: DISCUSSION ...vviiiiiiiiieeeeiecitee e e eeette e e e e ettt e e e sebte e e e e e atteeeeesabaeeeeeastaeaeeeassaeeeeennsaaeeeeasnseneeeenssens 115
(0 - T o 1T ot T ] o ol 1Yo o USSP 122
0] {=T =T ol U PPUPTOPPRROP 123

Appendix 1. Supplementary materials: Methylation analysis of Klebsiella pneumoniae from Portuguese
Lo 1Y o] ] USSP 136

Appendix 2. Supplementary materials: Genomic epidemiological analysis of Klebsiella pneumoniae from
Portuguese hospitals reveals insights into circulating antimicrobial resistance........cccccccceeeeiicnnninnneen. 148

Appendix 3. Supplementary materials: Genomic analysis of hypervirulent Klebsiella pneumoniae reveals
potential genetic markers for differentiation from classical strains.........ccccoccvieeeiiiiiiiee e, 155

Appendix 4. Supplementary materials: Large scale genomic analysis of global Klebsiella pneumoniae
plasmids reveals multiple simultaneous clusters of carbapenem resistant hypervirulent strains.......... 163

Page 6 of 164



Acknowledgments

| would like to thank my supervisors Prof. Taane Clark and Prof. Susana Campino. | would also
like to acknowledge help and advice of my London colleagues Dr. Jody Phelan, Amy Ibrahim, Anna
Turkiewicz, Emilia Manko, Holly Acford-Palmer, Dr. Leen Vanheer, Julian Libiseller-Egger, Sophie Moss,
Dan Ward, and Gary Napier. | am also grateful for collaborative work with Portuguese colleagues Dr.
Jodo Perdigdo, Rita Elias, Ana Modesto, José Melo-Cristino, Gabriela J. Silva, Constanga Pomba, Catia

Marques, Margarida Pinto, Maria José Saavedra, Catia Caneiras and Prof. Aida Duarte.

Page 7 of 164



List of abbreviations

AAC

ABC

AME

AMR

ANT

APH

APH

CG

cKp

CPS

CRhvKp carbapenem resistant hypervirulent Klebsiella pneumoniae

Dam

DNA

ESBL

GC

Gl

GWAS

HMV

hvKp

ICE

aminoglycosides acetyltransferases

ATP-binding cassette

aminoglycosides modifying enzymes

antimicrobial resistance/resistant

aminoglycoside nucleotidyltransferase

aminoglycosides phosphotransferases

phosphotransferases

clonal groups

classic Klebsiella pneumoniae

capsule polysaccharide

DNA adenine methylase

deoxyribonucleic acid

extended spectrum beta-lactamase

guanine-cytosine

gastrointestinal tract

genome wide association study

hypermucoviscous

hypervirulent Klebsiella pneumoniae

integrative and conjugative element

Page 8 of 164



ICU

InDel

Kbp

Kp

KPC

LPS

Mbp

MDS

MGE

MIC

MLST

Mtase

NCBI

NDM

ONT

PacBio

PBP

PCA

PCoA

R-M

SNP

intensive care unit

insertion and/or deletion

insertion sequence

kilobase pairs

Klebsiella pneumoniae

Klebsiella pneumoniae carbapenemase

lipopolysaccharides

megabase pairs

multidimensional scaling

mobile genetic element

minimum inhibitory concentration

multilocus sequence typing

methyltransferase

National Center for Biotechnology Information

New Delhi metallo-beta-lactamase

Oxford Nanopore Technologies

Pacific Biosciences

penicillin-binding protein

principal component analysis

principal coordinates analysis

restriction-modification

single nucleotide polymorphism

Page 9 of 164



SNV

ST

TLR4

t-SNE

UMAP

UTI

WGS

single nucleotide variant

sequence type

toll-like receptor 4

t-distributed stochastic neighbour embedding

uniform manifold approximation and projection

urinary tract infection

whole genome sequencing

Page 10 of 164



List of publications

Research papers in thesis:

[1] Spadar A, Perdigdo J, Phelan J, Charleston J, Modesto A, Elias R, de Sessions PF, Hibberd ML,
Campino S, Duarte A, Clark TG. Methylation analysis of Klebsiella pneumoniae from Portuguese

hospitals. Sci Rep. 2021;11(1):6491. doi: 10.1038/s41598-021-85724-2. PMID: 33753763.

[2] Spadar A, Phelan J, Elias R, Modesto A, Caneiras C, Marques C, Lito L, Pinto M, Cavaco-Silva
P, Ferreira H, Pomba C, Da Silva GJ, Saavedra MJ, Melo-Cristino J, Duarte A, Campino S, Perdigao J, Clark
TG. Genomic epidemiological analysis of Klebsiella pneumoniae from Portuguese hospitals reveals
insights into circulating antimicrobial resistance. Sci Rep. 2022;12(1):13791. doi: 10.1038/s41598-022-

17996-1. PMID: 35963896.

[3] Spadar A, Perdigdo J, Campino S, Clark TG. Genomic analysis of hypervirulent Klebsiella
pneumoniae reveals potential genetic markers for differentiation from classical strains. Sci Rep. 2022;

12(1):13671. doi: 10.1038/541598-022-17995-2. PMID: 35953553.

[4] Spadar A, Perdigdo J, Campino S, Clark TG. Large scale genomic analysis of global Klebsiella
pneumoniae plasmids reveals multiple simultaneous clusters of carbapenem resistant hypervirulent

strains. Genome Medicine, under revision.
Other papers accepted during PhD:

[5] Collins EL, Phelan JE, Hubner M, Spadar A, Campos M, Ward D, Acford-Palmer H, Gomes AR,
Silva K, Ferrero Gomez L, Clark TG, Campino S. A next generation targeted amplicon sequencing method
to screen for insecticide resistance mutations in Aedes aegypti populations reveals a rdl mutation in
mosquitoes from Cabo Verde. PLoS Negl Trop Dis. 2022 Dec 13;16(12):e0010935. doi:

10.1371/journal.pntd.0010935. PMID: 36512510.

[6] Campos M, Phelan J, Spadar A, Collins E, Gongalves A, Pelloquin B, Vaselli NM, Meiwald A,

Clark E, Stica C, Orsborne J, Sylla M, Edi C, Camara D, Mohammed AR, Afrane YA, Kristan M, Walker T,

Page 11 of 164



Gomez LF, Messenger LA, Clark TG, Campino S. High-throughput barcoding method for the genetic
surveillance of insecticide resistance and species identification in Anopheles gambiae complex malaria

vectors. Sci Rep. 2022; 12(1):13893. doi: 10.1038/s41598-022-17822 8. PMID: 35974073.

[7] Elias R, Spadar A, Phelan J, Melo-Cristino J, Lito L, Pinto M, Gongalves L, Campino S, Clark
TG, Duarte A, Perdigdo J. A phylogenomic approach for the analysis of colistin resistance-associated
genes in Klebsiella pneumoniae, its mutational diversity and implications for phenotypic resistance. Int J

Antimicrob Agents. 2022;59(6):106581. doi: 10.1016/j.ijantimicag.2022.106581. PMID: 35378228.

[8] Spadar A, Phelan JE, Benavente ED, Campos M, Gomez LF, Mohareb F, Clark TG, Campino S.
Flavivirus integrations in Aedes aegypti are limited and highly conserved across samples from different
geographic regions unlike integrations in Aedes albopictus. Parasites & Vectors. 2021; 14(1):332. doi:

10.1186/s13071-021-04828-w. PMID: 34174947.

[9] Perdigdo J, Caneiras C, Elias R, Modesto A, Spadar A, Phelan J, Campino S, Clark TG, Costa E,
Saavedra MJ, Duarte A. Genomic Epidemiology of Carbapenemase Producing Klebsiella pneumoniae
Strains at a Northern Portuguese Hospital Enables the Detection of a Misidentified Klebsiella variicola
KPC-3 Producing Strain. Microorganisms. 2020;8(12):1986. doi: 10.3390/microorganisms8121986.

PMID: 33322205.

[10] Perdigdo J, Modesto A, Pereira AL, Neto O, Matos V, Godinho A, Phelan J, Charleston
J, Spadar A, de Sessions PF, Hibberd M, Campino S, Costa A, Fernandes F, Ferreira F, Correia AB,
Gongalves L, Clark TG, Duarte A. Whole-genome sequencing resolves a polyclonal outbreak by
extended-spectrum beta-lactam and carbapenem-resistant Klebsiella pneumoniae in a Portuguese
tertiary-care hospital. Microb Genom. 2019 Sep;7(6):000349. doi: 10.1099/mgen.0.000349.

PMID: 32234124.

Page 12 of 164



Chapter 1:
Introduction



Klebsiella pneumoniae

Klebsiella pneumoniae (Kp) is a Gram-negative facultative anaerobic pathogen of genus
Klebsiella in the Enterobacteriaceae family. Originally the sole member of the genus (1), the genus now
includes 19 species (2). Kp is the most clinically relevant of these species, though K. aerogenes, K.
oxytoca, and K. variicola are also encountered in clinical practice (3-5). The average Kp assembly is
5.6Mbp long and has 57.1% GC content (2). Of this, 5.4Mbp (ASM24018v2) is chromosomal and the
remainder consists mostly of plasmids. Of the ~5,500 genes in a typical Kp genome, only ~2,000
constitute the core genome. The accessory genome of Kp is large with an apparent lack of convergence
(6,7). The accessory genome makes Kp a pathogen of concern because it enables the bacterium to
acquire antimicrobial resistance (AMR) and virulence genes that can be disseminated into other
pathogens. One group of such genes encode carbapenemase enzymes that inactivate beta-lactam
antibiotics. Notable among these is Klebsiella pneumoniae carbapenemase (KPC) first identified in 1996
(8) with multiple additional enzymes discovered thereafter including inhibitor resistant New Delhi
metallo-beta-lactamase (NDM) in 2008 (9). The first documented KPC linked outbreak occurred in a
hospital in the USA, with 14 patients infected and 8 deaths (10). Since it was characterised, KPC has

spread rapidly throughout Americas, Europe, and Asia, while data availability is poor for Africa (11,12).

Kp is usually classified into strain-types based on multilocus sequences typing (MLST) inferred
from seven core genes: rpoB, gapA, mdh, pgi, phoE, infB, and tonB (13). The notable sequence types
(STs) include carbapenemase linked ST258 and ST11, as well as hypervirulent ST23 and ST86. Due to the
growing availability of whole genome sequencing data, more detailed classification methods have been
proposed. These are based on 694 or 1143 core genes have been proposed, but they have gained
limited acceptance (14,15). Additionally, Kp strains are sometimes aggregated into clonal groups (CGs)
based on isolates having fewer than 100 core genome SNPs between them, but the use of this scheme
also remains limited (15). The difficulty of classifying the relationship between Kp isolates is its high

propensity for recombination (16—18).
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While commonly described as a nosocomial pathogen or commensal human bacteria, there is
strong evidence that Kp is widespread in the environment. Based on 16S rRNA studies Kp is much more
abundant in plants and insects (each 12% relative abundance) than in humans and agricultural animals
(6 and 8% relative abundance, respectively) (19). Research outside of human health settings has shown
that Klebsiella spp form the most abundant part of the metagenome of Mediterranean fruit flies
(Ceratitis capitata), a pest of commercial orchards, and colonisation by K. oxytoca enhances mating
competitiveness of the flies (20). However, beyond 16S rRNA studies there is little research on the

environmental prevalence of Kp.

In humans, Kp commonly colonises the gastrointestinal tract (Gl), but it is also frequently found
in the nasopharynx. The prevalence of Kp colonisation varies substantially with estimates ranging from
4% Gl and 10% nasal carriage in a community study in the USA (21) to 19% among Australian intensive
care unit (ICU) patients who had a recent healthcare contact (22). Some studies report hospital patient
colonisation rates of up to 38% (23). In Vietnam, the oropharyngeal carriage prevalence was 14%, but
this varied substantially within the population. For example, the risk of Kp carriage is increased for
smokers (odds ratio 1.9) and rural living (odds ratio 1.6) (24). Despite its name, Kp is not a major cause
of community acquired pneumonia and accounts for <1% of cases requiring hospitalisation. Community
acquired Kp pneumonia was more prevalent in the past, but the exact epidemiology is unclear (25,26).
Urinary tract infection (UTI) is a more common manifestation of Kp, accounting for 9% to 17% of
community acquired cases (27). A recent multiregional study found high variability of the primary
infection sites among the cases of community acquired bacteraemia caused by Kp (26). Among 202
cases, 53 had pneumonia as the primary infection manifestation, but 92% of these came from South
Africa and Taiwan. Liver abscess was identified as a primary manifestation in 18 cases, but 17 of these
came from Taiwan. In contrast, UTI was the primary infection manifestation in 15% and 10% of
community acquired bacteraemia in Taiwan and South Africa, respectively, but 38% (n=25) in cases in
Europe, Australia, USA, and Argentina (26). Most of the nationwide monitoring is focused not on Kp

itself, but on the AMR profiles of key bacterial pathogens including Kp (12,28,29).
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Klebsiella AMR drivers

Kp is a key entry point for AMR genes (19). Its large accessory genome gives Kp access to a large
number of AMR genes, and these acquired genes, rather than mutations, are the main drivers of AMR
in Kp. Where data is available, the treatment of invasive Kp infections relies mostly on four antibiotic
groups: fluoroquinolones, aminoglycosides, third generation cephalosporins, and carbapenems (Table

1). Carbapenemase inhibitors are also used if available (10,29).

Table 1. Selected antibiotics in current use and methods of administration (30-34)

Antibiotic Introduced Class Administration Resistance routes in Kp
Amoxicillin 1972 Penicillin Oral Mainly beta-lactamase
; - enzymes (e.g., SHV, TEM,
Ceftriaxone 1982 Cephalosporins | Intravenous
P P . ’ CTX-M, OXA), but also loss
intramuscular )
of porins
Cephalexin 1969 Cephalosporins | Oral
Imipenem 1985 Carbapenems Intravenous Carbapenemase enzymes
(subset of beta-lactamases)
e.g., KPC, NDM, VIM), but
also loss of porins
Gentamicin 1964 Aminoglycosides | Intravenous Mainly aminoglycosides
modifying enzymes from
three groups: AAC, ANT and
APH
Levofloxacin 1996 Fluoroquinolones | Oral, Mutations in gyrA with likely
intravenous, compensatory mutation in
topical parC
Colistin 1970 Polymyxin Intravenous, mcr genes, mutations in
(agricultural intramuscular | pmrB, crrB
use)

Beta-lactams

Cephalosporins and carbapenems are beta-lactam antibiotics that target cell wall biosynthesis
by permanently blocking the active site of penicillin-binding proteins (PBPs). PBPs crosslink D-alanine-D-
alanine which give rigidity to the peptidoglycan layer of the cell wall. This enzymatic activity is blocked
by the beta-lactams, which permanently acetylate PBPs. The loss of enzymatic activity results in loss of

cell wall rigidity (35—37). Of note, there are cell wall deficient forms of common pathogens including Kp,
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which are called L-forms. These L-forms are extremely resistant to beta-lactams even without normal

resistance drivers (38).

Generally, resistance to beta-lactams is driven by either genes or, to lesser extent, by efflux

pumps and loss of porins (33,35,37,39). All beta-lactamase enzymes act by hydrolysing the beta-lactam

ring, thus inactivating beta-lactam antibiotics. Two beta-lactamase naming schemes exist: Ambler

(based on structure) and Bush-Jacoby-Medeiros (based on specific function) (40,41). Here | use the

Ambler classification which divides the beta-lactamases into Classes A, B, C and D. Classes A, C and D

are further subdivided into broad-spectrum, extended-spectrum (ESBL) and carbapenemases. Class B

has a very different structure from the others. It uses Zn?* to hydrolyse the beta-lactam compared to

serine in class A, C and D (33,36). Based on amino acid identity, the enzymes within each class are

grouped into types. These types include SHV, TEM, KPC, CTX-M in Class A; VIM, NDM and IMP types in

Class B; FOX, CMY and DHA types in Class C and OXA type in Class D. Alleles of the same enzyme are

identified by a numeric suffix and can have different antibiotic specificity, as is the case with TEM-1

(Class A), TEM-3 (Class A ESBL), OXA-11 (Class D ESBL), and OXA-48 (Class D carbapenemase) (36).

Table 2. Beta-lactamase classes

Ambler Other names Examples of | ESBLs Carbapenemases | Examples of
class types Inhibitors
Class A Penicillinase CTX-M, CTX-M, KPC, GES-5 Avibactam,
TEM, SHV, TEM-10, varobactam,
KPC SHV-5 relabactam for all,
clavulanic acid
except for KPC
Class B Metallo-b- IMP, NDM, All None in clinical
lactamase VIM, SIM use
Class C Cephalosporinase | FOX, DHA, All None so far Avibactam,
cmy varobactam
Class D Oxacillinase OXA OXA-11, | OXA-23, OXA-48; | Avibactam for
OXA-15 | OXA-51, OXA- OXA-48-like,
181, OXA-37 clavulanic acid
otherwise
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The classification of beta-lactamases into categories has important clinical implications due to
different specificity of these enzymes to the same beta-lactam antibiotics. Beta-lactamases also vary in
their susceptibility to beta-lactamase inhibitors - molecules that block beta-lactamases and allow
antibiotics to work. Class A enzymes are the most common beta-lactamases with a diverse range of
enzymatic activity. The most common TEM-type enzymes generally have no activity against third
generation cephalosporins. The second most common enzyme type, SHV, can hydrolase third and
fourth generation cephalosporins (42). Class A enzymes are efficiently and irreversibly inhibited by
clavulanic acid which makes a penicillin plus inhibitor a potent therapeutic agent against class A
carrying pathogens (43). The exception is KPC, which is the most common class A carbapenemase, and
is globally widespread with two major variants (KPC-2, KPC-3). This enzyme type is inhibited by

avibactam, but avibactam resistant clinical isolates have been reported (44).

Class B enzymes are all carbapenemases and are capable of hydrolysing penicillins,
cephalosporins and carbapenems; although their activity against monobactams is limited. Class B
enzymes are insensitive to clinically available inhibitors with only three compounds in clinical trials
(43,45). Because of this, class B enzymes represent a serious threat, especially due to the growing

incidence of NDM carrying Enterobacteriaceae including Kp.

Class C is chromosomally carried in Enterobacteriaceae, except in Klebsiella and Salmonella
bacteria in which the encoding genes are carried by plasmids. These enzymes confer resistance to all
beta-lactams except carbapenems. The enzymes are also not inhibited by clavulanate, but avibactam,
varobactam and relabactam inhibitors are effective (43,46). Finally, Class D enzymes vary in their
spectrum with OXA-48, OXA-23, and others capable of hydrolysing carbapenems. Class D enzymes are
also very efficient inhibitors of oxacillin. These enzymes are only weakly inhibited by clavulanic acid;

although OXA-48-like enzymes are inhibited by avibactam (36,43).

One further common route of beta-lactam resistance is through the loss or reduced expression
of outer membrane porins such as OmpK35 and OmpK36 in Kp. Beta-lactams are generally unable to

diffuse through the cell wall, and porins are the entry point (36,47). Mutations or recombination events
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that truncate porin genes lead to non-functioning proteins, and thereby increase the resistance in Kp.
The mutations in genes regulating expression of porin genes (e.g., kvrA) likewise decrease susceptibility
to beta-lactams via decreased uptake (48). However, given the universality of the porins their loss is

likely associated with loss of fitness.

Because carbapenemases are the fastest growing group of resistance genes and
carbapenemase producing Kp have very limited treatment options, my work focused on the
epidemiology of this group (Chapters 4, 5 and 6). North America and Europe are the regions with

highest density of sampling, while most of Africa and South America only have single-centre studies.

In Europe, KPC and OXA-48 are predominant carbapenemases and they are endemic in Italy,
Greece, and Turkey. NDM is spreading regionally in Poland and Romania with cases across Europe, and
VIM is endemic in Greece (49) This dispersion presents an interesting insight into the geographic spread
of carbapenemases. Despite freedom of movement within the European Union the absolute and

relative prevalence of carbapenemases is highly variable.

Globally, KPC is the endemic carbapenemase in North and South Americas, and China, while
NDM is endemic in Pakistan, China, Indian and Bangladesh. The endemicity of NDM in all four of these
Asian countries is unexpected given much greater travel impediments compared to the European
Union. The data for Africa is very limited, but suggestive of a regional presence of NDM in Kenya and

Egypt, and endemicity of OXA carbapenemases in Morocco (47—-49).

Aminoglycosides

Aminoglycosides are broad spectrum antibiotics that impede protein synthesis through binding
to 16S rRNA of the 30S ribosomal subunit which in turn disrupts mRNA translation generating aberrant
proteins (37). While originally very effective, the resistance to aminoglycosides is now widespread and
is driven primarily by three types of aminoglycoside modifying enzymes (AMEs): nucleotidyltranferases
(ANT), phosphotransferases (APH) and acetyltransferases (AAC), all of which modify aminoglycoside

antibiotics. The nomenclature for these enzymes reflects the enzyme type, specific modification site
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and impacted antibiotics. For example, in AAC(6')-1b, the “AAC” notes type of enzyme, “6" the

MIH

modification site, “1” is the specific resistance profile the enzyme confers, and “b” is an individual
identifier (e.g., 13, Ib). AAC is a catalyst in the acetylation of —-NH, groups of the antibiotic. ANTs catalyse

the transfer of an AMP group to aminoglycoside hydroxyl group. APHs catalyses the transfer of a

phosphate group to the antibiotic (31).

The enzymatic activity of AMEs varies even within the same AME type, and their potency is
antibiotic specific (53,54). A convenient example is the recently approved plazomicin, which is not
affected by most AMEs except AAC(2’)-la for which minimum inhibitory concentration (MIC) is 32
(ug/mL) compared to 2 (ug/mL) in bacteria lacking AAC(2’)-la (54). The introduction of plazomicin also
highlighted the resistance due to 16S rRNA methyltransferases encoded by rmtB and armA genes.
Currently, these are relatively rare in Kp, but the use of plazomicin may drive their spread (55). There is
an interesting relationship between different antibiotics, which is also observed in my investigation of
Portuguese Kp samples (Chapter 4). A large AMR phenotype dataset (n=278) of Kp and
Enterobacteriaceae showed that >93% of ESBL producing Kp were susceptible to both plazomicin,
amikacin and meropenem, but only 49% of these were susceptible to gentamicin. Among carbapenem-
resistant Enterobacteriaceae 98% were susceptible to plazomicin, but susceptibility to amikacin and
gentamicin has changed to 24% and 81%, respectively. As expected, only 3% of this cohort were
susceptible to meropenem. Colistin-resistant Enterobacteriaceae had low amikacin, gentamicin and
meropenem susceptibility rates of 21%, 12% and 12%, respectively, while for plazomicin it was 94%
(56). A naive expectation is that bacteria accumulate resistance genes, but here and in the Portuguese
study (Chapter 4) this is clearly not the case with many isolates losing resistance to older antibiotics

while acquiring resistance to newer ones.

Fluoroquinolones

Fluoroquinolones are inhibitors of the bacterial topoisomerases and thus inhibit bacterial DNA
replication. To fit within the cell, bacterial DNA exists in a supercoiled form and access to DNA requires

a change in the degree of coiling, which is mediated by topoisomerases | and Il. The former reduces the
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number of negative supercoils while the latter adds them, thus unwinding DNA into a relaxed state,
which is accessible to proteins (57). DNA gyrase and DNA topoisomerase IV are type |l topoisomerase
enzymes consisting of two copies of GyrA and GyrB or ParC and ParE, respectively. In Gram-negative
bacteria, GyrA is the key target for fluoroquinolones, while in Gram-positive types it is ParC. Somewhat
unusually for Kp, and perhaps reflecting the synthetic origin of fluoroquinolones, the resistance to
these antibiotics is driven mainly by mutations in gyrA gene which encodes the key fluoroquinolone
target in E. coli and likely in Kp (58,59). Resistance driving mutations have also been observed in parC
but the resulting level of resistance is low. However, there are several other genes that result in some
degree of resistance to fluoroquinolones. Carriage of efflux systems ogxAB, gepA and gnr alleles are all
associated with resistance, as is carriage of aac(6’)-lb-cr (57). The latter gene is notable for also
generating resistance to aminoglycosides — an example of uncommon cross-class resistance (60).
Additional factors determining resistance are the loss of porins, which are required for absorption of

antibiotics into the bacterial cell and upregulation of efflux pumps.

Other antimicrobial agents

Fosfomycin, tetracyclines, and colistin are additional agents sometimes used against Kp
infections. Specifically, colistin was a preferred treatment agent for carbapenemase producing Kp until
the widespread availability of beta-lactamase inhibitors (10). Fosfomycin is usually used for UTIs due to
good oral bioavailability. There are some IV formulations, but their availability and use vary
considerably between countries. In Kp and many other Gram-negative bacteria resistance is partly the
result of core genome fosA gene, which encodes an enzyme inactivating the antibiotic. However,
despite widespread use of fosfomycin over the past 40 years, the resistance rates remain below 10%
for most regions suggesting a substantial fitness cost of resistance. Recently, plasmid carried fosA
homologues have emerged which are much more efficient at inactivating fosfomycin (61-63). Colistin,
also known as polymyxin E, and closely related polymyxin B were developed in 1950’s but did not
become widely used due to high nephro- and neuro-toxicity and variable pharmacokinetics. The

emergence of bacterial strains resistant to all other major antibiotics made colistin a viable last resort
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treatment (10). As expected, wider use led to emergence of the resistance gene, mcr, which is carried
by plasmids and has been disseminated globally (34,64). After beta-lactamase inhibitors for class A and
C beta-lactamases became available, colistin use has fallen due to the inhibitor’s better toxicity and
pharmacokinetic properties. For class B and D beta-lactamase producing Kp, colistin remains a feasible
last-resort option. One interesting aspect of colistin is that L-forms, which lack an outer membrane, are
resistant to polymyxins just like they are intrinsically resistant to beta-lactams (65). Finally, tetracyclines
are a family of antibiotics which, like aminoglycosides, target conserved 16S rRNA in the 30S ribosomal
subunit. Except for carbapenemase producing isolates, tetracyclines are not generally used against Kp
due to high levels of resistance. The exception is tigecycline which is sometimes used when other

antimicrobials are unavailable (10,66—68).

Virulence factors

Kp has two key virulence phenotypes: classical (cKp) and hypervirulent (hvKp). Although specific
numbers are unavailable, by far the most common phenotype is cKp, which is seen in hospital settings
or in immunocompromised individuals. In contrast, clinical cases of hvKp usually start in the community
in otherwise healthy individuals. The two phenotypes also vary in presentation. CKp is commonly linked
to catheter, canula and mechanical ventilation and thus manifests as a UTI, bacteraemia, or pneumonia.

HvKp usually presents as a pyogenic liver abscess with rapid metastasis to other organs (27,67,68).

Kp virulence factors generally belong to one of the five categories: capsule, lipopolysaccharide,
fimbriae, siderophores and biofilms. For each of these categories there is a diversity of actual genes.
For example, four different siderophore systems are frequently found in Kp. Enterobactin is present in
>95% of Kp isolates, yersiniabactin is the next most common, while aerobactin and salmochelin are rare

and generally found in hvKp isolates (27,70).

Capsule

The capsule is a polysaccharide layer that surrounds the bacteria and protects it from

phagocytosis. Engineered strains lacking a capsule are much less virulent than wild types. The capsule
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consists of branched polysaccharides and the thickness of capsule varies between strains (27,72). The
genes for production of capsule are in the cps operon, which encodes genes required for biosynthesis
and export of capsule polysaccharides. The 5" and 3’ ends of the operons are highly conserved and
contain genes encoding proteins required for capsule polysaccharide (CPS) translocation and processing
(galF, cpsACP, wzi, wza, wzb, wzc, wbaP/wacJ, gnd, and ugd). The middle of the operon is variable and
encodes for proteins required for polymerization and assembly of CPS subunits. The common CPS

typing system is based on the whole K-locus and identifies 77 different K-loci (73,74).

Some hvKp strains exhibit a hypermucoviscous (HMV) phenotype associated with capsule
overproduction. Originally the HMV was thought to be the result of capsule overexpression, but
subsequently found to frequently co-occur and not directly causal. The HVM phenotype requires
production of regulator of mucoidy phenotype RmpA, which controls expression of rmpC that drives
overexpression of capsule and rmpD, linked to HMV (69,72,75). Additional genes required for HMV are
kvrAB and rcsB, all of which act as regulators of rmpA expression. Unlike rmpACD, both kvrAB and rcsB
are part of the Kp core genome. In a potential link to the fitness cost of AMR, loss of kvrA leads to
downregulation of porins OmpK35 and OmpK36, which reduces susceptibility to beta-lactams, but also

downregulates capsule expression (48,75).

Lipopolysaccharide

Lipopolysaccharides (LPS) are another component of Kp’s outer surface. They consist of three
components: lipid A, core oligosaccharides and O-antigen polysaccharide. Lipid A anchors LPS to the
outer membrane of bacteria and is highly conserved. Lipid A is a potent ligand for Toll-like receptor 4
(TLR4). Activation of this receptor leads to production of cytokines and chemokines, which recruit
neutrophiles and macrophages to the site of infection. Modifications of lipid A may prevent its
recognition by TLR4 and contribute to immune evasion and virulence. Capsule may also block

recognition of lipid A by preventing access of TLR4 (71).

Like lipid A, the core oligosaccharides are conserved and serve as a link between lipid A and O-

antigen. The latter is diverse and plays a role in the virulence of Kp by mediating immune evasion. The
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mutants lacking the O-antigen are more susceptible to complement mediated killing compared to wild
types. Both activate the complement cascade, but in the wild type C3b binds to the O-antigen instead

of cell membrane, thus prevents formation of pores which protects cell from lysis. (71,72)

Unlike the capsule, for which all related genes are part of same locus, LPS biosynthesis and
export genes are in four different loci: Ipx (lipid A biosynthesis), waa (core oligosaccharide
biosynthesis), rfb (O-antigen biosynthesis) and /pt (export of LPS to exterior of the cell). The rfb cluster
is the basis for classification of LPS into nine O-types (76). As with capsule types, the known O-types
cover the majority of clinical isolates but may not reflect full diversity of the rfb loci in the environment

(69,70).

Fimbriae

In Kp, type 1 and 3 fimbriae are associated with pathogenicity and are frequently found in
clinical isolates. Both types contribute to biofilm formation but have different body site specificity. Type
1 fimbriae are thin strings with a thicker head. The strings, encoded by fimA, are attached to the Kp
surface while head, encoded by fimH, can stick to D-mannosylated glycoproteins. Other proteins in the
Kp type 1 fimbriae cluster encode for minor structural proteins (fimF and fimG), chaperon (fimC), usher
protein (fimD), and uncharacterised proteins (fim/ and fimK). Type 1 fimbriae are present in over 90% of
clinical and environmental samples, but their expression is dependent on which part of the human body

is colonised: the locus is expressed in UTI, but not in lungs or Gl (71,77).

Type 3 fimbriae are helix-like filaments which are encoded by genes mrkA (main filament, binds
to abiotic surfaces), mrkBCE (assembly and regulations) and mrkD (fimbriae head, binds extracellular
matrices). This fimbria is also not required for colonisation of lungs or Gl and its in vitro relevance to
colonisation of the urinary tract is unclear. Both types help Kp bind to non-biological surfaces and
extracellular matrices. The former allows Kp to form biofilms on medical equipment such as catheters
and lung ventilation equipment. Binding to extracellular matrices allows binding to bronchial or urinary

tracts (71,77).
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Biofilm

Biofilms are bacterial communities bound by an extracellular polysaccharide matrix. Depending
on Kp strains, the polysaccharide matrix contains elements of sugars from the capsule, O-antigen, or
other sugars, which suggests large diversity of usable substrates. While type 1 and 3 fimbriae are both
thought to contribute to biofilm formation, their main role is more likely to be anchoring of planktonic
bacteria. The biofilm formation itself may not require attachment to fixed surface since floating
biofilms, flocs, are observed in Kp (72,78,79). Kp biofilms likely increase resistance to phagocytosis and
some antibiotics (77,78,80). Partly due to their diversity, the Kp pathways responsible for biofilm
formation are poorly understood, with most focusing on the adhesion aspect of biofilm formation

(72,81).

Siderophores

Siderophores are small molecules secreted by bacteria to scavenge for iron. In both the
environment and humans soluble iron is scarce. In mammals, iron is usually bound to transport
molecules such as haemoglobin or transferrin. The mammalian iron levels are further reduced in
response to infection through binding of iron to lactoferrin. Compared to host iron binding proteins, the
bacterial siderophores possess higher binding affinity for iron, which allows bacteria to scavenge iron
from the host. The iron is imported into a cell by uptake of previously secreted siderophores. The
siderophore systems normally consist of a biosynthesis locus, which encodes the siderophore molecule,

the secretion and uptake proteins that reabsorb siderophores bound to iron (67,70,80,81).

Kp siderophores normally belong to one of four types: enterobactin (ent), yersiniabactin (ytb),
aerobactin (iuc) and salmochelin (iro). Enterobactin is part of Kp core genome and among the four
types has the highest affinity for iron. Biosynthesis and transport of enterobactin rely on entABCDEF
and fepABCDG gene clusters, respectively, with fepA encoding uptake receptor. Enterobactin is
inhibited by lipocalin-2, which helps clear the infection because bacteria cannot grow in the absence of

iron. Because enterobactin is blocked by lipocalin-2, Kp strains that lack other siderophores cannot
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efficiently colonise lungs (84,85). This limitation is overcome by Kp strains carrying the second most
common Kp siderophore, yersiniabactin, which is not inhibited by lipocalin-2 (84,86). The prevalence of
yersiniabactin varies from 18% in cKp to 90% in hvKp. It is produced by proteins encoded by irp locus
with transporters encoded by ybt and fuy and the uptake receptor encoded by ybtQ. While not
susceptible to lipocalin-2, yersiniabactin has lower iron affinity than transferrin, which prevents iron
acquisition by yersiniabactin carrying Kp (71). Both yersiniabactin and enterobactin are expressed in Kp
during lung and respiratory tract colonisation, with the former allowing colonisation of lungs where
lipocalin-2 inhibits enterobactin, and in turn enterobactin allows growth in blood plasma which

contains transferrin (86,87).

Salmochelin is c-glycosylated form of enterobactin that evades lipocalin-2 (88). Salmochelin is
relatively rare in cKp (2-4%) but is common in hvKp (>90%) (71). The reason for the rarity of salmochelin
in cKp strains is unclear. Recent work that examined the growth of siderophore knockout mutants in
human ascites and serum has determined that knockout of aerobactin, but not either one or all the
other siderophores, prevents Kp growth. However, in a chicken infection model, aerobactin and

salmochelin appear to compensate for each other’s loss (87,88).

Aerobactin is infrequent in cKp (~6%), but is considered the key indicator of hvKp, as it is more
frequent (>93%) in hvKp than salmochelin (71). Because aerobactin is often carried on the same
plasmid as the genes required for HMV phenotype, the HMV and hvKp phenotypes were originally
thought to be the same. However, the two are now considered as separate correlated phenotypes

because the required genes are carried on the same plasmid (67,89).

An ABC iron transport system kfu is not a siderophore but is part of an iron acquisition
pathway. This system, which consists of three genes, is reportedly linked to virulence in a mouse model.
The mutant strain with kfu deletion did not cause mortality in the mouse peritonitis model (71,92).
Using a representative global collection of Kp (n>12,000) (see Chapter 6), | found the kfu locus is

perfectly correlated with ST (rho = 1), which makes it like type 1 fimbriae, but very different from the
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plasmid carried siderophores and resistance genes. This observation suggests there is limited selective

pressure on the kfu locus.

Porins and efflux pumps

As the name implies, porin proteins form pores in bacterial membranes. In Kp, the porins
OmpK35 and OmpK36 play role in both virulence and AMR. Loss of one or both porins leads to lower
uptake of antibiotics into the cell and increases resistance to multiple agents including carbapenems.
However, this enhanced AMR is balanced by lower virulence. The exact cause of lower virulence is
unclear, but loss of porins may increase efficiency of phagocytosis, which leads to clearance of infection

(32,43,69).

Efflux pumps export molecules from the cell, and in some cases, they can also expel antibiotics.
In Kp, OgxAB and AcrAB are linked to AMR and the latter is also implicated in virulence. Mutants lacking

acrB are attenuated in mouse models and have increased susceptibility to beta-lactams (71,93).

Mobile genetic elements

Mobile genetic elements (MGEs) may include both virulence and resistance factors. MGEs are a
diverse group of genetic elements that allow transfer of genetic information both within and between
bacterial cells. Phages are not normally classified as MGEs, but they facilitate transduction of MGEs by
carrying them within a phage genome. MGEs can be generally split into those that are capable of
independent movement between cells (plasmids and integrative conjugative elements (ICEs)) and those
that can move between genomic regions of the cell but rely on other MGEs to move between cells
(insertion sequences, transposons, integrons). The latter group creates diversity of plasmids and ICEs,
as well as generating new combinations of genes in the same way random mutations result in greater
fitness. Conjugation, exchange of DNA between cell via plasmids and ICEs, transduction, exchange of
DNA via bacteriophages, and transformation, uptake of free extracellular DNA, are the main routes of
horizontal gene transfer in bacteria (94). Both conjugation and transduction have been observed in Kp,

with conjugative plasmids identified as major vector of AMR genes (19). While Kp may be capable of
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transformation, it is not known to be naturally competent (95). Due to the diversity of MGEs, only those

that are relevant to Kp are covered here.

Insertion sequences and transposons

Insertion sequences (ISs) are small MGEs carrying one or two transposase (tnp) genes and
range in size from 0.7 to 2.5 kbp. ISs can be grouped based on the amino acid residues of transposase at
key cleavage site. The two types (DDE or HUH) cleave source DNA at 3’ and 5’ sites to generate single
stranded DNA, which is then integrated into another genomic site. While the target of re-integration
has some sequence specificity, the major target determinant may be the DNA conformation rather than
nucleotide sequence. DDE transposases are the most common, while HUH types are part of the same
family as plasmid relaxase proteins. When an IS carries a passenger gene, the unit consisting of IS and

passenger genes is called a composite transposon (94,96-98).

Apart from moving AMR or virulence genes within cell, IS can directly affect genes by inserting
into them which leads to a truncated reading frame or by affecting gene promoters (99). Gene
truncation by IS is frequently observed in porin encoding OmpK35 and OmpK36 that contribute to
reduced uptake of beta-lactams (100). The modification of gene expression due to an IS promoter has
been observed in several AMR genes carried by Kp. Transposon Tn4401 contains ISKpn7 and ISKpn6.
This transposon carries the globally dominant carbapenemase gene blakec, which uses IS promoters
(101). Similarly, carbapenemase encoding blaoxa-4s uses a promoter of the 1S1999 (102) and
carbapenemase blanpn-1 uses an ISAbal125 promoter (103). Another IS, ISApl1, transposes and supplies

the promoter for colistin resistance, mcr-1, into many bacterial species including E. coli and Kp (34).

Gene cassettes and Integrons

Gene cassettes are small MGEs (0.5 to 1kbp) that usually cannot self-replicate. The cassettes
normally contain a recombination site, attC, and a gene that lacks a promoter. Cassettes are usually
located within integrons —an MGE consisting of an integrase (intl) gene and att/ recombination site.

Integrase catalyses recombination between the cassette’s attC and integron’s attl/ sites, which can lead
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to an integron acquiring one or more cassettes. Integrons also contain two promoters: one to drive
expression of int/ and one to drive expression of the cassette genes, which are normally inserted in the

opposite orientation to the integrase gene (94,104).

Gene cassettes carry a wide range of genes including AMEs, carbapenemases blar and blaviy,
but to date there is no comprehensive database listing these. Neither the Repository of Antibiotic
resistance Cassettes nor Multiple Antibiotic Resistance Annotator, both of which list gene cassettes, are

currently accessible (95,102).

Plasmids

ISs, transposons, gene cassettes and integrons move genes between sections of DNA within
bacteria, but generally not between cells. However, they can embed themselves within MGEs that can
move between cells. This movement is usually performed by plasmids, ICEs, or bacteriophages. While
movement within species is most prolific, between species movement of plasmids is also widespread
(106). Plasmids are large extrachromosomal genetic elements which are capable of self-replication. Like

bacteria which carry them, the plasmids have a core genome that encodes for the key functions of

replication and conjugation, though only a quarter of plasmids appear capable of self-conjugation (107).

In another similarity to other bacteria, plasmid replication starts at the origin of replication. While
plasmids carry a gene encoding for replication initiation protein, they usually rely on a host’s helicase,
polymerase, and other replication machinery. This may explain the observed host specificity of the
plasmids. The horizontal transfer by conjugation relies on plasmid encoded type IV secretion system,
which assembles a pilus that connects to a recipient cell; though not all plasmids carry the genes

required for conjugation (94,107-109).

Unlike the host’s chromosome which exists as a single copy, a bacterial cell carry multiple
copies of the same plasmid. This increases the opportunity for those MGEs which cannot self-replicate

to replicate and relocate between DNA regions.
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Because they facilitate between cell transfer of resistance genes, plasmids are the focus of the
attempts to classify MGE driven AMR. The original plasmid classification scheme relied on the observed
incompatibility of closely related plasmids. Copy control systems of closely related plasmids can
mistakenly act on non-self plasmids and limit plasmid replication before the optimal number of copies
per cell is reached. This in turn causes inefficient segregation between dividing cells. The incompatible
plasmids were assigned to the same Inc groups, but incompatibility testing is impractical at a large-
scale, so the current typing methods rely on in-silico classification. One popular method, PlasmidFinder,
uses plasmid replicons (origin of replication ori and rep gene encoding replication initiation protein)
while another, MOB-suite, adds relaxase proteins to the replicon (110-112). Confusingly, a replicon-
based scheme has retained the old Inc-based naming convention. The classification is made more

difficult by some plasmids carrying more than one replicon or mobility locus.

Kp plasmids carrying resistance and virulence genes are quite diverse and form part of large
Enterobacteriaceae plasmid ecosystem (106). Two recent reviews of plasmids carrying AMR genes
identified over 55 Kp specific plasmids of which 37 carried beta-lactamases. Based on replicon typing
these plasmids belonged to all common replicon groups (113). Similarly, a review of AMR plasmids in
Enterobacteriaceae found many plasmids carrying carbapenemase genes in all major plasmid replicon
groups, including 98 in IncF, 72 in Incl, 9 in IncA/C, 16 in IncH and 240 among other plasmid types (114).
The problem of enumerating the Kp AMR plasmids is apparent even with this short list: several of the
plasmids are a result of recombination as supported by BLAST comparison results (Table 3) (115). Two
Fllk replicon plasmids pKpQIlL-234 and pKpQIL have 99% identity over the length of plasmids, although a
~23 kbp segment is inverted in one relative to the other. Each of these carries one of the two most
common alleles (blakec.2 and blakec.3) of the carbapenemase encoding gene. Both plasmids also have
98% identity and 41% coverage against pKP09085, which carries only ESBL encoding blacrx.m-1s.
Similarly, two X3 replicon plasmids (pJEG027 and pKpS90) have >99% identity across >85% of their
length, but one carries a carbapenemase gene blaxom-1 and the other blakec.2, which encode structurally

very different carbapenemases. Finally, N1 plasmids pNL194 and Plasmid 9 have >98% identity in >54%
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of their length, but one carries blaviv-1 and the other blakec.2, which are again metallo-beta-lactamase
and class A carbapenemase encoding genes. Plasmids are also carriers of important Kp virulence genes

with hvKp usually carrying iro, iuc, and rmp loci on plasmids such as pLVPK and Kp52.145 (116—-118)

Table 3. Epidemic Kp plasmids carrying beta-lactamases. (113)

Plasmid Accession | Resistance | Replicons Countries of isolation

reference no. gene/s

pKpQlL-234 KJ146689 blagpc-> FlIk, FIBpkpai | USA, Greece, China

pNDM-KN JN157804 | blanpm-1 A/C2 (R) USA, Canada, Australia, Kenia,
Taiwan

pJEGO27 KM400601 | blanpm-1 X3 Canada, China, India, USA

Plasmid 9 FJ223607 blagpc.2 N1 (A/C2,R) | Brazil, USA, China, Russia, Taiwan

pKpn-E1.Nr7 | KM406491 | blaoxa-s L Switzerland, Ireland, Australia,
France, Netherlands

pNL194 GU585907 | blavima N1 (R) Greece, Norway, Switzerland

pKP09085 KF719970 | blacrx-wm-1s FIIK, FIBokons | China, Sweden, Korea, Norway

pKpS90 JX461340 blakec-2 X3 (V) Brazil, Hong Kong, France, Italy

pKpQlL GU595196 | blakpc-3 FlIk, FIBpkpai | USA, Israel, Italy, Taiwan

Integrative conjugate elements

Unlike plasmids that exist separately from host bacteria DNA, ICEs are integrated in the host
genome and vary in size from 18 to 500kbp. Like plasmids, ICEs rely on type IV secretion system to
enable movement between cells. The ICE conjugation genes are normally expressed at very low levels
or not at all. When the change in environmental conditions induces the expression, the encoded
proteins excise ICE from the host chromosome, which allows ICE to reintegrate into a different region
of the host’s DNA or conjugate to a different host via a type IV secretion system. The integration
usually takes place at an attB site in the host chromosome and is catalysed by an ICE carried integrase.

However, due to similarity of plasmids and ICE’s, some of the catalytic and conjugation machinery is

interchangeable (94,119).
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ICEKp and its structural variants are the main ICEs in Kp. They all carry the ybt locus that
encodes biosynthesis of the yersiniabactin siderophore. Additionally, some structural variants of ICEKp

also carry a clb/pks locus encoding colibactin, a genotoxic polyketide (120).

Methylation

Methylation is a form of epigenetic modification which is ubiquitous in both prokaryotes and
eukaryotes. The formation of epigenetic lineages enables the adaptation of bacterial populations to
changing environments and modulates the interaction of pathogens with their eukaryotic hosts (121-
123). Epigenetic signals control DNA—protein interactions and can cause phenotypic change in the
absence of mutation (124). A common mechanism of epigenetic signalling is DNA methylation by
orphan methyltransferases (MTases) such as DNA adenine methylase (Dam), which has roles in
chromosome replication and segregation, nucleoid organization, cell cycle control, and DNA repair
(124-126). DNA methylation is also the key element of Restriction-Modification (R-M) systems that not
only provide a defence against foreign DNA, but also drive bacterial evolution by ensuring persistence

of plasmids and other MGEs (127,128).

Methylation cannot be observed in short-read sequencing data, but if PCR is not used for library
preparation, some long-read sequencing technologies allow detection of DNA methylation signatures
by measuring variation in either the polymerase kinetics (Pacific Biosciences) or voltage-bias during
sequencing (Oxford Nanopore Technology) (129). Here, | focus on Pacific Biosciences (PacBio)
instruments (Chapter 3). This approach can detect genome-wide MTase N6-methyladenine (m6A) and
N4-methylcytosine (m4C) target motifs at coverage levels recommended for assembly and reveal phase
variation of related genes (130). Dam, which methylates m6A in the GATC sequence, plays a key role in
DNA mismatch repair and in bacterial virulence and gene expression including in some strains of Kp
(127,131-133). R-M systems have also been observed on bacterial plasmids where they may contribute
to plasmid maintenance (128). Kp is known to have type | and type Il R-M systems (134). The two
systems have different mechanics and their distinct motif types have been reviewed elsewhere

(124,126). Briefly, type | R-M systems consist of specificity, modification, and restriction subunits. The
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first two subunits are usually located together on a chromosome and are under control of same
promoter (135). The restriction subunit in the type | R-M system recognises long bipartite motifs, such
as GGCANsTCG. While not part of complete type Il R-M, Dam is the most common MTase in Gamma-

proteobacteria and it recognises palindromic 5’-GATC-3’ motifs (124,126).

Sequencing and Bioinformatic Analysis

As next generation sequencing technologies (e.g., lllumina platforms) have become widely
available they have improved the completion of reference genomes. This gave insights into genome
diversity leading to the tracking of infections, development of diagnostics, and insights into vaccine
design (e.g., for SARS-CoV-2 (136)). In Kp, whole genome sequencing (WGS) has led to an understanding
of the bacteria’s accessory genome (70) and elucidated the diversity of AMR drivers. This knowledge
has enabled the development of tools to rapidly screen isolates for these drivers (137,138). However,
next generation sequencing platforms usually cannot separate different DNA molecules (chromosome,
plasmids, transposons) due to short read lengths and consequently limit understanding of the diversity
of plasmids that transfer AMR genes between bacterial cells. The advent of third-generation
sequencing via technologies from PacBio and Oxford Nanopore Technology (ONT) fills this gap, because
they provide much longer (>10,000nt) sequencing reads. These devices also give insights into bacterial

methylomes as they capture methylation data during sequencing (122,139).

Genome sequencing and data processing

Currently WGS is performed via either short or long-read sequencing. The former is primarily
carried out using lllumina platforms. Short-read sequencing has error rates below 0.1% per base and
allows the accurate calling of variants with low sequencing coverage of target regions (140). However,
the read length is limited to a current maximum of 600nt, which means this type of sequencing cannot
resolve long repetitive regions of DNA. Long-read sequencing is performed using either PacBio or ONT
platforms. As the name implies, the main advantage of long-read sequencing is the ability to produce

reads over 10,000nt in length. However, this comes at the cost of accuracy, with reported error rates
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for PacBio and ONT machines of 0.5% and 7%, respectively, per base (140,141). An extra advantage of
both long-read sequencing platforms is that using the information collected during sequencing PacBio
and ONT proprietary software allows detection of DNA methylation. In case of PacBio, methylation
detection is part of their SMRT Analysis toolkit, which also includes quality control and other pipeline
tools. The toolkit can be computationally intensive and slow for many samples, so for my thesis, | have

adapted the key code file of the toolkit (KineticWorker.py) to improve analysis automation.

Long and short sequencing reads are processed in two main ways: alignment or assembly. For
alignment the sequencing reads are mapped to a representative genome of the species and the
differences between sequencing reads and reference genome analysed. Several multiple aligners have
been developed for short reads (e.g., BWA, Bowtie2, Hisat2, and STAR software), most performing
comparably well (142,143). Using the alignments, single nucleotide polymorphisms/variants
(SNPs/SNVs), insertions and deletions (indels) and other variations can be called using established
software tools (e.g., GATK, Samtools/BCFtools, or VarDict (144—146)). This mapping approach is
common for stable genomes such as human, mice or M. tuberculosis. While an alignment approach can
be used for Kp, due to high diversity of its genome, | opted to perform reference-free assembly of the
genomes of each isolate. Genome assembly refers to the process of taking DNA sequencing reads and
putting them back together to create a representation of the original chromosomes from which the
DNA originated. In this thesis (see Chapters 4 and 5), short Illumina reads were assembled using
Unicycler software (v0.4.8) (73). The subsequent analysis relies on comparison of regions (e.g., genes,
promoters) of these assembled genomes. Because | used reference-free assembly in the analysis (see
Chapters 3, 4 and 5), SNP detection was performed using alignments of the assembled genomic regions

(e.g., using MAFFT, MUSCLE software).

Assembly of long reads (from PacBio sequencing; see Chapter 3) was performed using three
different software tools: HGAP3, Canu and Flye. HGAP3 is part of the SMRT Analysis toolkit (v2.3), while
Canu and Flye software are standalone (147-149). Typically, short read data can be used to polish the

assemblies, but as each Kp isolate sequenced had high (>100-fold) long read coverage, this was not
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required. To measure the quality of assemblies from each software tool, N50 scores (related to the
median and mean length of a set of sequences), and Busco gene completeness and fragmentation can
be estimated. For Kp, | estimated the latter using the Busco Enterobacterales (odb10) dataset (150) to
find assemblies with the highest sum of complete and fragmented genes, which also had high N50, with
most arising from a pipeline involving Flye assembly. For the short read assemblies, the fragmentation
and completeness were assessed against 440 core genes of Enterobacterales (enterobacterales_odb9
for Chapter 4; enterobacterales_odb10 for Chapter 5) using Busco software (v4) (150). The quality of
assemblies was high, with all but one having complete single copies of >95% genes in the Busco

reference set.

Genome annotation

Gene annotation needs to be inferred for an assembled genome and is typically transferred
from a similar genome. Here, the assemblies were annotated using Prokka software (v 1.14.6) (151),
combined with the Klebsiella specific reference genes set (152) (see Chapters 3, 4 and 5). O and K
antigen serotypes, genomic AMR, virulence, and ST profiles were analysed and inferred in silico using
Kleborate (118) and AMRFinder (v3.8.4) (137) software with associated databases. | used Abricate
software (v1.0.1) (153) with the virulence factor database vfdb (accessed March 2021) to find additional
virulence genes. The plasmid identities were established using PlasmidFinder (110) and ISs were

identified using ISFinder (154).

Population structure

Understanding the relationships between isolates in populations can reveal sub-
populations/clades linked to transmission, AMR, virulence, and strain-types. For example, isolates with
(near-)identical genomes, sourced from different individuals, may reflect a transmission cluster or
outbreak. The most common way to establish relationship between bacterial isolates is via
phylogenetic trees. The approach usually follows one of two routes. The first route is to align

sequencing reads to reference genome to identify SNPs (see above), which are inputted into
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phylogenetic reconstruction tools (e.g., RAXML and IQ-TREE2 (155,156)). As a part of the tree
reconstruction process, these tools also provide bootstrap estimates as a measure of confidence that
tree nodes are robust. The second route starts with identification of genes (or proteins) on which the
phylogenetic tree will be based. The sequences from all isolates are aligned against each other using
multiple sequence alignment tools such as MAFFT, MUSCLE or (for proteins) ProbCons (157-159). This
multiple sequence alignment is again inputted to either RAXML or IQ-TREE2 (155,156). The advantage
of first method is that isolates do not need to be assembled, while the second route gives better control
over the data underlying the phylogenetic tree. For example, excluding highly variable or repetitive
regions is easier via the second route. Phylogenetic tree reconstruction in this thesis applies the second
route, using a subset of core genes (27 genes in Chapter 3, 100 genes in Chapter 4) with the most
diverse nucleotide sequences. For each of these genes, | aligned the instances from all isolates using

MAFFT software (v7.467) and a phylogenetic tree was reconstructed using IQ-TREE (v2.0.3) (156,157).

The application of phylogenetic trees in bacterial genomic has a long history, including for
inferring evolutionary relationships among distinct taxa though not without a set of limitations
(160,161). Phylogenetic trees are also widely used in viral genomics where recombination is a lesser
concern (162), but in bacterial genomics their accuracy has been questioned (18,163). One of the major
limitations of phylogenetic trees is their inability to reflect sexual reproduction or horizontal gene
transfer (18,163). Several solutions have been proposed: removing or adjusting the trees for
recombinant parts (164,165), creating graphs for subgroups of samples (166), modifying the definition
of the phylogenetic tree to allow visualisation of recombination (167,168), and relying on a core
genome (163,169). The non-robustness of a phylogenetic tree in the presence of recombination can be
demonstrated using a simple example. Assume, there are two distinct populations of an organism, each
with unique versions of two genes A and B. At some point, the two populations come into contact and
recombination creates two more genotypes (Figure 1A). The observer who sees all four populations
and tries to build a phylogenetic tree will not succeed as no tree can accurately capture the relationship

between isolates. Figure 1B shows a generic unrooted phylogenetic tree with branch lengths X, Y, S, Z
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and U. The distance between all leaves of this tree can be summarised by the following equations

where the right-hand side is the number of allele differences between samples at either end of the

path:
X+S+72=2
X+S+U=1
X+Y=1
Y+S+Z2=1
Y+S+U=2
Z+U=1

This system of equations is inconsistent i.e., there are no S, U, X, Y, and Z values for which all

equations are satisfied. Therefore, the distance between leaves cannot be correct.

Figure 1. Example of simple recombining population (A) and generic phylogenetic tree in

which distances between isolates will be incorrect regardless of the lengths [S, U, X, Y, Z] of the

individual the branches (B)
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Alternative approaches that look at population structure involve dimensional reduction, such as
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principal component analysis (PCA). PCA converts a data matrix into a covariance matrix, calculates

|”

eigenvectors and creates new “orthogona

these new dimensions of which the first two (PC1 and PC2) are usually displayed. A common extension

of PCA is multidimensional scaling (also known as MDS, principal coordinate analysis or PCoA) in which

dimensions from it. The original data is then projected onto

covariance matrix is replaced by distances between isolates often obtained from phylogenetic trees.

MDS can accommodate ordinal data making it useful for analysis of categorical data such as multiple

sequence alignments, but the calculations become more convoluted and the result dependent of choice

of optimisation function. In addition, like PCA, MDS is not designed to deal with non-linear data

structure (170,171).
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A prominent group of dimensional reduction algorithms is based on manifold learning — an
approach that assumes that complex data lies of smooth low-dimensional surface. The goal of manifold
learning algorithms is to faithfully project that surface into lower dimensional (usually 2) space.
Examples of manifold learning methods include ISOmap, t-distributed stochastic neighbour embedding
(t-SNE) and uniform manifold approximation and projection (UMAP) (172-174). These approaches are
usually better at representing the data structure than commonly used PCA, but they are not without
limitations. The main analytical drawback is the need to select a set of parameters which vary between
algorithms. For example, a wrong choice of distance metric may force unrelated points together giving
impression of relatedness. Another drawback is possible distortion of embedded data (172,173,175).
Manifold learning methods assume that data lies on low-dimensional surface, but there is no
theoretical guarantee that this surface can be faithfully represented in two dimensions. A useful
application of manifold learning methods is to understand if some structure exists within data, and
subsequently identify the variables that drive that structure. Despite these drawbacks, manifold
learning technics, especially UMAP and t-SNE algorithms, provide better understanding of data

structure compared to PCA, MDS and some other methods (175-177).

In my research | have made extensive use of t-SNE and UMAP as they perform well and have

acceptable computational time. Just like other manifold learning methods t-SNE and UMAP require a

distance metric. The most frequently used, Euclidean, given by d = [¥N (x; — y;)? is unsuitable for

categorical or Boolean data. For categorical data, such as those from multiple sequence alignments, the
appropriate metric is Hamming defined as d = YN (1 if x;! = y; else 0)/N. However, in case of
Boolean data (where 0 is absence of feature and 1 is presence) this metric may cause samples which
have no similarity to anything to be grouped together. A better choice is often Jaccard or Russell-Rao

defined respectively as

N

N
d= [1if(xi+yi=1)else0]/(N— [1if (x; +y; =0)else0])
) )

i i=0
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and

NE

d=(N-— [1if(xi+yi=2)else0])/N.

i=0
The downside of the Jaccard metric is that total number of possible features is disregarded
because the denominator is the number of features present between the two samples. In contrast, the
denominator of the Russell-Rao metric is the number of possible features, but this may create large

distances in matrices with large number of possible features, but few features per sample.

For population structure analysis (Chapter 4, 5 and 6), a matrix of the presence/absence of
SNPs, accessory genes or plasmid replicons was analysed using UMAP (v0.5.1) and t-SNE algorithms
using Russell-Rao, Jaccard and Hamming distances. This approach was implemented in sklearn software
(v0.24.2) (174), and used to generate a 2-dimensional projection of the original binary matrices (172—

174). HDBSCAN software (v0.81) was used to detect clusters in the 2-dimensional projections (178).
Genotypic-phenotypic associations

Genome wide associations studies (GWASs) are a method of identifying genomic features that
are associated with an organism’s phenotype. In bacteria, GWAS is commonly used for identification of
AMR genes and mutations (179). In typical GWAS, for each genomic feature (e.g., SNP, gene) one
calculates the feature’s measure of non-random association with phenotype. GWAS approaches can
range from simple statics like chi-squared analysis of two-way tables, to complex models involving non-
genomic variables, surrogates of isolate ancestry (e.g., kinship matrices or principal components), and
other features or confounding variables. Commonly used GWAS software packages are Plink, pyseer
and treeWAS (180,181). In Chapter 5, | screen accessory and core genome SNPs for association with a
hypervirulent phenotype using a logistic regression implemented in statsmodel software (v.0.13.0). The
model incorporated principal components as variables that summarise population clusters, where the

PCs were inferred from a PCA applied to core genome SNPs (182). The logistic model leads to
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epidemiological interpretable odds ratios of the effects of alleles after correction for confounding

effects (e.g., population structure).

Chapter 2: Research
Questions
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The overarching goal of the research contained in this thesis is to understand the parts of Kp

accessory genome related to AMR, virulence, methylation, and plasmids. For this purpose, | have

examined the methylome and AMR profile of eight Kp isolates from Portugal (Chapter 3). | then

conducted a large study of Portuguese Kp isolates (n=509) that gives insight into AMR and plasmids

present in Portugal during the 40-year period covered by the isolates (Chapter 4). After that study, |

have completed an investigation of biomarkers linked to hypervirulence in Kp using both core genome

SNPs and accessory genome (Chapter 5). | brought these three studies together through a fourth study

(Chapter 6) that gives insight into the transmission of AMR and hypervirulence genes by plasmids in

global context (Table 4). The summary of methods used in each Chapter (research paper) are provided

(Table 5), and described in Chapter 1.

Table 4. Research papers included in this thesis.

Chapter Manuscript title Topic Citation

3 Methylation analysis of Klebsiella Characterising the methylome Spadar et. al, Sci
pneumoniae from Portuguese of Kp (n=8) Rep 2021;
hospitals 11(1):6491

global Klebsiella pneumoniae
plasmids reveals multiple
simultaneous clusters of
carbapenem resistant hypervirulent
strains.

plasmid replicons, AMR and
hypervirulence genes
(n=13,176)

4 Genomic epidemiological analysis Understanding the local AMR Spadar et. al, Sci
of Klebsiella pneumoniae from and virulence genes Rep 2022;
Portuguese hospitals reveals transmission through whole 12(1):23791
insights into circulating AMR genome diversity in Portugal

(n=509)

5 Genomic analysis of hypervirulent Determine biomarkers of Kp Spadar et. al, Sci
Klebsiella pneumoniae reveals hypervirulence (n=725) Rep 2022;
potential genetic markers for 12(1):13671.
differentiation from classical strains

6 Large scale genomic analysis of Examine relationship between Genome Medicine,

revised (2022).

Table 5. Summary of methods used
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Genomic investigation

Large scale

. The Kp of Kp strains resistant Genetic barcodes of genor_’mc
Short title .. i . analysis of
methylome to antimicrobials in hypervirulent Kp
Portugal global Kp
g plasmids
Chapter
. 3(1 4(2 5(3 6 (4
(Appendix) (1) (2) (3) (4)
Plasmids, AMR
Focus Methylation AMR genes, temporal Hyr?erwrulence arld
changes biomarkers hypervirulence
genes
Samplc_e Yes Yes No No
Sequencing
No. of
8 509 N/A N/A
Samples / /
Public Data Yes No Yes Yes
No. of 83 N/A 725 13,176
Samples
Total 91 509 725 13,176
Samples
Assembly HGAP/Canu/Flye Unicycler Unicycler N/A
Quality
Busco DB v10 Busco DB v9 Busco DB v10 Kleborate
Assessment
Phylogenetic IQ-Tree (26 genes) IQ—Tree (100 most N/A N/A
trees diverse core genes)
ML.S.T Kleborate Kleborate Kleborate Kleborate
profiling
AMR .
- Kleborate Kleborate, AMRFinder Kleborate Kleborate
Profiling
MGE PIasm|‘dF|nder, PlasmidFinder PlasmidFinder PlasmidFinder
Profiling ISFinder
Vlrulfe.nce N/A Kleborate, Abricate Kleborate Kleborate
Profiling
Annotation Prokka Prokka Prokka N/A
+/- 20% median length
and
+/- 19 i
Core MLST loci + 19 /- 1% median length >90% pairwise
genome and . . N/A
definition other pairwise identity >99% identity and
present in >90% of
samples
Homologous +/- 20% median length
gene N/A N/A and N/A
definition >60% pairwise identity
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Datasets

Pacbio sequence data (n=8)

For Chapter 3, | analysed Pacbio sequence data for eight Kp isolates. These eight samples were
collected from Hospital de Santa Maria (n=6) and Hospital St Antonio dos Capuchos (n=2) in Lisbon,
Portugal. The samples were cultured and tested for AMR as described previously (183). DNA was
extracted from strain cultures, grown overnight at 372C on Mueller-Hinton Agar. DNA extraction was
carried out using the Cetyl trimethylammonium bromide method previously described using Tris-
Acetate buffer (10 mM, pH 8) (184). The samples were generated without TET1 oxidation; thus, | could
not examine 5mC methylation (130,185). All DNA samples were sequenced at the Genome Institute

Singapore on the PacBio RSII platform.

The eight samples in this dataset were selected to represent a range of dates (years 2005-2013)
and different STs. While this gave a diverse set of restriction-modification enzymes, the small size of the
dataset limits the power of the analysis. The diversity of STs is also a limitation because it increases
heterogeneity between isolates further limiting power of small dataset. | have examined public
databases for data that can be used to extend my analysis and identified a suitable dataset (PRJEB6403)
containing 163 isolates, but it proved too difficult to establish who owned this unpublished data and

establish a collaborative project.

[llumina sequence data (n=509)

For Chapter 4, lllumina data was generated for 509 Kp isolates. These isolates were identified
between years 1980 and 2019 from 16 hospitals in Lisbon and its metropolitan area (Southern region),
Coimbra (Central region), and Porto and Vila Real (Northern Portugal), except for 9 isolates from
Beirolas wastewater (Lisbon) and 41 samples from veterinary clinics (Lisbon). Biochemical identification
methods (e.g., API, Vitek) were used. DNA was extracted from strain cultures, and whole genome
sequencing was performed on Illlumina HiSeq (paired end 150bp) platform. AMR testing data was

available for all but 388 isolates.
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The isolates in this dataset were selected to be a good representation of Portuguese clinical
isolates. However, the period from 1980 to 1999 has limited coverage with only 13 isolates from 1990
to 1999. While this limits the historical value of the dataset, the focus on the period from 2000 to 2019
gives better insight into AMR likely to be facing clinicians. The dataset also has a skew towards isolates
of greater interest to clinicians, which manifests as overrepresentation of KPC-3 encoding samples

(20%).

Publicly available data (n=13,176)

The work in Chapters 3, 5 and 6 used public data downloaded from the NCBI database
(115,186). For Chapter 3, | have compared the newly sequenced isolates to all NCBI RefSeq database
isolates (n=3,584) with a subset of these (n=83) used for phylogenetic reconstruction. In Chapter 5, to
identify isolates sourced from liver and therefore likely to be hypervirulent, | have used the keywords
“live” and “hepa” to search the metadata of samples in the NCBI Isolates Browser [n=79] (187). |
supplemented these with 520 randomly chosen isolates from the same database and a geographically
concentrated set of isolates (n=126) from three hospitals in Thailand. For Chapter 6, | have used all
isolate assemblies (n=13,176) labelled as Kp that were available at the time in NCBI Isolates Browser

(Sep-2021).

The isolates from public databases used in Chapter 3 and Chapter 6 represent all Kp isolates
that were available respectively in NCBI RefSeq and Isolates Browser databases at the time of analysis.
This data has biases inherent in such databases: dominance of small set of countries and mostly clinical
samples. However, the advantage of using all public data is a dataset with improved statistical power
and wider context. The data in Chapter 5 is different because prior to randomly selecting 520
representative isolates | have trimmed large single centre studies to a single isolate; however, some
geographies remained overrepresented. The other 126 isolates in Chapter 5 came from single Thai
study (188) and were chosen specifically to allow detection of bias due to dataset construction. Finally,
in Chapter 5 | used all Kp isolates collected from liver to improve the statistical power of analysis, but

these isolates were not well diversified with 26 (33%) collected in Singapore. The ideal dataset would

Page 44 of 164



have consisted of a random selection of hypervirulent isolates either nationally or globally with

matching non-hypervirulent Kp samples from the same time and geography.
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Methylation analysis of Klebsiella
pneumoniae from Portuguese
hospitals

Anton Spadar, Jodo Perdigdo?, Jody Phelan?, James Charleston!, Ana Modesto?, Rita Elias?,
Paola Florez de Sessions3, Martin L. Hibberd?, Susana Campino?, Aida Duarte*> &
Taane G. Clark®%7"

Klebsiella pneumoniae is an important nosocomial infectious agent with a high antimicrobial resistance
(AMR) burden. The application of long read sequencing technologies is providing insights into bacterial
chromosomal and putative extra-chromosomal genetic elements (PEGEs) associated with AMR, but
also epigenetic DNA methylation, which is thought to play a role in cleavage of foreign DNA and
expression regulation. Here, we apply the PacBio sequencing platform to eight Portuguese hospital
isolates, including one carbapenemase producing isolate, to identify methylation motifs. The resulting
assembled chromosomes were between 5.2 and 5.5Mbp in length, and twenty-six PEGEs were

found. Four of our eight samples carry blacry.m.15, @ dominant Extended Spectrum Beta Lactamase in
Europe. We identified methylation motifs that control Restriction-Modification systems, including
GATC of the DNA adenine methylase (Dam), which methylates N6-methyladenine (m6A) across all

our K. pneumoniae assemblies. There was a consistent lack of methylation by Dam of the GATC motif
downstream of two genes: fosA, a locus associated with low level fosfomycin resistance, and tnpB
transposase on IncFIB(K) plasmids. Overall, we have constructed eight high quality reference genomes
of K. pneumoniae, with insights into horizontal gene transfer and methylation m6A motifs.

Klebsiella pneumoniae (Kp) are Gram-negative bacteria that are found in the normal flora of the mouth, intestines,
skin and faeces, but in other parts of the body, such as the lungs, can cause severe morbidity with a diverse disease
spectrum that can culminate in complicated invasive infections. This pathogen is increasingly recognized as an
important etiological agent of healthcare associated infections. Kp has also been identified as a key route of intro-
duction and dissemination of antimicrobial resistance (AMR) genes into other clinically significant pathogens'2.
In Europe, Kp with resistance to fluoroquinolones and carbapenems, and third-generation cephalosporins has
been increasing, leading to reduced treatment options®.

The genome sequencing of Kp clinical isolates can provide insights into AMR, but also epigenetic information
superimposed over nucleotide sequences*. The formation of epigenetic lineages enables the adaptation of bacterial
populations to harsh or changing environments and modulates the interaction of pathogens with their eukaryotic
hosts®~. Epigenetic signals control DNA-protein interactions and can cause phenotypic change in the absence
of mutation®. A common mechanism of epigenetic signalling is DNA methylation by orphan methyltransferases
(MTases) such as Dam, which have roles in chromosome replication and segregation, nucleoid organization, cell
cycle control, and DNA repair®®®. DNA methylation is also the key element of Restriction-Modification (R-M)
systems that not only provide defence against foreign DNA, but also encourage bacterial evolution by driving
the persistence of plasmids and other mobile genetic elements'®!!.

Single Molecule, Real-Time (SMRT) platforms detect DNA modifications by measuring variation in the
polymerase kinetics of DNA base incorporation during sequencing. The approach has the ability to detect
genome-wide MTase N6-methyladenine (m6A) and N4-methylcytosine (m4C) target motifs at coverage levels
recommended for assembly, and reveal phase variation of related genes'>. DNA adenine methylase (Dam),
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UK. ZResearch Institute for Medicines (iMed.ULisboa), Faculdade de Farmacia, Universidade de Lisboa, Lisboa,
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London WC1E 7HT, UK. **email: taane.clark@Ishtm.ac.uk
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Busco** complete / Non-chromosomal
D Hospital | Isolation Year | Fold coverage | N50 Mbps | fragmented (%) Contigs > 1kbps MLST-type | Klocus type | O locus type
Kp1363 HSAC 2005 197 534 89.4/7.3 1 76%** KL10 03/03a
Kp1208 HSM* 2006 130 537 98.5/0.2 2 35 KL22 Olvl
Kp1264 HSM 2007 131 523 97.5/0.9 4 147 KL64 O2vl
Kp1675 HSAC 2008 428 4.02 98.9/0.2 4 48 KL62 Olvl
Kp2209 HSM* 2008 504 5.37 98.5/0.5 4 133 KL116 Olvl
Kp2564 HSM 2009 36 5.39 98.7/0.2 6 11 KL111 03b
Kp2958 HSM 2010 187 5.48 97.5/1.1 3 14 KL2 Olvl
Kp3860 HSM 2013 241 5.39 97.3/1.1 2 307 KL102 O2vl

Table 1. Klebsiella pneumoniae assemblies generated for the analysis. All isolates sourced from blood, except
* from urine; HSM Hospital de Santa Maria; HSAC Hospital St Antonio dos Capuchos; MLST sequence type;
** Busco score is based on genes set enterobacterales_odb10; *** Kp1363 matches six out of seven ST76 alleles;
N50 is defined as the sequence length of the shortest contig at 50% of the total genome length.

which methylates m6A in the GATC sequence, plays a key role in DNA mismatch repair, as well as in bacterial
virulence and gene expression, including in some strains of Kp'®'*~!>. R-M systems have also been observed
on bacterial plasmids where they may contribute to their maintenance'!. Kp is known to have type I and type
I1 R-M systems'®. The two systems have different mechanics and their distinct motif types have been reviewed
elsewhere*. Briefly, type I R-M systems consist of specificity, modification and restriction subunits. The first
two subunits are usually located together on a chromosome and are under the control of the same promoter!’.
The restriction subunit in the type I R-M system recognises long bipartite motifs, such as GGCAN;TCG. While
not part of complete type Il R-M, Dam is the most common MTase in Gamma-proteobacteria and it recognises
palindromic 5’-GATC-3’ motifs*®.

Here we applied SMRT sequencing to eight Kp isolates from Portugal with antibiotic susceptibility pheno-
typing to characterise the bacterial epigenome and explore the relationship between methylation and AMR. We
focused on methylation, including around AMR genes, and on differences in the abundance of R-M recognition
motifs on Kp chromosomal and mobile genetic elements. The abundance of some target methylation motifs was
different between chromosomes and plasmids, especially the GATC motifs methylated by orphan MTase Dam.
We also found that a GATC motif immediately downstream of the fosA gene, which confers low level fosfomycin
resistance'®, is consistently unmethylated in our samples. Isolates that had the tnpB transposase gene!® on the
IncFIB(K) plasmid also consistently lacked methylation immediately downstream of this gene.

Results

Genome assemblies and phylogeny. Eight Kp isolates with different multi-locus sequence types
(MLSTs)?° were sourced from two hospitals in Lisbon, Portugal, between 2005 and 2013, and sequenced on the
PacBio RSII technology (Table 1). The assembled chromosomes were between 5.2 and 5.5 Mbp in length and
had GC content values between 57.2 and 57.7%. By contrast, 26 putative extra-chromosomal genetic elements
(PEGEs) ranged in length between 3.6 and 284.2 Kbp and did not segregate into clusters based on sequence
length. The PEGEs have a GC content between 41.4 and 54.1%, except for an outlying 9.9 Kbp plasmid with
60.1%. This outlying plasmid had 100% coverage and 93% identity to several plasmids of Gram-negative bacteria
(e.g. CP027616.1, CP023430.1) (Table 1). To put our samples in a broader context we constructed a maximum
likelihood phylogenetic tree based on the alignment of seven MLST informative and nineteen core genome loci,
which contained 83 representative Kp MLST groups sourced from the NCBI database (Fig. 1)*. All our isolates
were the nearest neighbour of isolates with the same MLST, but there was varying heterogeneity in genetic
distance between the samples from same MLST, resulting from using 19 additional loci that could differentiate
geographical and temporal differences. For example, the nearest neighbour to our Kp3860 isolate (ST307) was
one collected in Malta in the same year with an identical MLST and no sequence differences across the genes
analysed. On the other hand, our Kp2209 isolate had some divergence from another ST133 sample isolated in
Thailand eight years earlier.

Antimicrobial resistance loci. Consistent with their Portuguese origin, four of our eight samples carry
blacrx .15 @ dominant extra-spectrum beta-lactamase in Europe and a source of resistance to third-generation
cephalosporins®2. Two isolates, Kp1675 and Kp1264, carry the gene on a chromosomal region flanked by Tn2
(Tn3 family) and IS26 (family IS6) mobile genetic elements. Two further isolates, Kp3860 and Kp2209, carry
blacryx.y.1s gene on IncFIB(K) plasmids. Finally, in addition to chromosomal blacry.y.5 Kp1264 also carries it
on IncFIA(HI1) plasmid which belongs to the same incompatibility group as IncFIB(K)*. All five blacrx y15
fragments (4 isolates) are embedded in the 9500 nt sequence that is near identical between samples (>99.98%
similarity), though Kp2209 has only 50% coverage compared to 93% coverage for the other sequences. This
9500 nt sequence also carries quinolone and aminoglycoside resistance genes. In three isolates (Kp1675, Kp1264
and Kp3860), the region containing blacrx.. 5 also contains blagx,_;, which is a penicillinase and a major cor-
relate of resistance to piperacillin/tazobactam and co-amoxiclav in Kp and E. coli, and is commonly associated
with co-carriage of aac(6')-Ib-cr, which restricts aminoglycoside and fluoroquinolone treatment options*?*.
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Figure 1. Unrooted maximum likelihood phylogenetic tree of common 83 Kp sequence types (blue) and the 8
isolates from our study (red). Edges with bootstrap support below 75 (based on 5000 bootstraps) were collapsed.
Scale is nucleotide substitutions per site. Tip labels are sequence type, collection year and country.

Only the Kp2564 isolate bore a KPC-3 carbapenemase coding gene (blagpc.;), which is located on an IncFIA
plasmid. This carbapenemase is thought to have originated in clonal group 258 (CG258), to which this sample
belongs?. KPC-3 has now spread across Kp MLSTs globally, including in Portugal®’, where its prevalence has
increased dramatically over the last decade®®. All samples were tested for susceptibility to major anti-microbials
(Table S1). Sample Kp2564 was the only one resistant to imipenem, which is consistent with presence of blagpc 3.
Of all samples only Kp1264 appeared resistant to fosfomycin.

Methylation analysis. Seven of the eight samples had sufficient quality and coverage to perform DNA
methylation analysis using the SMRT portal. For the other sample (Kp2564), we successfully identified methyla-
tion motifs, but low sequencing coverage meant that for non-GATC motifs the detection of motifs methylation
state was unreliable. After comparing the generality of motifs versus the frequency of motif methylation (Figure
S1) for each isolate, we removed the motifs for which less than 60% of motif occurrences were methylated. For
Kp2564 we focused only on GATC, AACN;RTGC and GCAYN;GTT motifs, the latter two being part of same
type I bipartite recognition sequence. While our raw results did contain four m4C modifications, the highest
modification rate was 17% and therefore omitted from further analysis.

All seven high quality assemblies contained a GATC recognition motif of the Dam based type R-M system.
A total of ten type I R-M system motifs were found. For each of these ten we identified specific MTases (Table 2)
by comparing their specificity subunits to those in the REBASE database'®. For all but one specificity subunit,
REBASE has 100% matches of the DNA target recognition domain. The recognition sequence motif on plasmid_5
of Kp2564 was the exception with 82% highest amino acid identity in the target domain. For Kp1363, SMRT
Analysis returned four motifs (CGACCN,TGG, CGAYDN,TGG, CCAN,GATCA and CCAN;RTCG) without
partner motif strings. The first and second motifs are imperfect reverse complements of the fourth. The third
motif is likely to be recognised by the same specificity subunit, but may show low methylation (60%) due to the
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Assembly | Main motif/partner motif Modified fraction | Number of motifs | Specificity subunit

Kp1208 GATC 98% 63,002

Kp1208 TGAYN6TTTG/ CAAANG6RTCA | 96%/88% 463 chr: 557,963-561,058
Kp1264 CCAGN7RTTC/ GAAYN7CTGG | 98%/94% 347 chr: 1,565,436-1,567,199
Kp1264 GATC 98% 61,076

Kp1264 GGCANSTCG/ CGANSTGCC 98%/91% 1042 chr: 1,638,656-1,639,996
Kp1363 CCAN4GATCA 60% 447 plasmid_1: 100,843-102,264
Kp1363 CCANS5RTCG 98% 2313 plasmid_1I: 100,843-102,264
Kp1363 CGACCN4TGG 98% 276 plasmid_1I: 100,843-102,264
Kp1363 CGAYDN4TGG 98% 1613 plasmid_1: 100,843-102,264
Kp1363 GAAAYNSTCG/ CGANSRTTTC | 97%/96% 459 chr: 1,946,700-1,947,668
Kp1363 GATC 99% 61,266

Kp1675 GATC 99% 64,248

Kp2209 GATC 99% 64,264

Kp2209 GATGN6TTG/ CAAN6CATC 99%/99% 1029 plasmid_1: 2570-3844
Kp2564 AACNS5RTGC/ GCAYN5SGTT 26%/26% 998 plasmid_3: 94,898-96,112
Kp2564 GATC 36% 63,282

Kp2958 ACANSTGAC/ GTCANSTGT 98%/96% 319 chr: 4,378,992-4,379,303
Kp2958 AGCN5CTTC/GAAGN5GCT 100%/98% 1024 chr: 1,411,097-1,412,662
Kp2958 GATC 98% 64,066

Kp3860 GAAAN6GGG 97% 586 chr: 1,856,401-1,857,603
Kp3860 GATC 99% 63,388

Table 2. List of high-quality m6A motifs. Only the GATC motif was present in multiple isolates, consistent
with widespread presence of DNA adenine methylase among Gammaproteobacteria. Kp2564 has low
methylation rates due to low sequencing coverage.

presence of a type II GATC motif within the type I motif. Given the highly similar number of sites (2336 for
the first three motifs versus 2311 for the fourth), the similarity of motifs and only two specificity proteins in the
assembly, we suspect that the four motifs are recognised by the same specificity subunit. A problematic sequence
was GAAAN GGG in Kp3860 for which the SMRT Analysis pipeline did not return a partner motif, nor plausible
reverse complement. The assembly has one specificity protein, but has no exact match to known recognition
sequences in REBASE, with the closest being GAGN,GGG from an E. coli specificity subunit (S.Eco77I), with
identity 36% (e-value 7e-72).

Due to a lack of a corresponding restriction enzyme in Kp, the GATC motif is not involved in the defence
against foreign DNAS. To assess if this is reflected in the number of motifs on the Kp chromosome and PEGEs,
we examined the relative abundance of GATC motifs, as measured by the ratio of total length of observed motifs
to those of genomic sequence. For the GATC motif, there was much greater abundance on the chromosomes
compared to PEGEs (Wilcoxon P<3x 107°) (Table S2, Fig. 2a). We found the same result in 673 high quality
Kp assemblies from the NCBI RefSeq database (all N50s >4.5Mbp; Fig. 2b), where the GATC abundance on
the chromosome (mean 2.25%; standard deviation 0.017%) was greater than on PEGEs (mean 1.52%; std. dev.
0.088%) (Wilcoxon P<0.001). We also investigated the abundance of type I R-M system motifs (i.e. non-GATC)
by comparing the share of chromosomes occupied by the motifs that are recognised by assembly’s MTases
versus the share occupied by recognition sequences from other assemblies. There was no strong difference in
the abundance of type I recognition motifs on chromosomes or between chromosomes and PEGEs (Wilcoxon
P>0.230). Similarly, there was no strong difference between PEGEs that were recognised by their own assembly’s
R-M system compared to those that were not recognised (Wilcoxon P=0.187).

Unmethylated motifs. Methylated motifs (see Table 2) covered a large portion of the genome and were
relatively evenly distributed. Therefore, we focused on unmethylated motifs 50bps upstream and downstream
of the genes. Upstream sequences capture gene promoters, whereas downstream sequences provide a control.
We focused on the genes and motifs that have higher than expected number of unmethylated motifs (Table 3) in
most isolates (>3/7) (see Data S1 for the full list of identified genes). All such cases had a GATC motif, with only
fosA and tnpB 1S3 family (IS2 group) transposase genes having a consistently unmethylated motif downstream.
TnpB is a key component of mobile genetic elements’ transposition mechanism, and in four samples that had the
gene, it was located on a large (197-284kbp) IncFIB(B) plasmid containing various heavy metal and AMR loci.
The fosA gene provides Kp with an inherent low-level resistance to the fosfomycin antibiotic***. Only one isolate
(Kp1264) was resistant to fosfomycin (Table S1), but it was one of two isolates (Kp1264 and Kp1363; Fig. 3) that
had the R-M system inserted after fosA. Both fosA and tnpB genes lacked methylation at a GATC motif down-
stream of the gene, so the unmethylated GATC should not be directly affecting promoter region; however, the
lack of methylation may indicate that MTase cannot access the site.

Of the seven isolates with high quality site methylation data, only Kp1264 (ST147) and Kp1363 (ST76) did
not have the unmethylated motif downstream of fosA. In both isolates, the required GATC motif was missing
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Figure 2. (a) The share of genomic elements occupied by a GATC motif in the assemblies in Table 1. The
largest non-chromosome contig, 284kbp, has abundance ratio of 1.8%. (b) GATC abundance in 673 high quality

assemblies of Kp taken from NCBI database limiting sequences to those that have N50 in excess of 5Mbp. The
mean chromosomal GATC abundance in (a) and (b) is the same.

Up D-ribose transporter subunit RbsB VEC00318.1 | Yes Yes Yes Yes Yes Yes Yes 1.8E-12
Up Branched-chain amino acid transport protein azIC AHMS82117.1 | Yes Yes Yes NM Yes Yes Yes 8.6E-11
Up D-arabinitol dehydrogenase BAH64332.1 | No Yes Yes Yes Yes Yes Yes 5.9E-10
Up DnaK suppressor protein BAH61791.1 | Yes No Yes Yes Yes Yes Yes 5.9E-10
Up BCCT family transporter AHMS80284.1 | NM* Yes Yes Yes Yes Yes No 2.4E-08
Down | oA family fosfomycin resistance glutathione QBHO08895.1 | Yes NM | Yes NM | Yes Yes Yes 4.1E-09
Down 1S3 family transposase VEC38624.1 | NM NM Yes NM Yes Yes Yes 1.9E-07
Up Transcriptional regulators of sugar metabolism VEC00015.1 | No Yes Yes NM Yes No Yes 2.8E-06
Down DUF1145 family protein AHM77076.1 | Yes No Yes Yes No Yes No 6.4E-06

Table 3. Genes which have an unmethylated GATC motif 50bps upstream/downstream in at least four
samples. Every sample has either one copy of the gene or no copies. The p-value null hypothesis is probability
of gene’s GATC motif being unmethylated is the same as probability of any GATC motif being unmethylated.
None of the non-GATC motifs had a p-value below 0.05. NM = no motif. *Missing start codon.
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Figure 3. The fosA gene and surrounding region. (Black bars) methylated GATC muotifs; (red bars with red dot
above) unmethylated GATC motifs downstream of fosA on the same strand; (green bars with green dot above)
unmethylated GATC on the opposite strand of GntR family transcription regulator coding sequence. Kp1264
and Kp1363 lack a GATC motif downstream of fosA due to an insertion of endonuclease. The other samples all
have a single unmethylated GATC motif downstream of fosA on the same strand as fosA coding sequence. The
only other unmethylated GATC in these regions are the motifs on GntR family transcription regulator.

GntR family transcriptional regulator | 209 477 200 57 1408 | 68.3
Putative protein 1 306 8.6
DNA-dependent helicase II 23 289 8.1
5'-nucleotidase 88 130 6.1
Toxic protein SymE 130 56 5.2
endoribonuclease SymE 59 1.7
yjiR_1 1 3 18 0.7
yjiR_2 8 3 1 5 0.5
Hypothetical protein 1 6 7 0.4
Type I restriction endonuclease 6 0.2

Table 4. Genes and proteins encoded by coding sequences immediately downstream on opposite strand of
chromosomal fosA. Together these account for 99.6% of downstream elements in 3584 K. pneumoniae samples.
For a given MLST, all samples normally have the same gene downstream of fosA. Genes yjiR_1I and yjiR_2 are
truncated versions of the GntR family transcription regulator.
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due to insertion of an endonuclease gene (>3 kbp) (Fig. 3). To assess the frequency of this insertion we analysed
available Kp assemblies (n=3584) from the NCBI database. We found that 99.4% of assemblies had the syrM1
gene upstream of chromosomal fosA. The exceptions were 23 samples from diverse geographical regions and
sequence types (Table S3). Further, we observed a limited variety of genes downstream on the opposite strand
of fosA (Table 4). The top five genes accounted for 96.2% of the assemblies, with the predominant one being the
GntR family transcription regulator (68.3%)°". For the ST147 sequence type (NCBI, n=131), we found most
assemblies (130/131) had toxic protein SymE in the same position. The outlying assembly (GCA_004145685.1_
ASM414568v1_genomic) had a truncated version of SymE due to the scaffold ending in the coding sequence.
For the ST76 sequence type, all NCBI isolates (n="7) and Kp1363 (one locus mismatch) had coding sequence of
endoribonuclease SymE downstream of fosA (Table 4).

For a random subset of unmethylated motifs (from Table 3), we examined the IPDs of individual reads to
evaluate the existence of distinct subpopulations with regard to the methylation status of genes, thereby investi-
gating potential intra-populational epigenetic diversification (Figure S4). Standard SMRT Analysis output files
report the methylated fraction of reads in the sample, but only for motifs that were called as methylated. We
modified the SMRT Analysis algorithms to produce per base IPD values for all nucleotides. After analysing the
underlying reads, we found that IPD levels in some genes, including fosA and dksA (DnaK suppressor protein),
differentiated two subpopulations corresponding to methylated and unmethylated cells. By contrast, we observed
no methylated subpopulation in mglB (D-ribose transporter subunit RbsB).

Discussion

Across seven Kp isolates with high quality PacBio data, we identified the common Dam based methylation
mechanism involving GATC motifs, as well as several type I R-M systems. With a type I R-M system, we
observed that the abundance of recognition motifs did not vary between chromosomes of different assemblies,
but that some depletion of recognition motifs has occurred in PEGEs. This observation supports the role of
type I R-M system as a defence mechanism against invasion by foreign DNA, but not its regulatory function,
as chromosomal abundance was not correlated to specificity subunit. In contrast, there was a clear difference
in abundance of the GATC motif on chromosomes and PEGEs, which suggests that the motif has a function as
identified by previous research®’.

Because GATC motifs are known to have a regulatory function, we expected to find that some genes had
consistently unmethylated GATC in gene promoter regions®’. However, the finding of consistently unmethylated
GATC downstream of genes (e.g. fosA and tnpB) is intriguing. This outcome may be an indication of a secondary
structure that is inaccessible to MTase, or that the GATC motif downstream of fosA and tnpB is a distant pro-
moter or regulatory region. The phenotypic impact of this GATC motif requires follow-up experiments ideally
via single nucleotide site-directed mutagenesis as to prevent methylation with minimum downstream effects.
Analysis of this region has also led us to identify the limited variety of recombination events around fosA and
their potential MLST specificity. Toxic protein SymE is part of the plasmid toxin-antitoxin system. To assess
its prevalence in Kp we evaluated 131 randomly chosen ST147 samples from the NCBI database. We found the
same fosA-SymE sequence in all but one of them, but in no other major ST. The potential impact of the SymE
insertion on fosfomycin resistance should be evaluated in follow-up experiments. The other coding sequences in
that location do not appear to be part of the toxin-antitoxin system®, and therefore this locus has the potential to
evaluate the robustness of a Kp phylogeny based on sequence types. We would expect that sequence types with
the same insertion would cluster together, and the opposite observation would indicate possible recombination
of MLST genes.

The general lack of resistance to fosfomycin in Kp species, despite decades of active use of fosfomycin for
infection control’®*, is in contrast to the emergence of resistance to other antimicrobials. However, Kp has
been reported to acquire resistance in vitro within 24 hours of exposure to fosfomycin®%; though this resistance
does not seem to persist as clinical studies report the limited spread of fosfomycin resistance®®. The identified
unmeth-ylated GATC motif downstream of fosA may be correlated with the rapid acquisition of fosfomycin
resistance in individual isolates. Our dataset is too small to draw any robust statistical inference, but the only
sample in our study resistant to fosfomycin, Kp1264, is one of the two samples which lacks a GATC motif
downstream of fosA (Fig. 3). The plasmid toxin-antitoxin system downstream of fosA in both Kp1363 and
Kp1264 requires constant transcription, which means the genomic region is accessible to transcription
machinery; whereas unmethyl-ated GATC may be the result of DNA regional conformation inaccessible to
Dam. It is unlikely that a lack of methylation downstream of the fosA gene is itself the fosfomycin resistance
mechanism. If correlation exists, the more likely explanation is that conformation of the genomic region
that prevents methylation, also pre-vents fosA transcription. This hypothesis is particularly relevant for the
treatment of complicated infections by carbapenemase-producing strains, for which fosfomycin is often used
in combination with another drug (e.g. colistin) as a last resort therapeutic option®>¢.

Overall, our work has provided new insights into methylation and potential MLST specificity. We have gener-
ated eight new reference genomes for Kp and analysed their methylomes. The findings reinforce the role of type
I motifs as a defence mechanism against foreign DNA. We also identified a higher than expected rates of the
GATC motif on Kp chromosomes which, together with absence of respective endonuclease, support existence
of Dam function such as DNA mismatch repair®’ and gene expression regulation’. We identified two genes, fosA
and tnpB, which have an unmethylated GATC motif downstream of each locus. Methylation analysis may be
useful for identification of distant regulatory regions or frequent secondary DNA structures. In particular, a lack
of methylation downstream of fosA genes could explain not only rapid emergence of resistance in individual
samples, but also lack of widespread resistance in Kp. Further, using a bioinformatics approach we detected the
presence of both methylated and unmethylated sequencing reads existing within individual samples, potentially
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representing subpopulations of distinct epigenetic lineages, which could contribute to stochastic phenotypic
switching mechanisms in bacteria®**. Such heterogeneity can be investigated in more depth using a SMALR
approach®. This important biology and other findings should be evaluated in larger genomic and functional
studies, and could lead to new insights into Kp infection control.

Methods

Sample collection, culture and sequencing. All eight samples were collected from Hospital de Santa
Maria (n=6) and Hospital St Antonio dos Capuchos (n=2) in Lisbon, Portugal. The samples were cultured and
tested for AMR as described previously”®. DNA was extracted from strain cultures, grown overnight at 37°C on
Mueller-Hinton Agar. DNA extraction was carried out using the Cetyl trimethylammonium bromide (CTAB)
method previously described using Tris-Acetate buffer (10 mM, pH 8)*'. Our samples were generated without
TET1 oxidation; thus we could not examine 5mC methylation'>*2. All DNA samples were sequenced at the
Genome Institute Singapore on the PacBio RSII platform.

PCR and Sanger sequencing-based MLST analysis was based on fragments of seven housekeeping genes: rpoB
(beta-subunit of RNA polymerase), gapA (glyceraldehyde 3-phosphate dehydrogenase), mdh (malate dehydro-
genase), pgi (phosphoglucoseisomerase), phoE (phosphorine E), infB (translation initiation factor 2), and tonB
(periplasmic energy transducer). Details of the MLST scheme including amplification and sequencing primers,
allele sequences and MLSTs are available on the Institute Pasteur’s MLST Web site (https://bigsdb.pasteur.fr/
Kklebsiella/klebsiella.html).

Bioinformatic analysis. A summary of the bioinformatic and analysis pipeline is provided (Figure S3).
Data assembly was performed using three different software tools (HGAP3, Canu and Flye). HGAP3 is part of
the SMRT Analysis toolkit (version 2.3), while Canu and Flye software are standalone****. Short read polish-
ing was not performed due to>100-fold long read coverage for each sample. We have aligned raw reads to the
assemblies and examined region +2000 nt around fosA gene in each assembly. We did not observe* any SNPs,
InDels or alignment abnormalities. Between samples, the coverage of the region ranged from 77- to 219-fold.
Generated assemblies were compared using the Busco enterobacteriales (0db10) dataset?”. For each sample the
assembly with highest Busco complete gene count was selected. The sum of complete and fragmented genes
yielded the same “best” assemblies. While the HGAP3 assembly had marginally higher N50 score, in most cases
its Busco scores were substantially lower. All but one of the selected assemblies had a scaffold longer than 5Mbp.
The outlying assembly, Kp1675, had a chromosome split into two scaffolds which was considered an
acceptable trade-off for a 5.3% higher share of complete genes. The in silico resistance profile, MLST, O-locus
and K-locus types were determined using the kleborate tool***. Plasmid and Insertion Sequence (IS)
identities were estab-lished using PlasmidFinder* and ISFinder”'.

Methylation analysis. We used the generated assemblies to perform methylation detection by applying the
PacBio SMRT Analysis toolkit (v2.3). To discriminate between natural variation in IPD and true methylation the
toolkit relies on expected distribution of unmethylated IPDs given the nucleotide sequence context. When IPD
value exceeds the probability threshold, we used default p-value 0.01, the relevant base is called as modified. The
calculations are implemented in KineticWorker.py, which is part of SMRT Analysis toolkit™. After comparing
the generality of motifs versus the frequency of motif methylation for each isolate, we removed the motifs for
which less than 60% of motif occurrences were methylated. We retained two motifs for the Kp2564 isolate which
had methylation fractions below 60% (Table 2), where the low level of methylation was result of insufficient
sequencing coverage.

NCBI datasets. To assess the abundance of GATC motif on Kp chromosomes, we downloaded from
the NCBI RefSeq database all Kp assemblies where their longest chromosomal contig was at least 4.5Mbps
(n=673)%. For an analysis of the prevalence of GATC motif downstream of fosA gene, we downloaded all Kp
assemblies in the NCBI pathogen database (as of November 15, 2019; n=3584)". For reconstruction of a Kp
phylogenetic tree we determined the MLST? of each of the 3584 assemblies using kleborate software*. For each
MLST which had more than nine samples from different geographical locations (city, region, or country) and
year of collection data, we included a single randomly selected assembly for phylogenetic reconstruction. A total
of 83 isolates were used in the construction of the phylogenetic tree. The tree was constructed using IQTREE
software®* with the GTR + F + G4 model.

Ethical statement. The study was approved by the Hospital de Santa Maria and Hospital St Antonio dos
Capuchos Ethics Committees, and all methods were performed in accordance with the relevant guidelines and
regulations, including informed consent from all patients.

Data availability

The assembled sequences are deposited in the European Nucleotide Archive (project PRJEB38289). Accession
numbers and metadata are presented in Table S1. The authors confirm all supporting data, code and protocols
have been provided within the article or through supplementary files.
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Genomic epidemiological
analysis of Klebsiella pneumoniae
from Portuguese hospitals
reveals insights into circulating
antimicrobial resistance

Anton Spadar?, Jody Phelan?, Rita Elias?, Ana Modesto?, Catia Caneiras?, Catia Marques®,
Luis Lito>, Margarida Pinto®, Patricia Cavaco-Silva’-8, Helena Ferreira®, Constanga Pombal?,
Gabriela J. Da Silva'!, Maria José Saavedra??, José Melo-Cristino®*3, Aida Duarte’:*4,
Susana Campino?, Jodo Perdigdo? & Taane G. Clark®15**

Klebsiella pneumoniae (Kp) bacteria are an increasing threat to public health and represent one of the
most concerning pathogens involved in life-threatening infections and antimicrobial resistance (AMR).
To understand the epidemiology of AMR of Kp in Portugal, we analysed whole genome sequencing,
susceptibility testing and other meta data on 509 isolates collected nationwide from 16 hospitals

and environmental settings between years 1980 and 2019. Predominant sequence types (STs)
included ST15 (n=161, 32%), ST147 (n=36, 7%), ST14 (n=26, 5%) or ST13 (n =26, 5%), while 31%

of isolates belonged to STs with fewer than 10 isolates. AMR testing revealed widespread resistance
to aminoglycosides, fluoroquinolones, cephalosporins and carbapenems. The most common
carbapenemase gene was blayyc.;. Whilst the distribution of AMR linked plasmids appears uncorrelated
with ST, their frequency has changed over time. Before year 2010, the dominant plasmid group

was associated with the extended spectrum beta-lactamase gene bla ;y.y.15, but this group appears

to have been displaced by another carrying the bla,, ; gene. Co-carriage of blacry., and blaypc.;

was uncommon. Our results from the largest genomics study of Kp in Portugal highlight the active
transmission of strains with AMR genes and provide a baseline set of variants for future resistance
monitoring and epidemiological studies.
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Klebsiella pneumoniae (Kp) is a common gram-negative pathogen associated with both hospital and community
acquired infections'. During the past decades the association of Kp bacteria with antibiotic resistance has been
increasingly recognized along with a variety of resistance mechanisms® Production of laterally transferable genes
encoding enzymes such as aminoglycoside-modifying enzymes drives high levels resistance to aminoglycoside
antibiotics®. Resistance associated mutations in quinolone target enzymes (DNA gyrase and topoisomerase IV)
are chromosomally encoded by the gyrA, gyrB and parC quinolone resistance-determining region as well as
plasmid-mediated quinolone resistance genes*®. Extended spectrum beta-lactamases (ESBLs) render inactive
virtually all beta-lactam antibiotics (e.g., penicillins, cephalosporins, but not carbapenems). Nonetheless, of most
concern is the increase in prevalence of carbapenemase producing Kp isolates® which greatly limits the options for
effective therapies and drives hospital outbreaks that promote further spread of antimicrobial resistance (AMR)”%,

In Southern Europe OXA-48-like, VIM and KPC are the dominant carbapenemase families”!?. Knowledge
of the carbapenemase landscape in Portugal is incomplete. However, the prevalence of carbapenem-resistant
invasive Kp isolates in Portugal has increased from 3.4% in 2015 to 10.9% in 2019. During the same period the
share of isolates with combined resistance to third generation cephalosporins, fluoroquinolones and aminogly-
cosides (26.5% in 2019) oscillated without an upward trend®. Several recent small epidemiological studies in
Portugal have focused on carbapenemase producing Kp isolates''~'¢, and blayp._; was the most frequently identi-
fied carbapenem resistance gene. The blaypc ; gene is most frequently located within the Tn4401d transposon,
and IncN, IncFIL, IncFIB and IncFIIA plasmid families are the main traffickers'*>!>17. High flexibility of the
Kp accessory genome is an additional concern because it acts as gateway for the introduction of new resistance
genes into a broader set of gram-negative pathogens?.

Whole genome sequencing (WGS) has revolutionised the study of pathogens, not only through the charac-
terisation of AMR associated mutations and plasmids'®'?, but also through the determination of phylogenies
and transmission events®**'. The Kp phylogeny normally forms clades consistent with the commonly used multi-
locus sequence typing scheme (MLST), which is based on seven gene loci (gapA, infB, mdh, pgi, phoE, rpoB and
tonB)*. Lipopolysaccharide (O-type) and Capsular Polysaccharide (K-type) serotype profiles can be informative
for vaccine development, and > 130 capsular serotypes have been predicted from WGS data with KL2, or O1,
02, 03, and O5 serotypes accounting for most strains?»*. Alternatively, clonal groups (CGs) based on 694 core
genes are sometimes characterised”. Strains from different sequence types (STs), O and K antigen types, and
CGs can differ sharply in their virulence and propensity to be antibiotic resistant®. For example, ST23, ST26,
ST57 and ST163 have been linked to Kp hypervirulence?. Unfortunately, the widely used Kp MLST scheme
does not allow for a high-resolution phylogeny. The recombination and horizontal gene transfer within Kp also
complicates a phylogenetic analysis”’, even within the same STs?®. Furthermore, a large part of the core genome
exhibits very limited polymorphism, and mobile genetic elements may have relatively greater clinical relevance
as exemplified by virulence and AMR factors?’. More generally, these include integrative conjugative elements
(ICE), which are a diverse group of chromosomally integrated, self-transmissible mobile genetic elements that
are active in shaping the functions of bacteria and bacterial communities, including in Kp.

The current study aims to improve understanding of the genomic and AMR landscape of Kp in Portugal by
analysing the largest WGS dataset to date, which consists of 509 isolates spanning a period between years 1980
and 2019. We examine the prevalence of STs, genes associated with AMR and virulence, and how the AMR
profiles relate to plasmid replicon signatures of the isolates. We found that although ST15, ST14 and ST147
predominate, almost one-third of isolates came from STs considered infrequent in Portugal. We establish there
are many AMR determinants, which are evolving over time, and our work provides a baseline set of variants for
future monitoring and epidemiological studies in Portugal and wider Europe.

Results

In silico ST diversity and population structure of K. pneumoniae in Portugal.  This study
includes a total of 509 Kp isolates. Of these, 459 are clinical isolates from hospitals in the southern (n=
378), central (n=20) and northern (n=61) regions of Portugal (Table 1). These were compared to isolates
collected from veterinary clinics (n=41) and environmental wastewater (n=9) from the southern region,
thereby broaden-ing insights into the incidence of Kp in Portugal. The isolates were collected between years
1980 and 2019, but the majority (n=455, 89%) were collected between 2000 and 2019 (Table 1). Of the O
antigen types, O1 was dominant with Olvl (44%) and O1v2 (20%) followed by O2v2 (12%) and O2vl
(10%) serotypes (Table 1). Seventy-seven different STs were inferred, with the most frequent being ST15 (n
=161), ST147 (n=36), ST13 (n=26) and ST14 (n=26) (Table 1). Globally significant clonal group 258 had
little presence, with 4% of isolates belonging to ST11 and none to ST258 or ST512. A high proportion of
isolates (31%) were from low frequency STs (each <2.0%). Out of 2,926 possible unique ST pairs, only 0.7%
differed by a single allele, whereas 22.7%, 32.8% and 25.7% differed by 4, 5 and 6 alleles, respectively

(Fig. S2). O serotypes were linked strongly with STs (Fig. S3). Only 10 STs had isolates with different O
serotypes. ST15 (n=161) had 149, 9 and 3 isolates with O1v1, O1v2 and O1/O2v1 serotypes, respectively. ST13
(n=26) had 25 and 1 isolates with O1v2 and O1v1 serotypes, respectively. ST14 (n=26) had 24 and 2 isolates
with O1vl and O1/O2v1 serotypes, respectively. ST348 (n=22) had 19 and 3 isolates with Olvl and O1/02v1
serotypes, respectively. ST11 (n=19) had 13, 5 and 1 isolates with O2v2, O3b and O4 serotypes, respectively.
There were a further five STs (34 isolates) containing isolates with different O serotypes. The predominant
capsular K serotypes were KL112 (14%) and KL24 (19%), linked to the common ST15. When considering only
the unique ST and K group combinations (n=105), the most frequent K serotypes were KL30, KL10, and K124
observed in 7, 7 and 5 ST, respectively.

Phylogenetic analysis. The overall phylogenetic tree (n =509) is largely congruent with ST type, but
the propensity of Kp to recombine, means that the branch support values decline rapidly as one moves from
leaves
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Characteristic ‘ N ‘ %
Region

Centre 20 3.9
South 428 | 84.1
North 61 12.0
Collection dates

1980-1982 46 9.0
1990-1999 13 2.6
2000-2009 169 | 33.2
2010-2019 281 |55.2
Sequence type (ST)

ST15 161 |31.6
ST147 36 7.1
ST13 26 5.1
ST14 26 5.1
ST348 22 4.3
ST307 20 3.9
ST11 19 3.7
ST231 16 31
ST70 16 3.1
ST45 12 2.4
Other** 155 | 30.5
Inferred O serotypes

o1 329 | 64.6
02 112 | 22.0
0O3b 17 33
04 13 2.6
05 13 2.6
OL101 12 2.4
Unknown 10 2.0
03/03a 3 0.6
Inferred K serotypes

KL24 96 16.7
KL112 71 14.8
KLo64 35 7.1
KL62 32 6.4
KL3 26 5.6
Other 249 | 494
Carbapenemases and carbapenem-hydrolyzing beta-lactamases

None 395 | 77.6
KPC-3 101 | 19.8
OXA-181 6 1.2
GES-5; KPC-3 5 1.0
OXA-48 1 0.2
GES-5 2 0.4
NDM-1 2 0.4
Aminoglycoside resistance genotypes

AAC(3)-II; APH(3")-I; APH(6)-I; 154 |30.3
AAC(6)-I; ANT(3”)-I; APH(3’)-I; APH(6)-I; 64 12.6
APH(3’)-I; APH(6)-L; 33 6.5
AAC(3)-II; ANT(3”)-I; APH(3))-I; APH(6)-1; 30 59
ANT(3”)-I; 26 5.1
AAC(3)-1I; AAC(6))-I; ANT(3”)-I; APH(3’)-I; APH(6)-1; 24 4.7
AAC(3)-IL; 19 37
AAC(6)-I; ANT(3”)-; 18 35
AAC(3)-1I; AAC(6))-I; ANT(3”)-I; 10 2.0
ANT(3”)-I; APH(3)-I; APH(6)-; 9 1.8

Continued
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Characteristic N %

AAC(3)-1I; ANT(3”)-1; 8 1.6
AAC(3)-II; ANT(3”)-I; APH(3’)-I; 8 1.6
AAC(3)-1I; APH(3)-L; 8 1.6

Table 1. Baseline characteristics for the 509 K. pneumoniae study isolates. **Includes ST1138 with 7 isolates.

to root (Fig. S3). Individual ST trees (Fig. 1A-D) identified several well supported geographic clades, including
two previously reported®!* potential outbreaks in Lisbon and Vila Real hospitals involving representatives of
ST147 and ST15. For the most abundant sequence type ST15 (n=161), the tree shows multiple clades differenti-
ated by K serotypes (Fig. 1A). Nearly all isolates carried blacry ;5 except isolates from years 1980 to 1982 and
5 of 14 isolates from years 2007 to 2018 with blagpc ;. Due to the low number of isolates spanning years 1990
to 1999, our dataset may not fully reflect the beta-lactamase diversity during that period. It has been suggested
that blaygy,.;, was the dominant ESBL gene at that time, and most of our isolates (11/16) carried it. The small-
est clade (n=9) was from north Portugal and was distinguished by KL19 and O1v2 serotypes with five isolates
carrying blagpc ;. The other blagpc; carrying ST15 isolates (n=9) were phylogenetically very distant and part of
a larger clade (n=67) with K112 and O1v1 serotypes. Interestingly, these nine isolates carried both blaypc ; and
blacrx.ars in contrast to all other relevant isolates, which carry either blagpc.; or blacry. yr.;5 (Fig. 2). Four of the
nine wastewater samples belonged to ST15, and were dispersed amongst clinical samples in the ST15 phyloge-
netic tree (Fig. 1A).

Most ST14 isolates (n=20/26) fell within two dominant clades (Fig. 1B); the first clade (n=11) was sourced
from northern Portugal in year 2018 and contains the K16 locus, and the second (n=9) was distinguished by the
K2 serotype and spanned years 1980 to 2010. Only the second clade had blaypc ; carrying isolates (n=6). Unlike
for other STs, the genes used in phylogenetic reconstruction of ST14 were relatively concentrated within a 3.60
Mbp to 3.75 Mbp chromosomal region based on the NC_016845.1 Kp assembly (Fig. S1).

All ST147 (n=36) isolates had KL64 and O2v1 serotypes and belonged to two main clades. One clade con-
sisted of northern region isolates (n=15) from year 2018, all of which carried blagp_;, but only one had blacry. ;5
(Fig. 1C). All isolates in this clade carried the siderophore yersiniabactin (ybt 16; ICEKp12) locus related to
virulence. A second clade (n=20) was sourced from the southern region and spanned years 1995 to 2016. Only
11 isolates in this clade carried blagpc_; and none had the yersiniabactin locus. Similarly, the ST13 tree had two
clades characterised by the KL3 serotype (Fig. 1D). One clade (n=10) was sourced from multiple hospitals in
year 2019, and all isolates carried blagpc. ; and yersiniabactin loci. Another clade (n=13) spanned years 1982 to
2013 and came from the southern region. Only two isolates in this clade carried blacrx. 5, and none had other
ESBL genes, blagpc.s, or the yersiniabactin locus. Unlike the remaining ST13 isolates, these two phylogenetically
distant isolates had inferred K57 and K30 serotypes.

Our dataset included four isolates of type ST1138, an ST which was previously described at two hospitals in
Portugal®. We also had previously undescribed ST6003 (n=3), which differs from ST1138 by an rpoB allele. All
seven isolates were collected in 2012 from the same hospital in Lisbon. Remarkably, one of the ST1138 isolates
has no AMR genes or mutations apart from blagyy. ;6. This suggests its ancestors were newly introduced into the
hospital system. This original strain has split into at least two lineages, both carrying blaypc 3, but it is unclear
if this acquisition was independent in each lineage. There are at least two inferred lineages because the isolates
from overlapping dates have one of two types of rpoB alleles (denoted as alleles 1 or 46). We did not identify any
post-2012 ST1138 isolates in our data, but it seems to have been present in Portuguese isolates collected in year
2011%. Apart from ST6003, our dataset had two further one allele variants of ST1138: ST514 (n=2) collected
from hospital patients in the 1980s and ST323 (n=1) collected from wastewater in 2018. Both ST514 and ST323
came from the same geographical area as sequence types ST1138 and ST6003.

Plasmid clustering. Of the 48 replicon families identified by PlasmidFinder software, six occurred in at
least 10% of isolates (IncFIB 98%, IncFII 96%, IncFIA 55%, IncR 42%. IncHI1B 11%, IncN 10%). An average of 4
replicons (range: 0-9) were identified per isolate with only three isolates having none. To understand the pattern
of plasmid replicons across isolates we applied UMAP dimensional reduction methods® to presence-absence
matrices of replicon family (n=48) and unique replicon sequences (n=240). The results based on families
and exact replicon sequences were consistent; so here we present the higher resolution analysis using replicon
sequences (Data S1). We observed nine clear and robust clusters (replicon clusters, RCs) (Fig. 3A). RC preva-
lence varied over time (Fig. 3B) with RC9, the cluster with 94% blayp. ; carriage, becoming dominant between
years 2010 and 2019. By overlaying RC type onto the overall and ST specific phylogenetic trees, mosaic distribu-
tions were revealed, further supporting the movement of plasmids among Kp lineages (Fig. 1A-D).

RCI contained 57% of all isolates (n=288), but very few (n=9) isolates had blagpc_;; although 59% carried
ESBL encoding genes, which is consistent with early isolates dominating this cluster. The frequency of isolates
in this cluster has declined substantially after year 2001. RC1 has a large diversity of plasmid replicons including
IncFIB(K) (n=214), IncFII(K) (n=174), IncR (n=108), and Col(pHAD28) (n=108) with each replicon family
consisting of multiple distinct phylogenetic clades making RC1 interpretation complex. In contrast, the RC9
(n=87) cluster has 25 different STs, including the dominant ST15, ST147 and ST14 types. Almost all Kp in RC9
cluster (94%, 82/87) carry blagpc.;. This gene is absent in 5 isolates: ST14 from 2007 and 2010; ST416 from 2011;
ST1138 from 2012; and ST359 from 2018. The key signature of RC9 is the presence of variants of FIA(pBK30683)
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Figure 1. Phylogenetic trees of the most commons sequence types (STs), their antimicrobial resistance (AMR)

phenotype, and carbapenemase and ESBL genotypic profiles. K-Loci refer to inferred K serotypes. Branch

colours represent bootstrap support values.

and FII(pBK30683) replicons (Data S1). For isolates with blaypc ; in RC9, more than a third (31/87) were diverse
STs collected between years 2010 and 2019, but possessing neither gyrA mutations, nor an aac(6’)-Ib-cr gene.
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These isolates were susceptible to fluoroquinolones with average inhibition zone diameters of 20 mm among

27 te

sted isolates.

The RC5 cluster (n = 14) consisted of ST147 carrying blagpc_; and was congruent with the clade sourced from
northern Portugal in year 2018 (n=15). Of these northern Portuguese isolates, 14 belonged to RC5 and one
belonged to RC1 (Fig. 1C). The RC5 cluster is identifiable by two variants of IncN and IncFIB(pKPHS1) repli-
cons (Data S1). IncN is uncommon in our dataset (51/2222 replicons) and its strong link with blayp ; suggests,
in line with earlier reports'>*, that blagpc ; may be mobilized by IncN plasmids. In contrast, other clusters had
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homogenous ST types: RC2, RC3, RC7 and RC8 consist of 57, 24, 11, and 8 ST15 isolates; RC6 consists of ten
ST14 isolates; and RC4 of nine ST12 isolates. RC3 is interesting because despite having isolates from years 2003
to 2014, only one (1/24) had a blagy, type beta-lactamase (blagyy. ;;). These genes are very common (87.4%) and
are normally chromosomal, which suggests either the loss of blagy, or simultaneous circulation of several strains.

All RC2 isolates carried IncFIB(K) and IncFII(pKP91) replicons, where the associated variants were differ-
ent to those from the RC1 replicons. The RC2 IncFIB(K) variant was also present in RC8 and RC7 isolates. RC7

Scientific Reports|  (2022) 12:13791 |

https://doi.org/10.1038/s41598-022-17996-1

nature portfolio

Page 68 of 164



www.nature.com/scientificreports/

isolates also carried a distinct variant of a Col4401 replicon, and a variant of IncR is shared with RC1, RC2, RC3
and RC8. RC8 carried a distinct version of IncFII(K) and IncFIB(pQil) replicons. Finally, in addition to shared
IncR and ColpVC variants, RC3 also carried IncHI1A and IncHI1B(R27) replicons, which were absent in other
clusters (Data S1).

Antimicrobial resistance genotypes and phenotypes. In vitro AMR profiles and genotypes
were analysed for the 509 Kp isolates, with some gaps depending on the decade of phenotypic assessment
(Table S1). Most isolates underwent antibiotic susceptibility testing for aminoglycosides (n = 356, 68.1%),
cephalosporins (n =366, 71.2%), fluoroquinolones (n =344, 66.9%), carbapenems (n =296, 57.6%), and
penicillins (n =311, 60.5%) (Table S1). However, 121 isolates had no AMR susceptibility data. Since AMR
testing was performed over multiple years, the concentration of active compounds in disks used might vary
between isolates; all breakpoints were determined based on EUCAST v11.0 (2021)3L.

Beta-lactams. The majority (75%) of 304 tested isolates showed susceptibility to imipenem; an antibiotic
used widely in hospital clinical practice in Portugal (Fig. 4). The resistance driver was likely blagpc.; n=106),
which was carried on a Tn4401d transposon in nearly all cases (n=101/106). In four isolates [ST15 (Kp5149),
ST147 (Kp5147), ST34 (Kp5148) and ST461 (Kp5162)], the blagpc.; gene has undergone an identical inversion
within the Tn4401d structure. Only one of these four isolates (ST147) was tested for imipenem resistance and
was determined to be resistant (inhibition zone diameter of 6 mm). This observation suggests the inversion did
not significantly impair the resistance conferred by the presence of blagpc ;. Additionally, our dataset contained
three isolates without carbapenemase genes but resistant to imipenem. These three isolates had no clear com-
monality between them, nor clear distinction from susceptible isolates with a similar genotype.

Resistance to cephalosporins was widespread with 68% of 335 tested isolates showing resistance to cefo-
taxime, a third-generation cephalosporin, driven likely by the presence of class A ESBL blacrx.p.;5 (n=213, 41%)
(Fig. 4). Ceftazidime had an even higher resistance prevalence of 91%. This drug was used widely in the 1990’
for Pseudomonas outbreaks, but is currently rarely used in monotherapies. The combination of ceftazidime and
carbapenemase inhibitor avibactam (cazAvb) was rarely resistant (1/46 tests). The resistant isolate (ST15) carried
blaoxa.;» blargyp blagyy.,s and had truncated porin gene ompK36. Of the imipenem resistant isolates, twelve were
tested for cazAvb and all were susceptible.

Finally, the second-generation cephalosporin cefoxitin presents an interesting case because its resistance
profile was frequently inconsistent with its genomic or genotypic profile (Fig. 4). Of 366 tested isolates, 8 carried
AmpC beta-lactamase blapy,_;, which is associated with strong inhibition of cefoxitin. Consistent with this, these
8 isolates had a cefoxitin inhibition zone diameter of 6 mm. However, the inhibition zone diameter of the tested
blagpc.; carrying isolates (n=74) was on average 13 mm, which is below the 19 mm breakpoint, but well above
the total inhibition diameter of 6 mm. In isolates with class A (non-broad-spectrum, broad-spectrum, ESBL) and
D beta-lactamases, the susceptibility to cefoxitin varied vastly with isolates containing all four categories having
almost uniform distribution of inhibition zone diameters between 25 and 6 mm. We were able to trace some of
this inconsistency to 83 isolates with blagyy.,s. The mean diameter for isolates with class A broad spectrum, class
A ESBL and class D genes is 22 mm. If this genotype also included blagy.,5 (class A), the mean inhibition zone
diameter reduced to 16 mm, but this effect is absent for other blag,, variants.

Fluoroquinolones. Of the 307 isolates tested for ciprofloxacin susceptibility, 288 (94%) were resistant
(Fig. S4). Five isolates did not have any common fluoroquinolone resistance determinants and were all suscep-
tible with between 22 and 30 mm inhibition zone diameters. By far the strongest determinant of resistance
was the presence of mutations in type II topoisomerase gyrA. In silico screening with Kleborate software
identified simultaneous mutations GyrA83F and GyrA87A (n = 150), and single mutations GyrA83I (n = 91)
and GyrA83Y (n = 15) as the most common ones. Nearly all isolates with gyrA mutations had inhibition zone
diameters below 10 mm, whereas the resistance breakpoint is 22 mm. In 54 tested isolates that had both the
gyrA mutation and gnrB gene, nearly all had inhibition zone diameters of 6 mm, demonstrating clear
compounding of resistance. The 0gxAB genotype gives a small decrease in susceptibility, but most of such
isolates were still susceptible. Finally, gnrB and gnrS each substantially decreased inhibition zone diameter.
In our dataset these genes were present only in combination with 0qxAB, leading to reduced inhibition
zone diameters of ~ 50% compared to ogxAB alone. As we did not have isolates with both gnr genes, we
could not confirm if their effect is cumula-tive. Further, 36 and 24 isolates were tested with levofloxacin and
norfloxacin, respectively, with 42% of each set showing susceptibility. In contrast to ciprofloxacin, levofloxacin
was only moderately affected by gyrA mutations with an average inhibition zone diameter reduced to 14 mm
(Fig. S4).

We examined the diversity of the parC gene which has been associated with fluoroquinolone resistance
>3, and found 244 isolates carrying both the ParC80I mutation and gyrA mutations. The parC alleles were ST
specific except for three ST307 outlying isolates that differ by a single SNP from the other seventeen ST307
and fifteen ST15 isolates (Fig.S5) which suggests a lack of selective pressure on the gene. A tree
constructed using gyrA sequences formed clear clades for the abundant ST14 and ST15 types (Fig. S5). ST14
isolates formed two major clades, one linked to decades 1980’ and 2010’s (n = 14) and another from the 2000’
(n =15). ST15 formed three clades, one linked to the 1980s (n=13), and two others post-year-2000 (n=18, n
= 131). There was additional evidence of selective pressure in other STs for which we had fewer isolates
(Fig. S5). We could not test the effect of parC mutations on resistance because all isolates with mutations in
this gene also had mutations in gyrA. Finally, 237 isolates (46%) had an aac(6’)-Ib-cr gene, of which 132
were tested for ciprofloxacin resistance and 128 were resistant. This gene had moderate impact on disk
diameter, but this impact is sufficient for isolates to fall below resistance threshold. While the majority of
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Figure 4. Distribution of inhibition zone diameters for different genotypes for (A) imipenem, (B) cefotaxime,
(C) cefoxitin, (D) ciproflocaxin, and (E) gentamicin antimicrobials.

we found 48 isolates with an ogxAB/qnrB/aac(6’)-Ib-cr genotype for which mean inhibition zone diameter was
13 mm compared to 17 mm for 8 isolates with an ogxAB/qnrB genotype.

Tetracycline. We tested Kp isolates for tetracycline (n=>57) and tigecycline (n=48) resistance. While break-
points for tetracycline are not standardised®!, the results indicate very high resistance to the antibiotic (Fig. $4).
The only five isolates susceptible to tetracycline were collected between years 1980 and 1982, which suggests
in the remaining 52 isolates that resistance is acquired rather than intrinsic. Isolates with tetABD efflux pumps
(n=31/57) had marginally more resistant profiles. In contrast to tetracycline, most of tigecycline tests inhibition
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zone diameters were located just below the breakpoint, with only a few isolates with <10 mm (Fig. S4). Kp does
not have an EUCAST zone diameter breakpoint, so we used the E. coli 18 mm breakpoint instead. Interestingly,
the tetABD efflux pumps did not reduce the inhibition zone diameter. Isolates without these efflux pumps were
marginally more (mean of 14 mm versus 17 mm), not less, resistant.

Aminoglycosides. Among isolates tested with gentamicin (n=349) and amikacin (n=29), 89% and 55%
were resistant, respectively. In those isolates that had no known gentamicin resistance determinants (n=28), the
average inhibition zone diameter was 15 mm versus an established breakpoint of 18 mm (Fig. 4). Two acetyl-
transferases were present in our isolates ((AAC(6°)-1, n=283; AAC(3)-1I, n=291), of which AAC(3)-II was a
stronger determinant of resistance, with nearly all inhibition zone diameters below 10 mm. AAC(6’)-I reduced
the inhibition zone diameter from 15 to 12 mm, and the effect was cumulative with AAC(3)-II. Nucleotidyl-
transferase ANT(3”)-I and phosphatases APH(6’)-1 and APH(3)-1, even combined, appear to have a marginal
effect on resistance. The 16S rRNA methyltransferase gene armA was present in two isolates, and the gene rmtB
was present in two additional isolates.

Virulence determinants. Using VFDB, Kleborate and BLAST tools, we examined the dataset for virulence
genes®~%. The type 1 fimbriae locus, fimABCDH, was present in nearly all isolates (501/509, 98%). It was absent
in isolates from ST960 (4/4), ST15 (3/161) and ST76 (1/3). Similarly, the type 3 fimbriae locus, mrkABCDF, was
present in all isolates except for one (ST147). In contrast, iron uptake locus kfu was present in 245 (50%) isolates.
This locus was perfectly correlated with ST; no ST had simultaneously kfu positive and negative isolates. Among
the most frequent STs, ST15 (n=161), ST13 (n=26) and ST14 (n=26) isolates had a kfu locus, but it was absent
in ST147 (n=36), ST348 (n=22), and ST307 (n=20) isolates. There were only a few uncommon virulence genes.
For example, we did not find any rmpA and rmpA2 regulators of hypermucoviscosity. Two isolates (Kp4248 and
KpV9) had aerobactin siderophores: one with iucA2 (ST3) and the other with iuc3 (ST3027). Both isolates had
limited known AMR determinants. ST3 had only blagyy.; and ST3027 had APH(6°)-Ia/d, tet(A) and blagyy. 33
The salmochelin locus iroBCDEN was found only in some ST48 isolates (n=7/9), all of which carried ESBL
blacry.aris- Of these 7 isolates, 6 came from the same Lisbon hospital between years 2005 and 2009. Yersiniabac-
tin was present in 56% of isolates, and was carried most frequently on integrative conjugative elements ICEKp3,
ICEKp4 and ICEKp12 at 21%, 15% and 6% of all isolates, respectively. Additional screening against the VFDB
virulence database only revealed astA and cseA genes in one isolate.

Discussion

In this work we have analysed whole genome sequence data from 509 Kp isolates collected between years 1980
and 2019 from the hospital systems across southern, central, and northern regions of Portugal, as well as from
veterinary clinics and a sewage treatment plant in the southern region. Because this is one of the largest in-
country collections sequenced, it allowed us to investigate and understand the temporal and spatial genetic
diversity of this important pathogen. We observed that 31% of isolates belonged to STs that are considered
infrequent in Portugal. If the ST diversity of the dataset was driven by mutations within ST determining genes,
we would expect that most samples differ by a single allele, but this was not the case. This observation is further
supported by SNP distances between different STs. Instead, the diversity is more likely to be driven by either
recombination or coexistence of many strains. The simultaneous presence of so many STs in the country is sug-
gestive of importation and large environmental or human reservoirs of infection. The latter is consistent with
high rates of colonisation observed in different countries and settings®. The non-human sourced isolates from
wastewater and animal settings did not standout in the analysis, which suggests a flow of Kp between humans
and environmental reservoirs. However, the limited number of non-human sourced isolates did not allow us to
determine the direction of this flow.

Our WGS sequencing analysis revealed insights into AMR genotyping and phenotyping. During the period
with best isolate coverage, years 2000 to 2019, the dominant beta-lactam and carbapenem resistance deter-
minants were blacry.a.;s (41%) and blagpe.; (21%). In isolates from years 1990 to 1999, a majority (11 of 16)
had blargy 0, which is thought to be the dominant ESBL during that period. Our analysis of plasmids reveals
a complex and mosaic distribution across isolates suggestive of active selection between them. The increase in
prevalence of blagpc_; has been accompanied by a decrease in the frequency of older blacry ;5 which encodes
narrower spectrum beta-lactamase. We observed very strong clustering of isolates by their detected plasmid
replicons. Plasmid naming nomenclature is based on shared replication mechanisms and incompatibility”’, so we
expected to observe some structure. The replicons themselves revealed a rigid pattern that is clinically relevant
due to carriage of blagpc; on two types of plasmids. Isolates with FIA(pBK30683) and FII(pBK30683) replicons
were possible sources of blaypc ;, while isolates with IncN and IncFIB(pKPHS1) were restricted to ST147 types.
However, the isolates with blagpc; had an exact same replicon allele present for at least 10 years and formed a
very clear cluster of isolates (denoted as replicon cluster 9).

While our AMR test results may suffer from changes in the amount of active compound in test disk assays
across the years, we did find interesting and robust results. As expected, we found that blaypc ; was the dominant
carbapenemase gene®!'>!?, but we also observed a reduction in carriage of ESBL blacry.,, in those isolates that
acquired blaypc ; This displacement of blacry_y, indicates active selection, and co-carriage of blacpy.y and blaypc.
was very rare. While AMR genotype was largely consistent with phenotype, we observed that cefoxitin, a retired
second-generation cephalosporin shows moderate activity in isolates lacking class C beta-lactamases. We also
found that nearly half of the isolates in replicon cluster 9, which had almost universal carriage of blaypc ;, were
susceptible to fluoroquinolones as they lacked gyrA mutations or other resistance factors. More generally, such
insights may offer opportunities for additional treatment of infections with blaypc_; carrying Kp.
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Overall, our work has provided temporal and spatial insights into Kp STs and AMR related genes and plasmids
circulating in Portugal. We found a large diversity of STs, with ST15 and ST147 being the most frequent (<40%),
but almost one-third of isolates had uncommon types (< 2% frequency). Dominant beta-lactamase genes are
changing over time due to changes in drug utilisation and plasmid changes. The blagy,.o and bla g, ; of the 1980s
were displaced by blacry.ar.;s in 2000’s which in turn were replaced by blagpc.;. These insights reinforce the need
for genomic sequencing and tools to assist surveillance and clinical decision making.

Methods

Isolate collection, library preparation and sequencing. The isolates (n =509) were identified between
years 1980 and 2019 from 16 hospitals in Lisbon and its metropolitan area (Southern region), Coimbra (Central
region), and Porto and Vila Real (Northern Portugal), except for 9 isolates from Beirolas wastewater (Lisbon)
and 41 samples from veterinary clinics (Lisbon) (Table 1). The isolates were cultured as described previously®.
The set of isolates represent a convenience sample accumulated over 40 years, with the collection site known
for the majority (74%). Isolates with known collection site were sourced from blood (32%), urine (31%), rectal
screening swabs (10%), pus (7%) and wastewater (7%). Clinical isolates obtained from hospitals were identified
at local clinical microbiology laboratories and sent to the Faculty of Pharmacy (University of Lisbon; FFUL) for
further phenotypic and genotypic analysis. Given the wide temporal span of the isolates, the initial identification
methods that were employed at local laboratories vary across isolates, but were based on biochemical identifica-
tion methods (e.g., API, Vitek). DNA was extracted from strain cultures grown overnight at 37°C on Mueller—
Hinton Agar. DNA extraction was carried out using the Cetyl trimethylammonium bromide method®. Library
preparation of the DNA samples was performed using a QIAseq FX DNA library kit, following the manufac-
turer’s protocol. WGS was performed on Illumina HiSeq (paired end 150 bp) through The Applied Genomics
Centre (London School of Hygiene and Tropical Medicine)*. Only those isolates which Kleborate software (v
2.1.0)* identified as Kp were used for further analysis.

Antimicrobial susceptibility testing. Antimicrobial susceptibility testing at FFUL was carried out using
the Kirby-Bauer disk diffusion method as per the European Committee on Antimicrobial Susceptibility Testing
(EUCAST) guidelines for performance and interpretation of antimicrobial susceptibility testing (v11.0, 2021)>".
AMR testing was performed over multiple years, and therefore the concentration of active compounds in disks
used might vary between isolates. The AMR testing was not performed for 121 isolates, and not all isolates were
tested for the same antimicrobials. The Pearson correlation coefficient was used to assess correlations between
disk inhibition zone diameters for different antimicrobials.

Genome assembly, annotation, and genotyping. Raw Illumina reads were assembled using Uni-
cycler software (v0.4.8)*!, with assembly fragmentation and completeness assessed against 440 core genes of
enterobacterales (enterobacterales_odb9) using Busco software (v4)*2. The assessed quality of assemblies was
high (median N50: 284Kbp) with all but one having complete single copies of > 97% genes in the Busco reference
set. Assemblies were annotated using Prokka software (v 1.14.6)*, combined with the Klebsiella specific refer-
ence genes set*. O and K antigen serotypes, genomic AMR, virulence (e.g., ICEKps), and sequence type
(ST) profiles were analysed and inferred in silico using Kleborate** and AMRFinder (v3.8.4)* software with
associ-ated databases (accessed October 2020). We have also used Abricate software (v1.0.1)* with the
virulence factor database VFDB (accessed March 2021) to find additional virulence genes. Plasmid detection
and classification was performed using Plasmidfinder software (v2.1.1)%.

Phylogenetic analysis. The recombination and horizontal gene transfer within Kp can complicate phy-
logenetic analysis, and a widely used Kp MLST scheme?®* does not allow for a high-resolution phylogeny. We
have observed that regions linked to transposons and other genes relating to mobile genetic elements tended
to produce high number of SNPs, which would bias phylogenetic reconstruction. For this reason, instead of
performing phylogenetic reconstruction using SNPs called against a reference genome, we used a reference-free
method. We focused on a subset of core genes defined by two conditions. First, in all isolates, the gene coding
sequence length is within 1% of median gene length across isolates. Second, the genes have pairwise identity
of>99%. Based on these criteria, out of ~ 5,000 genes in Kp isolates, 1424, 2212, 2802, and 3170 genes were pre-
sent in 100%, 99%, 95% and 90% of all 509 isolates. We used Shannon’s entropy to identify a 100 (from the 1424)
genes with the most diverse nucleotide sequences. These 100 genes were aligned used MAFFT (v7.467)* and
the resulting alignments used to construct phylogenetic trees for the entire isolate set (n=509). The trees were
reconstructed using IQTREE (v2.0.3)* with 1000 bootstrap replicates for each tree. The scripts can be found at
https://github.com/AntonS-bio/entropy. For each ST, the gene selection was performed separately. The location
of each chromosomal gene on the Kp reference genome (NC_016845.1) (Fig. S1) was generated with BRIG soft-
ware (v 0.95)%. Phylogenetic trees were visualised in ITOL and are available (https://itol.embl.de/shared/Zp28y
LE9TuWB).

Statistical analysis. Statistical analysis was performed using R software (v4.0.3)!. Additional analysis was
performed in Python (v3.6). For detection of replicon clusters, we created a presence/absence matrix with one
row per isolate and one column per each unique replicon sequence. We performed dimensional reduction on
this matrix using the Uniform Manifold Approximation and Projection (UMAP) algorithm® implemented in
the R uwot package. We used both hamming and jaccard distance measures and a broad range of parameters
to establish the robustness of our results. The cluster detection was performed using the DBSCAN algorithm
implemented in R®. Analysis scripts are available on https://github.com/AntonS-bio.
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Genomic analysis of hypervirulent
Klebsiella pneumoniae reveals
potential genetic markers

for differentiation from classical
strains

Anton Spadar?, Jodo Perdigdo?, Susana Campino! & Taane G. Clark%3*

The majority of Klebsiella pneumoniae (Kp) infections are nosocomial, but a growing number of
community-acquired infections are caused by hypervirulent strains (hvKp) characterised by liver
invasion and rapid metastasis. Unlike nosocomial Kp infections, hvKp are generally susceptible to
antibiotics. Due to the rapid progression of hvKp infections, timely and accurate diagnosis is required
for effective treatment. To identify potential drivers of the hypervirulent phenotype, we performed

a genome-wide association study (GWAS) analysis on single nucleotide variants and accessory
genome loci across 79 publicly available Kp isolates collected from patients’ liver and a diverse

global Kp dataset (n=646). The GWAS analysis revealed 29 putative genes (P <1071°) associated

with higher risk of liver phenotype, including hypervirulence linked salmochelin iro (odds ratio (OR):
29.8) and aerobactin iuc (OR: 14.1) loci. A minority of liver isolates (n =15, 19%) had neither of these
siderophores nor any other shared biomarker, suggesting possible unknown drivers of hypervirulence
and an intrinsic ability of Kp to invade the liver. Despite identifying potential novel loci linked to a liver
invasive Kp phenotype, our work highlights the need for large-scale studies involving more sequence
types to identify further hypervirulence biomarkers to assist clinical decision making.

Klebsiella pneumoniae (Kp) is a Gram-negative pathogen increasingly capable of causing severe organ and life-
threatening disease. Kp is classified across two main virulence phenotypes, classical (cKp) and hypervirulent
(hvKp). CKp is the most common and normally a nosocomial infection, generally occurring among patients
with additional co-morbidities'. Less common is hvKp, which is characterized by invasive infection within the
community setting in otherwise healthy individuals, and with rapid metastatic spread. The typical hvKp presenta-
tion involves pyogenic liver abscesses, but also endophthalmitis, meningitis or necrotising fasciitis, all of which
are unusual clinical manifestations for cKp. Epidemiologically, hvKp is more common in East and Southeast
Asia but is an emerging threat in Europe, particularly when associated with carbapenemase producing clones'™.

Biomarkers to differentiate cKp from hvKp are needed to inform diagnostic tests for application by clinical
laboratories for optimal patient care and for use in epidemiological surveillance and research studies. However,
a complete set of robust biomarkers is not available. Several genetic loci have been identified as virulence factors
in Kp, primarily using murine models of infection. These include gene clusters associated with the synthesis of
accessory siderophore systems yersiniabactin (ybt, irp1, irp2, and fyuA), aerobactin (iucABCD, iutA), colibactin
(cIbA-R), salmochelin (iroN, iroBCD), or microcin; mucoidy phenotype regulators (rmpA and rmpA2), which
can up-regulate capsule production; an allantoinase gene cluster; the ferric uptake operon kfuABC; and the two-
component regulator kvgAS, and the K1, K2 and K5 capsular serotypes*-. The combination of salmochelin,
aerobactin, and rmpA is frequently, but not always, linked to the presence of genes from the known Kp virulence
plasmids such as pLVPK and pK2044. Some of these may be correlated with hypervirulence®, but results are
inconsistent. In a study of Kp samples from liver abscess samples in East China, only 29% of samples were of
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hypermucoviscous phenotype’. Similarly, while the accessory salmochelin locus is frequently found in hvKp
samples®, experimental evidence indicates that aerobactin is the main driver of hypervirulence'®.

Here we analysed the core genome and shared accessory genes of all publicly available Kp samples sourced
from the liver (n =79) and compared them to a large globally diverse public Kp dataset (n = 646) using
robust statistical association and cluster analysis methods. Unlike previous studies which leveraged in vivo
models in either mice (Mus musculus) or moths (Galleria mellonella) to determine hypervirulence”®, we
looked at isolates collected from patients’ liver, which is a typical clinical presentation site of hvKp. We have
found that both acces-sory iro and iuc loci are strongly associated with liver isolates, and the hypermucoidy
associated gene rmpA was not linked to hypervirulence. Whilst the analysis revealed new putative loci for
the risk of liver phenotype, a minority (19%) of liver isolates did not have any of these markers. Although, the
liver phenotype may be subject to misclassification, Kp may have intrinsic ability to colonise the organ, and its
genetic underpinning will require a large-scale study to uncover the full repertoire of hypervirulence genes.

Results

Dataset characteristics. We analysed 79 hvKp isolates defined as samples isolated from patients’ liver.
These were collected in China (n = 39), Singapore (n = 26), USA (n = 8), Brazil (n = 2) and one sample each from
Ecuador, Guadeloupe, South Korea, and Viet Nam (Table 1). Of the 36 sequence types (STs) present in the 79
hvKp samples, ST23 was the most frequent (n=27) followed by ST86 (n=9) and ST258 (n=4). All other STs had
two or fewer samples. The 79 hvKp were compared to a large dataset of Kp isolates. This large dataset consisted
of two groups: (i) 520 Kp assemblies with similar locations and collection dates to liver isolates, representing the
broader genetic landscape of the bacterium; (ii) 126 Kp isolates from three hospitals in Thailand'!, used to assess
if our analytical approach was robust, especially to overfitting during data dimensional reduction. Overall, the
resulting comparison dataset (n=646) had samples from 302 different STs among which ST23 (n =17), ST15
(n=29), ST147 (n=29), ST11 (n=25) were the most common.

Association analysis of liver invasive phenotype. We identified single nucleotide variants (SN'Vs)
in the core genome (5.4 Mbp; 318,458 SNV, with minor allele frequency (MAF) of 3 Kp isolates). We used a
genome-wide association study (GWAS) strategy to identify any SNV associated with the liver invasive pheno-
type, adjusting for population structure (Fig. 1A). None of the SN'Vs associations met our stringent statistical
significance level (P < 107'%). A similar gene-wide analysis was performed on the presence or absence of acces-
sory loci (n=15,852), determined from robust assembly of contigs. Whilst the frequency of accessory genes
in representative and liver isolates is the broadly correlated (rho=0.79), the overrepresentation of ST23 (34%)
among liver isolates leads to non-linearity (Fig. 2A), which improves when ST23 liver isolates are removed
(Fig. 2B) (tho=0.89). The clustering of isolates based on accessory genome demonstrates that the related genes
are linked to ST and not geography, with ST23 being a tight cluster (Fig. S1). We performed the GWAS analy-
sis accounting for this clustering, and found 29 putative genes associated with higher risk of liver phenotype,
including known hypervirulence loci iro (odds ratio (OR): 29.8) and iuc (OR: 14.1), three further metal trans-
port related genes, c-type lysozyme inhibitor (OR: 14.5) and 8 unannotated loci that could not be annotated
(P<107'% Fig. 1B; Table 2). These accessory loci are of lower frequency in representative samples compared to
liver isolates, irrespective of inclusion of ST23 (Fig. 2). Of the 79 liver isolates, 15 (19.0%) had none of these 29
putative accessory genes associated with liver invasive phenotype.

Association between identified biomarkers and the rest of the accessory genome. Having
identified 29 accessory genes, including iro and iuc, with strong potential associations with the hvKp phenotype,
we were interested in how they relate to each other i.e., their co-existence. As summarised in a recent review'?,
plasmids such as pLVPK, pK2044 and pSGH10 are known carriers of hypervirulence associated genes. Because
identified biomarkers do not occur at the same frequency, we hypothesised that they may be on different parts of
the hypervirulence plasmids. To test this hypothesis, we performed a cluster analysis of all accessory genes using
a umap (principal component-like) approach (see “Materials and methods”) (Fig. 3). All 29 association loci fell
within a cluster of 121 (92 additional) genes (Fig. 3A; Data S3). By focusing on this cluster, iro and iuc loci are
parts of different gene groups (Fig. 3B) consistent with these loci occurring independently of each other, and
potentially linked to different hypervirulence plasmids (Fig. S2).

Association between liver invasive phenotype and plasmid replicons. We evaluated the prev-
alence of the plasmids identified. Using PlasmidFinder nomenclature, pLVPK, pK2044 and pSGHI10 carry
IncHI1B(pNDM-MAR) replicons. In pLVPK and pK2044 the replicon sequences are identical. However, based
on visual examination of sequences, the first 97nt of pSGH10 are different, while the remaining 472nt are identical
to pLVPK and pK2044. In our dataset, 100 isolates had a pLVPK/pK2044 type sequence (20/100; 20.0% liver iso-
lates), while 39 isolates had a pSGH10 type replicon sequence (24/39; 61.5% liver isolates) (Table 3). We observed
that pSHG10 type replicons occurred almost exclusively in ST23 isolates (37/39), while a pLVPK/pK2044 type
was much more widely distributed, with ST86 (11/100) being most frequent. There was a further variant of
IncHI1B(pNDM-MAR) present in single liver isolates from South Korea, which differed from the above variants
in the first 120nts. Overall, the most frequent replicon family among liver isolates was IncHI1B(pNDM-MAR)
(45/79) followed by IncFIB(K) (16/79).

Liver isolates without identified biomarkers. Fifteen (19.0%) of the 79 liver Kp isolates did not have
the 29 accessory genes associated with the liver phenotype, and included four ST258, two ST1165 and 9 other
sequence types. Assuming that the liver invasive phenotype was not misclassified for these 15 samples, we inves-
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Liver Non-liver

samples | samples

(n=79) | (n=646)
Characteristic |N |% |N %
Sequence types
ST23 27 |34 |17 3
ST86 8 10 |4 1
ST258 4 5 13 2
ST15 - - 29 4
ST147 - - 29 4
ST11 1 - 25 4
Other 39 |53 |529 |81
Region
China 39 149 |51 8
Singapore 26 (33 |1 0
USA 8 10 | 84 13
South America |4 |5 10 2
South Korea 1 1 3 0
Viet Nam 1 1 - -
Other 0 - 497 |77
O types
O1lvl 22 |28 | 147 |23
O1v2 39 149 | 111 |17
02 8 10 | 152 |24
03 5 6 111 |17
Other 5 |6 125 |19
Carbapenemases
None 74 |94 | 476 |74
KPC-2 4 5 50 8
KPC-3 1 1 25
NDM-1 - - 26 4
Other - - 69 11
Aerobactin
iucl 45 |57 |56 9
iuc2 5 6 1 0
iuc3 3 4 11 2
Other - - 8 1
None 26 |33 |570 |88
Salmochelin
iro 1 42 |53 |43 7
iro 1;iro 3 2 2 1 0
iro 2 5 6 2 0
iro 3 10 |13 |5 1
Other* 2 2 3 0
None 18 |22 592 |92

Table 1. Characteristics of study samples. Sequence types (ST); O-types, carbapenemases and siderophore
genotypes were determined by Kleborate software; *not reported by Kleborate software.

tigated whether there were any other genes in the accessory genome that differentiated this group from the rep-
resentative set. By examining differences in allele frequencies between the 15 isolates versus the representative
set, we did not find any plausible biomarkers (Figure S3A). We also repeated the core genome GWAS for these
15 samples, but once again there was no SNV which reached the significance cut-off (all P>107'). It is possible
that a combination of accessory genes can predict the phenotype, and we employed nine different machine
learning approaches to assess if such a complex gene relationship exists. The imbalance between the 15 hvKp
and 646 representative isolates can lead to poor classifier performance in machine learning models, so we ran
100 different datasets with the 15 liver and 15 randomly chosen representative isolates. The resulting predictive
accuracy across all approaches was no better than 50% of the random guess (Figure S3B), suggestive that there

are no strong predictors of the 19% of liver isolates in our dataset.
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Figure 1. Association analysis of liver versus non-liver against individual genome-wide SN'Vs (n=318,458)

in the core genome (A) and accessory genes (n=15,852) (B), accounting for population structure. Each point

represents a result from single SNV or gene, and P <107 is the significance threshold.
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Figure 2. Frequency of accessory genome genes in all liver (A) (n=79) and non-ST23 (B) (n=52) liver isolates
versus representative dataset (n=646). The iro and iuc outliers are clearly visible. Each point is a gene, and the
legend is consistent with Fig. 1.

Discussion
Hypervirulent Kp (hvKp) infections are an emerging global threat with biomarkers needed to differentiate
underlying isolates from classical Kp, thereby informing clinical decision making. Previous genetic investiga-

tions for hvKp biomarkers have relied on animal models”?,

where in vivo work has identified and focused

on both salmochelin iro and aerobactin juc loci, sometimes together with genes also present on virulence
plasmids. Experimental work has demonstrated that aerobactin is important for Kp survival and growth in
human ascites and serum!. Additionally, in chicken E. coli infection models, both aerobactin and salmochelin
have been shown to enhance the colonisation potential of Kp'*!4. In contrast, our in-silico analysis explored 79
Kp samples isolated from the liver, where a liver invasion phenotype is a strong indicator of hvKp. By
comparing these isolates with a broader large Kp dataset (n = 646) using a GWAS approach, we found
biomarkers on the accessory genome associated with liver hvKp. These markers included iro [B] and iuc
[ABD] loci, as well as fepA (a siderophore enterobactin receptor), IutA (a ferric aerobactin receptor), IucA/
TucC (siderophore biosynthesis proteins), and several hypothetical proteins, which serve as candidates for
future experiments. RmpA, which confers a mucoid phenotype was not found to be associated at our stringent
statistical cut-off (P < 1071%), but these findings are con-sistent with recent work in carbapenem-resistant Kp'°.
Further, rmpC was identified in our GWAS, and ArmpC has been shown to maintain the downregulated
expression of capsule genes but preserve hypermucoviscosity'® Another interesting gene is putative c-type
lysozyme inhibitor that appears linked to the iuc [ABCD] locus. The presence of this gene is potentially
associated with the typical clinical manifestation of hvKp in liver and eyes, both organs with high levels of

lysozymes'”.

Whilst most of the liver phenotype could be explained through accessory genes, a minority set of isolates
did not have any apparent biomarkers. This observation may be explained by phenotypic misclassification where
meta data is incorrect, the liver invasive phenotype being intrinsic to Kp, or due to rarely observed genes.
Whilst Kp isolate sequence data are likely to be sourced from patients’ liver samples, the use of an in vivo
hypervirulence phenotype can assist phenotypic-genotypic analysis. It is also possible that isolates with known
iuc and iro mark-ers are more likely to be reported compared to samples with undetermined virulence

frt lanl £ +}
IACLOTS, 10 dSSESS 10T LT

Scientific Reports |  (2022) 12:13671 |

https://doi.org/10.1038/s41598-022-17995-2

nature portfolio

Page 81 of 164



www.nature.com/scientificreports/

No. of times gene occurs in isolates Association
Liver non-ST23
GenelD Description (n=52) Liver ST23 (n=27) | Non-liver (n=646) | Odds ratio | —logl0 P-value
B385452 iroC 34 24 53 29.84 19.33
B385338 iroD 34 24 53 29.84 19.33
B603951 g‘de?OPhore entero- | 55 24 62 23.64 18.19
actin receptor FepA
B362201 iroB 34 26 78 24.68 16.32
Bsgos2 | bamA family trans- 1 5, 27 86 22.76 15.58
porter (peg-344)
B53g14e | [S21 family trans- 26 27 57 19.67 15.44
posase
B381713 iucA 26 27 69 14.96 13.48
B385021 rmpC 29 20 52 13.04 13.37
B381836 iucB 26 27 70 14.40 13.28
Bs97737 | Class [SAM-depend- | 5, 27 122 15.53 13.13
ent methyltransferase
B382206 | Leric aerobactin 26 27 71 14.12 13.11
receptor ITutA
B382081 iucD 26 27 71 14.12 13.11
B381588 MES transporter 26 27 71 14.12 13.11
B3g2762 | DMI3 domain-con- | ,, 27 57 15.15 13.02
taining protein
B382654 Hypothetical protein 23 27 57 15.15 13.02
B382870 | Hypothetical protein | 23 27 57 15.15 13.02
B3gile2 | S 1ypelysozyme 23 27 58 14.54 12.80
inhibitor
B382331 | Hypothetical protein | 23 27 58 14.54 12.80
B381271 | Peptide deformylase 23 27 58 14.54 12.80
B385565 | Hypothetical protein | 27 24 58 13.35 12.65
B385675 | Hypothetical protein | 27 24 58 13.35 12.65
B382547 | Hypothetical protein | 22 27 57 13.83 12.18
B3g2440 | [etR/ACrR family tran-) ) 27 57 12.96 12.04
scriptional regulator
TucA/TucC family
B381960 siderophore biosynthe- | 25 26 69 11.83 11.79
sis protein
B402327 | Tn3 family transposase | 21 27 55 12.58 11.67
B380773 | Alpha/beta hydrolase |23 27 72 9.90 10.61
B239784 Hypothetical protein | 30 27 107 8.24 10.38
B385127 Putative protein 23 23 49 10.78 10.35
B402432 | Hypothetical protein | 15 26 31 13.66 10.26

Table 2. Relative abundance of accessory genes associated with liver invasive phenotypes identified in Fig. 1B.
The DNA sequences for each gene are in Data S2.

presence of sample selection bias, we included a large geographically concentrated dataset from Thai hospitals!’,
and consequently found it was not an outlying population in combined analyses with the diverse large global
collection. Another limitation is the small number of available hvKp sequences and overrepresentation of the
ST23 sequence types. Although, our work is one of the largest hvKp genomic investigations to date, there is a
need for larger studies to close knowledge gaps in hvKp epidemiology, pathogenesis, host susceptibility, optimal
treatment, and appropriate infection control measures.

Opverall, with the increasing prevalence of hvKp strains globally, robust biomarkers of related infection are
needed. Our GWAS approach has identified known and novel accessory loci associated with the liver invasive
phenotype, some requiring experimental follow-up. It is possible that Kp has an intrinsic ability to invade the liver,
requiring larger scale studies to understand the full repertoire of genes underlying hvKp, and thereby improve
clinical decision making.

Materials and methods

Dataset. We identified potential hvKp samples with sequencing data by searching the NCBI Isolates
Browser'® (November 2021) using key words “liver” and “hepa”. Metadata of positive hits were manually exam-
ined to confirm a likely liver invasive phenotype. We did not identify any samples isolated from endophthalmitis,
which is an infrequent manifestation of hvKp. The search resulted in 79 samples, of which 31 had sequencing
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Figure 3. Cluster analysis of accessory genes. (A) Projection of genes presence/absence matrix into a umap
2-dmiensional view; (B) Structure of the iro and iuc containing gene cluster in (A). The liver phenotype genes
(Table 2) are visible both in (A) and in greater detail in (B) for which the dimensional reduction algorithm was
re-ran with subset of genes in (A). The axes are dimensionless. Each point is an accessory gene.

Replicons Total | STs (no. isolates) Countries (no. isolates) From liver | With iuc With iro
IncHI1B(pNDM-MAR) [pLVPK/pK2044 China (26), Thailand (24), Singapore (8),

type] 100 ST86 (11), ST23 (6), ST15 (6), ST14 (5) USA (5), United Kingdom (4) 20 (20.0%) | 48 (48.0%) | 39 (39.0%)
IncHI1B(pNDM-MAR) [pSHG10 type] 39 ST23 (37), ST1941 (1), ST152 (1) China (15), Singapore (12), Thailand (8) 24 (61.5%) | 39 (100%) 36 (92.3%)

Table 3. Prevalence of IncHI1B(pNDM-MAR) plasmid replicons.

reads and 48 were sequence assemblies. We assembled the sequencing reads for all samples using Unicycler
v0.4.8" with a quality check performed using Busco software (v4)* to ensure>95% completeness and < 5%
fragmentation of genes in the gammaproteobacteria_odb10 gene set. For consistency of downstream analysis,
all samples were re-annotated with prokka software (v1.14.6)*' using the Klebsiella genus database?” and default
settings.

The 79 hvKp samples were complemented by 520 randomly selected assemblies also from the NCBI Isolates
Browser. However, before the random selection we identified groups of isolates matching by location, isolation
source and create date. We removed all but one representative isolate from each group, to minimize bias from
large, localized studies. These randomly chosen samples may have characteristics of hvKp, but they provide
an important comparison for establishing if a set of genes is more common in hvKp compared to those in the
broader population. We also enriched our dataset with a further 126 samples'! isolated from three hospitals in
Thailand, to evaluate the impact of samples chosen from a small geographic area with a diversity of STs and
assess the robustness of analysis. If our methods are prone to generating bias, we would expect this dataset to
stand out, but it did not (see Fig. S1). The comparison dataset of 646 isolates consisted of 302 different STs with
ST15 (n=29), ST147 (n=29), ST11 (n=25) being the most common. Kleborate software (v2.1.0)** was used to
profile the isolates’ virulence and ST (Data S1).

Analysis. The genes from all assemblies were clustered in a reference independent manner. The Kp core
genome was identified as those genes which are not accessory. To identify a core genome, BLASTn (v2.9.0)*
with word-size 20 was used to find and remove genes that shared >90% identity, were within 20% of median
length of all such genes, and were present in>90% of samples. A sensitivity analysis performed with alternative
parameters produced similar results. This approach identified a conserved core gene set which was removed.
For the remaining genes we performed an all versus all BLASTn search with word-size 11. We assigned genes
to groups based on >60% identity between any two genes intra group and <20% length difference from median
gene length intra group. The input for subsequent analysis was a 15,852 x 725 matrix with rows as gene groups
and columns as samples, where individual cells are a binary value with one indicating that sample contains a
gene from the group, zero otherwise. Genes were aligned using MAFFT software (v7.467)% and the resulting
alignment files transformed into a 318,458 x 725 python matrix, where rows are individual SNVs and columns
are isolates.

Logistic regression models were used to find associations between the liver phenotype and SNV or pres-
ence of accessory genes. These models included principal components for the population structure, and were
implemented using statsmodels software (v0.13.0)*. The projection of the dataset into two dimensions was
performed using the umap library (v0.5.1)? in python using “hamming” distance. Clusters were determined
using DBSCAN? as implemented in sklearn (v0.24.2)%. Machine learning analysis was performed using sklearn
functions to identify predictors of the liver phenotype. Plasmid replicons were identified using PlasmidFinder
software (v2.1.1) with default settings™. The scripts for accessory genome construction are available at https://
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github.com/AntonS-bio/accessoryGenomeBuilder. The analysis scripts are available at https://github.com/
AntonS-bio/KpHypervirulence.

Ethics approval and consent. No ethics approvals were required as all data is publicly available.

Data availability
All data used in this work is publicly available in NCBI database (https://www.ncbinlm.nih.gov/). A list of isolates
is in Data S1. Analysis scripts are available at https://github.com/AntonS-bio.
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ABSTRACT

Klebsiella pneumoniae (Kp) Gram-negative bacteria cause nosocomial infections and rapidly acquire
antimicrobial resistance which makes it a global threat to human health. It also has a comparatively
rare hypervirulent phenotype that can lead to severe disease in otherwise healthy individuals. Unlike
classic Kp, canonical hypervirulent strains usually have limited antimicrobial resistance. However,
after initial case reports in 2015, carbapenem resistant hypervirulent Kp has increased in prevalence.
It is now endemic in China, but there is limited understanding of its prevalence in other geographical
regions. Here, we examined the largest collection of publicly available sequenced Kp isolates
(n=13,178), containing 1,603 different sequence types (e.g., ST11 15.0%, ST258 9.5%), and 2,174
(16.5%) hypervirulent strains. We identified and analysed 3,034 unique plasmid replicons to
understand the epidemiology and transmission dynamics of carbapenem resistant hypervirulent Kp
(n=1,028, 7.8%). We identified several outbreaks globally including one involving ST11 strains in
China and another of ST231 in Asia centred on India, Thailand, and Pakistan. There was evidence of
global flow of Kp, including across multiple continents. In most cases, clusters of isolates are the
result of hypervirulence genes entering classic Kp strains instead of carbapenem resistance genes
entering canonical hypervirulent strains. Overall, our analysis demonstrates the utility of genomic
sequencing of Kp to monitor global epidemiology carbapenem resistant and hypervirulent strains.
With the growing adoption of monitoring technologies, including in geographical regions with gaps
in data and knowledge (e.g., Sub-Saharan Africa), the identification of the spread of antimicrobial

resistance will inform infection control globally.

KEYWORDS: AMR, carbapenem, hypervirulence, klebsiella

Word count: 250
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BACKGROUND

Klebsiella pneumoniae (Kp) is a Gram-negative pathogen increasingly capable of causing severe
organ and life-threatening disease. Kp is classified into two main virulence phenotypes:
hypervirulent (hvKp) and classical (i.e., non-hvKp). The classic Kp is the most common and normally a
nosocomial infection that occurs in patients with additional co-morbidities (1). Less common is hvKp
which is characterized by invasive infection within the community setting in healthy individuals and a
rapid metastatic spread. Epidemiologically, hvKp is more common in East and Southeast Asia, but it
is also an emerging threat in Europe. HvKp associated with carbapenemase producing clones is
particularly concerning (1-4) as it will make infection control more difficult. It is therefore important
to use genomic data and analyses from local, regional, and global studies to monitor its emergence

and spread.

The main driver of carbapenem resistance in Kp is the acquisition of genes that encode
carbapenemases such as KPC, NDM, some variants of OXA and others (5,6). The encoding genes are
usually located on small mobile genetic elements such as transposons or insertion sequences. These
elements are themselves usually embedded in plasmids which mediate the transfer of genes

between bacterial cells via horizontal gene transfer (7-9).

Similarly, hypervirulence is normally associated with aerobactin (iuc) and salmochelin (iro) gene loci
carried on plasmids. The iro and iuc loci are frequently accompanied by additional genes (e.g., rmpA,
rmpA2, and rmpC) associated with a hypermucoviscous capsule phenotype (10,11). K1 and K2 are
the dominant capsular genotypes among hvKp (12). The juc and iro loci usually reside on large
(>200kbp) plasmids but are occasionally located on chromosomes via integrated chromosomal

elements (1).
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Since reports of carbapenem resistant hypervirulent Kp (CRhvKp) in a tertiary hospital in Beijing in
2015 (13), the cases have steadily increased in number and geographic range (14-17). The incidence
of CRhvKp in China was estimated at ~13% based on the presence of rmpA, rmpA2 or iutA
biomarkers (15), but estimates vary regionally within the country. Another large-scale study in China
reported that 36% of screened carbapenem resistant (CRKp) strains carried the hypervirulence
associated siderophore aerobactin locus (17). Other regional studies focused on Singapore (18),
India (19) and USA (20), but understanding of global landscape is limited. With increased human
mobility and volumes of trade and tourism, knowledge of the global genomic diversity of plasmids
underlying CRhvKp strains will assist with monitoring the emergence and spread of CRhvKp

infections and inform their clinical management.

In this study, we analysed the plasmid replicons as well as carbapenemase and siderophore encoding
genes across 12,468 geographically diverse Kp isolates to understand the movement of
hypervirulence and antimicrobial resistance genes on plasmids and their convergence in CRhvKp.
Despite the limitations of the convenience sampling, we found growing prevalence of CRhvKp
assigned to nine clusters, seven of which are statistically robust. These clusters included two
previously reported outbreaks identified in China (15—-17,21); however, they also include additional
outbreaks with one spanning Asia, Africa, and Europe. Our findings demonstrate the utility of large-
scale data for understanding the epidemiology of CRhvKp, their emergence and spread; we present a
first updateable categorisation of CRhvKp isolates, with potential utility for clinical and surveillance

investigations.

METHODS
All publicly available assemblies labelled as Kp (n=13,178) in the NCBI RefSeq database (as at
September 2021) were downloaded (22). Kleborate software (v2.2.0) was used to confirm species,

and identify sequence types (ST), find antimicrobial resistance (AMR) and virulence genes, and
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determine capsular and O-antigen types (23) (Fig S1, Data S1). Isolates were classified as
hypervirulent Kp (hvKp) genotype if they contained either aerobactin (iuc), salmochelin (iro) or both
gene loci (10,11). Carbapenem resistance can occur without carbapenemase encoding genes, but we
conservatively defined CRKp genotype as isolates that carry a carbapenemase encoding gene.
Plasmid replicons were identified using PlasmidFinder software (v2.1.1) (24) with default cut-offs
(>=60% coverage and >=90% identity). The isolate data included complete, contig and scaffold levels

assemblies.

PlasmidFinder compares assemblies to a database of nucleotide sequences of genes encoding
replication control and initiation proteins. The assembly sub-sequences (not necessarily whole
contigs) which pass similarity thresholds are returned by the software. The returned sub-sequences
were summarised in a binary data matrix (1 = present, 0 absent), where the rows represented
individual isolates, and columns (n=3,034) represented unique replicons nucleotide sequence. This
binary matrix was used to calculate the russellrao distance between pairs of isolates as implemented

in sklearn software (v0.24.2) (25).

We used the UMAP (v0.5.1) algorithm to project the full 3,034-dimensional binary matrix into 2-
dimensional space (25-27). UMAP aims to project multidimensional data into fewer dimensions
while preserving some global and local data topology. The approach has similarity to principal
components analysis (PCA) and multi-dimensional scaling (MDS or PCoA). The former uses a
covariance matrix, and the latter uses a matrix of pairwise distances. Neither PCA nor MDS are
intended for binary matrices, though MDS can accommodate ordinal data (28,29). UMAP belongs to
family of manifold learning algorithms which are usually better at dimensional reduction of binary
data (30-32). We applied HDBSCAN software (v0.81) (min_cluster_size=10 and

cluster_selection_epsilon=0.5) to the 2D projection generated by UMAP to identify clusters of
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isolates (33). HDSCAN is a density-based clustering algorithm which does not require all data points

to be a part of a cluster, and we have labelled such isolates as “unassigned”.

Unlike PCA and MDS, UMAP is a stochastic algorithm; so we assessed the robustness of clustering
based on UMAP projection. For this purpose, we created a Monte Carlo simulation by repeating the
UMAP projection and cluster detection 500 times. The clusters identified in each of 500 iterations
formed columns of a data matrix which was itself embedded using UMAP with a hamming distance
metric. The clusters in this projection were again determined using HBSCAN (Fig S1). These latter
clusters aggregate 500 individual runs and to determine the consistency of aggregated versus each
underlying cluster, we calculated chi-squared tests, implemented in sklearn software. We labelled

the aggregate cluster as robust if less than 1% of -logio(p-value) was below 20 (Fig S1)

We also compared replicons found in our dataset to those characterised in 35 historic bacterial
isolates (34) (“Murray collection”) sourced between 1920 and 1949 and classified as Kp based on

Kleborate software typing.

RESULTS

Isolates and genotypes

While all isolates (n=13,178) were Kp according to metadata, Kleborate screening identified them as
Kp (n=11,820; 90%), K. quasipneumoniae (n=604, 5%), K. variicola (n=428; 3%), K. aerogenes (n=299;
2%) and other subspecies of Klebsiella (n=27; 0.2%) i.e., some isolates may have incorrect species
data in the NCBI database (Fig S1). We did not restrict the analysis to K. pneumoniae sensu stricto,
but we removed 710 isolates in which PlasmidFinder did not identify any replicons. These removed
isolates covered 331 STs, with ST3910 (n=21) being most frequent. They also had a high abundance
of non Kp sensu stricto (K. quasipneumoniae n=140, 19.7%; K. aerogenes n=115, 16.2%; K. variicola

(n=109, 15.4%). Notably, these isolates had limited AMR carriage with only 9 isolates carrying
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carbapenemase encoding genes, among which blaoxa-4s Was the most frequent (n=4). There were
also few fluroquinolone gyrA mutations (n=65/710) and aminoglycoside resistance enzymes
(n=35/710). Only four isolates carried an aerobactin locus; however, 20 had a truncated iro3 locus

and 109 K. aerogenes samples had a chromosomally carried salmochelin locus.

The final isolate dataset (n=12,468) contained 1,603 different STs (based on 7 chromosomal loci)
with the most frequent being ST11 (15%), ST258 (10%), ST15 (4%), ST512 (4%) ST307 (3%) and ST147
(3%) (Fig S1). The number of hypervirulent strains was 1,881 (15%). The two canonical hypervirulent
strains ST23 and ST86 accounted for 1.8% and 0.7%, respectively. The study had global
representation, with isolates from 103 countries, including China (20%), USA (14%), Italy (7%),
United Kingdom (6%), Thailand (4%), and Germany (4%); however only 2% of all isolates were from
Sub-Saharan Africa. While the convenience nature of the sampling may make the dataset unsuitable
for the estimation of the prevalence of CRhvKp genotypes, the large sample size presents a likely

accurate assessment of regional and temporal trends.

Replicons

An important cornerstone of our analysis is the distinction between replicon family or name (e.g.,
IncFII(K), IncFIB(K) and ColRNAI) and the underlying unique nucleotide sequences of the replicons
belonging to specific family. For example, across the 12,468 isolates there were 3,034 unique
replicon nucleotide sequences, of which 1,096 occurred in more than one isolate. The most frequent
replicon nucleotide sequence was the PlasmidFinder reference version of IncFIB(K), which occurred
in 3,123 isolates (24%). However, the replicons from an IncFIB(K) family occurred 7,052 times with
eight distinct sequences occurring in over 100 Kp isolates (Fig 1). The family and nucleotide

sequence diversity are summarised in Data S2.
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The average number of replicons per isolate was 4.6 (range: 1 to 29). A total of 6,783 isolates (55%)
with identified replicons had carbapenemase encoding genes, and 1,881 (15%) had either iuc or iro
loci. A total of 1,028 (8%) isolates with identified replicons had both carbapenemase encoding and
hypervirulence (CRhvKp) loci (Fig S1). Therefore, the numbers of isolates determined to be CRhvKp,
CRKp (non- hvKp) and hvKp (non-CRKp) were 1,028 (8%), 5,755 (46%), and 853 (7%), respectively (Fig
S1). The majority of the CRhvKp were from China (n=696) representing 27% of isolates from that
country with isolates collected in Russia (n=64), Thailand (n=44), Italy (n=39) and India (n=25) being

next most common.

To examine the geographical and temporal trends of carbapenem resistant hypervirulent genotypes,
we assessed the replicon-based clustering of CRKp, hvKP and CRhvKp isolates across 695 plasmid
replicon nucleotide sequences that were present in multiple CRKp, hvKp and CRhvKp isolates (Fig
S1). UMAP based analysis of population structure revealed that clustering was not driven solely by
geography or ST (Fig 2). This contrasts with chromosomal-based cluster analysis, which revealed
clustering of isolates by ST (data not shown). We used HDBSCAN clustering algorithm on the two-
dimensional embedding of CRhvKp isolates (n=1,028) plasmids replicons and identified 9 groups
(Clusters A—1I; Table 1, Fig 2), with 79 (8%) isolates not assigned to any group (see Data S3 for all
assignments). Of these 9 clusters, only two (B and E) did not have strong statistical support of their

robustness.

Replicon clusters

Cluster A (n=560, Table 1) consisted mainly isolates from China and accounted for the majority of
CRhvKp isolates from that country (n=517/696). This cluster also included isolates with travel links to
China (35). The first isolate from Cluster A was collected in 2012 with frequency increasing over time
(Fig 3). ST11 was the dominant sequence type in this cluster (n=499/560), and this cluster also

contained majority of ST11 CRhvKp isolates (n=499/582). Hypervirulence was driven by iucl in nearly
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all isolates (n=554/560) and 168 isolates additionally had iro1 (77 truncated or incomplete) following
the nomenclature established previously (36). The carbapenemase encoding genes were dominated

by blakec.2 (n=516/560), with blaoxa-4s the next most common (n=16) (Table 1, Data S3).

The dominant replicons in Cluster A were ColRNAI (n=943), which occurred multiple times in most
isolates, followed by repB (n=555), IncFll(pHN7A8) (n=501), IncHI1B(pNDM-MAR) (n=489) and IncR
(n=486) (Data S2). By examining assembly contigs for co-presence of carbapenemase, virulence
genes and replicons, we were able to link replicon and carbapenemase genes in 74 isolates and
replicon and siderophore genes in 341 isolates (Table 1). No carbapenemase or hypervirulence
linked siderophore genes were found on chromosomes. In cases where siderophores were located
on the same contig as replicons, the vast majority (n=290/343) had a IncHI1B(pNDM-MAR) replicon
(Data S4). Of these, 125 contigs had both repB and IncHI1B(pNDM-MAR) replicons. In addition, 42
contigs had simultaneously repB replicon and siderophores. The majority (n=52/76) of contigs which
carried replicon and carbapenemase genes had an IncFll(pHN7AS8) replicon, and 49 of these also had
an IncR replicon. Two contigs had both siderophores and carbapenemase genes. The first one had
repB, IncFIB(pKPHS1) and IncHI1B(pNDM-MAR) replicons. The second had repB and IncHI1B(pNDM-

MAR). Both contigs carried blakec.2 and iucl loci.

Cluster B (n=83) consisted mainly of isolates from China (n=81/83) and ST11 sequence type
(n=74/83). This cluster did not have strong statistical support for its robustness, and based on visual
examination of results (Fig 2) it is related to, but distinct from, Cluster A isolates. In particular, the

isolates in Cluster B lack repB and IncHI1B(pNDM-MAR) replicons, characteristic of Cluster A.

Cluster C (n=82) is interesting due to its geographic diversity with 32 isolates sourced from Russia, 16
from China, 9 from Egypt, and 8 from Germany. There were 15 STs of which ST147 (n=32; 39%) and

ST395 (n=24; 29%) were most frequent. While ST147 had broad geographic distribution the majority
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of ST395 isolates in this cluster were collected in Russia (n=20/24; 83%). The most frequent
carbapenemases were blaoxa.as (n=51) and blanon-1 (n=23), again without strong geographic links.
Five isolates had both genes. More broadly, 78 isolates had either a blaoxa or blaxom gene, with
blakec.2 (n=2) and blaym-1 (n=1) accounting for the rest (Data S2). The dominant hypervirulence
siderophore was iucl (n=78/82), while an unassigned salmochelin lineage was present in two
isolates. Despite geographic and ST diversity, three replicons accounted for majority of isolates:
Col(pHAD28) (n=91), IncHI1B(pNDM-MAR) (n=80), and IncFIB(pNDM-Mar) (n=79) (Table 1). Out of
14 isolates in which a replicon and iucl locus were on the same contig, ten had both IncFIB(pNDM-
Mar) and IncHI1B(pNDM-MAR) replicons, and a further two had IncHI1B(pNDM-MAR). Replicons
linked to carbapenemase encoding genes (n=16) were diverse, and IncL linked to blaOXA-48 (n=4)

was the most frequent association.

Cluster D (n=61) consisted of isolates mainly from Southeast Asia (Thailand, n=27; India, n=17;
Pakistan, n=8). The first isolate was collected in Malaysia in 2013 while the most recent six isolates
were collected in India in 2019. Nearly all isolates belong to ST231 (n=60/61) which shares only two
MLST alleles with canonical hypervirulent ST23. The dominant carbapenemase was blaoxa-232
(n=59/61) with blaoxa-1s1 and blaoxa-ss in other two isolates. Unusually, hypervirulence was driven by
iuc5 (n=60/61), and accounts for nearly all iuc5 carrying CRhvKp (n=60/75). Salmochelin (iro1) was
only present in a single isolate. This cluster had near universal carriage of seven replicons: Col440l,

IncFIB(pQil), IncFlI(K), IncFIA, IncFll(pAMA1167-NDM-5), ColKP3, and Col(pHAD28) (Table 1).

IncFll(pAMA1167-NDM-5) was unique to this cluster and IncFIA only occurred in nine further CRhvKp

isolates. We were able to link replicons to a carbapenemase gene in 60 isolates, as well as to a

siderophore in 8 isolates. Neither siderophore nor carbapenemase genes occurred on chromosomes.

In all cases, blaoxa-232 was linked to the ColKP3 replicon, while iuc5 was co-located on a contig with

IncFIA and IncFlI(pAMA1167-NDM-5).

Page 98 of 164



Cluster E (n=50) contained isolates mainly from Asia (China, n=16; Singapore, n=14; Thailand, n=13),
but unlike Clusters A and B, this one also had five samples from three European countries (Latvia,
n=2; Greece, n=2; France, n=1). The first isolates were collected in 2013 in Singapore (n=7) and the
most recent isolated in China in 2020. Sixteen isolates were of the canonical hypervirulent strain
ST86 and collected in six countries. This cluster also had ST65 (n=14) and ST23 (n=4) isolates. The
former shares only two alleles with ST86. The dominant siderophores in this cluster were iucl (n=44)
and jrol1 (n=40) with 40 isolates carrying both. While blakec. was the most frequent carbapenemase
gene (n=32), some isolates (n=13) carried blaoxa-232 just like the isolates from Cluster B. All these
blaoxa-232 carrying isolates were collected as part of the same Thai study in 2016; however, they
belonged to 8 different STs (37). Unlike Clusters A and B, this cluster had only two near universal
replicons: repB (n=50) and IncHI1B(pNDM-MAR) (n=49). We were able to link replicon to
carbapenemase genes in 19 and to a siderophore in 32 isolates. Nearly all linked iuc loci were
located on a contig with either IncHI1B(pNDM-MAR) (n=4), repB (n=1) or both (n=22) (Data S4). The
blaoxa-232 gene was co-located with ColKp3 replicon in all blaoxa-232 carrying isolates, like Cluster B.
The replicons linked to blakec. were much more diverse. Out of 6 contigs three had a IncFlI(K)
replicon, two IncFll(pHN7A8), and one IncX6. None of the examined contigs carried both

carbapenemase and hypervirulence genes, nor were any of these genes on chromosomes.

Cluster G consists of 32 isolates collected every year between 2015 and 2020 with majority isolated
in China (n=26) (Table 1). While this cluster includes two ST23 and one ST11 isolates, it is dominated
by ST15 (n=26/32). The main siderophore locus was iuc1 (n=32/32) with two isolates concurrently
carrying irol. The dominant carbapenemase was blaoxa-232 (n=27/32) with blanpm-1 (n=3/32) next
most common. The most interesting aspect of this cluster was the diversity of frequent replicons:
repB(n=31), ColRNAI(n=31), IncHI1B(pNDM-MAR)(n=30), IncFIB(pKPHS1)(n=28), IncFlI(K)(n=28),
ColKP3(n=28), and Col(pHAD28)(n=28). We linked replicon to carbapenemase in 32 and to a

siderophore in 7 isolates. The iuc1 hypervirulent locus was linked to IncHI1B(pNDM-MAR) (n=6) and
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blaOXA-232 was linked to ColKP3(n=28) as in cluster D, but that cluster has iuc5 linked to IncFIA and
IncFII(pAMA1167-NDM-5). Part of this cluster has been described previously (21), reinforcing the

robustness of our approach.

Salmochelin carrying K. aerogenes

Surprisingly, nearly all K. aerogenes isolates (n=288/299) carried a salmochelin locus, but none had
aerobactin. In all 41 complete K. aerogenes assemblies this locus was located on chromosome
(contig > 4,500,000nt). These salmochelin genes had nucleotide identity between 74% and 86% to
Kp sensu stricto salmochelin genes. The nearest amino acid sequences outside K. aerogenes were
iroB, iroC, iroB and iroN in Enterobacter oligothropicus with 93%, 90%, 81% identity, respectively. A
small portion of K. aerogenes isolates had both salmochelin and carbapenemase genes (n=40),
among which carbapenemase genes blakec.o (n=13) and blaoxa-4s (n=6) were the most common. Most
of the K. aerogenes without carbapenemase genes (n=231/248) did not have any extended-
spectrum beta-lactamase (ESBL) encoding loci, despite most of them (n=171/231) being collected
after 2010 — a period in which ESBL encoding genes are common in Kp. PlasmidFinder identified
replicons in 174 salmochelin carrying K. aerogenes. Their replicons formed a cluster of samples
consisting mainly of USA isolates (n=73) with a few from Germany (n=9), Lebanon (n=6) and other
countries. Apart from one small study (38) we believe this is the first major report of the widespread

presence of salmochelin in K. aerogenes.

Comparison to replicons of historic isolates

Plasmid sequences of 35 Kp isolates from the historic Murray collection were identified and
compared to the 3,034 unique replicons in our whole collection (n=12,468). Remarkably, there was a
substantial overlap between these unique replicon sequences. For example, the same repB

sequences occurred in 1,124 of all isolates and in 19 Murray Collection isolates. Three further
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replicon sequences [IncFIB(K), IncFll(pKP91) and IncHI1B(pNDM-MAR)] that occurred once each in
the Murray Collection occurred in over 240 general isolates (Data S5). The co-existence of multiple
variants of identical replicons up to 90 years ago requires further investigation into the evolution of
plasmid replicon sequences including their mutation rates and any selective pressure that are

currently unknown.

IncHI1B(pNDM-MAR) replicon

The Cluster A version of repB gene differs from PlasmidFinder’s IncHI1B(pNDM-MAR) by 4nt and
from the closest sequence in our collection by 3nt out of 570nt. The latter sequence occurs
frequently (n=395) in our whole dataset (Data S2). More importantly, the first 96nt of this replicon’s
sequence (those preceding repB sequence) are almost unique to Cluster A. These leading 96nt have
no similarity using BLAST (word size 7) (39) to any other IncHI1B(pNDM-MAR) variant in our dataset.
While this version of replicon does occur outside Cluster A it is rare among CRhvKp (n=3/1,028) and
CRKp (n=4/5,763) isolates, but more common among hvKp (n=184/988). The Cluster A variant has
strong geographic and ST bias. It is found mostly in China (n=561/676), followed by Russia
(n=22/676) and 18 other countries. KL64 (n=343/676) and KL1 (n=190/676) are the dominant
serotypes, but these are likely the consequence of ST specificity being common in ST23 and ST11
types. Of all ST23 and ST11 isolates with any IncHI1B(pNDM-MAR) replicon, nearly all carried the
Cluster A version of the replicon (ST23 197/216; ST11 461/525). In contrast, all isolates of the

canonical hypervirulent ST86 (n=84/84) carried the PlasmidFinder’s reference replicon variant.

While the IncHI1B(pNDM-MAR) replicon was nearly monophyletic in Cluster A (473 samples with
identical replicon sequences and further 7 replicon sequences among 18 samples), across the entire
dataset set IncHI1B(pNDM-MAR) replicon consisted of five main nucleotide sequences with only six
mutation differences (Data $2). Based on the context of Cluster A’s blakec.; and IncHI1B(pNDM-MAR)

replicon nucleotide sequence, there is little evidence that this cluster has generated an epidemic in
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countries outside of China that are well represented in our dataset. However, within China, Cluster A
has been identified in at least 13 provinces since its first isolates were identified in 2013. The
monitoring of the core replicon signatures of such Clusters can therefore assist with identifying the

spread of CRhvKp forms.

DISCUSSION

In this study we examined plasmid replicons in a large global dataset of 12,468 Kp isolates with the
aim of understanding global distribution of CRhvKp isolates. Our analysis revealed there is structure
among the 1,028 CRhvKp isolates, with most belonging to multi-country clusters with at least nine
clusters present globally. One such cluster (denoted as Cluster A) involved the spread of ST11
CRhvKp isolates and was detected by a surveillance system in China (17), and appears to have been
contained in that country. The data also revealed the potential simultaneous spread of a smaller
cluster in China involving ST15 strains with plasmid replicons identical to those found in smaller
studies from Hangzou and Shanghai regions of China (21,40). Other clusters reveal outbreaks in
multiple countries, where the exact dynamics of spread are harder to determine due to the limited

geographic coverage.

We have focused on the plasmid replicons instead of sequence types (STs), because both
hypervirulence associated and carbapenemase encoding genes are frequently found on plasmids
and transfer horizontally. Hypervirulence associated genes exist almost exclusively on plasmids;
while carbapenemase encoding genes are generally located on small insertion sequences or
transposons embedded in plasmids (7,41). While STs are important in the context of outbreaks, we
think that plasmid replicons provide greater insights into the spread of hypervirulence and
carbapenemases, because plasmids are vectors that transfer AMR and virulence genes between
bacterial strains. Due to relative stability of the replicon sequences, they can be used as signatures

or barcodes of CRhvKp forms for clinical management, surveillance, and infection control activities.
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Recent work on CRhvKp epidemiology using genomic data has focused on single hospitals or
geographical regions (41,42). However, with increased human mobility and travel worldwide, large-
scale analyses of all available sequences can provide insights from a global to local resolution. These
activities can assist infection control decision making through identifying transmission hotspots,
blind spots of sampling and informing resource allocation. Despite the global nature of our analysis,
there are some geographical gaps due the convenience nature of the sampling, especially with lower
numbers of samples from sub-Saharan Africa. While it is difficult to estimate the prevalence of
plasmids and replicons, our analysis reveals the presence of their types and their diversity, and
determines the spread of clusters. The number of actual circulating clusters is likely to be an
underestimate and the dynamics of their spread incomplete. Large scale routine and timely
sequencing globally can provide a more complete picture. This process should involve reviewing and
updating the core clusters and their signatures, potentially using our statistical approach, which
includes consideration of cluster robustness. Our statistical approach could be a robust alternative to
the more general and widespread application of phylogenetic trees for cluster derivation, including
bootstrapping for tree branch robustness, which may not be appropriate for Klebsiella and other

pathogens with horizontal gene transfer (43,44).

Based on our analysis, heavily represented geographies with clusters of CRhvKp isolates (Thailand,
Germany, Italy, USA, Russia) have not demonstrated rapid growth of a single cluster within a
country. Instead, there were several small geographically diverse clusters, including one (Cluster H)
which has a similar number of cases from Russia, Germany, and Egypt, whilst another (Cluster 1) has
isolates mainly from Italy, Russia, and China. Travel linked to tourism to an under-represented
country is a plausible explanation. Relatedly, isolates collected across three Russian cities were

present in six of nine CRhvKp clusters. This may be the linked to travel or importation events.
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Another interesting finding was the presence of K. aerogenes isolates with salmochelin homologues.
This Klebsiella species is not common in a clinical setting and generally has low level of AMR (38), but
it may represent a potential reservoir of hypervirulent bacteria, especially in USA and Germany
where it appears most common. Clinical isolates dominate most collections, but the collection and
sequencing of samples from environmental or domestic animal sources may provide insights into
AMR transmission. Relatedly, the comparison of the replicons from modern and Murray collection
isolates showed perfectly matching replicon sequences in several cases often from isolates spanning
70 to 90 years. While there may be sample fidelity issues arising from a long-term storage, this may
also be a result of a low mutation rate in replicon sequences. This in turn raises important questions
about diversity of plasmids outside clinical environments. Insights into the diversity of plasmids, as
well as the emergence and spread of AMR, will be provided through the future widespread
application of cost-effective WGS or alternative amplicon sequencing-based approaches across
countries and sampling sources combined with the development of informatic data platforms and

large-scale analysis tools.

CONCLUSION

Our large-scale analysis of Kp isolates revealed nine global clusters of CRhvKp, including two
expanding within China. We found multiple smaller multi-regional clusters that did not have a clear
inter-temporal trend. The benefits of the surveillance and monitoring of infections using genomic
data have been exemplified by global efforts during the recent COVID-19 pandemic. The generation
of sequence data in real time can provide an early warning to infection control decision makers and
provide clinical guidance to reduce burden. Relatedly, the presence of multi-country clusters
reinforces that the sharing and joint analysis of international data provides important insights into
the epidemiology of CRhvKp and other AMR infections, including the identification of countries

experiencing outbreaks but potentially without extensive monitoring programs of their own. The
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goal would be to identify reservoirs of infections, assist the surveillance activities of infection control

agencies and ultimately reduce the burden of Kp AMR.
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List of abbreviations

AMR - antimicrobial resistance

Kp — Klebsiella pneumoniae.

cKp — classic K. pneumoniae

hvKp — hypervirulent Kp defined as carrying either salmochelin or aerobactin locus, but not
carbapenemase encoding genes.

CRKp — carbapenemase resistant Kp, defined as carbapenemase gene carrying Kp, but not
salmochelin or aerobactin locus

CRhvKp - carbapenemase resistant hypervirulent Kp

MLST — multilocus sequence type

ST —sequence type

REFERENCES

1. Russo TA, Marr CM. Hypervirulent Klebsiella pneumoniae [Internet]. Vol. 32, Clinical
Microbiology Reviews. American Society for Microbiology; 2019 [cited 2020 Sep 30].
Available from: https://pubmed.ncbi.nlm.nih.gov/31092506/

2. Zhang Y, Zhao C, Wang Q, Wang X, Chen H, Li H, et al. High prevalence of hypervirulent
Klebsiella pneumoniae infection in China: Geographic distribution, clinical characteristics, and
antimicrobial resistance. Antimicrob Agents Chemother [Internet]. 2016 Oct 1 [cited 2019
Dec 28];60(10):6115-20. Available from: http://www.ncbi.nlm.nih.gov/pubmed/27480857

3. Struve C, Roe CC, Stegger M, Stahlhut SG, Hansen DS, Engelthaler DM, et al. Mapping the
evolution of hypervirulent Klebsiella pneumoniae. mBio. 2015 Jul 21;6(4).

4. European Centre for Disease Prevention and Control. Risk Assessment: Emergence of
hypervirulent Klebsiella pneumoniae ST23 carrying carbapenemase genes in EU/EEA
countries. 2021.

5. Logan LK, Weinstein RA. The epidemiology of Carbapenem-resistant enterobacteriaceae: The
impact and evolution of a global menace. Journal of Infectious Diseases [Internet]. 2017
[cited 2021 Mar 9];215(Suppl! 1):528-36. Available from: /pmc/articles/PMC5853342/

6. Munoz-Price LS, Poirel L, Bonomo RA, Schwaber MJ, Daikos GL, Cormican M, et al. Clinical
epidemiology of the global expansion of Klebsiella pneumoniae carbapenemases [Internet].
Vol. 13, The Lancet Infectious Diseases. NIH Public Access; 2013 [cited 2021 Mar 9]. p. 785—
96. Available from: /pmc/articles/PMC4673667/



10.

11.

12.

13.

14.

15.

16.

17.

18.

Partridge SR, Kwong SM, Firth N, Jensen SO. Mobile genetic elements associated with
antimicrobial resistance. Vol. 31, Clinical Microbiology Reviews. American Society for
Microbiology; 2018.

Partridge SR, Iredell JR. Genetic Contexts of blaNDM-1. Antimicrob Agents Chemother
[Internet]. 2012 Nov [cited 2021 Oct 20];56(11):6065. Available from:
/pmc/articles/PMC3486571/

Bush K, Bradford PA. Epidemiology of B-Lactamase-Producing Pathogens. Clin Microbiol Rev
[Internet]. 2020 Apr 1 [cited 2022 Apr 7];33(2). Available from:
https://pubmed.ncbi.nim.nih.gov/32102899/

Russo TA, Olson R, Fang CT, Stoesser N, Miller M, MacDonald U, et al. Identification of
Biomarkers for Differentiation of Hypervirulent Klebsiella pneumoniae from Classical K.
pneumoniae. J Clin Microbiol [Internet]. 2018 Sep 1 [cited 2022 Jan 28];56(9). Available from:
https://pubmed.ncbi.nlm.nih.gov/29925642/

Catalan-Najera JC, Garza-Ramos U, Barrios-Camacho H. Hypervirulence and
hypermucoviscosity: Two different but complementary Klebsiella spp. phenotypes?
[Internet]. Vol. 8, Virulence. Taylor and Francis Inc.; 2017 [cited 2021 May 20]. p. 1111-23.
Available from: /pmc/articles/PMC5711391/

Choby JE, Howard-Anderson J, Weiss DS. Hypervirulent Klebsiella pneumoniae — clinical and
molecular perspectives. J Intern Med [Internet]. 2020 Mar 1 [cited 2021 Oct 11];287(3):283.
Available from: /pmc/articles/PMC7057273/

Yao B, Xiao X, Wang F, Zhou L, Zhang X, Zhang J. Clinical and molecular characteristics of
multi-clone carbapenem-resistant hypervirulent (hypermucoviscous) Klebsiella pneumoniae
isolates in a tertiary hospital in Beijing, China. Int J Infect Dis [Internet]. 2015 Aug 1 [cited
2022 Apr 7];37:107-12. Available from: https://pubmed.ncbi.nim.nih.gov/26141415/

Woyres KL, Wick RR, Judd LM, Froumine R, Tokolyi A, Gorrie CL, et al. Distinct evolutionary
dynamics of horizontal gene transfer in drug resistant and virulent clones of Klebsiella
pneumoniae. PLoS Genet [Internet]. 2019 [cited 2019 Dec 28];15(4):e1008114. Available
from: http://www.ncbi.nlm.nih.gov/pubmed/30986243

Yang X, Sun Q, LiJ, Jiang Y, Li Y, Lin J, et al. Molecular epidemiology of carbapenem-resistant
hypervirulent Klebsiella pneumoniae in China. Emerg Microbes Infect [Internet]. 2022 Dec 31
[cited 2022 Apr 7];11(1):841-9. Available from: https://pubmed.ncbi.nIm.nih.gov/35236251/

Lam MMC, Wick RR, Wyres KL, Holt KE. Genomic surveillance framework and global
population structure for Klebsiella pneumoniae [Internet]. bioRxiv. bioRxiv; 2020 [cited 2021
Mar 9]. p. 2020.12.14.422303. Available from: https://doi.org/10.1101/2020.12.14.422303

Liu C, Dong N, Chan EWC, Chen S, Zhang R. Molecular epidemiology of carbapenem-resistant
Klebsiella pneumoniae in China, 2016-20. Lancet Infect Dis [Internet]. 2022 Feb 1 [cited 2022
Apr 7];22(2):167-8. Available from: https://pubmed.ncbi.nlm.nih.gov/35092791/

Yong M, Chen Y, Oo G, Chang KC, Chu WHW, Teo J, et al. Dominant Carbapenemase-Encoding
Plasmids in Clinical Enterobacterales Isolates and Hypervirulent Klebsiella pneumoniae,
Singapore. Emerg Infect Dis [Internet]. 2022 Aug 1 [cited 2022 Sep 15];28(8):1578-88.
Available from: https://pubmed.ncbi.nim.nih.gov/35876475/



19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

Banerjee T, Wangkheimayum J, Sharma S, Kumar A, Bhattacharjee A. Extensively Drug-
Resistant Hypervirulent Klebsiella pneumoniae From a Series of Neonatal Sepsis in a Tertiary
Care Hospital, India. Front Med (Lausanne). 2021 Mar 8;8:186.

Kochan TJ, Nozick SH, Medernach RL, Cheung BH, Gatesy SWM, Lebrun-Corbin M, et al.
Genomic surveillance for multidrug-resistant or hypervirulent Klebsiella pneumoniae among
United States bloodstream isolates. BMC Infect Dis [Internet]. 2022 Dec 1 [cited 2022 Sep
15];22(1):1-21. Available from:
https://bmcinfectdis.biomedcentral.com/articles/10.1186/s12879-022-07558-1

Shu L, Dong N, Lu J, Zheng Z, Hu J, Zeng W, et al. Emergence of OXA-232 Carbapenemase-
Producing Klebsiella pneumoniae That Carries a pLVPK-Like Virulence Plasmid among Elderly
Patients in China. Antimicrob Agents Chemother [Internet]. 2019 Mar 1 [cited 2022 Sep
15];63(3). Available from: https://pubmed.ncbi.nlm.nih.gov/30559135/

Agarwala R, Barrett T, Beck J, Benson DA, Bollin C, Bolton E, et al. Database resources of the
National Center for Biotechnology Information. Nucleic Acids Res [Internet]. 2016 [cited 2021
Jan 20];44(D1):D7-19. Available from: /pmc/articles/PMC4702911/?report=abstract

Lam MMC, Wick RR, Watts SC, Cerdeira LT, Wyres KL, Holt KE. A genomic surveillance
framework and genotyping tool for Klebsiella pneumoniae and its related species complex.
Nature Communications 2021 12:1 [Internet]. 2021 Jul 7 [cited 2021 Oct 12];12(1):1-16.
Available from: https://www.nature.com/articles/s41467-021-24448-3

Carattoli A, Zankari E, Garcia-Fernandez A, Larsen MV, Lund O, Villa L, et al. In Silico detection
and typing of plasmids using plasmidfinder and plasmid multilocus sequence typing.
Antimicrob Agents Chemother [Internet]. 2014 [cited 2020 Nov 17];58(7):3895—-903. Available
from: https://pubmed.ncbi.nlm.nih.gov/24777092/

Pedregosa F, Varoquaux G, Gramfort A, Michel V, Thirion B, Grisel O, et al. Scikit-learn:
Machine Learning in Python. Journal of Machine Learning Research [Internet]. 2011 [cited
2022 Mar 1];12(85):2825-30. Available from:
https://jmlr.csail.mit.edu/papers/v12/pedregosalla.html

Mclnnes L, Healy J, Melville J. UMAP: Uniform Manifold Approximation and Projection for
Dimension Reduction. ArXiv [Internet]. 2018 Feb 9 [cited 2021 Apr 22]; Available from:
http://arxiv.org/abs/1802.03426

van der Maaten L, Hinton G. Visualizing Data using t-SNE. Vol. 9, Journal of Machine Learning
Research. 2008.

Wickelmaier F. An Introduction to MDS. 2003;

Lin T, Zha H. Riemannian manifold learning. IEEE Trans Pattern Anal Mach Intell. 2008
May;30(5):796—-809.

Diaz-Papkovich A, Anderson-Trocmé L, Gravel S. A review of UMAP in population genetics. J
Hum Genet [Internet]. 2021 Jan 1 [cited 2022 Aug 4];66(1):85-91. Available from:
https://pubmed.ncbi.nim.nih.gov/33057159/

Becht E, Mclnnes L, Healy J, Dutertre CA, Kwok IWH, Ng LG, et al. Dimensionality reduction
for visualizing single-cell data using UMAP. Nat Biotechnol [Internet]. 2018 Jan 1 [cited 2022
Aug 4];37(1):38-47. Available from: https://pubmed.ncbi.nim.nih.gov/30531897/



32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Yang Y, Sun H, Zhang Y, Zhang T, Gong J, Wei Y, et al. Dimensionality reduction by UMAP
reinforces sample heterogeneity analysis in bulk transcriptomic data. Cell Rep [Internet].
2021 Jul 27 [cited 2022 Aug 4];36(4). Available from:
https://pubmed.ncbi.nlm.nih.gov/34320340/

Campello RIGB, Moulavi D, Sander J. Density-Based Clustering Based on Hierarchical Density
Estimates. Lecture Notes in Computer Science (including subseries Lecture Notes in Artificial
Intelligence and Lecture Notes in Bioinformatics) [Internet]. 2013 [cited 2022 Apr 11];7819
LNAI(PART 2):160-72. Available from: https://link.springer.com/chapter/10.1007/978-3-642-
37456-2_14

Baker KS, Burnett E, McGregor H, Deheer-Graham A, Boinett C, Langridge GC, et al. The
Murray collection of pre-antibiotic era Enterobacteriacae: a unique research resource.
Genome Med [Internet]. 2015 Dec 28 [cited 2020 Sep 23];7(1):97. Available from:
http://genomemedicine.com/content/7/1/97

Bonnin RA, Jousset AB, Chiarelli A, Emeraud C, Glaser P, Naas T, et al. Emergence of new non-
clonal group 258 high-risk clones among Klebsiella pneumoniae Carbapenemase-Producing K.
Pneumoniae Isolates, France. Emerg Infect Dis [Internet]. 2020 Jun 1 [cited 2021 Feb
3];26(6):1212-20. Available from: https://doi.org/10.3201/eid2606.191517

Lam MMC, Wyres KL, Judd LM, Wick RR, Jenney A, Brisse S, et al. Tracking key virulence loci
encoding aerobactin and salmochelin siderophore synthesis in Klebsiella pneumoniae.
Genome Med [Internet]. 2018 Oct 29 [cited 2021 Mar 12];10(1). Available from:
https://pubmed.ncbi.nlm.nih.gov/30371343/

Loraine J, Heinz E, de Sousa Almeida J, Milevskyy O, Voravuthikunchai SP, Srimanote P, et al.
Complement Susceptibility in Relation to Genome Sequence of Recent Klebsiella pneumoniae
Isolates from Thai Hospitals . mSphere [Internet]. 2018 Nov 7 [cited 2021 Jan 27];3(6).
Available from: /pmc/articles/PMC6222052/?report=abstract

Passarelli-Araujo H, Palmeiro JK, Moharana KC, Pedrosa-Silva F, Dalla-Costa LM, Venancio TM.
Genomic analysis unveils important aspects of population structure, virulence, and
antimicrobial resistance in Klebsiella aerogenes. FEBS J [Internet]. 2019 Oct 1 [cited 2022 Apr
11];286(19):3797-810. Available from:
https://onlinelibrary.wiley.com/doi/full/10.1111/febs.15005

Boratyn GM, Schaffer AA, Agarwala R, Altschul SF, Lipman DJ, Madden TL. Domain enhanced
lookup time accelerated BLAST. Biol Direct. 2012;

Zhang Y, Chen C, Wu J, JinJ, Xu T, Zhou Y, et al. Sequence-Based Genomic Analysis Reveals
Transmission of Antibiotic Resistance and Virulence among Carbapenemase-Producing
Klebsiella pneumoniae Strains. mSphere [Internet]. 2022 Jun 29 [cited 2022 Sep 26];7(3).
Available from: https://pubmed.ncbi.nim.nih.gov/35546482/

Wyres KL, Nguyen TNT, Lam MMC, Judd LM, van Vinh Chau N, Dance DAB, et al. Genomic
surveillance for hypervirulence and multi-drug resistance in invasive Klebsiella pneumoniae
from South and Southeast Asia. Genome Med [Internet]. 2020 Jan 16 [cited 2021 Jan
22];12(1). Available from: /pmc/articles/PMC6966826/?report=abstract

Hawkey J, Wyres KL, Judd LM, Harshegyi T, Blakeway L, Wick RR, et al. ESBL plasmids in
Klebsiella pneumoniae: diversity, transmission and contribution to infection burden in the



43.

44,

hospital setting. Genome Med [Internet]. 2022 Dec 1 [cited 2022 Sep 26];14(1):97. Available
from: https://pubmed.ncbi.nlm.nih.gov/35999578/

Sakoparnig T, Field C, van Nimwegen E. Whole genome phylogenies reflect the distributions
of recombination rates for many bacterial species. Elife. 2021 Jan 1;10:1-61.

Stott CM, Bobay LM. Impact of homologous recombination on core genome phylogenies.
BMC Genomics [Internet]. 2020 Dec 1 [cited 2021 Jun 10];21(1):1-10. Available from:
https://doi.org/10.1186/s12864-020-07262-x



TABLES

Table 1

List of CRhvKp clusters. In some assemblies carbapenemase genes (CR), iuc and iro (hypervirulence; HV) loci were located on the same assembly contig

or chromosome. The underlying data is available in Supplementary Data S2, S3 and S4.

Contig

Contig

i N L Contig
*
Cluster Is robust N Main STs (N) Total Species Collection Main Replicons** Main Countries Main Siderophores Main Carbapenemases with CR with HV with CR
STs Dates and and
. . and HV
replicon replicon
China(517), iuc 1(554), iro 1(90),
ST11(499), ) ColRNAI(943), repB(555), ° ; .
iro 1 (incomplete - -
A Yes (0%) 560 ST23(35), 11 p Ku’;'s’le‘gfr"n’g:me 20122021 IncFII(pHN7A8)(501), IncHI1B(pNDM- m::z(l‘g ( g pzz ) OXA 48(:\/'6;’_2:’;) 2(516), 74 341 2
ST268(13) - quasip MAR)(489), IncR(486) Missing(8), ~ (truncated)(22),
Singapore(6) iro 1 (incomplete)(55)
B No (99%) 83 ST11(74) 5 K. pneumoniae 2012-2021 CoIRNAI(139), IncFlI(pHN7A8)(74), IncR(60) China(81) iuc 1(78) KPC-2(79) 20 11 0
$T147(32), K. aerogenes, Col(pHAD28)(91), IncHI1B(pNDM-MAR)(80) TI‘:fi;?((fﬁz))l
c Yes (0%) 82 ST395(24), 15 - aerogenes, 2012-2020 P ' P ' ' iuc 1(76) OXA-48(51), NDM-1(23) 16 1 3
K. pneumoniae IncFIB(pNDM-Mar)(79) Egypt(9),
ST383(10)
Germany(8)
Col4401(73), IncFIB(pQil)(61), IncFlI(K)(61), Thailand(24),
D Yes (0%) 61 ST231(60) 2 K. pneumoniae 2013-2019 INCFIA(60), IncFlI(pAMA1167-NDM-5)(60), India(17), iuc 5(60) OXA-232(59) 60 8 0
ColKP3(59), Col(pHAD28)(55) Pakistan(8)
ST86(16) China(16),
E No (88%) 50 ST65(14)' 10 K. pneumoniae 2013-2019 repB(50), IncHI1B(pNDM-MAR)(49) Singapore(14), iuc 1(44), iro 1(40) KPC-2(32), OXA-232(13) 19 32 0
Thailand(13)
ST290(7), i China(23), iuc 3 (truncated)(16), NDM-5(8), NDM-1(14),
o X
F Yes (0%) 34 ST15(6) 12 K. pneumoniae 2012-2020 IncFII(K)(35), IncFIB(K)(32) Russia(7) iuc 1(14) KPC-2(8) 8 19 2
repB(31), ColRNAI(31), IncHI1B(pNDM-
) MARY)(30), IncFIB(pKPHS1)(28), IncFII(K)(28), ) )
o g -
G Yes (0%) 32 ST15(26) 6 K. pneumoniae 2015-2020 ColKP3(28), Col(pHAD28)(28), Col4401(25), China(25) iuc 1(32) OXA-232(27) 32 7 0
IncFIB(pQil)(21)
K. aerogenes, . iuc 1(16), iro
0 X X
H Yes (0%) 31 ST512(9) 6 K. preumoniae 2008-2021 IncFII(K)(23), ColRNAI(22), IncFIB(pQil)(20) Italy(11), USA(6) unknown(13) KPC-3(15) 18 2 0
IncHI1B(pNDM-MAR)(16), IncFIB(K)(16),
1 Yes (0%) 16 ST395(16) 1 K. pneumoniae 2015-2017 C0l44011(16), Col(pHAD28)(16), IncFII(K)(16), Italy(16) iuc 1(15) KPC-3(14) 2 5 0
IncFIB(pNDM-Mar)(15)
ST101(8), k. aert “j’e”e;' K Col(pHAD28)(45), IncFII{K)(40), ColRNAI(38), CS;’;?‘:S)' iuc 1(38), iuc 5(7), iro KPC-3(9), KPC-2(19),
Unassigned  Yes (0%) 79 ST2096(6), 25 "":L”’Z;’CZIZ" KS’" 2011-2021 IncHI1B(pNDM-MAR)(30), IncFIB(pNDM- Germanyl) N s HE U, OXA-48(13), OXA- 32 17 1
$T218(6) Ko Mar)(28) ny(8), unknown(29), iro 1(11) 232(8), OXA-244(6)
pneumoniae Russia(7)

HV - hypervirulent Kp; CRKp — carbapenemase resistant Kp; * Cluster is considered robust if <1% of -logio(chi-squared p-value) are <20, see Methods for

detail ** Different clusters with the same main replicons may have different variants.
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FIGURES
Figure 1
Frequency of the main nucleotide sequences from the IncFIB(K) replicon family. The eight

nucleotide sequences are provided in Data S2.
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Figure 2

Clustering of CRKp, hvKp, and CRhvKp Kp isolates based on replicon sequences coloured by (A)

major sequence types (STs), (B) country, and (C) genotype. In (D) non-CRhvKp isolates are hidden

and only CRhvKp isolates are visible and coloured by plasmid cluster. Axes are dimensionless.

Underlying data is presented in Data S3.
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Figure 3
Relative abundance and geographic diversity of carbapenem resistant hypervirulent Kp (CRhvKp)
isolates. Total number of all genotyped isolates in each year and percentage which are CRhvKp at

the top.
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Chapter 7:
Discussion
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Kp genomics can assist with understanding how the bacterium transmits, causes infections and
disease, and resists treatments. For example, understanding of Kp methylome and whether it has a role
in limiting dissemination of plasmids between cells will help predict the spread of AMR genes within
different geographic regions. In a more direct way, the identification of virulence genes may not only
assist in the epidemiological monitoring of hypervirulent strains, but also provide a list of proteins that
can be targeted with therapy. Furthermore, understanding Kp genomics improves the understanding of
the AMR drivers. While levels of AMR are routinely monitored in many countries, the underlying causes
are much less explored. Understanding the mode of resistance can not only guide control of AMR, but
also, together with population structure analysis, give real-time feedback on efficacy of AMR control

methods.

In the study of methylation in Kp, | analysed PacBio sequencing data from eight Portuguese Kp
isolates, which had undergone antibiotic susceptibility phenotyping. | used this data to characterise the
bacterial epigenome and explore the relationship between methylation and AMR. | focused on
methylation (including around AMR genes) and on differences in the abundance of R-M recognition
motifs on Kp chromosomes and MGEs. The abundance of some target methylation motifs was different
between chromosomes and plasmids, especially the GATC motifs methylated by orphan MTase Dam. |
also found that a GATC motif immediately downstream of the fosA gene, which confers low level
fosfomycin resistance, was consistently unmethylated in the samples. Isolates that had the tnpB
transposase gene on the IncFIB(K) plasmid also consistently lacked methylation immediately

downstream of this gene.

Due to a small sample size, these results are difficult to generalise. | found no statistically
significant difference between the frequency of non-GATC R-M recognition motifs on plasmids and
chromosomes either within or between examined strains. However, this maybe the result of small
samples size or sample selection. The ideal dataset would be substantially larger and consist of two sets

of isolates: isolates from the same ST and isolates from diverse STs. Together, these would give
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understanding of the diversity of R-M systems and the role of recognition motifs in shaping the Kp
genome. The isolates from the same ST would elucidate if R-M systems persist in the bacterial lineages.
The comparison between STs would reveal if isolates’ genomes are enriched for motifs recognised by R-
M systems carried by the isolates. As the R-M systems are frequently carried on plasmids, this

information would give insights into plasmid persistence within bacterial strains.

In the study of longitudinal isolates from Portugal | aimed to improve the understanding of the
genomic landscape of Kp in that country. To do that, | analysed 509 WGS isolates spanning a period
from years 1980 to 2019 - the largest dataset to date. | found that although sequence types ST15, ST14
and ST147 predominate, almost one-third of isolates came from STs considered infrequent in Portugal. |
established that there are many AMR determinants and, as expected, these evolved over time. In the
1980’s, the broad spectrum beta-lactamases encoded by blaoxa-9 and blarem-1 genes were prevalent,
until the appearance and rapid spread of ESBL blacrx.m-15in early 2000’s, which in turn gave way to the
carbapenemase gene blakec.; since 2010’s. The analysis of the underlying plasmids revealed a mosaic
distribution across isolates and time, suggestive of strong selective pressures. This work provides a
baseline set of variants for future AMR monitoring and epidemiological studies in Portugal and wider
Europe. This work also highlighted the correlation between plasmid replicons and AMR genes. Plasmids,

rather than STs, appear better predictors of the AMR gene population structure.

While the study examines a very large dataset, it does not give insight into the diversity of Kp in
environmental and asymptomatic community reservoirs. The strength of this dataset is that it permits
identification of discrepancies between phenotype and genotype, which in turn allows identification of
AMR drivers. Using this dataset, | found that blasuy-25 (class A beta-lactamase) has an unexpected ability
to inhibit cefoxitin, which is a phenotype normally associated with class C beta-lactamases that were
rare in this dataset. Similar insights may be gained through a national program of routine sequencing
and phenotyping of Kp and other pathogens. For example, isolates carrying only blakec and resistant to

combination of beta-lactam antibiotics and beta-lactamase inhibitors are currently rare. A national
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program aimed at reconciling AMR phenotype and genotype would enable early detection of such

isolates and would help limit their spread.

Another limitation of the dataset used in Chapter 4 is the national sampling which results the
lack of depth at the local level. This lack of depth limits the ability to identify reservoirs of AMR genes
and their transmission routes into hospital settings. For example, the lack of environmental and
community samples meant | was unable to determine if hospitals themselves are reservoirs of AMR
genes, or if AMR genes regularly enter the hospital system from outside. This question is very important
from a public health perspective because the answer will dictate where to target infection control
measures. The best dataset to answer this question would select a small geographic region and collect
samples from both clinical and environmental sources over a period of time. Such a dense local dataset
can be combined with national monitoring data. Together these datasets would allow identification of

local transmission dynamics and importation of strains from outside the densely sampled region.

In the study of genes linked to the hypervirulent phenotype of Kp, | analysed the shared
accessory genome of all publicly available Kp samples sourced from the liver (n=79) and compared
them to a large globally diverse public Kp dataset (n=646). My aim was to determine what genes are
associated with the liver invasive phenotype. Consistent with previous research (15,189,190), | found
links to both iuc and iro loci. The results suggest that these siderophore systems likely belong to
different MGEs. In line with previous results (91), the hypermucoidy associated genes rmpA and rmpC
were not linked to hypervirulence. | have found that in hypervirulent phenotypes, iuc and iro loci are
consistently accompanied by an additional 12 and 13 genes, respectively. This insight suggests a
possible functional link that could be exploited for the development of diagnostics and therapies. My
approach found no other genes or SNVs that had a similarly strong link to a liver invasive phenotype.
While iuc and maybe iro loci are necessary for the hypervirulence phenotype, they alone may be
insufficient. As a part of this study, | also determined that hypervirulence plasmids in Kp are likely
composed of blocks of genes with genes in individual blocks usually being absent or present

simultaneously. The unresolved question of this study is the role of additional (non-iuc/iro) genes in Kp
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hypervirulence. This question can only be answered through experimental studies. In addition, a larger
dataset of Kp with hypervirulent clinical presentation may help identify additional genes linked to

hypervirulence.

| applied the insights from the study of AMR genes in Portuguese dataset and the
hypervirulence genes to a global dataset (n=13,176) to understand the geographical dynamics of
hypervirulence and carbapenemase genes, as well as plasmid replicons. | examined plasmid replicons to
understand the global distribution of carbapenem resistant hypervirulent (CRhvKp) isolates. This
analysis revealed there is structure among the ~1k CRhvKp isolates, with most belonging to multi-
country clusters, with at least nine present globally. One such cluster involved the spread of ST11
CRhvKp isolates previously identified by a surveillance system in China (191), but the data also revealed
the simultaneous spread of a smaller cluster in the same country involving ST15 strains. Despite rapid
spread, the largest cluster appeared contained in the country. Other clusters reveal multiple cross-
country outbreaks unable to spread. However, an alternative explanation for small clusters is that |
detected only echoes of the larger outbreaks because the outbreaks are present in poorly sampled
countries. Thus, an improvement on this study would be additional sampling of underrepresented
countries and inclusion of samples that have been sequenced, but not assembled. The latter could

triple the number of available isolates.

My work can be extended by the development of a website that shows a global distribution
hypervirulence biomarkers in Kp and clusters of CRhvKp. Making this information readily available in a
user-friendly format would assist infection control and decision making. The increasing availability of
sequencing technologies with low fixed cost such as Minlon or Flongle from ONT should increase the
global sequencing coverage, including within Africa. Together, these two tools would allow detection of

rapidly spreading CRhvKp variants at the stage when their overall prevalence remains low.

In general, the examination of available data revealed that some geographic regions are
strongly overrepresented while some have very limited data. This bias means that the true diversity of

Kp is unknown. To put this in context, China and Portugal both have enough data to understand the
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dominant AMR and virulence genotypes. This data demonstrates that in both countries blakec is the
dominant carbapenemase encoding gene, but the alleles (blakec.3 versus blakec.2) and genetic contexts
(Tn4401 versus NTEkpc) are completely different (192). Furthermore, in Portugal, unlike China, the
hypervirulent genotype is rare. Such differences exist between many other countries; thus, knowledge
of AMR and virulence drivers present in one country may not apply to another. Understanding the
diversity of Kp, or any other pathogen, helps inform effective public health policy. Even in a high
resource setting, the clinical decision making is usually driven by phenotype focused methods such as
disc diffusion. The comprehensive sequencing of isolates is also rare and mostly focuses on nationally
relatively rare infections, such as M. tuberculosis in the United Kingdom. However, even a limited
national sequencing program can help guide policy decisions, especially in low resource settings. For
example, knowledge of nationally dominant beta-lactamases can guide procurement of beta-lactamase
inhibitors; while understanding of virulence profiles can help shape clinical guidance when doctors are

faced with symptoms of hypervirulent Kp.

| have focused on the plasmid replicons instead of STs because both hypervirulence associated
and carbapenemase encoding genes are frequently found on plasmids and transfer horizontally.
Hypervirulence associated genes exist almost exclusively on plasmids, while carbapenemase encoding
genes are generally located on small ISs or transposons embedded in plasmids (94,193). While STs are
undoubtedly important in the context of outbreaks, my analysis reveals that fine-scale dynamics of
population structure are informed by plasmid replicons. The use of plasmid replicons does not
disregard STs. When a particular combination of plasmids is spread clonally, the corresponding isolates
will form a cluster based on replicons. An example of this is a cluster located at the intersection of ST23
and a subset of ST11, found in Chapter 6. ST23 is canonical hypervirulent strain while ST11 is dominant
carbapenem resistant strain in China. These two STs are very distinct with ST11 being closer to ST258,
the dominant strain in the USA (194). A phylogeny-free approach can also be used to search for a ST11-

ST23 hybrid strain which, to my knowledge, has not been reported yet.
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The limitation of my plasmid focused analysis is that based on previous findings (195), which
my work replicated, the majority of Kp genes are accessory. Conjugation and transduction are common
in Kp, and account for some of the movement of accessory genes between strains (19,106). However,
the other common mechanism, transformation, probably has a limited role because Kp is not known to
be naturally competent (94,95). Understanding the main route by which Kp isolates can acquire
chromosomal DNA would substantially improve our understanding of Kp epidemiology. At present,
there is limited understanding of the frequency and mode of horizontal chromosomal genes transfer in
Kp, and there is debate about frequency of importation of genes to chromosomes (18,163,196). This
has a direct impact on outbreak investigations and population genomics. If horizontal gene transfer is
limited, it can be accounted for in phylogenetic trees (164,165). However, if the nucleotide diversity is
driven by exchange of SNPs via horizontal gene transfer, this diminishes the utility of phylogenetic trees
in outbreak and epidemiological investigations (18). While bioinformatic approaches can help identify
the likely presence of recombination, most approaches (164,165) focus on detection of infrequent
recombination between clones that have accumulated sufficient number of distinguishing mutations.
Experimental work on crossing strains combined with long-read sequencing can help better understand
the frequency of recombination and thus inform the appropriate methods for epidemiological

inference.
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Chapter 8:
Conclusion
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This thesis has examined various aspects of the non-core genome of Kp, especially those linked
to plasmids. | examined the methylation patterns and linked genes using a set of clinical Kp samples
from Portugal. | used a larger set of Kp isolates to understand the temporal evolution of AMR profiles in
Portugal. This work pointed to plasmids as the determinant of the beta-lactamase AMR profile of Kp. |
have examined a dataset of phenotypically hypervirulent Kp to determine the biomarkers of this
phenotype. The identified biomarkers included known siderophores, but also additional genes that
frequently accompany siderophores on the hypervirulence plasmids. In the subsequent analysis, |
unified these themes by examining the plasmids of genotypic hvKp and carbapenem resistant Kp
isolates. The results revealed that plasmids can explain the origin of CRhvKp genotypes and assist the
identification of clusters of related cases, which may span multiple countries. With whole genome
sequencing of Kp gaining traction globally, my work reinforces the benefits of using the resulting data
to inform on AMR and hypervirulence mechanisms, understand transmission patterns, and develop

much needed interventions and informatic tools for infection control.
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Appendix 1. Supplementary
materials: Methylation analysis
of Klebsiella pneumoniae from

Portuguese hospitals.



Figure S1, The motifs analysed. Comparison between the generality of all methylation motifs identified
by SMRT Analysis and the rate of motif methylation. Only motifs with >60% share of methylation were
selected for further analysis. The motifs that cover >100% of chromosome were very general non-
palindromic motifs. The total length of some motifs exceeds the chromosome length due to occurrence
on both DNA strands. The three analysed motifs with a share of methylation below 50% are GATC and
both partners of GCAYNsGTT (from Kp2564). The low methylation rate is due to low sequencing

coverage.
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Figure S2, GATC motifs inter-pulse duration (IPD) ratio for the fosA centred chromosomal regions (see
Figure 3). The four outliers, representing unmethylated GATC downstream of fosA are visible at the
bottom of the whiskers for Kp1675, Kp2209, Kp2958 and Kp3860. The single outlier of Kp1208 is less
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visible. The two samples without outliers Kp1363 and Kp1264 do not have the GATC motif downstream
of fosA due to an insertion of endonuclease (see Figure 3).
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Figure S3, The analytical pipeline
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Figure S4, Log1o(IPD ratios) around GATC motifs upstream of (a) dksA (BAH61791.1) and (b) mgIB
(VEC00318.1) genes in the Kp3860 isolate. Red is adenine in GATC motif. The difference between
methylated and unmethylated calls in dksA (a) is not large and is driven by different means. Some
outliers are also visible, and some are hidden by long whiskers. By contrast, in mg/B (b) adenine does

not stand out from other bases.
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Table S1, Antimicrobial Resistance genotype and phenotype

ID NCBI accession CTX-M-15 OXA-1 KPC-3 | AMC | FOX | cTX [ cAz [ IPM | GM | cIP | FOS
Kp1363 | CAESWS000000000.1 S s | s s|s|[s]s]|s
Kp1208 | CAESWW000000000.1 R s|s|R|S|[R]|[s]|s

CAESWT000000000.1 n3 Tn3
Kp1264 R R|R|R|S|R|R|R
IncFIA(HI1) | IncFIA(HI1)
Kp1675 | CAESWY000000000.1 Tn3 Tn3 R s R|R|S|[R]|[s]|s
Kp2209 | CAESWV000000000.1 |  IncFIB(K) R s R|IR|[Ss][s]s]|s
Kp2564 | CAESWU000000000.1 IncFIA | R R|R|R|R|[RJ|R|S
Kp2958 | CAESWX000000000.1 R R|IR|R| 1T [R|]R|S
Kp3860 | CAESWZ000000000.1 | IncFIB(K) IncFIB(K) R s RIR|S|]R]|[R|S

S = sensitive, R = resistant, AMC= amoxicillin + clavulanic acid, FOX = cefoxitin, CTX = cefotaxime, CAZ

= ceftazidime, IPM = imipenem, GM = gentamicin, CIP = ciprofloxacin, FOS = fosfomycin

Table S2. Comparison of abundance ratio (AR) of recognition motifs on chromosomes (contigs

>1Mbp) and putative extra-chromosomal genetic elements (PEGEs; contigs <1Mbp).

Mean AR % | Mean AR % | ‘Vicoxon
Group 1 Group 2 Groun 1 Groun 2 rank sum
P P test P-value
Chromosome type | Chromosome type |
recognition motifs native recognition motifs from 0.192 0.234 0.515
to assembly other assemblies
. PEGE type | recognition
PEGE type | recognition motifs from other 0.183 0.268 0.187
motifs native to assembly .
assemblies
Chromqspme type I PEGE eIemen.ts: (>10kb'p) 0.230 0.262 0.234
recognition motifs type | recognition motifs
GATC motifs on GATC motifs on PEGEs 2.25 1.45 0.000003
chromosome
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Table S3. Of the 3,584 K. pneumoniae genomes analysed, only these 23 did not have gene syrmM1

immediately upstream of fosA gene.

Assembly ID Sequence Country
type

GCA_000529745.1 ST3695 Austria
GCA_000529945.1 ST15-3LV Austria
GCA_000529425.1 | ST3827-3LV Austria
GCA_003095515.1 ST258 Brazil
GCA_004127575.1 ST256 China
GCA_002173825.1 ST25 China
GCA 900516965.1 ST15 Hungary
GCA_004145895.1 ST231 India
GCA_900181455.1 ST48 Pakistan
GCA_001316495.2 ST101 South Africa
GCA_001316565.3 ST101 South Africa
GCA_001316645.2 ST101 South Africa
GCA_001316785.2 ST101 South Africa:
GCA_001316895.2 ST101 South Africa
GCA_001316985.2 ST101 South Africa
GCA_002510005.1 ST3800 South Africa
GCA_002510215.1 ST1552 South Africa
GCA_002522955.1 ST101 South Africa
GCA_002856415.1 ST199 USA
GCA_002856565.1 ST133 USA
GCA_002856885.1 | ST968-4LV USA
GCA_002857345.1 S$T298 USA
GCA_001066585.1 S$T3602 USA
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1 Data S1, full list of genes with identified upstream or downdstream unmethylated motifs
# of unmethylated instances in a sample # unmethylated
samples
WBB1001 | WBB1005 | WBB1003 | WBB1000 | WBB1004 | WBB998 | WBB997 (might be
Location product RefSeq 1675 Kp1264 Kp1208 Kp1363 Kp2958 Kp2209 | Kp3860 | missing motif)
up D-ribose transporter subunit RbsB VEC00318.1 1 1 1 1 1 1 1 7
Branched-chain amino acid transport
up protein azIC AHMS82117.1 1 1 1 0 1 1 1 6
up D-arabinitol dehydrogenase BAH64332.1 0 1 1 1 1 1 1 6
up DnaK suppressor protein BAH61791.1 1 0 1 1 1 1 1 6
up BCCT family transporter AHMS80284.1 0 1 1 1 1 1 0 5
FosA family fosfomycin resistance
down glutathione transferase QBH08895.1 1 0 1 0 1 1 1 5
down DUF1145 family protein AHM77076.1 1 0 1 1 0 1 0 4
down IS3 family transposase VEC38624.1 0 0 1 0 1 1 1 4
Transcriptional regulators of sugar
up metabolism VEC00015.1 0 1 1 0 1 0 1 4
up transcriptional antiterminator BglG BAH64373.1 0 1 1 0 1 0 0 3
up LysR family transcriptional regulator VED54907.1 1 0 1 0 1 0 0 3
up outer membrane receptor FepA VEB98368.1 0 1 1 0 1 0 0 3
up pectin degradation protein kdgF VEC02571.1 0 1 0 1 1 0 0 3
putative DeoR-type transcriptional
up regulator BAH64418.1 0 1 0 0 1 0
N/A putative protein 1 3 0 1 1 0
Competence/damage-inducible protein VEC28104.1/
up CinA VEC06933.1 1 0 0 0 0 0 1 2
down Dienelactone hydrolase family protein AHM79952.1 2 0 1 0 0 0 0 2
efflux RND transporter periplasmic
up adaptor subunit AWD06510.1 0 0 1 0 1 0 0
down Fructose repressor FruR SQI85527.1 1 0 0 0 0 0 1
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metal ABC transporter substrate-binding

down protein AGT22970.1 0 1 0 0 0 1 0 2
up inner membrane protein YdgG ACI11713.1 1 0 1 0 0 0 0 2
up L-fucose isomerase VEC02477.1 0 1 0 0 1 0 0 2

down L-fucose:H+ symporter permease ATU18929.1 0 1 0 0 1 0 0 2

both protein YobH VEC00531.1 0 0 2 0 0 1 0 2

putative DMT superfamily transporter

down inner membrane protein AEG99519.1 1 0 0 0 0 1 0 2

down relaxase AUD32897.1 0 0 0 0 0 1 1 2

3-(3-hydroxy-phenyl)propionate
up hydroxylase AHM79080.1 0 0 1 0 0 0 0
both 3-oxoacyl-ACP synthase VEC55131.1 2 0 0 0 0 0 0
5-
methyltetrahydropteroyltriglutamate/
up homocysteine S-methyltransferase VEB03045.1 1 0 0 0 0 0 0 1
adenosine-3'(2')%2C5'
down -bisphosphate nucleotidase AEG96821.1 0 0 1 0 0 0 0 1
Alkaline phosphatase isozyme

down conversion protein precursor VEC02421.1 0 0 0 1 0 0 0 1
up alpha-galactosidase QAZ97860.1 0 1 0 0 0 0 0 1
up aspartate kinase Il AEG96592.1 0 0 0 1 0 0 0 1
up ATP-binding protein QBH46725.1 2 0 0 0 0 0 0 1
up baseplate assembly protein AlJ39130.1 1 0 0 0 0 0 0 1

bifunctional nitric oxide
dioxygenase/dihydropteridine reductase

down 2 AEG95105.1 0 1 0 0 0 0 0 1

bile acid/Na+ symporter family

down transporter AGT23254.1 0 0 0 1 0 0 0

down BolA protein AHMS81027.1 1 0 0 0 0 0 0
up chromosome partitioning protein ParB AZ104767.1 0 1 0 0 0 0 0
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cyclopropane-fatty-acyl-phospholipid

up synthase BAS41165.1 0 1 0 0 0 0 0 1
up D-arabinitol 4-dehydrogenase VEC01152.1 1 0 0 0 0 0 0 1
down DNA-invertase VEC99321.1 0 0 0 0 0 1 0 1
up Exopolysaccharide biosynthesis protein VEC12215.1 1 0 0 0 0 0 0 1
down Gluconolactonase AHM78164.1 0 0 1 0 0 0 0 1
down Glyoxalase-like domain protein VEB98524.1 0 0 0 0 0 0 1 1
multidrug ABC transporter
down permease/ATP-binding protein AOA94660.1 0 0 0 1 0 0 0 1
ubiquinone-dependent pyruvate
up dehydrogenase 1 0 0 0 0 0 0
up hypothetical protein 2 0 0 0 0 0 0
down DUF4158 domain-containing protein 1 0 0 0 0 0 0
tRNA (N6-
threonylcarbamoyladenosine(37)-N6)-
down methyltransferase TrmO 1 0 0 0 0 0 0 1
up Prophage P2 OGR protein CD0O13729.1 3 0 0 0 0 0 0 1
up putative transcriptional regulator 0 0 1 0 0 0 0 1
down biofilm regulator BssR ABR76304.1 0 0 0 0 1 0 0 1
down DNA damage-inducible protein D CD011786.1 0 0 0 0 0 0 1 1
MFS transporter (Methylynomycin
down resistance) BAH65098.1 0 0 0 0 0 1 0 1
up immunity repressor VED52142.1 0 0 0 0 0 0 1 1
down inorganic diphosphatase VEB99626.1 1 0 0 0 0 0 0 1
up integrase AEW91928.1 1 0 0 0 0 0 0 1
integrating conjugative element protein
down PilL%2C PFGI-1 class VED56414.1 0 0 0 1 0 0 0 1
IS21-like element ISEc12 family
down transposase QBH43493.1 2 0 0 0 0 0 0 1
LysR family transcriptional regulator
down Yne) VEC78603.1 0 0 1 0 0 0 0 1
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Macrophage infectivity potentiator-

up related protein VED45250.1 0 0 1 0 0 0 0
down Maltodextrin phosphorylase AHM77127.1 1 0 0 0 0 0 0
down metal chaperone VEB00693.1 0 0 0 1 0 0 0
Methyl viologen resistance protein
down smvA VEB99700.1 1 0 0 0 0 0 0
down NLP/P60 protein AEG98321.1 0 0 0 0 1 0 0
down outer membrane porin HofQ AGT22205.1 1 0 0 0 0 0 0
para-aminobenzoate synthase
up component | BAH64055.1 0 0 1 0 0 0 0
up peptidase M28 VEB83718.1 0 0 0 1 0 0 0
down phage portal family protein AWF47745.1 1 0 0 0 0 0 0
Phosphonate ABC transporter ATP-
up binding protein (TC 3.A.1.9.1) VED43404.1 0 0 1 0 0 0 0
up product=hypothetical protein AT004573.1 0 0 0 0 1 0 0
Protein Yjgk%2C linked to biofilm
down formation VEC04079.1 1 0 0 0 0 0 0
up putative family 32 glycoside hydrolase BAH65040.1 0 0 0 0 1 0 0
protein motif:
HAMAP:
down putative Nudix hydrolase NudL MF_01592 0 0 1 0 0 0 0 1
response regulator in two-component
up regulatory system with PhoQ BAH62844.1 0 0 0 0 0 0 1 1
down Rhodanese-related sulfurtransferase AHM80228.1 0 0 0 1 0 0 0 1
Rop family plasmid primer RNA-binding
up protein ATR77797.1 0 1 0 0 0 0 0 1
down secretion protein HlyD AEG96162.1 0 0 0 1 0 0 0 1
up tail protein AlJ39139.1 1 0 0 0 0 0 0 1
down tonB-dependent receptor yncD VT027455.1 0 0 0 1 0 0 0 1
transcriptional activator for 3-
down hydroxyphenylpropionate degradation BAH63840.1 0 0 1 0 0 0 0 1

Page 146 of 164



up transcriptional regulator VEC03025.1 1 0 0 0 0 0 0 1
Transcriptional regulator%2C TetR

up family VEC00153.1 0 0 0 0 1 0 0 1

down Transposase VEC38481.1 0 0 1 0 0 0 0 1

down tRNA-Gly(gcc) 0 0 0 1 0 0 0 1

down YoaH family protein ATQ98873.1 0 0 1 0 0 0 0 1
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Appendix 2. Supplementary
materials: Genomic
epidemiological analysis of
Klebsiella pneumoniae from
Portuguese hospitals reveals
insights into circulating
antimicrobial resistance.



Figure S1. Location of Kp genes used for phylogenetic reconstructions in Figure 1, with their
presence across sequence types (STs).
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Figure S2. Multi-locus sequence typing (MLST) allele distance between unique sequence types.
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Figure S3. Maximum likelihood phylogenetic tree for all isolates (n=509) using core genes; O-loci are
inferred O serotypes; ST sequence types; RC replicon cluster; boot = bootstrap support %; AMR

antimicrobial resistance.
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Figure S4. Inhibition zone diameters for selected antimicrobials (A) Levofloxacin; (B) Tetracycline; (C)
Tigecycline. Note, EUCAST does not have a Kp breakpoint for tetracycline. For tigecycline, EUCAST

v11.0 does not define a Kp breakpoint, so E. coli breakpoint is used instead.
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Figure S5. Maximum likelihood phylogenetic tree for all isolates (n=509) using the: (A) parC gene; (B)

gyrA gene.
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Table S1. Resistance phenotypes of isolates undergoing drug susceptibility tests (DSTs)

Name DST DST
Antimicrobial DST Resistance Resistance
Family Abbrev. N N %
Aminoglycosides gentamicin gm 356 313 88
amikacin ank 29 16 55
Carbapenems imipenem ipm 296 68 23
meropenem mem 45 32 71
doripenem dor 12 12 100
Cephalosporins 2nd cefoxitin fox 366 157 43
Cephalosporins 2nd cefuroxime cxm 21 14 67
Cephalosporins 3rd cefotaxime ctx 362 279 77
Cephalosporins 3rd ceftazidime caz 357 303 85
Cephalosporins 3rd ceftazidime-avibactam cazAvb 45 1 2
Cephalosporins 3rd ceftriaxone cro 28 22 79
Cephalosporins 4th cefepime fep 39 35 90
Fluoroquinolones ciprofloxacin cip 344 258 75
levofloxacin lev 35 20 57
norfloxacin nor 23 13 57
Miscellaneous agents fosfomycin fos 27 18 67
monobactam aztreonam atm 86 77 90
amoxicillin-clavulanic
Penicillins acid amc 311 292 94
amoxicillin amx 56 56 100
piperacillin pip 45 45 100
t|carC|II|n—?IavuIan|c tee 34 34 100
acid
ticarcillin tic 34 34 100
Tetracyclines tigecycline tig 48 40 83

Data S1, Count of plasmid replicon hashes across replicon clusters.

Data S2, Metadata for all isolates in the study including isolate origin and collection date, AMR

phenotype and Kleborate genotyping results.
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Appendix 3. Supplementary
materials: Genomic analysis of
hypervirulent Klebsiella
pneumoniae reveals potential
genetic markers for
differentiation from classical
strains.



Figure S1. Clustering of isolates based on accessory genome demonstrates that accessory genes are

linked to sequence type (ST) and not geography with ST23 being a tight cluster. Each point is an

isolate and axis are dimensionless.
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Figure S2. (A) This figure is the same as Figure S1A, except genes are coloured by clusters identified
by DBSCAN algorithm. (B) The location of clusters of genes in (A) on a K. pneumoniae virulence
plasmid pLVPK. Genes from same clusters occur together on the plasmid, but sometimes they are

split-up by genes from another cluster.
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Figure S3. (A) Frequency of accessory genome genes in liver samples lacking iro and iuc loci versus

representative dataset. (B) Phenotype prediction accuracy of different machine learning algorithms

based on 100 iterations per algorithm. Each iteration was based on all 15 liver isolates lacking iro and

iuc as well as 15 isolates randomly chosen from representative dataset.
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Data S1. Summary of isolates used in the study (Text file)

Data S2. Fasta sequences for all genes in Figure 3B and Data S3

Data S3. List of all genes in Figure 3B

Count Liver Count Count
ID X1 X2 Description Liver . -LOG10(pvalue)
ExST23 NonlLiver
ST23
B385338 6.34 | 8.95 | hypothetical protein 34 24 53 19.34
B385452 6.19 | 8.81 | hypothetical protein 34 24 53 19.34
TonB-dependent
B603951 6.54 | 8.83 | siderophore receptor 35 24 62 18.22
B362201 6.29 | 9.13 | hypothetical protein 34 26 78 16.17
B58052 13.92 | 10.05 | EamA family transporter 34 27 86 15.62
B538146 7.08 | 8.12 | Transposase 26 27 57 15.45
aerobactin synthetase
B381713 3.13 8.1 | subunit alpha 26 27 69 13.71
N(6)-hydroxylysine O-
B381836 4 | 8.36 | acetyltransferase 26 27 70 13.51
response regulator
B385021 6.31 | 9.37 | transcription factor 29 20 52 13.37
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B381588 3.73 8.1 | MFS transporter 26 27 71 13.34
NADPH-dependent L-lysine

B382081 3.66 | 7.95 | N(6)-monooxygenase 26 27 71 13.34
ferric aerobactin receptor

B382206 3.15| 7.96 | IutA 26 27 71 13.34

B382654 12.91 | 10.43 | hypothetical protein 23 27 57 13.21
DM13 domain-containing

B382762 12.68 | 10.11 | protein 23 27 57 13.21

B382870 12.57 | 9.89 | hypothetical protein 23 27 57 13.21

B597737 -13.54 | -3.82 | GTP-binding protein 37 27 122 13.16

B381162 13.15 | 9.85 | c-type lysozyme inhibitor 23 27 58 12.99

B381271 13.55 | 9.93 | peptide deformylase 23 27 58 12.99

B382331 13.15 | 9.44 | hypothetical protein 23 27 58 12.99

B385565 5.41 | 9.45 | hypothetical protein 27 24 58 12.86

B385675 5.49 9.6 | hypothetical protein 27 24 58 12.86

B382547 12.47 | 10.44 | hypothetical protein 22 27 57 12.36
TetR/AcrR family

B382440 12.94 | 9.48 | transcriptional regulator 22 27 57 12.2
lucA/lucC family
siderophore biosynthesis

B381960 3.51 | 7.76 | protein 25 26 69 12

B402327 13.69 | 9.66 | Tn3 family transposase 21 27 55 11.84

B380773 13.47 | 10.13 | alpha/beta hydrolase 23 27 72 10.76

B239784 6.83 | 4.01 | hypothetical protein 30 27 107 10.55

B385127 6.08 | 10.14 | putative protein 23 23 49 10.46

B402432 7.56 | 11.2 | hypothetical protein 15 26 31 10.37

B384912 6.93 | 9.37 | response regulator 26 19 54 9.88

B216873 6.27 4.7 | putative protein 28 26 99 9.75

B383235 11.1 | 10.24 | putative protein 18 27 55 9.22

B390200 13.43 | 9.18 | putative transposase 20 26 65 9.05
NAD(P)-dependent alcohol

B384119 11.63 | 9.66 | dehydrogenase 18 27 55 9.01
putative partitioning

B378656 8.49 | 7.31 | ATPase protein 15 27 37 8.9

B381485 10.89 | 10.06 | putative protein 18 27 57 8.81

B378577 8.27 | 6.91 | putative protein 15 27 37 8.8

B383807 11.04 | 9.43 | putative protein 18 27 58 8.72
putative transcriptional

B383910 11.49 9.9 | regulator 18 26 54 8.58
chromosome partitioning

B378735 7.98 | 6.87 | protein ParB 16 27 43 8.52

B383335 11.76 | 9.72 | putative protein 18 27 59 8.46
ABC transporter ATP-

B393423 3.8 7.5 | binding protein 22 23 65 8.42

B378821 7.38 | 6.99 | putative protein 16 27 43 8.36

B378907 7.6 | 7.12 | putative protein 16 27 43 8.36
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SOS mutagenesis and repair
B242313 6.74 | 5.14 | protein UmuC 23 27 85 8.25
B383439 11.65 | 9.36 | nucleotide-binding protein 18 27 61 8.18
B388835 7.15 | 11.02 | aldo/keto reductase 15 27 45 8.17
Cd(l1)/Pb(ll)-responsive
B378264 7.66 | 8.23 | transcriptional regulator 15 27 45 8.06
B385885 6.62 | 9.97 | IS3 family transposase 19 24 46 7.97
B554821 -13.1 | -4.21 | Putative metal chaperone 28 24 115 7.93
B593723 7.69 | 4.65 | hypothetical protein 24 27 97 7.79
B388922 7.4 | 11.41 | hypothetical protein 15 27 47 7.79
heavy metal translocating
B378173 7.98 | 8.05 | P-type ATPase 15 27 49 7.63
B383121 11.2 | 10.41 | hypothetical protein 18 27 66 7.52
B239951 6.48 | 3.77 | putative protein 24 27 100 7.4
integral membrane protein
fused with prolipoprotein
B378087 7.72 | 8.07 | signal peptidase 15 26 45 7.38
B380897 -12.94 | -4.14 | transcriptional repressor 26 26 116 7.32
putative N-carbamyl-L-
amimo acid
B389471 7.66 | 10.96 | amidohydrolase 13 27 43 7.31
ABC transporter permease
B389011 7.17 | 11.97 | subunit 15 27 50 7.3
ABC transporter substrate-
B389103 7.85 | 11.66 | binding protein 15 27 50 7.3
B389195 6.95 | 11.57 | MFS transporter 15 27 50 7.3
ABC transporter ATP-
B389287 7.22 | 12.02 | binding protein 15 27 50 7.3
Oligopeptide transport
system permease protein
B389379 7.62 | 12.09 | OppB 15 27 50 7.3
B388716 7.36 | 11.96 | hypothetical protein 16 26 52 7.27
B545460 6.47 | 10.72 | IS1 transposase orfA 23 21 62 7.21
B307142 11.36 | 10.59 | korC 21 27 95 7.21
B216664 5.25 | 3.61 | hypothetical protein 30 26 147 7.16
B607670 11.83 | 8.98 | transcriptional regulator 22 27 118 6.87
B151867 13.49 | 10.36 | recombinase family protein 23 27 107 6.63
GNAT family N-
B379932 10.01 | 5.54 | acetyltransferase 13 27 42 6.2
AraC family transcriptional
B384219 10.66 | 9.68 | regulator 15 27 57 6.13
MSMEG_0570 family
nitrogen starvation
B380096 10.11 | 4.74 | response protein 13 27 43 6.1
B229379 5.76 | 2.86 | hypothetical protein 29 24 147 6.04
MSMEG_0572 family
nitrogen starvation
B379682 9.39 | 4.95 | response protein 13 27 43 6.04
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Transcriptional
regulator%2C GntR family
domain / Aspartate
B379598 9.91 | 4.84 | aminotransferase 13 27 44 5.84
B379765 9.99 | 5.16 | Nit6803 family nitriliase 13 27 44 5.84
ABC transporter substrate-
B393534 -13.18 | -3.78 | binding protein 24 25 113 5.83
iron (Ill) ABC transporter
B393737 -13.07 | -3.36 | permease protein 22 21 91 5.8
B283147 5.89 | 4.34 | putative protein 22 27 101 5.73
B389554 8.12 | 10.27 | putative protein 13 27 51 5.53
B389645 8.4 | 10.96 | putative protein 13 27 51 5.53
B389736 8.48 | 10.61 | putative protein 13 27 51 5.53
MSMEG_0569 family flavin-
B380179 9.56 | 5.51 | dependent oxidoreductase 13 26 43 5.33
sll0787 family AIR synthase-
B380014 9.74 | 5.14 | like protein 12 27 43 5.17
B390748 7.08 | 5.89 | transposase 18 26 80 5.02
B411899 -13.92 | -5.13 | cysteine--tRNA ligase 19 24 96 4.9
RNA polymerase-binding
B395187 -13.36 | -4.67 | protein DksA 20 25 101 4.72
B241036 5.98 | 3.31 | putative protein 24 27 142 471
B391152 6.08 4.9 | integrase 23 26 117 4.66
B411895 -13.77 | -4.94 | dihydroorotase 20 26 102 4.42
B394151 -14.3 | -4.96 | putative protein 20 25 100 4.36
M14 family
B390321 -13.66 | -4.96 | metallocarboxypeptidase 20 26 105 4.33
B390873 6.88 | 5.74 | transposase 19 27 107 4.3
B242735 7.66 | 7.56 | putative protein 15 27 74 4.28
B606549 5.74 | 3.89 | recombinase 24 27 149 4.21
B241340 5.47 3.3 | DNA replication protein 24 27 151 4.17
B241545 5.76 | 3.51 | putative protein 24 27 151 4.17
B276809 5.33 | 3.11 | putative protein 24 26 147 4.04
sensor domain-containing
B233549 7.14 | 7.56 | diguanylate cyclase 16 27 78 4.03
B387865 -13.16 | -4.95 | porphobilinogen synthase 20 25 104 4.01
B570661 5.91 | 3.14 | putative protein 24 27 154 4
B363477 8.17 | 9.75 | Cysteinyl-tRNA synthetase 14 21 48 3.93
B607698 5.45 | 3.84 | putative protein 23 27 147 3.84
B602282 -14.35 | -4.53 | ferrous iron transporter B 19 22 97 3.83
Putative metal
chaperone%2C involved in
B393874 10.64 | 10.03 | Zn homeostasis 12 20 44 3.77
transposase 1S3/1S911
B579299 11.9 | 10.52 | family protein 19 24 104 3.75
B402761 -13.58 | -4.65 | hypothetical protein 19 21 98 3.7
B411969 7.59 | 10.01 | Cysteinyl-tRNA synthetase 14 13 36 3.7
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B379479 9.17 | 5.14 | putative protein 11 25 41 3.63
B68511 9.6 6.1 | putative protein 26 27 208 3.45
B389827 8.48 | 10.5 | transcriptional repressor 13 23 52 3.45
NAD(P)-binding domain-
B596321 -14.4 -4.8 | containing protein 19 25 104 3.18
B386855 -13.94 | -4.29 | hypothetical protein 20 19 103 3.12
B599529 11.18 | 9.36 | 1S110 family transposase 25 27 170 3.04
B378517 8.61 | 6.56 | putative protein 7 25 28 2.93
B386690 -13.74 | -4.4 | isocitrate dehydrogenase 19 19 101 2.5
B429032 7.78 | 10.41 | hypothetical protein 13 11 47 2.44
IS66 family insertion
sequence hypothetical
B242065 6.94 | 5.21 | protein 22 27 193 2.36
DinG family ATP-dependent
B384510 8.12 | 11.64 | helicase YoaA 11 20 39 1.67
B384435 8.58 | 11.88 | DEAD/DEAH box helicase 10 21 42 1.4
B217887 6.5 | 5.96 | hypothetical protein 24 27 227 0.74
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Appendix 4. Supplementary
materials: Large scale genomic
analysis of global Klebsiella
pneumoniae plasmids reveals
multiple simultaneous clusters
of carbapenem resistant
hypervirulent strains.



Figure S1, analysis workflow

n=13,178

NCBI RefSeq
K. pneumoniae
assemblies

Y
Species
identification
with Kleborate
software

A

‘ :

Y

v

/

n=428

n=299

K. aerogenes K. quasipneumoniae O
n=604

n=27

ther Klebsiella /

K. pneumoniae K. variicola
n=11,820
(

T
J

)

Plasmid replicon
detection with
PlasmiFinder
software

Isolates with
identifed
replicons
n=12,468

PlasmidFinder
did not identity
replicon
n=710

3,034 unique
replicon
nucleotide
sequences

¥

Aerobactin and
Salmochelin
screening with
Kleborate software

A

No
loci detected
n=10,587

Either loci
detected
n=1,881

isolate

Y

98 i / 2025 unique

repl) 'C?Q f——pjreplicons without
(A duplicates
sequences
282 unique

replicon 695 unique
nucleotide — replicons withoutja—-

sequences in >1 duplicates

E—

1,096 unique
replicon
nucleotide
sequences in >1
isolate

Carbapenemase
screening with

Kleborate

software

v Y
Detected No
carbapenemase carbapenemase
genes genes
n=6,783 n=5,685

A J

/ 1781 unique
replicon

nucleotide

sequences

618 unique
replicon
nucleotide
sequences in >1
isolate

Embed isolates
(7,636) based on
replicons in 2D
using UMAP with
RussellRao metric

Remove
non-CRhvKp
isolates from
embedding

hlo

Cluster is robust

j
Identify clusters of .

5 Clustering
Cl?_hlvgpésolgtes ——m/results for each
(anBZS():Z?\;ng embedding

l V. |
. Embed the
mbeddin clustering results
performed 500 Yese-

(n=500) using
UMAP with
.__Hamming metric

Identify clusters
using HSBSCAN

Calculate chi2
for of each
cluster versus
isolates
clustering results

less than 1% of
-log10(p-value)<20?

Cluster is not

Nop

robust

Page 164 of 164



	Title Page
	Abstract
	Table of contents
	Acknowledgments
	List of abbreviations
	List of publications
	Chapter 1: Introduction
	Klebsiella pneumoniae
	Klebsiella AMR drivers
	Beta-lactams
	Aminoglycosides
	Fluoroquinolones
	Other antimicrobial agents

	Virulence factors
	Capsule
	Lipopolysaccharide
	Fimbriae
	Biofilm
	Siderophores
	Porins and efflux pumps


	Mobile genetic elements
	Insertion sequences and transposons
	Gene cassettes and Integrons
	Plasmids
	Integrative conjugate elements

	Methylation
	Sequencing and Bioinformatic Analysis
	Genome sequencing and data processing
	Genome annotation
	Population structure
	Genotypic-phenotypic associations

	Chapter 2: Research Questions
	Chapter 3: Methylation analysis of Klebsiella pneumoniae from Portuguese hospitals
	Chapter 4: Genomic epidemiological  analysis of Klebsiella pneumoniae from Portuguese hospitals reveals insights into circulating antimicrobial resistance
	Chapter 5: Genomic analysis of hypervirulent Klebsiella pneumoniae reveals potential genetic markers for differentiation from classical strains
	Chapter 6: Large scalegenomic analysis of global Klebsiella pneumoniae plasmids reveals multiple simultaneous clusters of carbapenem resistant hypervirulent strains
	Chapter 7: Discussion
	Chapter 8: Conclusion
	References
	Appendix 1. Supplementary materials: Methylation analysisof Klebsiella pneumoniae from Portuguese hospitals.
	Appendix 2. Supplementary materials: Genomic epidemiological analysis of Klebsiella pneumoniae fromPortuguese hospitals reveals insights into circulating antimicrobial resistance.
	Appendix 3. Supplementary materials: Genomic analysis of hypervirulent Klebsiella pneumoniae reveals potential genetic markers for differentiation from classical strains.
	Appendix 4. Supplementary materials: Large scale genomic analysis of global Klebsiella pneumoniae plasmids reveals multiple simultaneous clusters of carbapenem resistant hypervirulent strains.

