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Abstract

The One Health approach is increasingly recognised as crucial to addressing the global threat of
antimicrobial resistance (AMR). However, data on the epidemiology of AMR at the human-animal-
environmental interface remain limited from low- and middle-income countries. This thesis presents
the first systematic One Health survey of Klebsiella pneumoniae and related species in Bangladesh,

integrating phenotypic and genomic analyses with clinical and demographic metadata.

A total of 3759 samples were collected between December 2021 and March 2023 from humans (urinary
tract infections, surgical site infections, and healthy rectal carriage), livestock (chicken, domestic
animals, free-flying birds) and environmental sources (water and flies) in Mymensingh, Bangladesh. K.
pneumoniae was isolated from 14.4% (541/3759) of samples, with marked variation across sources and
higher isolation rates during warmer and wetter seasons. Notably, flies showed the highest prevalence
(36.4%, 80/220), with significant carriage during summer and monsoon, highlighting their potential as

mechanical vectors.

Hospital settings were hotspots for AMR, particularly for extended-spectrum [-lactamase
(predominantly blacrx-m-15) and carbapenemase (predominantly blanpm-s) producers, especially in
hospital-associated surgical site infections (SSIs). Convergent multidrug-resistant (MDR) hypervirulent
strains, including carbapenem-resistant hypervirulent K. pneumoniae, were restricted to SSIs,
representing an acute clinical threat. Clonal dissemination of MDR K. pneumoniae ST48 and ST490

indicated potential outbreak dynamics within surgical wards.

Although overall prevalence was low, plasmid-mediated mobile colistin resistance (mainly mcr-8) was
detected in poultry-associated settings, including isolates from flies, water, and healthy humans, but not
in clinical isolates. Conversely, carbapenemase genes were rarely identified outside hospitals. Non-
pneumoniae Klebsiella species comprised 56.6% (705/1246) of isolates. Despite species diversity, they

generally exhibited low levels of AMR and virulence.



While AMR-associated genes were sporadically identified in community and environmental sources,
ESBLs, carbapenemases, and hypervirulence determinants were predominantly detected in hospital
settings. Collectively, these findings highlight hospitals as critical intervention points to interrupt the
dissemination of AMR in Klebsiella and support periodic surveillance across farms, wastewater, and

vectors to detect emerging resistance and track high-risk genes within a One Health framework.
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Chapter 1

General Introduction



1.1 Antimicrobial resistance (AMR): The impending global pandemic

1.1.1 A brief history of antibiotics and the evolution of AMR

Antibiotics mark a long arc from ancient antimicrobial remedies, such as applying mouldy bread on
wounds, to modern chemotherapeutics (Gould, 2016). The term ‘antibiotic’ was first used by Selman
Waksman in 1942, who defined an antibiotic as a substance produced by microorganisms that inhibits
other microbes (Waksman, 1947, Waksman & Flynn, 1973). Early breakthroughs included
arsphenamine (salvarsan, 1909) as the first modern antimicrobial, as well as prontosil and other
sulfonamides in the 1930s, and penicillin, discovered by A. Fleming in 1928 and used clinically in the
1940s (Fleming, 1929; Christensen, 2021). A golden age, spanning from the 1940s to the 1970s, yielded
many new classes of antibiotics. After this golden period, the drug discovery pipeline began to dry up,
and very few new drugs have been introduced in the last few decades. Unfortunately, resistance emerged
rapidly after each introduction of new classes of antibiotics, highlighting a continual evolutionary arms
race between bacterial adaptation and drug development (Figure 1.1) (Coates et al., 2011; Hutchings et
al.,2019). For instance, the first sign of antibiotic resistance to penicillin was reported by Abraham and
Chain at Oxford in 1940 (Abraham & Chain, 1940). Moreover, rapid discovery and availability of these
drugs within a relatively short period led to excessive, irresponsible, and misuse in medical and
veterinary practices as well as in farming systems. Therefore, the process was accelerated, and bacteria
became immune to most antibiotic classes. The effectiveness of most antibiotics has been eroded with

the rise of AMR, resulting in some infections effectively being untreatable (Hutchings et al., 2019).



19I00 ]‘_lllﬂ 19‘20 19;30 19:10 19|50 19|60 1‘);.70 19|80 ZDIUO
k t 1 t t t t t t t

20|10 ZDIZO
t 1

|]:| Organoarsenics
Penicillins

i Sulfonamides
I

| Sulfones

Polypeptides | |
[ Salicylates
Aminoglycosides

Phenazines |

[ Nitrofurans
Bacitracin

| Cephalosporins

Amphenicols
Polymyxins
|

Enniatins

Tetracyclines

Diaminopyrimidines
Tuberactinomycins

Pleuromutilins

Nicotinamides
| | Streptogramins

Thioisonicotinamides

‘ Macrolides

Glycopeptides | |
Lincosamides

Cycloserines
Ansamycins | | |
Fusidanes
Nitroimidazoles
Ethambutol
Quinolones
Phosphonates

Mupirocin

Lipiarmycins |

Carbapenems
Monobactams

Oxazolidinones |

Lipopeptides

Diarylquinolines

Il

]

L 1 1 1 1 1 1 1 1 1
1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000
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clinic) and the blue bars represent the ‘resistance windows’ (the period after its first use, when clinical

resistance was reported).
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1.1.2 Mechanism of AMR

AMR is the phenomenon in which microorganisms (such as bacteria, viruses, fungi and parasites)
develop or acquire mechanisms that render antimicrobial agents ineffective, making infections difficult
to treat and increasing the risk of disease spread, severe illness and death. In public health terms, AMR

occurs when germs defeat the drugs designed to kill them (WHO, 2023).

Bacterial AMR occurs as a natural process resulting from the selection pressure that antibiotics exert on
bacterial populations. It can be either natural or acquired. Natural resistance may be intrinsic (always
expressed in the species) or induced (the genes are naturally present in the bacteria but are only
expressed at resistance levels after exposure to an antibiotic) and is not related to horizontal gene
transfer (HGT, the process by which genetic material is transferred between bacterial cells
independently of cell division, allowing bacteria to rapidly acquire new traits such as antibiotic
resistance or virulence). Acquired resistance confers resistance through acquisition of genetic material
via HGT mechanisms: transformation (incorporation of naked DNA), transduction (phage-mediated),
and conjugation (by "sex" pili); and the bacteria may experience mutations to their own chromosomal
DNA. The acquisition may be temporary or permanent. Plasmid-mediated transmission of resistance

genes is the most common route for acquiring genetic material from outside sources (Reygaert, 2018).

Antibiotics generally act on five main targets (inhibit cell wall synthesis, depolarize the cell membrane,
inhibit protein synthesis, inhibit nucleic acid synthesis, and inhibit metabolic pathways in bacteria), and
antibiotic resistance can essentially be acquired through four different pathways (transformation,
transduction, conjugation, and mutation) and expressed by four different mechanisms (limiting uptake
of a drug, modifying a drug target, inactivating a drug, active drug efflux) (Figure 1.2) (Kapoor et al.,

2017; Reygaert, 2018).
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Figure 1.2 The four resistance acquisition pathways, the four main mechanisms of resistance, and the

five main targets for antibiotics (Chellat ef al., 2016).

1.1.3 Why AMR commands global attention?

AMR is recognised as an emerging health security threat in the 21 century, menacing a century of
medical progress. No country or region is exempt from the consequences of AMR (Murray et al., 2022).
The estimated global health burden due to AMR will be at least 10 million annual deaths and a reduction
of 1.1-3.8% of GDP (Gross Domestic Product) annually by 2050, which will disproportionately affect
the low- and middle-income countries (LMICs) (O’Neill, 2016). An estimated 24 million people
worldwide would face extreme poverty by 2030, particularly in LMICs, if no immediate action is taken

to combat AMR (The World Bank, 2016).

Reanalyses of the global burden of bacterial AMR estimated that in 2021, 4.71 million deaths were
associated with AMR, including 1.27 million deaths directly attributable to resistant bacteria. In this

analysis, deaths associated with AMR included all deaths in which a resistant bacterial infection was



present, irrespective of whether resistance was the primary cause of death, as patients might have died
even if the infecting bacteria were susceptible, due to underlying disease (e.g., cancer), severity of
illness, or other factors. In contrast, deaths directly attributable to resistant bacteria represent mortalities
that would not have occurred if the infecting bacteria had been susceptible to antibiotics, thereby
indicating the direct effect of AMR. By 2050, this is expected to rise to 8.22 million deaths associated
with AMR, including 1.91 million directly attributable to resistant bacteria (Figure 1.3). The highest
AMR mortality rates are expected in the South Asia, Latin America, and the Caribbean regions (Naghavi
et al., 2024). Moreover, during the COVID-19 pandemic, most patients in intensive care units (ICUs)
have been prescribed antibiotics to rule out secondary bacterial infections, which perhaps exacerbate

the burden of pre-existing pandemic AMR (Langford et al., 2020).
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Figure 1.3 Global distribution of AMR-attributable death rates per 100,000 population (Naghavi et al.,
2024). A. Death rate attributable to AMR, 2021. B. Projected death rate attributable to AMR, 2050,

highlighting disproportionate burdens in South Asia and Latin America.



1.14 AMR and sustainable development goals (SDGs): How drug resistance threatens

progress?

The SDG initiative by the United Nations (UN) includes 17 well-defined goals to serve a better, more
equitable and sustainable life on this planet. AMR, often referred to as a silent pandemic, not only poses
a threat to global health but also to the achievement of the SDGs. AMR impacts more than 10 out of 17
SDGs either directly or indirectly (Figure 1.4). It directly affects SDG 3 (Good health and well-being),
with estimates of up to 10 million deaths annually due to AMR by 2050 (O’Neill, 2016). A World Bank
assessment warns that inadequate action could push more than 24 million people into poverty by 2030,
endangering SDG 1 (poverty reduction), SDG 8 (decent work and economic growth) and SDG 10
(reduced inequalities), through its negative effects on livelihoods and increased healthcare costs (The
World Bank, 2016). The increased burden of AMR, especially on women and children in LMICs like
Bangladesh, is hindering progress towards SDG 4 (education) and SDG 5 (gender equality) (Strunk et

al., 2024; WHO, 2024).

AMR directly affects SDG 6 (clean water and sanitation) since poor hygiene, untreated wastewater, and
limited access to safe water facilitate the spread of resistant pathogens (UNEP, 2023). Meeting
anticipated food demand with an estimated 50—70% production increase from 2010 to 2030 risks a
parallel rise in antimicrobial use in livestock and aquaculture, threatening sustainable food systems and
farmer livelihoods, and thereby SDG 2 (zero hunger) and SDG 12 (responsible consumption and
production) (Aslam et al., 2024). The association between global climate change (Goal 13) and AMR
is also significant, while a 1°C rise in ambient temperature has been associated with a 5-10% increase
in foodborne infections, incurring substantial healthcare and economic costs (Scallan et a/.,2011). AMR
also threatens the sustainability of aquatic and terrestrial ecosystems (SDG 14 and 15) through
environmental contamination and antimicrobial overuse (WHO, 2024). Moreover, addressing AMR
requires sustained international cooperation under a One Health approach, which aligns with SDG 17

(partnerships for the goals) (Aslam et al., 2024).
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Figure 1.4 SDGs relevant to AMR (adapted from United Nations, 2015). Arrows indicate the SDGs

intersect with AMR. Goals addressed about AMR are highlighted in red text.

1.1.5 A One Health approach to combat AMR

One Health is an integrated approach that aims to sustainably improve the health of humans, animals,
plants, and ecosystems by recognising their deep interdependence and coordinating actions across
sectors such as human and veterinary medicine, agrifood systems, and the environment. Although
initially introduced to address zoonotic diseases, this concept has since been proposed to combat more

complex problems like AMR (Walsh, 2018).

To address AMR globally, the quadripartite partners (World Health Organisation, WHO; Food and
Agriculture Organisation, FAO; World Organisation for Animal Health, WOAH/formerly OIE; and
United Nations Environment Programme, UNEP) have all advocated for incorporating One Health

principles into national and global AMR action plans. This concept is formalised in the One Health



Joint Plan of Action (2022-2026), emphasising coordinated multisectoral actions to tackle AMR. This
approach builds on the WHO Global Action Plan on AMR (2015) by incorporating antimicrobial
stewardship (AMS, the coordinated optimisation of antimicrobial use to improve patient outcomes and
limit antimicrobial resistance) and infection prevention and control (IPC, measures implemented to
prevent and reduce the transmission of infectious agents, particularly in healthcare settings) in both
humans and animals. It also includes WASH (water, sanitation, and hygiene) and waste management,
integrated surveillance of resistance and antimicrobial usage (AMU, the prescribing, consumption, and
patterns of use of antimicrobial agents in clinical, community, and agricultural settings), and aligned

governance, regulation and incentives across sectors (OECD, 2023).
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Figure 1.5 A potential schematic for the complex AMR interactions across the One Health sectors

(Ahmad et al., 2023).

AMR presents a global health challenge that affects not only humans but also animals and the
environment. Resistant pathogens and their genes can transfer between humans, animals, and the
environment through various pathways, including food chains, direct contact, and contaminated water

sources (Figure 1.5) (Ahmad et al., 2023). The shift in the global AMR landscape has also been marked



by the rise of multidrug-resistant (MDR) bacteria (resistant to >3 antimicrobial classes), especially
Enterobacteriaceae (Naghavi et al., 2024). Within this landscape, Klebsiella has emerged as a globally
important pathogen due to its capacity to disseminate AMR through mobile genetic elements (MGEs,
genetic elements capable of mobilising within or between genomes, thereby facilitating HGT), driven
largely by extended-spectrum p-lactamases (ESBLs, enzymes produced by certain Gram-negative
bacteria that hydrolyse and confer resistance to a broad range of P-lactam antibiotics), notably
cefotaximase-M (CTX-M), carbapenemases (KPC, NDM, OXA-48-like), and last-line colistin

resistance (Wyres & Holt, 2018; Glirbiiz ef al., 2024).

1.2 An order, a family, a genus: Locating Klebsiella in Enterobacterales

Enterobacterales is a large order of Gram-negative, facultatively anaerobic bacteria within the class
Gammaproteobacteria, under the phylum Pseudomonadota. In 2016, a genome-based phylogenetic
study replaced the order °‘Enterobacteriales’ with ‘Enterobacterales’ and clarified family-level
evolutionary relationships using conserved signature insertions and deletions (signature indels), which
are specific, shared insertions and deletions in conserved protein sequences that serve as molecular
markers of common ancestry. Based on these markers, seven families (Enterobacteriaceae,
Morganellaceae, Yersiniaceae, Erwiniaceae, Pectobacteriaceae, Hafniaceae and Budviciaceae) were

recognised (Adeolu et al., 2016; Oren & Garrity, 2021).

Among the seven families, Enterobacteriaceae is regarded as one of the most widely studied bacterial
families. Although there are many exceptions, the common characteristics of the members of this family
include being rod-shaped, non-spore forming, often motile, catalase-positive and oxidase-negative,
reducing nitrate to nitrite, and glucose fermenters. Ecologically, members of this family are ubiquitous,
and many occur as part of the normal intestinal microbiota in humans and animals; hence, they are
referred to as “enterobacteria” or “enteric bacteria”. They also occur widely in soil, water, plants, and
other environmental niches. Most of them are mesophiles with optimal growth at 20—45°C and rarely
thrive in extreme temperature or pH conditions (Octavia & Lan, 2014; Jenkins ef al., 2017; Yin et al.,

2025).
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The Enterobacteriaceae family is one of the most taxonomically diverse bacterial families, which
contains more than 60 genera and 250 species (Parte, 2014; Adeolu et al., 2016). Although many species
reside as commensals to humans and animals, Enterobacteriaceae are frequently associated with both
intestinal and extraintestinal diseases and can develop fatal infections. Within this family, above 95%
of clinically significant species belong to ten well-known human and animal-associated genera
(Escherichia, Klebsiella, Salmonella, Shigella, Enterobacter, Citrobacter, Proteus, Serratia,
Morganella, Providencia). Within Enterobacteriaceae, Klebsiella is considered one of the most
important genera, which stands out for its dual identity as a frequent coloniser of the human and animal
guts that can also cause severe diseases and a genetically diverse lineage that readily acquires virulence

and AMR determinants (Donnenberg, 2014; Kang et al., 2018; Cabrera et al., 2025).

The genus Klebsiella was named by V. Trevisan in 1885 in honour of German Swiss microbiologist
Edwin Klebs (1834-1913) (Brisse et al., 2006). Klebsiella consists of Gram-negative, non-motile,
typically encapsulated, facultatively anaerobic, rod-shaped bacteria (0.3—-1.5 pm wide X 0.5-5.0 um
long), found singly, in pairs, in chains, or linked end to end. They can grow in standard laboratory media
with special requirements, optimally between 35-37°C and at pH 7.2 (Ristuccia & Cunha, 1984; Dong
et al., 2022). Klebsiella are widely distributed in nature and recovered from humans, animals, soil,
water, plants, and insects. Although the members of this genus are usually present as normal flora in the
nose, mouth, and intestines of humans and other warm-blooded animals, they are considered
significantly opportunistic pathogens connected with several severe nosocomial bacterial infections,
including pneumonia, urinary tract infections, sepsis, meningitis, diarrhoea, peritonitis, and soft tissue
infections. Their ability to colonise human and animal intestines, persist in diverse environmental
reservoirs, and cause severe infections in both community and healthcare settings makes the genus
suitable for AMR studies through the One Health approach (Brisse et al., 2006; Wyres et al., 2020;

Calland et al., 2023).
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1.3 Species composition of the genus Klebsiella

The genus Klebsiella is genetically diverse and currently comprises more than 15 recognised species,
including species belonging to the K. pneumoniae species complex (KpSC), K. oxytoca species complex
(KoSC) and other Klebsiella species (K. aerogenes, K. indica, K. terrigena, K. ornithinolytica, K.
planticola, K. electrica) that share an average of around 90% nucleotide identity (Figure 1.6) (Wyres et
al.,2020; Yang et al., 2021). K. terrigena, K. ornithinolytica, K. planticola were moved from Klebsiella
to Raoultella in 2001 (R. terrigena, R. ornithinolytica, R. planticola). However, a later genome-wide
analysis proposed reunifying Raoultella with Klebsiella and specifically classified R. electrica as K.

electrica (Wyres et al., 2020; Ma et al., 2021).
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Figure 1.6 Core-genome-based tree showing the phylogenetic relationships between K. pneumoniae
and related species. This figure was taken from the Kleborate module for KpSC (Kleborate Modular
v.3.0.0 documentation), which was updated from previously published literature (Wyres et al., 2020;

Wick et al., 2024).
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KpSC and KoSC have no formal taxonomic designation. KpSC commonly refers to closely related
species with an average nucleotide identity of 95-96% to K. pneumoniae. Three distinct phylogroups,
namely K. pneumoniae (Kpl), K. quasipneumoniae (Kpll) and K. variicola (Kplll) were initially
identified (Holt et al., 2015). To date, seven phylogroups belonging to KpSC have been recognised,
including K. pneumoniae (Kpl) and K. quasipneumoniae subsp. quasipneumoniae (Kp2), K. variicola
subsp. variicola (Kp3), K. quasipneumoniae subsp. similipneumoniae (Kp4), K. variicola subsp. tropica
(Kp5S), K. quasivariicola (Kp6) and K. africana (Kp7) (Lam et al., 2021). KoSC is likewise an informal
complex which includes at least six closely related species, including K. oxytoca, K. michiganensis, K.
pasteurii, K. grimontii, K. huaxiensis, and K. spallanzanii (Yang et al., 2021). Due to close genetic
relatedness, members of KpSC or KoSC are often misidentified by conventional biochemical tests or
earlier PCR (polymerase chain reaction) schemes (Fontana et al., 2019). K. variicola or K.
quasipneumoniae are frequently reported as K. pneumoniae by routine tests. Accurate species
assignment matters as ecological niches, virulence and AMR determinants can differ among KpSC
members. For instance, K. variicola is often associated with plants and animals while also causing
human diseases. Recent identification methods therefore rely on genome-based approaches (e.g., whole
genome sequencing, WGS) and a mass spectrometry platform (MALDI-TOF, matrix-assisted laser
desorption/ionisation time-of-flight) with updated libraries for accurate taxonomy (Rodrigues et al.,

2018; Lam et al., 2021; Ohama et al., 2022).

Advances in WGS and associated bioinformatic tools have become central to the species-level
identification and genotypic characterisation of K. pneumoniae and related species. Short-read
sequencing platforms (e.g., [llumina) are widely used for routine surveillance due to their high accuracy
and throughput, while long-read technologies (e.g., Oxford Nanopore Technologies) facilitate complete
genome and plasmid reconstruction. Genomic data are typically analysed using standard bioinformatic
pipelines that include quality control, genome assembly, and annotation, followed by in silico
genotyping approaches (e.g., multilocus sequence typing, MLST and core-genome phylogenetics), and
the identification of resistance, virulence determinants, plasmid replicons using curated databases and

tools (e.g. ResFinder, VirulenceFinder, PlasmidFinder, Kleborate, Kaptive). These combined
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approaches provide the high resolution required to identify specific species, high-risk clones,
characterise resistance and virulence profiles, and to support source-attribution and outbreak

investigations (Wyres & Holt, 2018; Wyres et al., 2020; Wick et al., 2024).

Within Klebsiella, K. pneumoniae is considered the most clinically important species, and the WHO
has recognised it as a critical priority healthcare-associated pathogen (Tacconelli et al., 2018; Thorpe et
al., 2022). K. pneumoniae is accountable for more than 70% of the infections due to the Klebsiella
genus and is a vital menace to public health because of its resistance and virulence profile (Holt et al.,
2015; Quansah et al., 2019). Beyond hospitals, K. pneumoniae can colonise humans, livestock, and
companion animals, and is recovered from the food chain, surface water, hospital wastewater, soil and
insect vectors such as flies, underscoring its ecological plasticity and the likelihood of cross-sector
transmission (Thorpe et al., 2022). These features make K. pneumoniae a good candidate for

understanding how clonality, virulence and AMR interact at the human-animal-environment interface.

1.4 K. pneumoniae: a One Health AMR threat

1.4.1 [Ecology, disease spectrum and transmission of K. pneumoniae

K. pneumoniae (previously called Friedlander's bacillus) was first described by Carl Friedlander in 1882
as an encapsulated, non-motile, rod-shaped organism and the causative agent of pneumonia. This
bacterium can either be a commensal organism or a potential pathogen. It is usually an opportunistic,
hospital-associated pathogen, responsible for about one-third of all Gram-negative infections (Navon-
Venezia et al., 2017). Classical and hypervirulent, these two principal pathotypes are commonly
associated with K. pneumoniae infections. Classical K. pneumoniae (cKP) strains are often multidrug-
resistant and primarily associated with hospital-acquired infections (HAIs), where the common
manifestations are pneumonia, urinary tract infections (UTIs), and wound infections, which can
progress to bloodstream infections. Neonates, older adults, patients with indwelling medical devices,
and the immunocompromised are at the highest risk of HAIs. Unlike cKP, hypervirulent K. pneumoniae
(hvKP) shows increased pathogenicity and is capable of causing severe, rapidly progressing,

community-acquired infections (CAls), with the common manifestations including necrotising
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pneumonia, endophthalmitis, soft tissue infections, meningitis, and pyogenic liver abscess with
metastatic spread. The ability to cause metastatic infections is characteristic of hvKP infections. People
with alcoholism and diabetes are at risk of developing CAls (Russo & Marr, 2019; Wyres ef al., 2020;

Kochan et al., 2023; Russo et al., 2024).

Apart from humans, K. pneumoniae can cause clinically important diseases in multiple livestock species
and companion animals (Figure 1.7). In dairy cattle, it is a well-recognised cause of acute mastitis,
where contaminated bedding and milking equipment are common sources (Zheng et al., 2022). In
horses, it can cause infectious endometritis, leading to infertility (Song et al., 2023). In poultry, K.
pneumoniae is associated with upper respiratory tract infections and septicaemia (Alchalaby et al.,
2024; Scholtz et al., 2024). In pigs, it can cause pneumonia, meningitis, enteritis and septicaemia
(Bowring et al., 2017; Collins & Mizzi, 2025). In companion animals (dogs and cats), K. pneumoniae
can cause a broad spectrum of disease, including UTIs, pneumonia, pyometra, soft tissue infections and

septicaemia (Marques et al., 2019; Soliman et al., 2024).
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Figure 1.7 Clinical and veterinary disease spectrum of K. pneumoniae (updated from Assoni et al.,

2024). In case of human infection sites, the blue colour indicates the infections caused by cKp strains,
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while diseases commonly associated with hvKP are marked in red. The figure was partly created with

BioRender.com.

K. pneumoniae can survive in various ecological niches and its transmission reflects this ecological
diversity (Figure 1.8). Within healthcare settings, K. pneumoniae can spread quickly between hosts
through direct contact (person-to-person) via contaminated hands of healthcare personnel or patients,
as well as via contaminated devices (e.g., ventilators or intravenous catheters) and surfaces. Patients
with medical conditions such as wounds (caused by injury or surgery) can be exposed to K. pneumoniae,
leading to serious nosocomial infections and outbreaks (Gorrie et al., 2017). K. pneumoniae typically
exhibits a higher transmission rate than Escherichia coli, especially in healthcare settings, because of
its ability to persist in the environment and form biofilms (Wyres & Holt, 2018). Outside the hospital,
environmental contamination can play an essential role in community transmission. Foodborne
transmission routes, such as contaminated food and food products, can lead to human colonisation and
infections. Occupational exposure can affect farmers, veterinarians, and animal handlers due to close
contact with colonised animals (Zong et al., 2021). K. pneumoniae is frequently recovered from water,
soil, sewage, and hospital wastewater, likely owing to contamination by human or animal wastes.
Contaminated water sources, agricultural lands, insects and flies can serve as a medium for the

persistence and spread of this bacterium (Hassan et al., 2021; Zhang et al., 2023; Cook et al., 2025).

In recent years, the rise in difficult-to-treat MDR strains has become a global concern, particularly third-
generation cephalosporins (3GCs, a class of broad-spectrum fB-lactam antibiotics with enhanced activity
against Gram-negative bacteria relative to earlier generations) and carbapenem-resistant K. pneumoniae
(CR-KP, strains resistant to carbapenem antibiotics, which are last-line p-lactams) associated with
hospital outbreaks and hypervirulent strains associated with severe CAls (Holt et al., 2015).
Highlighting the urgency of this issue, the WHO prioritised K. pneumoniae listing in the ESKAPE
pathogen group (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter
baumannii, Pseudomonas aeruginosa, and Enterobacter species), which are responsible for the

majority of HAIs worldwide and emphasised the need for new antimicrobial development (Pendleton
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et al., 2013; WHO, 2017; Wyres & Holt, 2018). Most recently, the WHO BPPL (bacterial priority

pathogen list) 2024 ranked CR-KP as the top priority bacterial threat globally (Sati et al., 2025).
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Figure 1.8 A potential schematic for transmission pathways of K. pneumoniae between human,
environmental, agricultural and clinical reservoirs (updated from Walsh, 2018; Chawla et al., 2025).

Dashed lines indicate putative transmission paths. The figure was created with BioRender.com.

1.4.2 The virulence repertoire of K. pneumoniae

K. pneumoniae deploys various strategies to evade the host immune defences and establish infection
(Figure 1.9). The pathogenic potential of K. pneumoniae in human and animal hosts is shaped by
multiple virulence determinants. At present, four main classes of well-characterised virulence factors
are recognised in K. pneumoniae. These factors are the capsule, lipopolysaccharide (LPS), fimbriae

(also known as pili), and siderophores. Capsular polysaccharides (K antigen), along with the O antigen
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(LPS), confer resistance to host immune cells. Fimbriae (predominantly type 1 and 3) are the adhesive
organelles that drive biofilm formation and attachment to abiotic surfaces (e.g., catheters or other

medical devices), thereby enabling colonisation of host cells and persistence in patients.

Biofilm formation
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Figure 1.9 Schematic presentation of well-characterised virulence factors in K. pneumoniae strains

(cKP and hvKP) (updated from Paczosa & Mecsas, 2016).

In K. pneumoniae, four siderophores have been described: enterobactin (ent), yersiniabactin (ybt),
salmochelin (ir0), and aerobactin (iuc), which are utilised for iron acquisition from host cells, a vital
process for its pathogenesis (Figure 1.9). Apart from these canonical factors, several other factors (not
yet thoroughly characterised) have been identified as important for K. preumoniae virulence. These
include outer membrane proteins (e.g., OmpA), the major porins (OmpK35 and OmpK36), the acr4B
efflux system, the kfu iron transport systems, genes enabling allantoin catabolism for carbon and
nitrogen acquisition, and biofilm formation (Paczosa & Mecsas, 2016; Piperaki ef al., 2017; G. Wang

et al., 2020; Wyres et al., 2020; Xu et al., 2024).

All K. pneumoniae (both cKP and hvKP) possess a group of chromosomally encoded virulence factors
that underpin their basic ability to establish opportunistic infection in hosts. These include the core ent
locus for enterobactin biosynthesis, fim and mrk loci for type 1 and type 3 fimbriae, together with
variable K antigen and O antigen biosynthesis loci, required for growth in most niches (Wyres et al.,

2020). A chromosomal operon called the ¢ps gene cluster harbours several genes (wzi, wza, wzb, wzc,
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wzx, wzy, gnd, wea, cpsACP, and galF) involved in capsule production (Pan et al., 2015; Wyres et al.,
2020). So far, at least 186 genetically distinct capsule types (K locus) have been identified, while
classical serology recognises 77 K serotypes (K1-K77). Different serotypes exhibit significant
variations in virulence traits. For instance, K1 and K2 serotypes are found to be significantly associated
with invasive hvKP infections worldwide (Xu et al., 2024). In K. pneumoniae, O antigen biosynthesis
is mainly encoded at O loci (also known as rfb loci) and proceeds via an ABC transporter pathway
where wzm and wzt genes mediate export of the assembled unit. Genes involved in LPS production also
include uge, which is present in the majority of K. pneumoniae isolates (both clinical and commensal
strains), while wabG is likely to be mainly present in clinical isolates. To date, 13 distinct O loci have
been identified, where O1 and O2 serotypes are most commonly found in K. pneumoniae isolates

(Paczosa & Mecsas, 2016; Wyres et al., 2020; Lam et al., 2022).

In addition to core chromosomal pathogenicity factors, K. preumoniae harbours various virulence
factors encoded by accessory genes and mobile genetic elements, which can exacerbate disease severity.
Unlike the ent locus, ybt, iuc and iro are typically acquired siderophore loci associated with enhanced
virulence. The ybt gene is associated with both ¢cKP and hvKP populations. In K. preumoniae,
the ybt locus is usually mobilised by the integrative conjugative elements (ICEs), but occasionally also
by plasmids (Lam et al., 2018). The iuc and iro loci occur at a low prevalence (in <10% of K.
pneumoniae) and are mainly disseminated through large virulence plasmids. For example, pK2044 (K.
pneumoniae virulence plasmid, KpVP-1) carries iuc/ and irol, while Kp52.145pll (KpVP-2)
carries iuc2 and iro2. These plasmids typically cannot transfer on their own but can be mobilised
between bacterial cells via other conjugative elements or by fusing with other conjugative plasmids.
Although iro is most often plasmid-borne, certain lineages (iro3) can be carried on ICEs (Lam et al.,

2018, 2019).

The c¢lb (pks) locus encoding colibactin (a genotoxin), first described in E. coli, is found in
approximately 10% of K. pneumoniae and is typically embedded in ICEs. Colibactin promotes
gastrointestinal colonisation and metastatic spread, and its presence is an indicator of liver abscess with

hvKP (Wyres et al., 2020; Tan et al., 2024). Another important virulence trait in K. pneumoniae is
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hypermucoviscosity, often driven by excess capsule production due to the presence of accessory genes
rmpA or rmpA2 (regulator of mucoid phenotype). The rmpA and rmpA2 loci are frequently found
adjacent toiro oriuc on the virulence plasmids but can also occur on ICEs. Importantly,
hypermucoviscosity is not always strictly synonymous with capsule overproduction and can be
genotypically and phenotypically uncoupled in some strains. Phenotypically, hypermucoviscosity is
characterised by sticky growth and identified by a positive string test (production of a >5 mm viscous
filament when a colony is stretched with an inoculation loop) (Walker et al., 2019; Walker & Miller,

2020; Wyres et al., 2020; Dey et al., 2022).

The cKP strain generally exhibits lower virulence potential with the presence of basic virulence factors
such as fimbriae, diverse K antigens, O antigens, the primary iron uptake system ent and sometimes
ybt. On the contrary, hvKP is best characterised as a highly virulent pathogen and can be distinguished
from cKP in many aspects (Table 1.1). The hvKP has emerged as a distinct pathotype since it was first
reported in Taiwan in the mid-1980s and is now reported globally (Dong et al., 2022). The hvKP
infections are clinically characterised by severe invasive, metastatic CAls. Although -early
differentiation leaned on the hypermucoviscous phenotype (identified by the string test) and K1/K2
capsule types, recent definitions prioritise the genomic criteria. Besides the core virulence determinants
and ybt, few hypervirulence biomarkers (iuc4, iroB, rmpA, rmpA2 and peg-344), virulence plasmids,
and c/b, have been identified for the differentiation between hvKp and cKP. Within these, iuc4 and
rmpA/rmpA2 carried on plasmids are recognised as the most predictive hypervirulence biomarkers
(Choby et al., 2019; Russo & Marr, 2019; Wyres et al., 2020; Spadar et al., 2022; Lei et al., 2024;
Stanton & Wyres, 2024). Additionally, animal models can be used to validate suspected hvKP strains
with a preference for the murine model over the Galleria mellonella model (Russo & MacDonald, 2020;

Dong et al., 2022).
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Table 1.1 General differential features between hvKP and cKP strains. (updated from Paczosa &
Mecsas, 2016; Choby et al., 2019; Russo & Marr, 2019; Dong et al., 2022; Wyres et al., 2020; Kochan

etal., 2023; Lei et al., 2024)

Features hvKP cKP

Location for the Primarily in the community Primarily in the healthcare

development of infection settings

Hosts All age groups, often in a healthy | Neonates, older adults and
population immunocompromised

Geographical Primarily in Taiwan and Southeast | Worldwide

concentration Asia, now reported globally

Typical clinical Pyogenic liver abscess, Pneumonia, UTIs, wound

syndromes endophthalmitis, meningitis and infections, device-associated
metastatic infections infections and septicaemia

Sites of infection Often multiple Mostly single

Co-pathogens at the site Usually, monomicrobial Can be polymicrobial

of infection

Key hypervirulence Harbours hypervirulence genes Lacks the canonical hvKP marker

markers such as iucA, iroB, rmpA, rmpA2, | and carries core virulence genes
peg-344, and virulence plasmids only (e.g., ent, sometimes ybt via

ICEs)

Capsule (K) types Strongly associated with K1 and Diverse K loci
K2

Virulence potential High Low

Antimicrobial resistance | Historically, more susceptible High propensity for MDR

1.4.3 Evolution of AMR in K. pneumoniae

In the present era of antibiotic resistance, MDR K. pneumoniae represents one of the most concerning
pathogens worldwide. K. pneumoniae readily acquires AMR determinants via plasmids, integrons and
transposons (Figure 1.10). It is also recognised as a key trafficker of AMR genes between Klebsiella
species and other Enterobacterales due to the abundance of AMR genes carried on plasmids and mobile
genetic elements, signifying its importance in the spread and development of AMR (Wyres & Holt,
2018). The European Antimicrobial Resistance Surveillance Network reported that the resistance rate
of K. pneumoniae against the four major antibiotic classes (the 3GCs, aminoglycosides,
fluoroquinolones and carbapenems) was higher than that of E. coli (Navon-Venezia et al., 2017).
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Moreover, resistance to all important drug classes (p-lactams, aminoglycosides, quinolones, tigecycline
and polymyxins) used to treat K. pneumoniae infections has been observed clinically (Wyres ef al.,
2020). In K. pneumoniae, resistance to antibiotics occasionally arises through chromosomal mutation,
but mostly results from acquisition of AMR genes via horizontal gene transfer (HGT). More than 100
distinct acquired AMR genes have been identified in K. preumoniae, mainly carried by plasmids (Wyres

& Holt, 2016).
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Figure 1.10 Schematic presentation of AMR gene and plasmid trafficking by K. pneumoniae (updated
from Wyres & Holt, 2018). K. pneumoniae strains can move between environmental, human and animal
niches, carrying AMR genes and/or plasmids. Movement can occur from the environment to hosts via
contact or consumption of contaminated water sources or plant matter, between human and animal hosts
via contact or consumption, and back to the environment via effluent and sewerage (including human
and animal waste streams (e.g., wastewater and effluent from households, healthcare facilities, and

livestock operations). Across all these settings, K. pneumoniae can both receive or donate plasmids via
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HGT with a wide range of donor species, providing routes for transfer of AMR genes from

environmental microbes to human pathogens. The figure was created with BioRender.com.

K. pneumoniae is naturally resistant to ampicillin (B-lactam) due to production of the chromosomal -
lactamase enzyme, sulfthydryl variable (SHV) by the core gene blasuv.1. Resistance to B-lactam in K.
pneumoniae was reported in the early 1960s, with the discovery of the first f-lactamase genes, blasuy-
1and blarem.1. Subsequently, the first extended-spectrum [-lactamase (ESBL) gene, blasuvo, was
identified in K. pneumoniae from Germany in the 1980s, with an extended-spectrum activity against
third-generation cephalosporins and monobactams (Kliebe et al., 1985). Shortly after that, another
plasmid-mediated ESBL variant, blatem-3, was reported in France (Sirot ef al., 1987). During the 1980s-
1990s, K. pneumoniae was the principal hospital host for plasmid-mediated ESBLs and harboured TEM
(Temoniera) and SHV-type ESBLs. In the 1990s, a new ESBL family known as the cefotaximase-M
(CTX-M) emerged, conferring resistance to expanded-spectrum cephalosporins. About 200 ESBL
variants have been identified since their first identification in 1982, and many of them subsequently
transferred to E. coli (Navon-Venezia et al., 2017; Piperaki et al., 2017; Wyres & Holt, 2018). In
parallel, the plasmid-mediated AmpC appeared in K. preumoniae (e.g., CMY-1 in 1989; later ACC-1,
ACT, DHA variants) (Jacoby, 2009). As ESBL producers expanded, carbapenems became the first-line
treatment against K. pneumoniae infections. The extensive use of carbapenems led to the emergence
and rapid dissemination of plasmid-mediated carbapenemases in K. pneumoniae, which hydrolyse all
B-lactams, including the last-line carbapenems, posing a significant public health threat. CR-KP have
now been reported in all WHO regions. The prevalent carbapenemase types in K. pneumoniae are the
K. pneumoniae carbapenemases (KPCs), the metallo-B-lactamases (Verona integron-encoded metallo-
B-lactamase, VIM; imipenemase, IMP; and New Delhi metallo-p-lactamase, NDM types such as NDM-
1) and the oxacillinase (OXA)-type enzymes (mainly OXA-48-like) (Tzouvelekis ef al., 2012). The
earliest detected carbapenemase in K. pneumoniae was IMP-1 in 1991 in Japan, followed by blakpc in
1996 in the US, blaoxa-as in 2003 in Turkey, and blanpm-1 in 2008 from a patient who travelled to India
(Figure 1.1) (Haruta et al., 2000; Yigit et al., 2001; Poirel et al., 2004; Yong et al., 2009). Subsequently,

other variants were also reported. Besides enzyme production, carbapenem resistance also occurs via
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permeability or efflux changes, such as permeability alterations due to porin loss (e.g., loss of
OmpK35/0mpK36) and overexpression of efflux pumps (e.g., acrAB efflux pump). Furthermore,
carbapenemase genes can become chromosomally integrated, stabilising resistance (e.g., mobilisation
of determinants like blanpm.i, blavimi from plasmids onto the chromosome via mobile genetic
elements). The global spread of the ESBL gene blacrx-m-15, along with carbapenemase genes blaxrc,
blaoxa-as, blanom-1, and blanpm.s, poses a major threat due to their clinical significance (Navon-Venezia

et al., 2017; Sakamoto et al., 2018; Wyres & Holt, 2018).

Aminoglycosides dominated therapeutic use from the mid-1940s to the 1980s before being replaced
with third-generation cephalosporins, carbapenems and fluoroquinolones (Krause ef al., 2016). During
that period, K. pneumoniae developed resistance through aminoglycoside modification enzymes,
inactivating the drugs by acetylation, adenylation or phosphorylation. Subsequently, plasmid-mediated
resistance genes from aac, ant, aad, aph families, as well as 16S rRNA methyltransferases such as arm
and rmtB were identified in K. pneumoniae (Figure 1.11). Among gentamicin- or amikacin-resistant K.
pneumoniae, aac (6')-1b is the most frequently found, followed by aac (3')-1I, aph (3')-1V, and ant (3')-
I (El-Badawy et al., 2017). Chromosomal resistance mechanisms also play a role, including reduced
cell permeability and active efflux (alterations in acrAB-tolC and kpnEF eftflux pump systems and loss
of putative porin, kpnO), as well as aminoglycoside-modifying enzyme genes (Padilla et al., 2010;

Wang et al., 2020).

Quinolones were introduced into clinical use in the 1960s, but their use expanded markedly with the
advent of fluoroquinolones in the 1980s, leading to the development of quinolone resistance. K.
pneumoniae encompasses all known resistance mechanisms for quinolone resistance in Gram-negative
bacteria (Naeem et al., 2016). The mechanisms include target-site gene mutations, enhanced activity of
MDR efflux systems and drug-modifying enzymes (Redgrave et al., 2014). The dominant resistance
mechanism in K. pneumoniae is chromosomal mutations in the quinolone binding targets, DNA gyrase
(gyrA-gyrB) and topoisomerase IV (parC-parE), with mutations in parC and gyr4 found earlier and
more commonly than those in gyrB and parE (Nam et al., 2013). Efflux pump upregulation (notably
0gxAB and acrAB-tolC) also promotes quinolone resistance. The ogx4B, although chromosomal in
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origin, can also occur in plasmids and contributes to plasmid-mediated quinolone resistance (PMQR)
(Wong et al., 2015). PMQR determinants in K. pneumoniae include the gnr genes (such as gnrA, gnrB,
gnrS, gnrD), first described on a plasmid from K. pneumoniae isolated in the USA in 1994 (Surleac et
al., 2020). Another PMQR gene, the aminoglycoside acetyltransferase variant aac(6')-Ib-cr, can

modify certain quinolones and decrease susceptibility (Figure 1.11) (Ruiz ef al., 2012).

With the rise of carbapenemase-producing MDR K. prneumoniae in the early 2000s, polymyxin became
the last therapeutic option. The first polymyxin non-sensitive K. pneumoniae was reported from a
nosocomial infection in Greece in 2004, and since then, reports have increased (Antoniadou et al.,
2007). Polymyxin resistance in K. pneumoniae is dominated by chromosomal mechanisms, where
certain regulatory genes (phoPQ, pmrA/pmrB, pmrD, mgrB) activate lipid A modifications (known as
the LPS modification system), often through activating mutations in phoPQ, pmrA/pmrB or inactivation
of mgrB (Jayol et al., 2014; Poirel et al., 2015). Other mechanisms include enhanced capsule production
(which can shield outer membrane charge), and overexpression of acrdB-tolC and kpnEF efflux pumps
(De-Majumdar et al., 2013; Srinivasan & Rajamohan, 2013). Plasmid-mediated polymyxin resistance
has also emerged in K. pneumoniae recently, and the mcr-1 (mobile colistin resistance) gene was
identified in China in 2015 (Liu et al., 2016). From then, several mcr variants (mcr-1, mcr-3, mer-7,

mcr-8, mer-9 and mcr-10) have been identified in K. pneumoniae (Figure 1.11) (Zhang et al., 2025).

Tigecycline has been used against K. pneumoniae infections since 2005 due to its ability to evade
classical tetracycline resistance, but resistance emerged soon thereafter (Schedlbauer et al., 2015).
Known resistance mechanisms are largely chromosomal, including modifications in 30S/16S ribosomal
unit targets and reduced cell permeability. Upregulation of acr4B-tolC and ogxAB via changes in their
regulators (rard, ramA, ramR and acrR) and decreased ompK35 expression are also shown to contribute
to resistance (Osei et al., 2016; Xu et al., 2025). Furthermore, the fetd genes encoding an efflux pump
that resists tetracyclines were identified in tigecycline-resistant K. prneumoniae isolates (Ahn et al.,
2016). Recently, plasmid-mediated tigecycline resistance has been reported in K. pneumoniae in 2020
with a transferable RND-type efflux pump cluster, tmexCDI—toprJI on large IncHI1B/IncFIB plasmids
(Wang et al.,2021; Queet al., 2023). Concurrently, plasmid-encoded te#(X4) has been reported in clinical
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K. pneumoniae, conferring resistance via the drug inactivation beyond efflux systems (Figure 1.11)

(Zhai et al., 2022).
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Figure 1.11 Timeline of mobile antimicrobial resistance genes (ARGs) first detected in K. preumoniae.
Timelines present identified resistance genes in K. pneumoniae against five important antibacterial
classes. All ARGs are grouped by resistance mechanism, with line colours corresponding to the legend.
The first year of isolation of K. pneumoniae carrying the indicated ARG is marked based on a PubMed
search. Preference was given to the first members of a new resistance gene family, or for the first gene
allele within a gene family conferring a new activity, or the first evidence of a family member in a new
genomic context. Rare gene families were excluded. (Updated from Navon-Venezia et al., 2017; Wyres

& Holt, 2018).
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1.4.4 Convergence of AMR and hypervirulence in K. pneumoniae: an emerging threat

The MDR cKP and hvKP have traditionally been associated with two distinct lineage groups (hospital-
associated and community-associated lineages) of K. pneumoniae, distinguished by the presence of
acquired AMR determinants and several hypervirulence loci, respectively. For around three decades
after hvKP was first recognised, these groups were considered essentially non-overlapping, with only
occasional and sporadic reports of convergence (Wyres et al., 2020). In the mid to late 2010s, a fatal
outbreak of K. pneumoniae in China with combined carbapenem resistance and hypervirulence firmly
established the convergence phenomenon (Yao ef al., 2018). Recently, an increasing number of reports
have described convergent strains that combine MDR with hypervirulence (MDR-hvKP) (Wyres et al.,
2020). The emergence of convergence strains poses a significant threat to global health, as it combines
severe invasive disease potential with limited treatment options. Considering the public health
importance of MDR-hvKP, particularly carbapenem-resistant hypervirulent K. pneumoniae (CR-hvKP),
the WHO issued a global risk communication, highlighting the increasing detections (WHO, 2024).
Geographically, Asia appears to be the focal point for the convergence of CR-hvKP (Lei et al., 2024).
This pattern likely reflects a combination of true epidemiological drivers and enhanced detection and
reporting, rather than being solely due to surveillance or reporting bias. High carbapenem consumption,
an increased burden of CR-KP, and the widespread circulation of hvKP lineages in Asia create
favourable conditions for convergence through HGT. In addition, extensive genomic surveillance and
sequencing-based studies of K. pneumoniae in countries like China increase the likelihood of
identifying convergent strains compared with regions with limited surveillance. Consistent with this
interpretation, global genome-wide analyses demonstrate that while CR-hvKP strains are now present
across all six WHO regions, China represents a major endemic setting for their emergence and

diversification (Figure 1.12) (Heng et al., 2024; Lei et al., 2024).
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Figure 1.12 Map showing the global distribution of CR-hvKP strains (adapted from Lei ef al., 2024).

Convergence of resistance and virulence can occur through three evolutionary mechanisms: the
acquisition of resistance determinants or plasmids by hvKP strains, the acquisition of virulence
determinants or plasmids by MDR cKP lineages, or through the acquisition of hybrid or mosaic
plasmids carrying both resistance and virulence determinants (Wyres et al., 2020; Lan et al., 2021; Pu
et al., 2023; Chen et al., 2024; Lei et al., 2024). Hybridisation can occur through several mechanisms,
including the insertion of resistance loci into common virulence plasmids or the insertion of virulence
loci into AMR plasmids, or the recombination of AMR and virulence plasmid backbones (e.g.,
IncHI1B/IncFIB backbones bearing iuc/iro/rmpA2 plus blaKPC/NDM). So far, the most common
scenario involves MDR clones harbouring virulence plasmids or hybrid plasmids encoding both AMR

and hypervirulence determinants (Lam et al., 2019; Spadar et al., 2023; Wyres et al., 2020).

1.4.5 Clonality and epidemiology of MDR, hypervirulent and convergent K. pneumoniae

In bacteria, clonality means populations that originate asexually (e.g., binary fission) from a single
ancestral cell, resulting in genetically similar lineages with shared evolutionary traits and playing a
significant role in the global spread of AMR. In K. pneumoniae, clones are defined either by the classical
7-locus multilocus sequence typing (MLST) scheme (gapA, infB, mdh, pgi, phoE, rpoB, and tonB) or
core-genome MLST (cgMLST), which aggregates closely related STs into clonal groups (CGs)
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(Diancourt et al., 2005; Hennart et al., 2022). K. pneumoniae genomes are typically about 5—6 Mbp in
size, encoding around 5,500 genes. Approximately 2000 genes are core (conserved) and present in
almost all members of the species, whereas the rest are accessory and vary widely between clones. This
pangenome architecture facilitates both AMR and virulence plasticity (Holt et al., 2015; Wyres et al.,
2020). For K. pneumoniae, a very large number of STs have been defined by 7-locus MLST. According
to the Institut Pasteur MLST database, thousands of distinct ST profiles have been described to date
(currently over 9500 unique allelic profile combinations used to assign STs) (Institut Pasteur MLST

database, 2025).

Although K. pneumoniae infections worldwide are caused by diverse STs or clones, these can be
categorised into MDR or high-risk clones responsible for HAIs and hypervirulent clones responsible
for CAls (Wyres et al., 2020). In K. pneumoniae, MDR clones are defined as resistant to >3
antimicrobial classes, in addition to ampicillin (which is intrinsically resistant), and are genetically
diverse. Across regions, genomics studies consistently highlight ST258/512, ST11, ST15, ST37, ST101,
ST147 and ST307 as prevalent MDR or high-risk clones (Figure 1.13). These MDR hospital-adapted
clones frequently carry ESBLs (especially CTX-M group 1/9) and carbapenemases (KPC, NDM, OXA-
48-like), often on conjugative plasmids with broad host range, enabling both local outbreaks and cross-
border dissemination (Wyres et al., 2020; Spadar et al., 2022; Heng et al., 2024). These highly resistant
clones are unrelated and important geographical differences exist in their contributions to the MDR
infection burden (Wyres & Holt, 2016; Navon-Venezia et al., 2017; Wyres et al., 2019; Elias et al.,
2023). Although ST258 and its derivative ST512 are dominant CR-KP in the Americas and southern
Europe, they are comparatively rare in other regions of the world, whereas ST11 is the dominant cause
of CR-KP infections in China (Liao et al., 2020; Karampatakis et al., 2023). Long-term genomic
surveillance shows that dominant clones can replace one another over time, highlighting the importance
of monitoring for local shifts (e.g., ST307 increases at the expense of older ST258 in a hospital in Sub-

Saharan Africa) (Heinz et al., 2024).
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In contrast to MDR clones, hvKP clones are globally dominated by the same subset of lineages. So far,
ST23 has been the most common, followed by ST65 and ST86, whereas ST25, ST66, and ST380
occurred less often (Wyres et al., 2020; Garcia-Cobos et al., 2025). These hypervirulent clones
frequently carry the plasmid-borne loci iuc, iro and rmpA/rmpA2 (hypermucoviscosity), while the ICEs
mobilise ybt and often c/b. The capsular antigen K1 is highly conserved in hypervirulent clone ST23,
whereas K2 is found in other hypervirulent clones (Russo & Marr, 2019; Stanton & Wyres, 2024).
Geographically, hvKP clones (ST23) are more prevalent in the Asia-Pacific region compared to other
regions, but their prevalence is increasing globally (Zhang et al., 2016; McElheny ef al., 2024; Nguyen

et al., 2024).

Convergence has been reported among both MDR and hvKP clones. For example, carbapenem-resistant
or MDR ST11 strains carrying the virulence plasmid with iuc (and often rmpA2) are reported in China
(Gu et al., 2018). Carbapenem-resistant genes (OXA-48, NDM) have been identified in the

hypervirulent K. pneumoniae ST23 lineage (Roulston et al., 2018; Zhao et al., 2019).

MDR or hvKP clones have also been isolated from different non-human sources, including a range of
animals, for example, ST11 from poultry, ST15 from companion animals, ST23 from non-human
primates and horses (Ewers et al., 2014; Anzai et al., 2017; Gravey et al., 2023; Mourdo et al., 2024).
MDR (ST11, ST15, and ST147) and occasionally hvKP clones (ST23) are recovered from
environmental reservoirs such as hospital wastewater, surface water and soil, often carrying ESBLs or
carbapenemases and virulence loci (Araujo et al., 2025; Liao et al., 2025). Despite the widespread
presence of K. pneumoniae MDR and hypervirulent clones in non-human environments, whole genome
sequencing (WGS) surveys outside humans remain limited, restricting robust source attribution (Wyres

et al., 2020).
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Figure 1.13 Global distribution, sources and dominant sequence types of K. pneumoniae isolates
(n=2809) from 57 countries (adapted from Huang et al., 2025). a. World map showing the distribution
of samples across 57 countries. b. Temporal distribution of the samples. ¢. Host distribution of the

samples. d. Relative abundances of the 20 most prevalent sequence types (STs).
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1.4.6 Plasmid diversity in K. pneumoniae

In K. pneumoniae, plasmids serve as a major vehicle for transferring AMR, virulence, and other
accessory genes among species and related genera, facilitating the emergence of MDR and convergent
strains in both clinical and non-clinical environments. This self-replicating extrachromosomal DNA
material can spread rapidly via HGT, thereby accelerating the evolution of AMR. Plasmid-borne
ESBLs, carbapenemases, and mobile colistin resistance (mcr) genes are among the most pressing AMR

threats (Wyres et al., 2020; Pan & Li, 2025).

K. pneumoniae carries highly diverse plasmids, including various replicon types such as narrow-host-
range IncF backbones (IncFII(K)/IncFIB(K)), IncR that are prevalent in clinical lineages, broad-host-
range vehicles (IncR/IncN/IncX3), small ColKP3 plasmids, and virulence-associated
IncHI1B/IncFIB(K) (KpVP-1/2) (Ramirez et al., 2019; Wyres et al., 2020; Sahoo et al., 2024; Hinthong
et al.,2025). Analyses of fully closed K. pneumoniae genomes available in the NCBI GenBank database
indicate a median of three plasmids per complete K. pneumoniae genome (interquartile range, 2—5;
range, 0-10), which is significantly higher than that of E. coli, where complete genome analyses
typically report a median of one plasmid per genome (interquartile range, 0—3; range, 0—9). This high
plasmid load suggests K. pneumoniae is particularly permissive for plasmids, meaning it readily
acquires plasmid-borne materials from diverse donors and maintains them long enough to transmit

among human and animal-associated niches (Figure 1.10) (Wyres & Holt, 2018).

Most horizontally acquired AMR genes in K. pneumoniae are carried on large conjugative plasmids,
which belong to a small number of incompatibility groups (IncFII, IncN, IncR, and IncX3). However,
small plasmids that are mobilisable but not self-transmissible can also harbour AMR genes (Navon-
Venezia et al., 2017; Ramirez et al., 2019). Notably, MDR clones tend to harbour a higher plasmid load
and diversity than hypervirulent clones (Wyres et al., 2019). Large-scale genomic studies report that
the IncFIBK is one of the most commonly found plasmids in K. pneumoniae (associated with both

MDR and virulence plasmids), along with IncFIIK, R replicons, small (Col) plasmids, other F plasmid
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variants (FII, FIA, and FIB) and incompatibility types X3, N, HI1B (Wyres et al., 2020; Spadar et al.,

2023).

Key resistance loci often show characteristic plasmid backbones such as blakpc on pKpQIL-like
IncFII(K)/IncFIB(pQil), blaoxa-as-iike largely on IncL. pOXA-48—like plasmids, blanpm frequently on
IncX3, blacrx-m-15 often on IncF platforms including IncFIB(K), mcr-1 most often on IncX4, Incl2, and
IncHI2/HI2A plasmids and mcr-8 frequently on IncFII(K) (Wang et al., 2018; Zhu et al., 2020; Wu et
al., 2021; Hammad et al., 2023; Liu et al., 2023; Ikhimiukor et al., 2024; Calvo-Villamafan et al.,
2025). Although classical hvKp virulence plasmids (KpVP-1/2) are typically non-conjugative,
conjugation-competent derivatives and resistance—virulence cointegrates are now documented,

allowing transfer across sequence types and even species (Yang ef al., 2022).

In K. pneumoniae, various plasmids, especially IncC (A/C2), IncHI2, and Incll, are frequently
identified across human, livestock, companion animals, and environmental (wastewater and surface
water) isolates, indicating a clear One Health connection in AMR transmission (Sekizuka et al., 2018;
Matlock et al., 2023; Verburg et al., 2024). Since similar plasmids are disseminating across sectors and
hosts, understanding their role in AMR ecology is crucial for risk assessment, outbreak tracing, and
developing effective interventions, especially in LMICs, where surveillance systems are still in

development (Spadar et al., 2023; Pan & Li, 2025).

1.5  Extending beyond K. pneumoniae: why do other Klebsiella spp. matter?

K. quasipneumoniae, a member of the KpSC, comprises two subspecies (subsp. quasipneumoniae and
similipneumoniae). In addition to human clinical infections, K. quasipneumoniae can be found in
various environmental sources, including animals, plants, water and soil. The ecological diversity
indicates that it is environmentally established rather than an incidental contaminant, although it is less
abundant than K. pneumoniae in both clinical and environmental settings (S¢kowska et al., 2025). K.
quasipneumoniae has often been under-recognised or misidentified as K. pneumoniae in routine

diagnostics using traditional microbiological assays. However, advances in genome-based approaches,
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including WGS, have revealed its widespread distribution and pathogenic potential (Rodriguez-Medina
et al., 2024; Tian et al., 2025). It can cause both HAIs (e.g., pneumonia, septicaemia) and often CAls
(invasive infections). The genomic studies further suggest that, although not very common, K.
quasipneumoniae is increasingly detected in mixed-species or mixed-lineage infections, particularly
alongside K. pneumoniae, in both clinical and environmental samples. Such co-occurrence may
facilitate horizontal gene transfer within the KpSC. Importantly, this species can harbour and spread
both AMR and virulence determinants as seen in K. pneumoniae. Recent reports have identified MDR
clinical strains harbouring carbapenemases blanpm.1 and blaxpc.> (Arena et al., 2015; Tian et al., 2025).
Another report shows K. quasipneumoniae isolated from pigs harboured mcr-8 (Phetburom et al.,
2021). Additionally, an MDR environmental strain initially misidentified as K. pneumoniae has been
reclassified as K. quasipneumoniae by WGS, underscoring extra-clinical reservoirs (Altayb et al.,
2023). These findings together highlight the emergence and spread of MDR in this species, as well as
the need for genome-based, accurate identification in surveillance (Sgkowska et al., 2025; Tian et al.,

2025).

K. variicola, another member of the KpSC, historically has been plant-associated but is now recognised
as an opportunistic human pathogen causing respiratory, urinary tract and bloodstream infections. It can
also cause disease in animals (such as mastitis in cows). Its clinical importance was obscured due to
misidentification as K. pneumoniae. Recent genomic studies from clinical and environmental sources
(including wastewater) highlight a broad host range and carriage of ESBLs/carbapenemases/plasmid-
mediated colistin resistance in some lineages, underscoring relevance among human-animal-
environment interfaces (Podder et al., 2014; Rodriguez-Medina et al., 2019; Cherak et al., 2021;

Phetburom et al., 2021; Lekota et al., 2024; Yang et al., 2024; Ohno et al., 2025).

K. oxytoca, a member of the KoSC, inhabits diverse environmental niches and the gut microbiota. It
causes opportunistic human infections, and its AMR profile includes ESBLs and emerging carbapenem
resistance, with reports from both human and hospital environments (Lowe et al., 2012; Chapman et

al., 2020; Yang et al., 2021; Jiang et al., 2024). Its key virulence feature includes the kleboxymycin
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biosynthetic gene cluster, which encodes genotoxin (tilimycin/tilivalline) responsible for antibiotic-
associated haemorrhagic colitis (AAHC) and is widely distributed across KoSC members (Shibu et al.,
2020, 2021). Environmental and wildlife studies further indicate that non-clinical reservoirs can also

harbour MDR strains (Yang et al., 2021; Quintelas et al., 2024).

K. michiganensis, another member of KoSC, is increasingly found in nosocomial infections and has
developed significant AMR, including ESBLs and carbapenemases (e.g., KPC, NDM). This has been
observed in hospital wastewater-derived and neonatal clinical isolates, underscoring the environmental
spread beyond clinical settings (Prah et al., 2022; Long et al., 2024). K. pasteurii (formerly Ko4) and
K. grimontii, part of KoSC, have also been reported from humans and animals, indicating potential for
cross-sector circulation (Merla et al., 2019; Campos-Madueno et al., 2021). Notably, carbapenem-
resistant K. grimontii has also been reported from clinical settings, indicating that KoSC members can

contribute to the broader Klebsiella AMR pool (Liu ef al., 2018).

K. aerogenes, reclassified from Enterobacter aerogenes based on comparative genomic analysis. This
species differs from other Klebsiella spp. in two notable ways. First, it carries an intrinsic, inducible
chromosomal ampC gene (a class C B-lactamase), which is different from other Klebsiella spp. that
characteristically encode class A P-lactamase genes (e.g., SHV in K. pneumoniae, OKP in K.
quasipneumoniae, LEN in K. variicola and OXY in KoSC) (Long et al., 2017; Yang et al., 2021; Feng
et al., 2024). Second, it is motile while the Klebsiella genus is typically non-motile (Podschun &
Ullmann, 1998). This species is recognised as an emerging healthcare-associated pathogen with
inducible ampC and rising reports of ESBLs and carbapenemases (Rodrigues et al., 2024). Population
genomic analyses reveal an open pangenome with substantial accessory resistome, and outbreaks of
carbapenem-resistant K. aerogenes emphasise the need for species-specific genomic surveillance and

antimicrobial stewardship (Feng et al., 2024; Morgado et al., 2024).
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1.6 Rationale for the study design

K. pneumoniae ranks among the top causes of HAIs in both national and global reports. International
surveillance systems such as GLASS (Global Antimicrobial Resistance and Use Surveillance System)
consistently flag K. pneumoniae due to rising reports of resistance to 3GCs and carbapenems in many
regions. In response, the WHO has recently placed 3GC-resistant K. pneumoniae and CR-KP on the top
bacterial priority pathogen list (BPPL 2024), for which urgent R&D (research and development) and
public health actions are emphasised. Additionally, the emergence of the CR-hvKP (often considered a
superbug) has added further complications, leading to therapeutic failures and increased mortality

(Ajulo & Awosile, 2024; Chong et al., 2024; Sati et al., 2025).

Global AMR research on K. pneumoniae is primarily patient-focused and hospital-based. However,
several studies aimed to determine how different sectors contribute to the public health burden of AMR
in K. pneumoniae and other Klebsiella species. These cross-sectoral genomic surveys collected samples
from various clinical and non-clinical settings to identify the strain frequency and potential cross-sector
transmission dynamics. Studies report that the transmission of AMR strains and genes between clinical
and non-clinical settings may be less common. But they also document spillover of MDR strains and
plasmids at human-animal-environment interfaces, so the overall picture remains mixed (Ludden et al.,
2020; Butaye et al., 2021; Dereeper et al., 2022; Thorpe et al., 2022; Calland et al., 2023; Jacob et al.,
2024). Although the evidence shows substantial diversity beyond hospitals and potential for resistance
spread, the uneven sampling and limited cross-sector genomics leave major gaps in our understanding
of the abundance, distribution and transmission of AMR and virulent strains and genes within and

between humans, animal farms, and environmental settings.

According to the WHO report on global surveillance of AMR, Southeast Asia has been identified as a
region with significant gaps in surveillance, along with a lack of standardised methodologies, data
sharing, and coordination. Bangladesh, a developing country within this region, is particularly

vulnerable due to its high AMR burden, posing both regional and global threats (WHO, 2022).
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MDR, ESBL, and CR-KP are frequently reported in the Indian subcontinent (e.g., Bangladesh,
India, Pakistan), recovered from humans, food animals, and environmental reservoirs such as
wastewater (Kumarasamy et al., 2010; Farzana et al., 2013; Islam et al., 2013; Mohanty et al., 2017,
Nahid et al., 2017; Wyres & Holt, 2018). However, information regarding the prevalence and molecular
epidemiological features of MDR K. pneumoniae is limited in Bangladesh (Khan ef al., 2018). As part
of the scoping exercise for this study, I reviewed the published literature relevant to Klebsiella spp. in
Bangladesh from 2015 onwards (Appendix A). Database search included PubMed with the relevant
keywords ‘Klebsiella’, ‘Klebsiella spp.’, ‘Klebsiella pneumoniae’, ‘Klebsiella quasipneumoniae’,
‘Klebsiella variicola’, ‘Klebsiella oxytoca’, ‘Klebsiella aerogenes’ and ‘Bangladesh’. Reviews and
meta-analyses were excluded. Briefly, scoping searches recognise ESBL (blacrx-m-15) and
carbapenemase-producing K. pneumoniae and other Klebsiella spp. in hospitals, with blanpm and
blaoxa-as-iike enzymes common. Global high-risk or MDR clones (ST11, ST15, ST14, ST307) have also
been reported in clinical isolates. Notably, plasmid-mediated mcr-8 positive, colistin-resistant K.
pneumoniae has been detected in clinical isolates and isolates recovered from water (Farzana et al.,
2020; Mondol ef al., 2025). Environmental, wastewater and food chain investigations further show that
Klebsiella spp. and other Enterobacterales carrying multiple AMR genes, showing potential spillover
to people via food and water (Appendix A). Additionally, national surveillance reports also flag high
resistance in Klebsiella from clinical specimens (IEDCR, 2024). Despite increased evidence, my

scoping review identifies the following gaps in Klebsiella AMR surveillance in Bangladesh:

o First, sampling is heavily biased towards hospitals, while sources like animals, food, and
wastewater are not consistently monitored, making it harder to pinpoint where and how

resistance is developing and their transmission dynamics.

e Second, limited use of genomics. Although recent studies are shifting towards WGS, many
studies still rely on phenotypic antimicrobial susceptibility testing (AST) and PCR, which
cannot identify high-risk clones, mobile elements, or convergence of hypervirulence with

resistance.

e Third, inadequate metadata, which weakens outbreak detection and risk assessment.
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o Fourth, insufficient attention to the monitoring of high-end resistance mechanisms, despite

documented mcr-8 in K. pneumoniae clinical isolates and nearby reservoirs.

o Finally, capacity constraints. Although sequencing and bioinformatics capacity are growing,
routine genomic linkage between hospital, veterinary, and environmental data is limited (Sujan

etal., 2023).

While several studies from Bangladesh have investigated AMR in Klebsiella spp. from individual
domains, such as human, animal, or environmental sources, an integrated One Health approach remains
limited. In particular, no studies have comprehensively applied a One Health framework that
simultaneously incorporates human (hospital and community), animal, and environmental sampling,
while integrating epidemiological, clinical, and genomic data within a single analytical framework to
assess the burden of AMR in K. pneumoniae or other Klebsiella spp. in Bangladesh. Consequently, there
remains a critical gap in understanding the prevalence, resistance profiles, genomic diversity, and
virulence potential of this WHO critical priority pathogen across the human-—animal-environment
interface in the country. Addressing this gap is essential for informing effective surveillance, risk

assessment, and control strategies for K. pneumoniae and related species in Bangladesh.

1.7 Objectives and scope of this thesis

To the best of my knowledge, this is the first prospective, systematic One Health survey of AMR in
Klebsiella spp. in Bangladesh. This thesis implements a comprehensive One Health sampling
framework, covering site selection, sample size determination, and coordinated sampling and data
collection across human, animal and environmental sources, to generate representative data. The
phenotypic approach (such as AST) is combined with WGS, and the genomic data were merged with
relevant demographic and clinical metadata to explore associations, potential outbreaks, and putative
drivers of AMR. Overall, this thesis aims to investigate the genomic epidemiology of AMR, virulence,
clonality and plasmid diversity in Klebsiella spp., with particular focus on K. pneumoniae, within a One

Health framework in Bangladesh. The specific objectives of this thesis are as follows:
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1. To determine the prevalence of K. pneumoniae at the human-animal-environment interface in
the study area and to examine whether prevalence varies significantly by sample source,
sampling location and time period.

2. To characterise dominant resistance mechanisms in circulating K. pneumoniae at the human—
animal-environmental settings, identify their clonality and determine the role of plasmids in
the AMR dissemination across various sectors.

3. To determine the virulence profile of K. pneumoniae, including hvKP and convergent strains
from various sources, assess their clonal relatedness and plasmid-mediated spread in
community, farm, and healthcare settings.

4. To determine the prevalence, AMR and virulence profiles of non-pneumoniae Klebsiella spp.
across human, animal, and environmental compartments in Bangladesh.

5. To investigate the emergence and dissemination of mobile colistin resistance in Klebsiella spp.

among human, animal, and environmental sectors in Bangladesh.

Taken together, this thesis describes the most comprehensive assessment to date of AMR and virulence
in Klebsiella in Bangladesh from both epidemiological and molecular perspectives. My findings
represent a baseline dataset to inform the Bangladeshi national AMR strategy, strengthen GLASS-
aligned reporting, guide One Health policy and support targeted interventions across human health,
animal health, and environmental management to contain this high-risk pathogen regionally and

globally.
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Chapter 2

Materials and Methods
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2.1 Study design

Effective One Health AMR surveillance depends on designing and implementing context-specific,
optimised sampling strategies that can guide targeted interventions and policy (WHO, 2017). Such
optimisation is essential for selecting an appropriate sampling method and determining a suitable
sample size based on study duration and available resources, to ensure sufficient precision of the
findings. A sample size that is too small can produce misleading estimates, while an oversized sample
can be resource intensive. Therefore, developing an operational, resource-efficient sampling protocol

is important, particularly in LMICs like Bangladesh (ECDC, 2023).

In this study, I have adopted the One Health sampling framework outlined by Walsh (2018) and Zhou
et al. (2022) and have optimised it to align with the local context of Bangladesh. I have systematically
selected sampling sites, sample sources, and designed a sampling protocol that ensures objectivity and
representative findings for both urban and rural settings. A schematic diagram of the study design and
sampling strategy for this study is presented in Figure 2.1, illustrating the conceptual, preparatory, and

operational stages of this One Health AMR surveillance study.
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surveillance in Mymensingh, Bangladesh. BAU, Bangladesh Agricultural University; SOP, Standard

Operating Procedure.

From December 2021 to March 2023, a prospective cross-sectional survey was performed to investigate
the epidemiology of MDR K. pneumoniae in clinical infections from outpatient departments and
hospitalised patients and in the faecal carriage of healthy human volunteers from the community.
Simultaneously, a cross-sectional carriage study was conducted during this period to understand the

prevalence of MDR K. prneumoniae in livestock and the environment.

A comprehensive ‘One Health’ concept was employed for sampling humans, including normal flora,
urinary tract infections (UTIs), surgical site infections (SSIs), livestock (chickens, chicken meat,
domestic animals and free-flying birds), and the environment (flies and water). After collection and
processing, all samples were transferred to the University of Oxford, UK, for further analysis, including

microbiological characterisation, WGS and downstream data analysis.

Hospital-based samples (UTIs and SSIs from patients) and community-based samples (normal flora of
healthy humans from the community) were collected as part of a cross-sectional, source-comparative
design and were not linked at the individual, household, or community level. No longitudinal follow-
up of patients, families, or surrounding communities was undertaken. The sampling framework aimed
to capture contemporaneous K. pneumoniae populations from distinct human, animal, and
environmental sources within a shared geographic setting to enable comparative analysis of clonality,

virulence, and antimicrobial resistance patterns.

The study was set up following a formal collaboration agreed upon between the Chancellor, Masters,
and Scholars of the University of Oxford (UOX), UK, and Bangladesh Agricultural University (BAU),
Bangladesh [Lead Ref: R78974/CN001] (Enclosed in Appendix B). The agreement outlines the
management of Ineos Oxford Institute for Antimicrobial Research (IOI), Oxford funding for sampling-
related costs, and sets terms for data security and protection, copyright, and authorship for publications

resulting from my research. The study was conducted in Mymensingh, Bangladesh and Oxford, UK,
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where BAU and Mymensingh Medical College Hospital (MMCH) from Bangladesh and UOX from the

UK were involved.

2.2 Ethical approvals

Ethical approval was taken for both human and farm samples. This study was ethically approved by the
following ethical review committees: (i) Institutional Review Board (IRB), Mymensingh Medical
College [Memo no: MMC/IRB/2021/420], Mymensingh, Bangladesh; (ii) Animal Welfare and
Experimentation Ethics Committee (AWEEC), Bangladesh Agricultural University [Memo no:
AWEEC/BAU/2021 (23)], Mymensingh, Bangladesh; (iii) Oxford Tropical Research Ethics Committee
(OxTREC), University of Oxford, UK [OxTREC Reference: 30-21] following the Helsinki Declaration.
Written consent was taken from all the participants in the study. Patients’ data was anonymised using
spreadsheets and protected by encryption and passwords, in accordance with the Helsinki Declaration
(General Assembly of the World Medical Association, 2014). Ethical permissions are attached in
Appendix C, and the participant consent form is in Appendix D. I contacted all the farm owners enrolled
in the study, explained the objective of my study to them and obtained their consent for farm sampling.
Designated contact persons from MMCH were also approached to secure consent and coordinate the
collection and processing of clinical samples in the microbiology lab at MMC. The collaboration
agreement between the UOX and BAU enabled sample processing at the microbiology laboratory of

BAU.

2.3 Site selection

Bangladesh is a densely populated country with an average population density of approximately 1,333
people per square kilometre (United Nations, 2024). Therefore, human and animal cohabitation is very
common (Figure 2.2). The waste management system is also poorly developed, resulting in household,
hospital, and animal wastes often being found near roads, hospitals, residences, and water bodies.
Periodic floods and cyclones further disrupt these systems, thereby heightening public health risks from
this untreated waste. Together, these factors can facilitate the spread of pathogenic bacteria and AMR

and make Bangladesh a compelling setting for a One Health study of AMR dissemination.
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Figure 2.2 Context for One Health AMR surveillance in Bangladesh: population density, inadequate
sanitation and waste management, flood impacts and human-animal cohabitation. A. shows high urban
population density; (B—C) show unmanaged waste and poor sanitation are adjacent to dwellings and
waterways; D. shows residential areas are submerged during flooding. (E-F) show proximity of human-

animal households.

Administratively, Bangladesh is divided into eight divisions and 64 districts. Within the Mymensingh
Division, Mymensingh is the oldest district, with a high population density (approximately 1,400 people
per square kilometre) (Bangladesh Bureau of Statistics, 2022). The district hosts a major tertiary
hospital (MMCH) and an agricultural university (BAU). Mymensingh is also recognised as a hub for
poultry farming, making it a suitable setting for this study (Alam et al., 2014). Within the Mymensingh
district, there are 13 subdistricts. Sampling was performed in 5 subdistricts. Mymensingh Sadar was
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selected for its central location, population concentration and presence of the tertiary hospital MMCH.
Subsequently, four adjacent subdistricts (Tarakanda, Muktagachha, Trishal, and Gauripur) surrounding

Mymensingh Sadar from four directions were included as sampling sites (Figure 2.3)
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Figure 2.3 Sampling locations (e red marked) in Mymensingh district, Bangladesh.

24 Sample size calculation

The statistical analyses assessing the prevalence and trends of antimicrobial resistance mechanisms rely
on the assumptions of Chi-square testing. In this study, to ensure adequate sampling, a Chi-square test
of homogeneity was performed to determine the sample size (Table 2.1). For Chi-square tests involving
categorical outcomes, Cohen’s w is the appropriate standardised effect size measure. Cohen’s w
quantifies the magnitude of deviation between observed and expected proportions across multiple

categories. This approach is particularly suitable for One Health surveillance studies in which resistance
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patterns are compared across heterogeneous sources without a single predefined reference group. The

following assumptions were made for the sample size determination:

o Level of statistical significance (alpha, o) was set at 0.05, and statistical power (beta, §) was set
at 80% (3=0.20).

e A buffer of 15% was included to account for dropouts and other unanticipated missingness.

o Three scenarios were calculated for different Cohen’s w values, representing different levels of
effect size (small: w=0.10, medium: w=0.30, and large: w=0.50).

o Four sampling time points were included per source group; therefore, sample size requirements
were calculated per time point per sample category, with and without buffer, and then

aggregated (total) across time points.

The sample size for this study was determined through a thorough review of existing literature. The
primary goal was not to investigate any specific resistance mechanism but rather to estimate the
prevalence of resistance to various clinically significant antibiotics at the human-animal-environment
interface. Therefore, to calculate the sample size, this study relied on prior studies from Bangladesh that
focused on commonly identified resistance mechanisms, particularly ESBL and the emerging colistin
resistance (mcr). Given the nature (surveillance-oriented) of the study and recognising that even modest
differences in resistance prevalence may be epidemiologically and clinically meaningful in endemic
settings, the final sample size was conservatively based on the small effect size scenario (w =0.10). This
resulted in a total required sample size of 1,656 observations (184 for each of the nine source categories

and 46 for each sampling time after accounting for the 15% buffer) (Table 2.1).

Although the odds ratio (OR) was used in the analytical phase of the study to quantify associations
between groups and resistance outcomes, it was not used for sample size determination. Odds ratios are
model-dependent, pairwise measures requiring explicit reference categories and careful interpretation
when outcomes are common, making them more suitable for inferential analyses following data
collection. In contrast, Cohen’s w provides a model-agnostic measure of overall heterogeneity in

proportions, making it suitable for sample size planning based on global Chi-square tests.
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Table 2.1 Sample size calculation scenarios for Chi-square test of homogeneity.

Source group Effect df N Total + 15% N Total Total per | Total per group
size (n-1) (each category, bflffel‘ (e.ach (each category) +15% group + 15% buffer
Cohen’s . . time point)
W each time point) buffer
Farm 0.10 8 40 46 160 184 640 736
(CCS, CMS, DARS, BF) 0.30 8 5 15 20 60 200 240
0.50 8 2 3 8 12 32 64
Environment 0.10 8 40 46 160 184 320 368
) 0.30 8 5 15 20 60 100 120
(Water, flies) 0.50 8 2 3 8 12 16 32
Human 0.10 8 40 46 160 184 480 552
(Isolates from UTI, 0.30 8 5 15 20 60 150 180
isolates from SSI, HRS) 0.50 8 2 3 8 12 24 36

N, number; df, degrees of freedom; CCS, chicken cloacal swabs; CMS, chicken meat swabs; DARS, domestic animal rectal swabs; BF, bird faeces; UTIs,

urinary tract infections; SSIs, surgical site infections; HRS, human rectal swabs.
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2.5 Collection of samples

For livestock sampling, a total of 10 poultry farms (one broiler farm and one layer farm from each
selected subdistrict) were included based on the following inclusion criteria: (i) farms having more than
3000 birds, (ii) farms raising the birds of a single age group, and all birds in a batch fed or watered from
common sources, (iii) computer-generated randomisation to select the farms. Retail meat shops within
10 km of the selected poultry farms were chosen for chicken meat sampling. Human (normal flora) and
environmental sampling were performed from different points within a 10 km radius surrounding the
selected poultry farms. Clinical sampling was performed at MMCH, a public tertiary care hospital, with
1000 allocated beds (DGHS, 2021). Human rectal swabs were also collected from community people
living around the MMCH. For farm (CCS, CMS, DARS, BF) and environmental samples (water and
flies), five samples were collected from each sampling site during each sampling time. From the

community, fifteen human rectal swabs were collected from each site during each sampling time.

Outpatients with UTIs and patients with SSIs admitted at MMCH from January 2022 to March 2023,
whose urine specimens and wound swabs were sent to the MMC microbiology lab for diagnostic
purposes, were included in this study based on inclusion and exclusion criteria. Samples were collected
from farms, human volunteers, and the environment every four months during the 16-month sampling
period from December 2021 to March 2023 to identify any seasonal variations. In contrast, clinical
samples from UTIs and SSIs were collected continuously throughout this period from the enrolled

patients according to the inclusion criteria who visited or were admitted to MMCH.

For farm (CCS, CMS, DARS, BF) and environmental samples (water and flies), five samples were
collected from each sampling site during each sampling time. From the community, fifteen human rectal
swabs were collected from each site during each sampling time. It is worth noting that the same farms
(enrolled during the first sampling) were sampled for each subsequent period of sampling. However,
the sampling from the poultry and human subjects was non-repetitive. All samples from each category

were collected following preparation and approval of the standard operating procedures (SOPs). The
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distribution of samples and total number of samples collected during the sampling period has been

presented in tabular form (Table 2.2).

Table 2.2 Total samples collected from December 2021 to March 2023.

Sample | Sector Quarter-1 Quarter-2 Quarter-3 Quarter-4 Total
types (Dec’21- (Apr’22- (Aug’22- (Dec’22- number of
Mar’22) Jul’22) Nov’22) Mar’22) samples
Water Environment 55 55 55 55 220
Flies 55 55 55 55 220
CCS Farm 50 50 50 50 200
CMS 50 50 50 50 200
DARS 50 50 50 50 200
BF 6 22 18 29 75
UTlIs Human 216 391 301 262 1170
SSIs 94 196 336 188 814
HRS 165 165 165 165 660
Total 741 1034 1080 904 3759

CCS, chicken cloacal swabs; CMS, chicken meat swabs; DARS, domestic animal rectal swabs; BF, bird
faeces; UTIs, urinary tract infections; SSIs, surgical site infections; HRS, human rectal swabs; Quarter-
1 (December 2021 — March 2022); Quarter-2 (April 2022 — July 2022); Quarter-3 (August 22 —

November 2022); Quarter-4 (December 2022 — March 2023).

2.5.1 Collection of rectal swabs from healthy human volunteers

An equal number (n = 15) of participants from each sampling site were selected based on inclusion and
exclusion criteria. The inclusion criteria were: (i) inhabiting within 10 km of the selected poultry farms
and the hospital, (ii) participants who are willing and able to give informed consent, (iii) male or female,
aged 18 years or above, whereas the exclusion criteria were: (i) pregnant women, (ii) diabetic patient,
(ii1) participants with any gastrointestinal or chronic diseases, (iv) any individual who is not able to give

consent themselves.
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A prior schedule was arranged for sampling and interviewing healthy volunteers. They were informed
about the purpose and details of the research, and their written consent was obtained before providing
rectal swabs. Rectal swabs were collected using transport swabs with Amies and charcoal (COPAN
Diagnostics, VWR, UK). The volunteers received detailed instructions on how to collect samples using
Amies charcoal swabs, ensuring that they understood the procedure clearly to perform the sampling
correctly (Figure 2.4). Aseptic measures such as hand washing and gloves during sampling were
appropriately maintained. Each participant was given a unique identifier number, which was
anonymised. The swab package was opened, and the swab was removed carefully from the tube. The
cotton bud end of the swab was inserted about 3-4 cm into the anus and gently rotated for about 10
seconds. The swab stick was then placed in the tube and labelled properly. After providing samples, an

interview was conducted in accordance with the case report form (CRF) (Appendix E).

-

/]

Figure 2.4 Procedure of using Amies charcoal transport swab.

2.5.2 Collection and processing of SSI samples

Hospitalised patients who were suspected of infections by the physicians of MMCH, and whose
specimens (wound swabs from SSIs) were referred for microbiology to the microbiology laboratory of
MMC, were the target group. For patients with SSIs, the inclusion criteria were: (i) patients whose

wound swabs were sent to the microbiology lab of MMCH for diagnostic purposes, (ii) patients had the
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following symptoms: fever, redness, pain around the area of surgery, and drainage of cloudy fluid from
the surgical wound, (iii) male or female, aged 18 years or above, (iv) participants willing and able to
give informed consent. The exclusion criteria were: (i) pregnant women, (ii) diabetic patients, and (iii)

participants with any malignancy or chronic diseases.

Once potential participants were identified, they were contacted by phone to explain the study protocol.
Participants were given as much time as they needed to think about the information and were
encouraged to ask questions to the investigator, their healthcare provider, or other independent parties
to help them decide whether to take part in the study. After this period of reflection, a visit was scheduled

to conduct interviews with the participants according to the CRF (Appendix E).

The SSI sampling procedure involved collecting swabs from infection sites when the wound was opened
for dressing (Figure 2.5). The swabs were taken before dressing, and the surrounding skin and mucosal
surfaces were cleaned to prevent contamination prior to swabbing. Swabs were then sent to the MMC
microbiology laboratory for culture and sensitivity testing. Primary cultures were performed in
accordance with routine clinical microbiology protocols using MacConkey agar and blood agar, with
incubation overnight at 37°C. In addition, chromogenic UTI agar (supplied specifically for this study)
was used in parallel to enhance selective isolation and presumptive identification of Enterobacterales,
with particular emphasis on K. pneumoniae. Colonies exhibiting chromogenic characteristics on
chromogenic UTI agar with vancomycin (10 mg/L) (Liofilchem, Roseto, Italy), consistent with K.
pneumoniae (green colonies), were subcultured and then transferred to Amies charcoal transport swabs

and stored until they could be sent to the UK.
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Figure 2.5 Collection of wound swabs from a patient with suspected SSIs at MMCH.

2.5.3 Collection and processing of urine samples

For UTI samples, patients visiting the outpatient department of MMCH with symptoms of UTI were
enrolled in this study, based on the inclusion and exclusion criteria. The inclusion criteria were: (i)
patients whose urine specimens were sent to the microbiology lab of MMCH for diagnostic purposes,
(ii) patients had at least one of the following symptoms: fever (>38.0°C), suprapubic tenderness,
costovertebral angle pain or tenderness, urinary urgency, dysuria, (iii) if patient had a urine culture with
no more than two species of organisms identified, at least one of which is a bacterium of >10°> CFU/ml
(iv) male or female, aged 18 years or above, (v) participants willing and able to give informed consent.
The exclusion criteria were: (i) pregnant women, (ii) diabetic patients, and (iii) participants with any

malignancy or chronic diseases.

Eligible participants were contacted by phone, informed about the study procedures, and consent was
obtained. Interviews were then scheduled for those who agreed and were interviewed according to the
CRF (Appendix E). Patients were instructed on the proper method for urine collection. Specimens were
collected in sterile, screw-cap containers that were appropriately labelled according to standard
procedures. The containers were then transferred to the MMC laboratory. Initial culture of urine

specimens was performed following routine clinical diagnostic procedures using MacConkey agar and
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blood agar. To enhance selective recovery and presumptive identification of the uropathogen of interest,
particularly K. pneumoniae, chromogenic UTI agar (supplied specifically for this study) was used
concurrently for all urine samples. For processing, 30 ml of urine from each sample tube was transferred
to 50 ml sterile conical centrifuge tubes and centrifuged at 2000 rpm for 5 minutes. The supernatant
was discarded, and 5 pl of the pellet was placed onto MacConkey agar, blood agar and chromogenic
UTI agar media with vancomycin (10 mg/L) (Liofilchem, Roseto, Italy) using a micropipette. The plates
were incubated at 37°C overnight and then inspected for growth. Green colonies, consistent with the
chromogenic characteristics of K. pneumoniae on chromogenic UTI agar, were subcultured, then

transferred to Amies charcoal transport swabs, and stored for shipment to the UK.

2.5.4 Collection of chicken cloacal swabs (CCS)

Samples were collected using Amies transport swabs with charcoal. Hygienic measures were properly
followed during sample collection. Firstly, the bird was appropriately restrained by a person. Then the
swab was removed from the package, and the cotton end (entire tip) was inserted into the cloaca through
the vent carefully. The swab was moved in two to four circular motions while applying gentle pressure

against the mucosal surface and then placed into the tube (Figure 2.6).

¥ Ty y

Figure 2.6 Collection of cloacal swabs from a chicken.
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2.5.5 Collection of chicken meat swabs (CMS)

Chicken meat swabs were collected from retail meat shops within a 10 km radius of the selected poultry
farms. In Bangladesh, live bird markets generally involve on-site slaughter and processing of birds
(Figure 2.7). For the collection of CMS, sterile gloves were used and changed between two collections.
The swab was removed from the package carefully and moistened in sterile phosphate-buffered saline
(PBS). Then the swab was wiped over the preferred sites of the carcass. It was moved vertically and
horizontally while applying gentle pressure against the surface. Then it was placed into the tube,

tightening the cap and labelled properly.

Figure 2.7 Live bird market condition and sampling. A. slaughter area with poor hygiene, B. collection

of meat swabs from a chicken.

2.5.6 Collection of domestic animal rectal swabs (DARS)

The animals (cattle and goats) were adequately restrained to avoid any injury during sample collection,
and care was taken not to frighten the animals. Sampling was performed aseptically (Figure 2.8). The
samples were collected using Amies charcoal transport swabs. The swab was removed from the
package, and the cotton bud end of the swab was inserted about 5 cm into the anus and gently rotated

for about 10 seconds. The swab was then removed, placed in the tube and labelled.
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Figure 2.8 Collection of rectal swabs from a goat (left) and a calf (right).

2.5.7 Collection of bird faeces

Faeces from backyard poultry, pigeons, turkeys, and wild birds on the premises of the selected poultry
farms and near the hospital area were collected. The bird droppings I collected were mostly from
pigeons, sparrows, and common mynas. Sterile paper sheets were placed in the chosen areas (around
the sheds on the farms, over the roof of the shed, and under the trees within the farm premises, on the
wall of the hospital boundary and near the dustbin), and then [ waited and checked periodically. At least
1 gram of freshly voided bird faeces was collected from the sterile surface and transferred to Amies
transport media using a transport swab. Due to sampling difficulties and time constraints, I could not

collect the required number of samples from free-flying birds from all the locations.

2.5.8 Collection and processing of water samples

Five points at each sampling site were selected, and water samples were collected from various sources
around the hospital and farms, including drains, ponds, canals and the river (Figure 2.9). The water
sample was collected aseptically using 50 ml sterile falcon tubes. The cap was removed (care was taken
not to touch the underside of the lid), and the tube was filled up to 30 ml by inserting it horizontally to
a depth of approximately 30 cm below the water surface. Then, the cap was closed immediately. The
outside of the falcon tube was sterilised and placed in the tube rack after labelling. The tube rack was

placed in the icebox to avoid sunlight exposure and then transported to the microbiology lab at BAU.
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In the lab, the sample in a falcon tube was centrifuged at 3600 rpm for 10 minutes, and the supernatant
was removed. The pellet was washed twice with 10 ml of Luria Broth. Then, 1.4 ml of sterile Luria
broth was poured into the cryo-tube, and 1 ml of the pellet was added. 600 ul sterile glycerol was added
to the tube and mixed properly to store the bacteria. The tube lid was sealed with parafilm tape and

labelled. Then, they were stored at -80°C in cryoboxes until they were transferred to the UK.

2 \ B NS

Farm wastewater discharge Drain near the poultry farm

Figure 2.9 Collection of water samples from various sources.
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2.5.9 Collection and processing of fly samples

Fly samples were collected using commercially available sticky fly traps placed in carefully chosen
high-risk locations around the poultry farms and the hospital. Fly traps were positioned near waste pits,
dustbins, and open drains as these sites are known aggregation points for synanthropic flies and
represent potential interfaces for the dissemination of antimicrobial-resistant bacteria between animal,
environmental, and human settings (Figure 2.10). At each sampling site, five trap locations were
selected. The selection of trap locations was guided by ecological relevance and accessibility rather than
random spatial sampling. To maintain consistency across sampling rounds, the same types of locations
were targeted at each time point, although exact trap placement varied slightly according to local site

conditions and operational feasibility.

After a 12-hour exposure period, the fly traps were collected carefully, and each trap was kept in a
separate sterile plastic zipper bag. The bags were transported to the microbiology laboratory at BAU.
The number of flies trapped in the fly trap varied depending on the location; however, five flies (one
from each trap) were randomly selected for culture from each sampling site at each time point to
maintain a consistent sample size. Flies from the trap were separated using sterile forceps and placed
into sterile screw cap test tubes (5 ml) containing 3 ml of Luria broth (one fly in one tube). The screw
cap test tubes were incubated at 37°C in a shaking incubator at 200 rpm overnight. To stock, 2.4 ml
Luria broth from the screw cap test tubes was transferred into a cryo-tube, and 600 ul sterile glycerol
was added and mixed properly. The tube lid was sealed with parafilm tape, labelled, and stored at -80°C

in cryo-boxes until it was transferred to the UK.
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Figure 2.10 Flies are trapped in the sticky fly trap.

2.5.10 Methodological considerations in the sampling approach

Although chromogenic UTI agar is primarily designed for urinary pathogens, it was used in this study
as a selective and differential medium to facilitate targeted screening for K. pneumoniae across multiple
sample types. The medium was employed as a supplementary research tool rather than a replacement

for routine diagnostic culture, and all isolates underwent subsequent confirmatory analyses.

Environmental sampling was designed to capture K. pneumoniae populations and resistance signals
from flies and water in epidemiologically high-relevance settings rather than to generate spatially
representative prevalence estimates; findings should therefore be interpreted as indicators of presence

and diversity in high-risk interfaces under a purposive, risk-based sampling strategy.

2.6  Collection of demographic and clinical data

During the collection of rectal swabs from healthy volunteers and samples from patients with UTIs and
SSIs, demographic data and clinical histories were collected. In the case of data collection, the nature
of the study was explained to each participant, and both verbal and written consent were obtained from
them (Figure 2.11). The participants were interviewed based on a standardised case report form (CRF)
developed for this study (Appendix E). In case of patients, the data collected in this study included
participants’ names, age, sex, locality, family member, clinical symptoms, reason for hospitalisation,

ward name, type of specimen, outcome, date of admission, date of sample collection, ongoing
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antibiotics, and antibiotics used during hospitalisation. The data collected from healthy human
volunteers included name, age, sex, locality, family member, animal rearing, sanitary status, previous
hospitalisation history, and previous or current antibiotic use. The metadata collected in this study are

described in Table 2.3.

Table 2.3 Definitions for metadata collected in this study.

Metadata Description

Gender Male or female

Village Based on locality

Occupation Whether the participants were either crop farmers, livestock farmers
or unemployed

Education Whether the participants were educated or uneducated

Methods of waste disposal

Either the household waste was disposed of near the house or away

from the house in the waste pit

Raising domestic animals

Whether the participants raise any domestic animal or not

Own farm

Whether the participants were either farm owners or not

Drinking water availability

Source of daily drinking water (filtered water/tube well water/tap

water)

Consumption of protein

How many days of the week the participants could have the main

protein source, fish or chicken

Toilet facilities

Either a communal or a private toilet

Types of toilets

Water-based flush toilet/ connected to septic tank/ simple pit toilet

Access to soap and water

Whether the participants had access to soap and water after using the

toilet

Previous antibiotic usage

history within three months

Whether the participants had a history of taking antibiotics within

3 months of sampling or not

Antibiotics taken with or
without a prescription from

a physician

Whether the participants started antibiotics after consulting and being

prescribed by a physician or not

Continuation of the

antibiotics

Whether the participants completed the full course of the antibiotics or

discontinued

Previous hospitalisation

history

Whether the patients were admitted to the hospital within the last six

months of sampling

Outcome

Whether the patients were discharged or dead

59




Figure 2.11 Data collection during sampling.

2.7 Transfer of biological specimens from Bangladesh to the UK

Clinical isolates, rectal swabs, and farm samples collected using Amies charcoal transport swabs
(COPAN Diagnostics, VWR, UK) were transported to the UK in UN3373 containers (UN3373,
Lelystad, the Netherlands) with appropriate labelling and proper documentation. The cryo-boxes

containing flies and water samples were placed in UN3373 containers and transported using dry ice.
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2.8 Isolation and identification of bacteria

After receiving the samples at my laboratory at the University of Oxford, clinical isolates from UTIs
and SSIs were subcultured onto chromogenic UTI agar with vancomycin (10 mg/L) (Liofilchem,
Roseto, Italy). Swab samples were initially plated onto chromogenic UTI agar containing vancomycin
(10 mg/L), and then green colonies were picked and subcultured to obtain pure isolates. The growth
conditions used for all strains were overnight incubation aerobically at 37°C. Fly samples were diluted
1:2000 (999.5 pl of sterile fresh Luria broth + 0.5 pl of growth from cryotube) in an eppendorf tube,
and 100 pl from the tube was spread into chromogenic UTI agar with vancomycin (10 mg/L) using a
spreader. In the case of water, 100 pl of the sample from the cryotube was transferred and spread into
the chromogenic UTI agar plate with vancomycin. In both cases, the plates were incubated at 37°C
overnight. Green colonies were picked and subcultured for the purification of colonies. Bacteria were
isolated by colony colour and morphology on chromogenic UTI agar plates. The species were identified
by Matrix-Assisted Laser Desorption/Ionisation—Time of Flight Mass Spectrometry, MALDI-TOF MS
(Bruker Daltonics, Bremen, Germany). A colony of each isolate from the pure culture was picked up
with a sterile wooden stick/toothpick. The colony was spread in two spots of MSP 96 ceramic target
(Bruker Daltonik GmbH, Germany) and covered with 1uL of HCCA matrix for MALDI-TOF MS
(Bruker Daltonik GmbH, Germany) and left to dry at room temperature. The MALDI-TOF MS was
performed using a Micro-flex LT instrument (Bruker Daltonik, Germany) operated in the linear positive
ion mode (mass range 2—20 kDa) using Flex Control 3.3 software (Bruker Daltonik, Germany). The
MALDI-TOF results were printed, and the isolates were labelled accordingly. All confirmed isolates
were cryopreserved at —80 °C using cryopreservation storage beads (Technical Service Consultants Ltd,
Lancashire, UK). WGS subsequently confirmed Klebsiella isolates identified by MALDI-TOF MS at
the Illumina NovaSeq 6000 platform (Illumina Inc., San Diego, CA, USA), and only WGS-confirmed

Klebsiella isolates were included for analysis.
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2.9

Determination of phenotypic resistance patterns

Minimum inhibitory concentration (MIC) was determined to assess the phenotypic resistance of K.

pneumoniae and related species according to the latest guidelines outlined by European Committee on

Antimicrobial Susceptibility Testing (EUCAST) (v.12.0) (EUCAST, 2022). The same interpretive cut-

offs were applied uniformly across all isolates, irrespective of sample sources. The agar dilution method

was implemented to determine the MIC of clinically relevant antimicrobials (Andrews, 2001). Sixteen

antimicrobials

(amoxicillin-clavulanic

acid,

piperacillin-tazobactam,

ceftazidime-avibactam,

cefotaxime, cefepime, imipenem, meropenem, ciprofloxacin, levofloxacin, aztreonam, amikacin,

gentamicin, tigecycline, fosfomycin, and colistin) underwent MIC testing in this study (Table 2.4).

Table 2.4 Details of antimicrobials and inhibitors used for susceptibility testing.

Name Abbreviation | Breakpoint Manufacturer Solvent | Diluent

Amikacin AMK (S<8, R>8) Sigma-Aldrich, Water Water
Missouri, USA

Amoxicillin- | AMC (S<8, R>B) Sigma-Aldrich, DMSO+ | Water

clavulanate Missouri, USA NaHCO3

(4:1) /Water

Aztreonam ATM (S<1,R>4) Sigma-Aldrich, NaHCO3 | Water
Missouri, USA

Cefepime FEP (S<1,R>4) Thermo Fisher Water Water
Scientific Inc., MA,
USA

Cefotaxime CTX (S<1,R>2) MedChemExpress, | Water Water
NJ, USA

Ceftazidime CAZ (S<1,R>4) MedChemExpress, | NaHCO3 | Water
NJ, USA

Ceftazidime- | CZA (S<8, R>B) MedChemExpress, | NaHCO3 | Water

avibactam NJ, USA + Water

Ciprofloxacin | CIP (S§<0.25, R>0.5) | Sigma-Aldrich, 1 ml Water
Missouri, USA HCL +

Water

Colistin CST (82, R>2) Sigma-Aldrich, Water Water

Missouri, USA

Table continued.
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Name Abbreviation | Breakpoint Manufacturer Solvent | Diluent

Fosfomycin- FOS (S<8,R>%) Sigma-Aldrich, Water Water

Glucose-6- Missouri, USA

Phosphate

Gentamicin GEN (S<2,R>2) Sigma-Aldrich, Water Water
Missouri, USA

Imipenem IPM (S<2,R>4) Sigma-Aldrich, NaHCO3 | Water
Missouri, USA

Levofloxacin | LVX (8<0.5, R>1) Sigma-Aldrich, Water Water
Missouri, USA

Meropenem MEM (82, R>8) Sigma-Aldrich, Water Water
Missouri, USA

Piperacillin- TZP (S<8, R>B) LKT Laboratories, | DMSO + | Water

tazobactam MN, USA NaHCO3

Tigecycline TGC (8<0.5, R>0.5) Sigma-Aldrich, Water Water

Missouri, USA

S, sensitive; R, resistant.

Mueller Hinton agar plates containing antibiotics of interest ranging from 0.06 pug/ml to 64 pg/ml were
prepared, and 10* CFU/spot of each strain of up to 96 bacterial colonies per plate were applied by multi-
point inoculator. The plates were then incubated overnight at 37°C. The lowest concentration of the
plate showing no growth was the MIC value of the strain. AST were interpreted according to EUCAST
clinical breakpoints or epidemiological cut-off (ECOFF) value (EUCAST, 2022). K. pneumoniae
ATCC 700603 strain was used as the reference strain for determining MIC values. All antibiotics were
prepared to a concentration of 2560 mg/L (stock A), with serial dilution to reach the desired
concentration (Table 2.5). Stock solutions were prepared using the following formula:
1000 xVxC=W
Potency x 10

P = potency given by the manufacturer (ug/mg)

V = volume required (mL)

C = final concentration of solution (multiples of 1000) (mg/L)

W = weight of antibiotic in mg to be dissolved in volume V (mL).
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Table 2.5 Serial dilution of antimicrobials to reach the desired concentration.

Stock solution Serial dilution Concentration
(ng/ml)
Stock A 880 ul of stock A in 35 ml agar 64
(2560 mg/L) 440 pl of stock A in 35 ml agar 32
220 pl of stock A in 35 ml agar 16
110 pl of stock A in 35 ml agar 8
Stock B (80 mg/L: 500 pl of stock 1.75 ml of stock B in 35 ml agar 4
A+15.5 ml solvent)
880 ul of stock A in 35 ml agar 2
440 pl of stock A in 35 ml agar 1
220 pl of stock A in 35 ml agar 0.5
110 pl of stock A in 35 ml agar 0.25
Stock C (2.5 mg/L: 500 pl stock B+ | 1.75 ml of stock B in 35 ml agar 0.125
15.5 ml solvent)
880 ul of stock A in 35 ml agar 0.06

2.10  Whole genome sequencing

2.10.1 DNA extraction

QIAcube automated extraction system (Qiagen, Hilden, Germany) was used for extracting DNA. For
DNA extraction, firstly, I revived my isolates from -80°C by culturing them on UTI chromogenic agar
at 37°C overnight. Then, a pure isolated bacterial colony was subcultured into an eppendorf containing
2 ml of fresh Luria broth and incubated for five hours at 37°C in a shaking incubator. After five hours
of incubation, 18 pl of chloramphenicol (prepared by adding 18 mg of chloramphenicol to 1ml freshly
prepared 70% ethanol) was added to each eppendorf and again set in the shaking incubator for another
hour. After six hours, the culture was centrifuged at 13,000 rpm for 10 minutes. The supernatant was
then discarded, and the pellet was used for DNA extraction using QIAcube (Qiagen, Hilden, Germany)

according to the manufacturer's protocol. The extracted DNA was preserved at -20°C until use.
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2.10.2 DNA quantification

The resulting genomic DNA was quantified using Qubit 3.0 (Thermo Fisher Scientific, Waltham, USA).
For each standard sample and DNA sample, 200 pl of working solution was prepared by diluting the
Qubit reagent 1:200 in Qubit buffer. Assay tubes for standards were prepared by mixing 10 pl of the
standard and 190 pl of the working solution. From each DNA sample, 2 pl of DNA was added into 198
pl working solution to measure the DNA concentration. Following 2 minutes of incubation at room
temperature, assay tubes were inserted in the Invitrogen Qubit Fluorometer (Thermo Fisher Scientific,

Waltham, USA) to take the readings.

2.10.3 Short read sequencing

For my study isolates, short-read sequencing was performed by MicrobesNG (Birmingham, UK) using
the Illumina NovaSeq 6000 platform (Illumina Inc., San Diego, CA, USA) with an intended sequencing
depth of approximately 30x coverage per isolate. Prior to shipment, isolates were revived from -80°C
and cultured on UTI chromogenic agar plates at 37°C. After overnight incubation, a single colony from
an agar plate was mixed with 200 pl of 1x PBS, of which 100 pl was added to 10 ml of sterile Luria
broth. The bacterial cells in Luria broth were incubated at 37°C in a shaking incubator for 6 hours to
obtain an optical density (OD600) of 1. The harvested bacterial cells in broth were then centrifuged at
8000 rcf for 3 minutes. After discarding the supernatant, the bacterial pellet was washed twice with 1
ml PBS. The pellet was resuspended with 0.5 ml of 1x DNA Shield buffer, provided by the sequencing
service (https://microbesng.com/). The bacterial cells in DNA Shield buffer were transferred into a 2 ml
screw cap tube, labelled and then shipped for sequencing to MicrobesNG (Birmingham, UK). For each
isolate, sample information and the expected species were uploaded to the MicrobesNG online system.
MicrobesNG generated paired-end Illumina reads and performed primary read-level and sample-level

quality control (QC).

2.10.4 Long read sequencing

Long-read sequencing was performed on the PromethION platform (Oxford Nanopore Technologies,

Oxford, UK). Genomic libraries for long read sequencing were prepared using Rapid Barcoding Kit 96
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V14Q20+ Kitl4 (SQK-RBK114.96) and barcoded DNA loaded onto R10.4.1 flow cell (FLO-
PRO114M) following the manufacturer’s protocol. Sequencing was run on PromethION 2 Solo using

MinKNOW Software (24.02.8), producing raw signal data in pod5 format.

2.11 Bioinformatic analysis

2.11.1 Assembly and quality assessment workflow of sequencing data

Bioinformatic processing followed a structured workflow comprising read-level QC, de novo assembly,
and assembly-level QC. Illumina paired-end reads were generated by MicrobesNG (Birmingham, UK)
to an expected sequencing coverage (depth and breadth) of 30x per isolate. MicrobesNG performed
initial read processing and QC, including adapter removal and quality trimming using Trimmomatic.
Post-trimming assessment was performed using MicrobesNG in-house scripts that incorporated bwa-

mem, SAMtools, and BedTools to summarise read- and mapping-based metrics.

To verify sample identity and assess potential contamination or mixed cultures, MicrobesNG generated
taxonomic composition summaries using Kraken, reporting the proportion of unclassified reads and the
most abundant and second-most abundant taxa at family and genus levels, as well as the most abundant
species. The report additionally included the proportion of reads assigned to Escherichia coli as a
specific indicator of potential non-target signal. Assembly-level QC metrics were calculated using
QUAST, and MicrobesNG flagged samples with atypical GC% and/or assembly size relative to the
declared taxon. In addition, 16S rRNA gene sequences detected in assemblies were compared against

the SILVA 16S database to provide an independent check of sample taxonomy.

For Illumina short reads, additional read-level QC was performed using FastQC (v.0.11.9) and read
were assembled into contigs (.fasta) using Shovill, which incorporated adapter trimming, assembly with
SPAdes/SKESA/Megahit, and correction of minor assembly errors (v.1.1.0-foss-2018b-Python-2.7.15).
Assembly metrics were evaluated using Quast (v.2.1), including total assembly length, number of
contigs, N50, GC%, and related statistics. The de novo assemblies were then annotated using Bakta

(v.1.9.3).
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Assemblies were considered consistent with K. pneumoniae when overall genome size (approximately
5.5 Mbp) and GC content (around 57.08%) aligned with expectations for the species and when
taxonomic profiling (Kraken) and in-house species confirmation on assembled contigs (KmerFinder
v.3.0.2) supported K. pneumoniae as the dominant organism. Assemblies that were inconsistent with
expected Klebsiella genome characteristics (e.g., unusually large/small genome size, atypical GC%, or
extreme fragmentation, high contig counts, very low N50) were flagged and reviewed alongside Kraken
taxonomic profiles and provider QC outputs. Where Kraken and/or provider QC indicated substantial
proportions of non-Klebsiella reads, or where other QC indicators suggested mixed species, isolates
were treated as potentially contaminated and excluded from K. pneumoniae-specific downstream
comparative analyses unless single-colony purification and re-sequencing yielded taxonomically

consistent reads and assemblies.

For long-read sequencing, the raw data (.pod5) were processed using the Dorado basecaller (v.0.7.2) to
obtain raw reads in FASTQ format. Then duplex basecalling was performed using
dna r10.4.1 e8.2 400bps_sup@v4.2.0 model. The reads were assembled into contigs using Flye
(v.2.9.4), followed by assembly polishing using Medaka (v.1.12.0). Where both data types were
available, Unicycler (v.0.5.0) was used to yield hybrid assemblies integrating both short reads (.fastq)

and long reads (.fastq) data to improve assembly contiguity and plasmid resolution.

2.11.2 Genomic characterisation of assemblies

Whole-genome assemblies were analysed using a combination of pipelines and databases from the
Centre for Genomic Epidemiology (CGE, https://www.genomicepidemiology.org) and other curated
resources. The de novo assemblies were subjected to downstream analysis using an in-house pipeline
that incorporated KmerFinder (v.3.0.2) for species identification on assembled contigs, pubMLST
database for multilocus sequence typing (MLST) and ABRicate against curated databases including
ResFinder (v.4.6.0) and CARD (Comprehensive Antibiotic Resistance Database, v.4.0.1) for AMR
genes screening, VFDB (Virulence Finder Data Base) (v.3.2.0) for detecting virulence-associated genes,

and PlasmidFinder (v.2.1.1) to screen plasmid replicon types. Additionally, Kleborate (v.3.0) was used

67



to determine virulence and AMR profiles, while Kaptive was used to identify surface antigens (K and

O antigen loci) of K. pneumoniae (Wyres et al., 2016; Lam et al., 2021).

2.12 Phylogenetic analysis

To investigate evolutionary relationships among the Klebsiella isolates, a core-genome phylogeny was
inferred using a mapping-based workflow followed by tree inference and visualisation. Read mapping,
variant calling, and generation of a pseudogenome alignment from high-quality positions were
performed using Bactmap (v.1.0.0). The aligned sequences were then processed with the VeryFastTree
(v.4.0), an optimised variant of the FastTree algorithm, to construct an approximately maximum-

likelihood (ML) phylogenetic tree.

VeryFastTree was selected due to its scalability and computational efficiency, enabling the analysis of
large bacterial genomic datasets with reduced run time (Pificiro & Pichel, 2024). The tree file generated
was subsequently uploaded to the Interactive Tree of Life (iTOL, v.6) platform for visualisation. iTOL
was employed to annotate and customise the phylogenetic tree, including the integration of metadata

such as sample origin, AMR profiles, and other epidemiological characteristics.

In addition to the core genome ML phylogeny, allele-based relatedness was summarised using minimum
spanning trees constructed from core genome MLST profiles. These minimum spanning trees were used
to visualise clustering patterns and the distribution of STs and species across the dataset. For the ST-
focused analysis, a core genome MLST-based minimum spanning tree (“GrapeTree”) was generated
and annotated using ReporTree (web-based pipeline) to visualise the distribution of isolates across STs
and related clusters (Mixao et al., 2023). Another minimum spanning tree was constructed from the

core loci and annotated using GrapeTree to summarise inter-species structure (Zhou et al., 2018).

For fine-scale genetic distance estimation, SNP (single-nucleotide polymorphism) calling was
performed using Snippy (v.4.4.5), followed by recombination removal using Gubbins (v.2.3.4)
(Croucher et al., 2015), and pairwise SNP calculation using pairsnp (v.0.0.7) (GitHub, 2018). SNP-

based network graphs were deployed to plot putative transmission and epidemiological links using
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Cytoscape (v.3.10.1) with the clusters having the following criteria: 1) contained isolates that differed
by <30 SNPs, 2) contained clinical isolates, and 3) consisted of at least five isolates (Stimson et al.,

2019; Azarian & Black, 2024).

2.13 Plasmid analysis and visualisation

Plasmid assemblies and annotations were performed using Geneious Prime (v.2025.2.2, Biomatters
Ltd.), which enabled the detection of plasmid backbones, AMR genes, and associated mobile elements.
Plasmid-based clustering was performed using plasmid replicon presence—absence profiles identified
by PlasmidFinder. Replicon data were encoded as binary variables, and pairwise dissimilarities between
isolates were calculated using Jaccard distance (Jaccard, 1901; Legendre & Legendre, 2012).
Hierarchical clustering was conducted using average linkage to assess similarity in plasmid content
across isolates. To compare plasmid sequences, the BLAST Ring Image Generator (BRIG, v.0.95)
(Alikhan et al., 2011) was used, providing visual insights into sequence homology and structural
differences. High-resolution linear plasmid maps were then generated and refined with EasyFig

(v.2.2.5), a genome visualisation platform, to highlight regional similarities across plasmids.

2.14 Statistical analysis

Statistical analyses were performed using IBM SPSS Statistics (v.30.0). Associations between
categorical variables were assessed using the Chi-square (?) test, Fisher’s exact test, where appropriate.
Univariate logistic regression analysis was used to estimate odds ratios and 95% confidence intervals.
For comparisons involving outcomes expressed as counts with varying denominators across groups,
log-linear Poisson regression models incorporating a log offset were applied to estimate prevalence
ratios (PRs) and corresponding 95% confidence intervals. Where applicable, multivariate models with
nested effects were applied to account for clustering of isolates nested within higher-level groupings.

Statistical significance was defined as p<0.05.
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Chapter 3

A One Health Approach to Investigate the Prevalence of Klebsiella

pneumoniae in Mymensingh District of Bangladesh
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3.1 Introduction

Klebsiella pneumoniae is a prominent member of Gram-negative Enterobacterales responsible for a
wide range of infections in humans, animals, and the environment, making it a significant public
health concern. It is typically an opportunistic hospital-associated pathogen causing pneumonia,
urinary tract infections (UTIs), wound infections and bloodstream infections (BSIs), particularly in
neonates and immunocompromised patients (Lam et al., 2021). It can act as an aggressive pathogen,
causing severe CAls, including soft tissue infections, pyogenic liver abscesses and meningitis,
especially in diabetic and alcoholic patients (Stojowska-swedrzynska et al., 2021). K. pneumoniae
can cause diseases in farm animals, such as mastitis in cattle, endometritis, infertility in the mare,
and upper respiratory tract infections in the broiler (Zheng et al., 2022; Song et al., 2023; Alchalaby
et al., 2024; Scholtz et al., 2024). This bacterium is frequently found in water, soil, sewage, and
hospital wastewater, likely owing to contamination that contributes to its environmental persistence

(Denissen et al., 2022).

K. pneumoniae exhibits a complex transmission cycle across humans, animals, and the environment
(Wyres & Holt, 2018). Human-to-human transmission primarily occurs in healthcare settings
through direct contact (e.g., contaminated hands of healthcare personnel) or indirect contact (via
fomites, medical devices, and hospital surfaces) (Podschun & Ullmann, 1998). Contaminated meat
and dairy products may serve as foodborne transmission routes, leading to human colonisation and
infections. Farmers, veterinarians, and animal handlers are at higher risk of exposure due to close
contact with colonised animals (Zong et al., 2021). Contaminated water sources, particularly those
affected by hospital or agricultural runoff, insects, and flies, can serve as a medium for the
dissemination of antimicrobial-resistant strains (Hassan et al., 2021; Zhang et al., 2023; Cook et al.,
2025). Biofilms formed on medical equipment, water pipes, and wastewater treatment facilities
enhance the survival and transmission potential of this bacterium (Shankar er al., 2019). K
pneumoniae generally shows a higher transmission rate compared to Escherichia coli, particularly
in healthcare environments, due to biofilm formation and environmental persistence (Wyres & Holt,
2018). The presence of mobile genetic elements (e.g., plasmids, integrons, transposons) allows
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horizontal transfer of resistance genes between environmental, animal, and human strains (Peirano
et al., 2020). The emergence of MDR and hypervirulent strains of K. prneumoniae has further
compounded its threat (Wyres et al., 2020). The transmission of K. pneumoniae across humans,
animals, and environmental reservoirs makes it a key pathogen within the One Health framework

(Wyres & Holt, 2018).

In Bangladesh, the prevalence of K. pneumoniae infections has been a growing concern, with limited
data available on its distribution across different ecosystems. Several studies have highlighted the
prevalence of K. pneumoniae in different regions of Bangladesh. For instance, a study conducted in
Chattogram reported a significant presence of MDR K. pneumoniae in clinical isolates (Tanni ef al.,
2021). A recent study from Dhaka found a high prevalence of CR-KP in both human stool samples
and household water sources, indicating potential environmental reservoirs (Kar et al., 2024). These

findings underscore the widespread nature of K. pneumoniae across various settings in Bangladesh.

Mymensingh district, situated in the northern part of the country, offers a unique environment to
investigate the prevalence of K. pneumoniae due to its dynamic interplay between humans, livestock,
and the environment. Mymensingh city exhibits a high population density, with approximately
44,458 individuals per square kilometre, making it one of the most densely populated cities in
Bangladesh, serviced by a single government tertiary care hospital. As of the 2022 census,
Mymensingh District in Bangladesh has a population of 5,899,005 with a population density of about
1,400 people per square kilometre (Mymensingh - Wikipedia). Mymensingh is a notable hub for
poultry farming in Bangladesh, encompassing both small-scale backyard hobby farms to large
commercial enterprises. Studies indicate that in selected areas of Mymensingh, the average
household rears approximately 10.4 chickens and 9.95 ducks (Alam et al., 2014). The district is also
prominent in dairy farming activities (Rahman ez al., 2020). As a region with significant agricultural
activity, particularly in poultry and dairy farming, close human-animal-environment interactions
may contribute to the spread and persistence of K. pneumoniae (Khan et al., 2020; Nahar et al., 2022;
Supty et al., 2023). Furthermore, the overuse of antibiotics in human healthcare and animal

husbandry exacerbates the risk of resistance development (Noman et al,, 2024). Considering the
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facts, this chapter aims to adopt a One Health approach to investigate the prevalence of K.
pneumoniae in Mymensingh district. Adopting a One Health approach, which integrates human,
animal, and environmental health, offers a comprehensive framework to understand this issue, which
will help to track AMR trends and inform strategies for effective surveillance and intervention in the

region.
The specific objectives for this chapter are as follows:

1. To estimate the prevalence of K. prneumoniae from various sample sources and to
investigate whether the prevalence significantly varies across these sources.

2. To investigate whether the prevalence of K. pneumoniae from individual sample sources
significantly varies between different sampling locations.

3. To examine the variation in the prevalence of K. pneumoniae from individual sample

sources across different sampling periods.
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3.2 Results

3.2.1 Prevalence of K. pneumoniae in various samples

A total of 3759 samples were collected from humans (rectal swabs from healthy human volunteers,

urine from outpatients with suspected UTIs, and wound swabs from patients with SSIs admitted to

the ward), farms (CCS, CMS, DARS, BF) and the environment (water, flies) in Mymensingh,

Bangladesh, from December 2021 to March 2023. The study outline is illustrated in Figure 3.1. The

overall prevalence of K. pneumoniae isolated from various samples in the study area was 14.4 %

(541/3759), with the highest prevalence (36.4%, 80/220) in flies (Table 3.1).
g p

Table 3.1 Prevalence of K. pneumoniae from various sample sources.

Sample source Number of K- pueumontae Prevalence
samples positive

Water 220 25 11.4%
Flies 220 80 36.4%
Chicken cloacal swabs, CCS 200 62 31.0%
Chicken meat swabs, CMS 200 54 27.0%
Domestic animal rectal swabs, DARS 200 15 7.5%
Bird faeces, BF 75 13 17.3%
Urinary tract infections, UTIs 1170 14 1.2%
Surgical site infections, SSIs 814 93 11.4%
Human rectal swabs, HRS 660 185 28.0%
Total 3759 541 14.4%
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Collection of samples and epidemiological data between December 2021 and March 2023
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Figure 3.1 Schematic flow diagram of the study.

N, number; HRS, human rectal swabs; UTIs, urinary tract infections; SSIs, surgical site infections;
CCS, chicken cloacal swabs; CMS, chicken meat swabs; DARS, domestic animal rectal swabs; BF,
bird faeces; WASH, water, sanitation and hygiene; MALDI-TOF MS, matrix-assisted laser

desorption/ionisation time-of-flight mass spectrometry; MLST, multi-locus sequence typing.
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In addition to estimating prevalence, differences in K. pneumoniae positivity across various sample
sources were evaluated using a log-linear Poisson regression model with a log offset for the total
number of samples tested per source, thereby accounting for unequal sampling denominators. Using
BF as the reference category, K. pneumoniae positivity was significantly higher in flies (prevalence
ratio, PR, 2.10; 95% CI: 1.17-3.77; p=0.013). Although elevated prevalence ratios were also
observed for CCS (PR, 1.79; 95% CI: 0.98-3.25) and HRS (PR, 1.62; 95% CI: 0.92-2.84), these

associations did not reach conventional levels of statistical significance (Table 3.2).

Table 3.2 Log-linear (Poisson) regression analysis of K. pneumoniae positivity across different

sample sources.

Sample source | K. pneumoniae K. pneumoniae p- PR 95% CI
positive (n =541) | negative (n = 3218) value

Water (n=220) | 25 (4.6%) 195 (6.1%) 0.217 | 0.66 0.34-1.28
Flies (n=220) 80 (14.8%) 140 (4.4%) 0.013 2.1 1.17-3.77
CCS (n=200) 62 (11.5%) 138 (4.3%) 0.057 1.79 0.98 -3.25
CMS (n=200) 54 (10.0%) 146 (4.5%) 0.151 1.56 0.85-2.85
DARS (n=200) | 15 (2.8%) 185 (5.7%) 0.027 |0.43 0.21-0.91
BF (n=75) 13 (2.4%) 62 (1.9%) — — —

UTIs (n=1170) | 14 (2.6%) 1156 (35.9%) <0.001 | 0.07 0.03-0.15
SSIs (n=814) 93 (17.2%) 721 (22.4%) 0.159 | 0.66 0.37-1.18
HRS (n=660) 185 (34.2%) 475 (14.8%) 0.094 1.62 0.92 -2.84

A log-linear Poisson regression model with a log offset for the total number of samples tested per
source was used to estimate prevalence ratios (PRs) of K. pneumoniae positivity across sample
sources. Observed counts and percentages are presented for descriptive purposes. Bird faeces (BF)
was used as the reference category; therefore, PRs, confidence intervals (CI) and p-values are not
shown for this group. Values in parentheses indicate column percentage. Statistical significance was
set at p<0.05. n, number; CCS, chicken cloacal swabs; CMS, chicken meat swabs; DARS, domestic
animal rectal swabs; UTIs, urinary tract infections; SSIs, surgical site infections; HRS, human rectal

swabs.
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3.2.2 Prevalence of K. pneumoniae in various sampling locations

Samples were collected from five different subdistricts in the Mymensingh district of Bangladesh.
Clinical samples were collected only from Mymensingh Medical College Hospital (MMCH). Farm
samples were collected from a broiler and a layer farm in each selected subdistrict, whereas human
and environmental samples were collected within a 10 km radius of the selected poultry farms and
the MMCH. The distribution of K. pneumoniae in different sampling sites isolated from various

sources is presented in a tabular form (Table 3.3).

Using log-linear Poisson regression models with offsets for the number of samples tested, spatial
variation in K. pneumoniae positivity was evaluated for flies, CCS and CMS across different
subdistricts. Within each sample source, Gauripur was used as the reference subdistrict for estimation
of prevalence ratios. Other sample sources, including BF, DARS, water and HRS, were not included
in spatial regression analyses due to sparse counts, zero events in multiple subdistricts, or non-
comparable sampling frameworks. Clinical samples (UTIs and SSIs) were also excluded from the
analysis since they were collected only from MMCH in the Mymensingh Sadar subdistrict. In case
of flies, K. pneumoniae positivity was significantly higher in Mymensingh Sadar (33/60, 55.0%)
(»=0.002). For CCS, K. pneumoniae positivity was significantly higher in Trishal (18/40, 45.0%)

(p=0.032) (Table 3.4).

77



Table 3.3 Distribution of K. pneumoniae across selected subdistricts with respective sampling sites from different sources.

Attributes Subdistricts with respective sampling sites in each subdistrict

Mymensingh Sadar Muktagachha Trishal Gauripur Tarakanda
Source MMCH MyB MyL MkB MkL TrB TrL GB GL TaB TaL
Water (n=25) 6 4 - 3 3 5 - 2 2 - -
Flies (n=80) 12 11 10 4 3 5 5 5 12 5 8
CCS (n=62) — 9 4 13 2 10 8 3 6 4 3
CMS (n=54) — 5 6 - 2 6 9 7 7 9 3
DARS (n=15) - 2 3 2 1 - 2 1 2 1 1
BF (n=13) - 8 — - 3 - 2 - - - -
UTIs (n=14) 14 - - - - - - - - - -
SSIs (n=93) 93 - - - - - - - - — -
HRS (n=185) 15 19 20 12 13 20 18 13 19 18 18
Kp positive 140 58 43 34 27 46 44 31 48 37 33
Total Sample 2084 207 160 160 169 160 168 165 160 164 162
Prevalence, % 6.7 28.0 26.9 213 16.0 28.8 26.2 18.8 30.0 22.6 20.4

n, number; CCS, chicken cloacal swabs; CMS, chicken meat swabs; DARS, domestic animal rectal swabs; BF, bird faeces; UTIs, urinary tract infections; SSIs,
surgical site infections; HRS, human rectal swabs; MMCH, Mymensingh Medical College Hospital; MyB, Mymensingh broiler; MyL, Mymensingh layer;
MkB, Muktagachha broiler; MkL, Muktagachha layer; TrB, Trishal broiler; TrL, Trishal layer; GB, Gauripur broiler; GL, Gauripur layer; TaB, Tarakanda

broiler; Tal, Tarakanda layer farms.
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Table 3.4 Log-linear (Poisson) regression analysis of K. pneumoniae positivity across different

subdistricts for selected sample sources.

Sample Subdistrict K. pneumoniae PR 95% CI p-value

source (positive/total, %)

Flies Mymensingh Sadar 33/60 (55.0) 2.04 1.29-3.23 | 0.002
Muktagachha 7/40 (17.5) 0.41 0.19-0.90 | 0.026
Trishal 10/40 (25.0) 0.62 032-1.21 |0.162
Tarakanda 13/40 (32.5) 0.86 0.47-1.57 |0.617
Gauripur (Ref)) 17/40 (42.5) 1 — —

CCS Mymensingh Sadar 13/40 (32.5) 1.18 0.64-2.17 | 0.593
Muktagachha 15/40 (37.5) 1.42 0.79 -2.58 | 0.245
Trishal 18/40 (45.0) 1.85 1.06 —3.25 | 0.032
Tarakanda 7/40 (17.5) 0.78 0.37-1.64 | 0.516
Gauripur (Ref)) 9/40 (22.5) 1 — —

CMS Mymensingh Sadar 11/40 (27.5) 0.79 0.42—-1.48 |0.46
Muktagachha 2/40 (5.0) 0.16 0.04-0.68 | 0.012
Trishal 15/40 (37.5) 1.07 0.61-1.90 | 0.812
Tarakanda 12/40 (30.0) 0.86 0.47 -1.57 | 0.631
Gauripur (Ref)) 14/40 (35.0) 1 — —

Log-linear Poisson regression models with a log offset for the total number of samples tested per
subdistrict were fitted separately for flies, CCS (chicken cloacal swabs), and CMS (chicken meat swabs)
to estimate prevalence ratios (PRs) of K. pneumoniae positivity across five different subdistricts. Within
each sample source, Gauripur was used as the reference (Ref.) subdistrict. Positivity is presented as the
number of K. pneumoniae—positive samples divided by the total number tested, with percentages shown
in parentheses. Sample sources with sparse counts or non-comparable sampling frameworks were

excluded from spatial modelling. Statistical significance was defined as p<0.05.

Study participants with suspected UTIs (n=1170) were from various areas within (n=1150) and outside
(n=20) the Mymensingh district. Among the study areas, the highest number of participants were from
Mymensingh Sadar subdistrict (53.9%, 631/1170), followed by Trishal (8.1%, 95/1170), Tarakanda

(6.4%, 75/1170), Gauripur (4.4%, 51/1170) and Muktagachha (3.7%, 43/1170). Of the 14 patients with
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confirmed UTIs by K. pneumoniae, 12 were from the Mymensingh Sadar subdistrict, while one was
from Trishal and one from Tarakanda. When comparing patients from different subdistricts, the odds of
K. pneumoniae positivity among patients with suspected UTIs was significantly higher among those
from Mymensingh Sadar (OR, 5.21; 95% CI: 1.16-23.36, p=0.031) (Table 3.5). Out of 814 hospitalised
patients with SSIs, K. pneumoniae was recovered from the wound swabs of 93 patients, of which 92.5%
(86/93) were considered as hospital-acquired infections (samples were collected after 48 hours of

hospital admission).

Table 3.5 Univariate logistic regression analysis for odds of K. pneumoniae positivity across patients

suspected of UTIs from different subdistricts.

K. pneumoniae | K. pneumoniae

Subdistrict p-value | OR 95% CI
positive (n=14) | negative (1156)

Mymensingh 0.031 5.205 | 1.160 - 23.361
12 (85.7%) 619 (53.5%)

Sadar (n=631)

Trishal (n=95) 1(7.1%) 94 (8.1%) 0.893 0.869 | 0.112-6.716

Tarakanda (n=75) | 1 (7.1%) 74 (6.4%) 0.910 1.125 | 0.145-8.715

Univariate logistic regression was used to examine associations between the subdistrict of residence
and K. pneumoniae positivity among individuals with suspected UTIs. Odds ratios (ORs) with 95%
confidence intervals (Cls) represent relative odds of K. pneumoniae detection within this clinical cohort.

Values in parentheses indicate column percentage. Statistical significance was set at p<0.05.

3.2.3 Prevalence of K. pneumoniae in different sampling periods

Samples were collected from farms, human volunteers, and the environment every four months during
the 16-month sampling period. In contrast, hospital samples were collected continuously throughout
this period. To observe the effect of seasonal variation on prevalence, the sampling period was divided

into four quarters, each lasting four months (Table 3.6).

80



Table 3.6 Sampling periods with respect to months and seasons of the year.

Sampling quarter Month and year Season
December 2021 — January 2022 Winter
Quarter 1 (Q-1)
February 2022 — March 2022 Spring
April 2022 — May 2022 Summer
Quarter 2 (Q-2)
June 2022 — July 2022 Monsoon
August 2022 — September 2022 Autumn
Quarter 3 (Q-3)
October 2022 — November 2022 Late autumn
December 2022 — January 2022 Winter
Quarter 4 (Q—4)
February 2023 — March 2023 Spring

The average climatic parameters of Mymensingh during different months of the year were retrieved
from Weather Atlas (https://www.weather-atlas.com/en/bangladesh/mymensingh-climate, last updated
on 30 Jan 2024). Weather data of the Mymensingh region shows that April is the warmest month, with
the highest average high temperature of 33.4°C, while January is the coldest month, with the lowest
average low temperature of 11°C (Figure 3.2). June is the wettest month, recording the highest
precipitation at 469 mm, while December is the driest month, receiving only 2 mm of rainfall (Figure
3.3). Regarding relative humidity, June and August have the highest levels at 75%, whereas March
experiences the lowest relative humidity at 32% (Figure 3.4). Analysis according to the sampling
periods shows that during the months of December, January, March, and April, which encompass winter
and spring, the average temperature, rainfall, and humidity remain low. April and May comprise
summer when the average temperature reaches its peak and precipitation humidity starts rising. Then,
the monsoon remains in June and July, when the highest precipitation occurs, and the temperature
remains warmer. The months of August, September, October and November comprise autumn and late
autumn. During August and September, average temperature, precipitation and humidity remain higher

and feel warmer. However, temperature, precipitation, and humidity start to decline during late autumn.
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Figure 3.2 The average temperature of Mymensingh, Bangladesh. This line graph shows the average

low and high temperatures throughout the year in Mymensingh, Bangladesh.
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Figure 3.3 The average precipitation in Mymensingh, Bangladesh. This line graph shows the average

rainfall in different months in Mymensingh, Bangladesh.
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Figure 3.4 The average humidity in Mymensingh, Bangladesh. The bar chart shows the monthly
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average humidity level in Mymensingh, Bangladesh.

Quarterly analysis of K. pneumoniae isolated from various samples across different sampling quarters
showed overall higher prevalence in the second (17.3%, 179/1034) and third (16.4%, 177/1080) quarter

samples compared to the first (13.0%, 96/741) and fourth (9.8%, 89/904) quarter samples (Figure 3.5).
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Figure 3.5 Prevalence of K. pneumoniae isolated from various sources across different sampling
quarters. CCS, chicken cloacal swabs; CMS, chicken meat swabs; DARS, domestic animal rectal

swabs; BF, bird faeces; UTIs, urinary tract infections; SSIs, surgical site infections; HRS, human rectal
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swabs; Q-1, Quarter-1 (December 2021 — March 2022); Q2, Quarter-2 (April 2022 — July 2022); Q3,

Quarter-3 (August 22 — November 2022); Q4, Quarter-4 (December 2022 — March 2023).

Temporal variation in K. pneumoniae positivity by sample source was evaluated using log-linear
Poisson regression models with offsets, with the December—March period (Quarter 1 and Quarter 4) as
the reference category (Table 3.7). For flies, K. pneumoniae positivity was significantly higher during
Quarter 2 (32/55, 58.2%; PR, 3.20; 95% CI: 1.90-5.30; p<0.001) and Quarter 3 (28/55, 50.9%; PR,
2.80; 95% CI: 1.70-4.60; p<0.001) compared with the December—March period. Similarly, CMS
exhibited significantly higher positivity during Quarter 2 (22/50, 44.0%; PR, 4.00; 95% CI: 2.10-7.60;
p<0.001) and Quarter 3 (21/50, 42.0%; PR, 3.80; 95% CI: 2.00-7.20; p<0.001) relative to the
December—March period. Among HRS, K. preumoniae positivity was significantly higher in Quarter 2
(64/165, 38.8%; PR, 1.73, 95% CI: 1.28-2.33, p<0.001), whereas the increase observed in Quarter 3
(47/165, 28.5%) did not reach statistical significance (PR, 1.27; 95% CI: 0.93-1.74; p=0.13). No
significant differences in K. pneumoniae positivity across sampling quarters were detected for CCS or

SSI samples.
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Table 3.7 Log-linear (Poisson) regression analysis of K. pneumoniae positivity across different

sampling quarters in various sample sources.

Sample Sampling quarter Positivity PR 95% CI p-value
source (positive/total, %)
Flies Quarter 1+ Quarter 4 20/110 (18.2) 1 — —
Quarter 2 32/55 (58.2) 32 1.90-5.30 <0.001
Quarter 3 28/55 (50.9) 2.8 1.70 — 4.60 <0.001
CCS Quarter 1+ Quarter 4 27/100 (27.0) 1 — —
Quarter 2 18/50 (36.0) 1.33 0.78 —2.27 0.29
Quarter 3 17/50 (34.0) 1.26 0.73 -2.18 0.4
CMS Quarter 1+ Quarter 4 11/100 (11.0) 1 — —
Quarter 2 22/50 (44.0) 4 2.10-7.60 <0.001
Quarter 3 21/50 (42.0) 3.8 2.00-7.20 <0.001
HRS Quarter 1+ Quarter 4 74/330 (22.4) 1 — —
Quarter 2 64/165 (38.8) 1.73 1.28-2.33 <0.001
Quarter 3 47/165 (28.5) 1.27 0.93-1.74 0.13
SSIs Quarter 1+ Quarter 4 | 36/282 (12.8) 1 — —
Quarter 2 18/196 (9.2) 0.72 042-1.22 0.22
Quarter 3 39/336 (11.6) 0.91 0.57-1.44 0.69

Sampling quarters were grouped into a December—March period (Quarter 1 and Quarter 4) and
compared with individual non—-December—March quarters (Quarter 2 and Quarter 3) to account for
shared seasonal characteristics. Log-linear Poisson regression models with a log offset for the number
of samples tested were used to estimate prevalence ratios (PRs) of K. pneumoniae positivity, with the
December—March period used as the reference category. Positivity is presented as the number of K.
pneumoniae—positive samples divided by the total number tested, with percentages shown in
parentheses. Sample sources with sparse counts across sampling quarters (water, domestic animal rectal
swabs, bird faeces and urinary tract infections) were excluded. CCS, chicken cloacal swabs; CMS,
chicken meat swabs; HRS, human rectal swabs; SSIs, surgical site infections. Statistical significance

was defined as p<0.05.
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3.3 Discussion

K. pneumoniae can be a commensal or potential pathogen and survive a wide range of ecological niches,
including humans, animals, water, soil and plants (Wyres & Holt, 2018). The rise in prevalence of K.
pneumoniae in clinical and non-clinical settings has become a global concern in recent years. In
Bangladesh, K. preumoniae prevalence has been mostly studied within healthcare settings, focusing on
AMR (Khan et al., 2018; Rahman et al., 2018; Mahbub, 2020; Okanda et al., 2021; Tanni et al., 2021;
Hussain et al., 2023; Rahman et al., 2023; Kawser et al., 2025). No comprehensive data is available on
the prevalence of K. pneumoniae based on the One Health approach in Bangladesh. In this study, the
overall prevalence of K. pneumoniae isolated from various samples was 14.4 % (541/3759). Studies
have reported that the prevalence of CR-KP in India and China ranges from 1% to 22% (Tesfa ef al.,
2022). A similar study from Pakistan reported the prevalence of K. pneumoniae at 15.7% (120/775)

from human, animal and environmental sources (Aslam et al., 2022).

In this study, the prevalence of K. pneumoniae was found to be 28.0% (185/660) in healthy human
volunteers (Table 3.1). The national AMR surveillance data in Bangladesh showed the prevalence of
Klebsiella spp. at 42.9% from rectal swabs (AMR dashboard Bangladesh). Kar ef al. reported the
carriage of K. pneumoniae at 81% (21/26) from stool samples in healthy human adults in Dhaka,
Bangladesh (Kar et al., 2024). The differences in carriage might be due to the sampling criteria and the
type of sample used, such as stool or rectal swab. In our study, the human volunteers were apparently
healthy without any chronic diseases, and the samples were rectal swabs rather than stool samples.
Since rectal swabs collect a smaller quantity of faecal material compared to stool samples, this could
lead to a lower detection rate, and K. preumoniae may also not be evenly distributed in the intestinal
tract (Calderon-Gonzalez et al., 2023). However, research suggested that rectal swabs provide a
practical and reliable alternative to stool samples for detecting K. pneumoniae colonisation and
surveillance purposes (Lerner ef al., 2013; Bassis et al., 2015). A log-linear Poisson regression analysis
revealed a higher association of K. pneumoniae positivity with HRS (Table 3.2). K. pneumoniae is a
commensal organism in the human gut, which may contribute to higher isolation (Calderon-Gonzalez
et al., 2023). Analysis of K. pneumoniae prevalence in HRS among various sampling locations did not
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find any significant differences. In HRS, the prevalence was significantly higher in the second quarter
samples, which might be due to seasonal variation (Table 3.7). Several studies observed fluctuations in
the incidence of Gram-negative bacterial infections, particularly in relation to temperature, humidity,

and other seasonal factors (Al-Hasan et al., 2009; Eber et al., 2011).

In my study, the prevalence of K. pneumoniae was 1.2% (14/1170) in patients with UTIs at the
outpatient service of MMCH. The national AMR surveillance data in Bangladesh showed the
prevalence of K. pneumoniae in urine was 12.7%, whereas the prevalence in MMCH was 7.6% (AMR
Bangladesh — dashboard.iedcr.gov.bd). A study in Dhaka documented that the prevalence of
community-acquired UTIs was 20% (920 of 4,500), whereas Klebsiella spp. was 12.1% among the
causative pathogens (Islam et al., 2022). Another study from community settings in different regions
of India reported that 10.1% (250/2459) of urine samples were positive for bacteriuria, where 68%
(170/250) were E. coli and 17.6% (44/250) were K. pneumoniae (Mohapatra et al, 2022). The
differences in prevalence might be due to sampling fractions, inclusion and exclusion criteria (such as
participants aged 18 or over, absence of any chronic diseases), patient types (inpatient and/or outpatient)
and regional variation (Saperston et al., 2014; Kaye et al., 2024; Sahoo et al., 2025). The odds of K.
pneumoniae positivity in UTIs showed a significantly higher association with outpatients from
Mymensingh Sadar subdistrict in Mymensingh (Table 3.5). This might be due to the highest number of
study participants and the highest population density in the Mymensingh Sadar (Mymensingh district,
Banglapedia). Studies have shown that higher population density is linked to an increased risk of MDR
UTIs (Casey et al., 2021). K. pneumoniae prevalence across different sampling quarters showed higher
prevalence in the third quarter samples during autumn and late autumn (Figure 3.5). Previous studies
reported a higher frequency of K. pneumoniae in urine specimens during summer and autumn, which

supports the findings of this study (Kito et al., 2021).

In the present study, the prevalence of K. pneumoniae was 11.4% (93/814) in hospitalised patients of
SSIs at MMCH, where 92.5% (86/93) of the samples were considered HAIs. A recent study conducted

across selected tertiary care hospitals in Bangladesh reported that K. pneumoniae accounted for 20.9%
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of SSIs (Harun et al., 2025). Another study focusing on abdominal SSIs found K. pneumoniae in 11.8%

of cases, which is consistent with the findings of the present study (Khan ef al., 2022).

Data revealed a higher association of K. pneumoniae positivity with CCS (Table 3.2), whereas the
prevalence was 31% (62/200). Saha et al. found a similar prevalence (33.3%) of K. pneumoniae in CCS
from a commercial poultry farm in Narsingdi, Bangladesh (Saha et al., 2023). A significantly higher
prevalence of K. pneumoniae was found in CCS from the Trishal subdistrict (Table 3.4). Several factors
such as poor sanitation, high stock density, insufficient waste management, contamination of feed and
water sources, and extensive use of antibiotics both for treatment and prophylaxis, may contribute to
increased colonisation in chickens (Hayati et al., 2019). Although researchers found higher isolation
rates during warmer seasons (Tsitsos ef al., 2025), no significant difference in K. pneumoniae positivity
in CCS was observed across different sampling quarters in this study (Table 3.7). The prevalence in the
first, second and third quarter samples was almost similar (Figure 3.5). It is challenging to conclusively

determine any factors for such findings and establish definitive patterns.

In the present study, the prevalence of K. pneumoniae in CMS was 27% (54/200). In a recent study in
13 subdistricts of Sylhet, Bangladesh, the prevalence of K. pneumoniae was detected at 34.74 %
(99/285) in retail poultry meat, supporting the findings of the present study (Tanni et al., 2025). During
slaughter and processing, K. pneumoniae present in the gastrointestinal tract of chickens can
contaminate the meat. Improper handling, inadequate hygiene practices, and cross-contamination in
processing facilities can further spread the bacteria to meat products. Research has shown that K.
pneumoniae can persist throughout the poultry production chain, from farm to retail meat products
(Mourdo ef al., 2024). The prevalence of K. pneumoniae in CMS was significantly higher during the
second and third quarter sampling (Table 3.7) when the average temperature ranged from 31 to 33.4°C,

favouring the growth of the bacterium (Eber et al., 2011; Kito et al., 2021).

The prevalence of K. pneumoniae was 17.3% (13/75) in the faeces of free-flying birds around the
poultry farms. Specific data on the prevalence of K. pneumoniae in free-flying birds is limited in

Bangladesh. A study that examined faecal samples from wild birds found that 34.6% of the samples
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harboured ESBL-producing bacteria, with K. pneumoniae constituting 8.3% of these isolates (Saeed et
al., 2023). Another study reported a 12.2% occurrence of K. pneumoniae in wild animals, including
birds (Chiaverini et al., 2022), supporting the findings of the present study. A higher prevalence was
observed in the second quarter samples during the warmest months with higher precipitation and

humidity (Figure 3.5), which is consistent with the findings of previous research (Tsitsos et al., 2025).

The prevalence of K. pneumoniae in DARS was 7.5% (15/200). Data on the prevalence of K.
pneumoniae in rectal swabs of domestic animals in Bangladesh is currently limited. A systematic review
and meta-analysis assessed the overall prevalence of ESBL-producing bacteria among animals in India.
The study reported an overall ESBL prevalence of 9% in animals, with K. prneumoniae accounting for
11% of these isolates (Kuralayanapalya ef al., 2019). These findings support the findings of the present
study. Although no significant association was observed across different sampling periods, the
prevalence was higher during the second and third sampling periods, which coincided with the warmer

months.

Water samples were collected from various sources, including drains, community sewer lines, ponds,
and rivers near the farms and the hospital. The prevalence of K. pneumoniae was 11.4% (25/220) in
water from the study area in Mymensingh. A study conducted in Dhaka reported the presence of K.
pneumoniae in 64% (21 out of 33) of household tap water samples, while 85% (23 out of 27) were in
standing water sources, such as ponds and lakes (Kar et al, 2024). Other research identified K.
prneumoniae in 11.2% of bacterial isolates from hospital wastewater (Addae-Nuku et al., 2022), which
is consistent with our results. A study conducted in India also reported that 14.3% of water samples
collected from various farms and slaughterhouses were positive for K. pneumoniae (Kalla & Paila,
2023). The presence of K. pneumoniae in water samples might be due to the contamination of
surrounding water bodies with farm wastes and human sewage. While no significant associations were
found across the sampling periods, higher prevalence rates were observed in the second (summer,

monsoon) and third quarter (autumn, and late autumn) samples (Figure 3.5).
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Flies had the highest prevalence of K. pneumoniae (36.4%, 80/220) among the various samples
collected in this study (Table 3.1). Currently, there is a lack of specific data on the prevalence of K.
pneumoniae in flies in Bangladesh. However, studies from other regions have demonstrated that flies
can act as vectors for various pathogenic bacteria, including K. pneumoniae (Hassan et al., 2021; Yin
et al., 2022). Ranjbar et al. reported 11.3% carriage of K. pneumoniae in captured house flies from
selected provinces of Iran (Ranjbar et al., 2016). However, another study from India isolated 36.7% of
Klebsiella spp. from hospital flies, similar to our findings (Fotedar ef al., 1992). The highest prevalence
in flies indicates environmental contamination and potential environmental reservoirs, which may
contribute to its environmental dissemination and possible transmission to humans and animals
(Mourdo et al., 2024; Cook et al, 2025). In this study, the prevalence of K. pneumoniae was
significantly higher in Mymensingh Sadar. The poor waste management system in the city can be a
plausible reason. Poor waste management can lead to the accumulation of organic waste in the
environment, which can harbour bacteria like K. preumoniae, and flies can act as mechanical vectors
of this organism through regurgitation, defecation and shedding from the bodily surface (Cook et al.,
2025). Additionally, their ability to travel between 5-7 km makes them a feasible spreader of this
bacterium (Onwugamba et al, 2020). Analysis across different sampling periods revealed a
significantly higher prevalence in summer and monsoon (second quarter), which aligns with previous
reports indicating an increased percentage of MDR Enterobacterales isolation from arthropods in

summer (Hassan ef al., 2021).

My study found that the overall prevalence of K. pneumoniae was higher in the second (17.3%,
179/1034) and third (16.4%, 177/1080) quarter samples compared to the first (13.0%, 96/741) and
fourth (9.8%, 89/904) quarter samples. Higher prevalence in the second and third-quarter samples might
be due to warmer temperatures and higher humidity, which is supported by findings from previous
research (Anderson ef al., 2008; Kito et al., 2021). Additionally, higher precipitation and flooding can
contribute to an increased prevalence of K. pneumoniae infections since floodwaters can contain high
levels of sewage, hospital waste, and agricultural runoff, which may carry K. pneumoniae from human

and animal sources to the environment (Aguilar-Salazar ef al., 2023).
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The findings of this chapter indicate that K. pneumoniae is widely distributed across various sources
(humans, livestock, and environmental reservoirs) in the study area. This distribution reflects the
interconnectivity between these domains and reinforces the need for a One Health approach to address

the prevalence and AMR concerns associated with K. pneumoniae.
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Chapter 4

Investigating the Epidemiology of Antimicrobial Resistance in Klebsiella

pneumoniae at the Human—Animal-Environment Interface in Bangladesh
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4.1 Introduction

Antimicrobial resistance has been recognised as an emerging global health crisis jeopardising a century
of medical progress. The estimated number of deaths caused by AMR is projected to be at least 10
million annually by 2050, disproportionately affecting LMICs (Naghavi ef al., 2024). Amid the global
surge in AMR, K. pneumoniae represents a serious public health threat, driven by its capacity to acquire
resistance to multiple antibiotic classes, thereby limiting treatment options and increasing both
morbidity and mortality (Jin et al., 2021; Gao et al., 2025). The WHO 2024 Bacterial Priority Pathogens
List designates 3GC-resistant and CR-KP as critical threats, placing them in a priority pathogen group

that requires urgent research and intervention (WHO BPPL, 2024).

K. pneumoniae serves as a major conduit for transferring AMR genes among Klebsiella species and
other Enterobacterales across clinical and non-clinical settings. This is driven by its frequent association
with plasmids and mobile genetic elements rich in resistance determinants, highlighting its critical role
in the dissemination and evolution of AMR (Wyres & Holt, 2018). Since the initial detection in 1982,
around 200 ESBL variants of K. pneumoniae have been identified, many of which have since been
transferred to E. coli. Additionally, the plasmid-mediated spread of carbapenemase-encoding genes in
clinical settings further exacerbates the situation (Wilson et al., 2018). Plasmids play a central role in
the dissemination of AMR in K. preumoniae, harbouring multiple AMR genes and leading to MDR
phenotypes. Many diverse plasmids have been sequenced from K. prneumoniae, with IncFIIK and
IncFIBK being the most prevalent. In K. pneumoniae, most AMR genes are carried on IncF (FII, FIA,
FIB), IncN, IncR, IncX3, IncAC/2 and IncHI1B plasmid replicons (large conjugative and self-
transmissible), and a few are on small Col plasmids (mobile but not self-transmissible) (Wyres et al.,
2020). Some plasmid replicons are found to be associated with particular resistance genes. For instance,
the IncFIIK and IncFIBK plasmids are frequently linked to ESBL genes, notably blacrx-m-1s, whereas
the IncX3 plasmid is prominently associated with carbapenemase genes, such as blanowm, blaxec, and

blaoxa-131 (Guo et al., 2022; Pankok et al., 2022).
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K. pneumoniae infections are caused by diverse clones that are geographically widespread. There are
hundreds of distinct phylogenetic lineages or clones within the K. pneumoniae population (Wyres et
al., 2020). Certain STs such as ST11, ST14, ST15, ST48, ST147, ST231 and ST307 are recognised as
MDR clones or high-risk clones (resistant to at least three classes of antibiotics and often associated
with hospital outbreaks) while others such as ST23, ST65, ST 86, ST268 are hypervirulent clones
(presence of enhanced virulent factors and often associated with CAls) (Zhu ef al., 2021; Hussain et al.,
2023). Some STs cause localised problems, such as MDR clones ST70 and ST323, that caused
outbreaks in Kilifi, Kenya and Melbourne, Australia, whereas ST258/512, alongside ST11, ST14, ST15,
ST17/20, ST37, ST101, ST147 and ST307, are considered global problem clones (resistant to 3GCs
and/or carbapenems and widely distributed). There is also a significant geographical difference in the
global distribution of these STs. For instance, ST258/512 is common in Europe and America, whereas
ST11 and ST23 are mostly found in the Asia-Pacific region (Wyres et al., 2020). Previous studies in
Bangladesh reported high-risk MDR clones (ST11, ST14, ST15, ST307, ST231 and ST147) from

clinical infections (Farzana et al., 2020; Hussain et al., 2023).

ESBL and CR-KP are endemic in the Indian subcontinent (e.g., India, Bangladesh, Pakistan, and Sri
Lanka) and recovered from humans, food animals and the environment (Kumarasamy et al., 2010;
Farzana et al., 2013; Islam et al., 2013; Begum & Shamsuzzaman, 2016; Mohanty et al., 2017; Khan
et al., 2017; Nahid et al., 2017; Wyres & Holt, 2018). However, information regarding the prevalence
of K. pneumoniae producing ESBLs and carbapenemase, as well as their molecular epidemiological
features, is limited from Bangladesh (Khan ef al., 2018). K. pneumoniae harbouring CTX-M-1, CTX—
M-15, NDM-1, OXA—48, OXA-181, and mcr—8.1 genes were isolated from clinical isolates and
hospitalised patients in Mymensingh, Chittagong, and Dhaka, Bangladesh (Khan et al., 2018; Farzana
et al., 2020; Safain et al., 2021; Tanni et al., 2021). Research focusing on poultry farms in Bangladesh
identified MDR K. pneumoniae strains resistant to multiple antibiotic classes, including carbapenems
and ESBLs (Saha et al., 2023; Munim et al., 2024). A study in Dhaka detected K. pneumoniae in both
human faecal samples and environmental water sources, with a notable proportion exhibiting multidrug

resistance, including resistance to carbapenems (Kar et al., 2024). This highlights the role of
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environmental reservoirs in the transmission dynamics of AMR pathogens. In countries like
Bangladesh, where human and animal cohabitation are common, it is more likely to promote the
dissemination of antibiotic resistance from humans to animals and vice versa (Swarthout et al., 2022).
The interconnectedness of human, animal, and environmental health in Bangladesh necessitates a
comprehensive understanding of the epidemiological trends of AMR in K. prneumoniae. The existing
data on the abundance, distribution, and transmission of AMR strains and genes within and between

humans, animal farms, and environmental settings are piecemeal, thereby presenting a knowledge gap.

To address this knowledge gap, this study deployed a comprehensive One Health sampling strategy to
investigate the molecular epidemiology of AMR in K. preumoniae circulating at the human-animal-
environment interface from Mymensingh, Bangladesh. This chapter aims to explore the following

specific objectives:

1. To determine the prevalence of dominant resistance mechanisms in K. pneumoniae at the
human-animal-environment interface in Mymensingh, Bangladesh.

2. To assess the prevalent resistant genes associated with the predominant resistance mechanisms
in K. pneumoniae in Bangladesh.

3. To evaluate whether the clonal dissemination of AMR in K. preumoniae can be explained
through a One Health perspective.

4. To assess the potential role of plasmids in K. pneumoniae regarding the dissemination of

resistance at the human-animal-environment interface.
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4.2 Results

4.2.1 AMR profile of K. pneumoniae

K. pneumoniae isolates (n=541) recovered from various sample sources were subjected to antimicrobial
susceptibility testing against 16 clinically relevant antibiotics using the agar dilution method.
Antibiogram revealed that K. pneumoniae showed overall higher resistance to fosfomycin (62.8%,
340/541), ciprofloxacin (47.5%, 257/541), levofloxacin (46%, 249/541), amoxicillin—clavulanic acid
(36.2%, 196/541), and higher susceptibility to colistin (3.1%, 17/541), ceftazidime—avibactam (3.5%,

19/541), meropenem (4.6%, 25/541) and imipenem (5.0%, 27/541) (Table 4.1).

Isolates from water samples showed higher resistance to fosfomycin (60.0%, 15/25), ciprofloxacin
(40%, 10/25), levofloxacin (40%, 10/25), and amoxicillin—clavulanic acid (36.0%, 9/25), as well as
similar non-susceptibility (4%, 1/25) to piperacillin—tazobactam, ceftazidime—avibactam, imipenem,
meropenem, and 8% (2/25) were resistant to colistin. 47.5% (38/80), 43.8% (35/80), 38.8% (31/80),
and 28.8% (23/80) of isolates from flies showed resistance to fosfomycin, ciprofloxacin, levofloxacin,
and amoxicillin—clavulanic acid, respectively. All K. pneumoniae from flies were susceptible to

ceftazidime—avibactam, imipenem and meropenem.

K. pneumoniae isolated from CCS showed higher resistance to ciprofloxacin (88.7%, 55/62),
levofloxacin (87.1%, 54/62), fosfomycin (69.4%, 43/62), amoxicillin—clavulanic acid (66.1%, 41/62),
gentamicin (56.5%, 35/62), ceftazidime (45.2%, 28/62), and tigecycline (45.2%, 28/62). In case of
CMS, higher resistance to fosfomycin (90.7%, 49/54), ciprofloxacin (53.7%, 29/54), and levofloxacin
(50.0%, 27/54) was observed. Isolates from DARS and BF showed higher resistance to fosfomycin, at
46.7% and 30.8%, respectively. All isolates from CCS, CMS, DARS and BF were sensitive to

ceftazidime—avibactam, imipenem and meropenem.

Around 90% of K. pneumoniae from SSIs were resistant to amoxicillin—clavulanic acid, cefotaxime,
ceftazidime, cefepime, aztreonam, ciprofloxacin, levofloxacin and fosfomycin, whereas resistance to

gentamicin, amikacin, piperacillin—tazobactam, tigecycline, imipenem, meropenem and ceftazidime—
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avibactam was 61.3%, 51.6%, 54.8%, 26.9%, 26.9%, 25.8% and 19.4%, respectively. All K
pneumoniae isolates recovered from patients with SSIs were susceptible to colistin (Table 4.1). K.
pneumoniae from UTIs were resistant to amoxicillin—clavulanic acid (50.0%, 7/14), ciprofloxacin
(50.0%), ceftazidime (42.9%), aztreonam (42.9%), cefotaxime (35.7%), cefepime (35.7%) and
levofloxacin (21.4%). All isolates from UTIs were susceptible to piperacillin—tazobactam, ceftazidime—
avibactam, amikacin, gentamicin, imipenem, meropenem and colistin. K. pneumoniae isolated from
HRS of apparently healthy human volunteers showed high resistance to fosfomycin (51.9%), whereas

showed 100% susceptibility to ceftazidime—avibactam and meropenem.

To investigate resistance beyond individual antibiotic resistance frequencies, isolate-level co-resistance
patterns among K. pneumoniae isolates (n=541) were examined using a pairwise co-resistance heatmap
based on antimicrobial susceptibility data (Figure 4.1). The highest co-resistance was observed between
ciprofloxacin and levofloxacin, detected in 42.5% isolates. Ciprofloxacin and levofloxacin also showed
strong co-resistance with fosfomycin. Simultaneous resistance to ciprofloxacin and fosfomycin was
observed in 36.2% of isolates, while levofloxacin—fosfomycin co-resistance occurred in 33.5% of
1solates. Co-resistance between cefotaxime and ceftazidime was observed in 27.0% of isolates, while
concurrent resistance to cefotaxime and cefepime occurred in 24.6% of isolates. Similarly, co-resistance
between ceftazidime and aztreonam was detected in 27.2% of isolates. Amoxicillin—clavulanic acid also

showed frequent co-resistance with cefotaxime (24.6%), ceftazidime (27.5%) and cefepime (23.1%).

Concurrent resistance to gentamicin and ciprofloxacin was detected in 21.6% of isolates, whereas co-
resistance between amikacin and ciprofloxacin was lower, occurring in 11.3% of isolates. Tigecycline
exhibited limited co-resistance with most antibiotics (percentages typically below 10%). Imipenem and
meropenem showed minimal co-resistance with other antibiotics, with concurrent resistance generally
below 5-10% across antibiotic pairs. Similarly, colistin and ceftazidime—avibactam exhibited very low

co-resistance frequencies (typically <5%) (Figure 4.1).
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Table 4.1 Antibiotic susceptibility patterns of K. pneumoniae (n=541) isolated from various samples.

Attributes Resistance to respective antibiotics, n (%)

Sample | (i | TzP | CTX | CAZ | FEP | CZA |ATM |IPM |MEM | CIP |LVX |AMK | GEN | FOS | TGC | CST
sources

Water 9 1 5 6 3 1 5 L[| 10 10 1 8 15 5 2

(n=25) 36.0) | (4.0) | 20.0) | 240)| 12.0) | 40) | 200) | 4.0) | 'O | @0.0) | 40.0) | 4.0) | 32.0) | 60.0) | 20.0) | (8.0)
Flies 23 3 10 35 31 5 10 38 7 1

(n=80) 288) | 38) | 07 | (125|263 | 00 [5(63)) 000) | 000) |30y | (388) | (6.3) | 125)| @75 | 8.8) | (1.3)
CCS 41 2 21 28 18 23 55 54 5 35 43 28 9

(1=62) ©66.1) | 32) | 639 | @52] 2.0 °©@ [ 37| 2@ | 2O Fggay | @) | 3.1) | 6565 | 69.4) | 452) | 14.5)
CMS 17 7 10 7 8 29 27 4 49 11 1

(n=54) 315 | °O | 13.0) | 185 ] a3.0) | ©©@ | qagy | @ | 2O 539 | 50.0) | °© | 7.4 @0 | 204) | (1.9
DARS 1 2 2 7 1 1

(n=15) @67 | 0@ | 0©) | 000) | 000) 1 0(0) | 00) | 0(0) | 00) | 434 | (433 | 2O | 0O |uen | 67 | 67
BF (n=13) | 0(0) | 0(0) (152.4) (152.4) @ (152.4) v | o, (2;1) (152.4) v (7%7) (33.8) v (7%7)
SSIs 83 51 90 90 88 B 90 25 24 89 81 48 | 57 83 25 | 500
(n=93) 89.2) | (54.8) | (96.8) | (96.8) | (94.6) | (19.4) | (96.8) | 26.9) | (25.8) | ©5.1) | @7.1) | 51.6) | (61.3) | 892) | (26.9)| *©
UTIs 7 5 6 5 6 7 3 5 1

(n=14) 50.0) | °© | 357 | @29 657 | °©@ [ @9 | 2@ | 2O [so0) | @14y | PO | OO | 359y | 7.1y | O @
HRS 15 1 10 12 1 27 39 2 3 96 3 2

(n=185) @1 | 05 | G4y | 65 |7CD]| 0O 9GN] 5] 0O | 46 | @i | 0. | a6 | 6519 | a6 | an
Total 196 | 58 | 146 | 164 | 134 | 19 | 148 | 27 25 257 | 249 | 61 | 118 | 340 81 | 17
m=541) | (36.2) | 10.7) | 27.0) | (30.3) | (24.8) | (3.5) | 27.4) | (5.0) | (4.6) | (47.5) | (46.0) | (11.3) | (21.8) | (62.8) | (15.0) | (3.1)

Values in parentheses indicate row percentage. The heatmap was generated according to the resistance percentage. N, number; AMC, Amoxicillin—clavulanic
acid; TZP, Piperacillin—tazobactam; CTX, Cefotaxime; CAZ, Ceftazidime; FEP, Cefepime; CZA, Ceftazidime—avibactam; ATM, Aztreonam; [PM, Imipenem;
MEM, Meropenem; CIP, Ciprofloxacin; LVX, Levofloxacin; AMK, Amikacin; GEN, Gentamicin; FOS, Fosfomycin; TGC, Tigecycline; CST, Colistin. The

colour scale from white to red indicates the lowest to the highest resistance percentage in a row.
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Figure 4.1 Isolate-level co-resistance heatmap of K. pneumoniae (n=541). The heatmap illustrates

pairwise co-resistance patterns among all K. pneumoniae isolates based on isolate-level antimicrobial

susceptibility data. Each cell represents the percentage of isolates simultaneously resistant to the

corresponding pair of antibiotics. Darker shades indicate higher frequencies of co-resistance. Diagonal

cells were masked to highlight pairwise co-resistance patterns. AMC, Amoxicillin—clavulanic acid;

TZP, Piperacillin—tazobactam; CTX, Cefotaxime; CAZ, Ceftazidime; FEP, Cefepime; CZA,

Ceftazidime—avibactam; ATM, Aztreonam; IPM, Imipenem; MEM, Meropenem; CIP, Ciprofloxacin;

LVX, Levofloxacin; AMK, Amikacin; GEN, Gentamicin; FOS, Fosfomycin; TGC, Tigecycline; CST,

Colistin.
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Sample source specific multivariate regression analysis demonstrated that K. pneumoniae isolates from
CCS were significantly associated with resistance to ciprofloxacin (88.7%, 55/62), levofloxacin (87.1%,
54/62), fosfomycin (69.4%, 41/62) and gentamicin (56.5%, 35/62), whereas CMS isolates showed
strong association with levofloxacin (50.0%, 27/54) and fosfomycin (90.7%, 49/54) resistance (p<0.05).
Isolates from SSIs exhibited very high resistance frequencies (=87%) across multiple antibiotic classes,
including ciprofloxacin, levofloxacin, fosfomycin, cefotaxime, ceftazidime, aztreonam and cefepime

(p<0.05) (Table 4.2).

Out of 541 K. pneumoniae, 122 (22.6%) were MDR across the samples, indicating resistance to at least
one agent in three or more antimicrobial categories, including cephalosporins (cefotaxime, ceftazidime,
cefepime), carbapenems (imipenem, meropenem), aminoglycosides (amikacin, gentamicin),
quinolones (ciprofloxacin, levofloxacin), tetracyclines (tigecycline), and polymyxins (colistin) (Figure
4.2). Additionally, 16 (3.0%) of these isolates were extensively drug—resistant (XDR), meaning they
were non-susceptible to at least one agent in all categories except for one or two categories. MDR K.
pneumoniae were commonly found in SSIs (73.1%, 68/93), followed by CCS (50%, 31/62), water
(24.0%, 6/25), CMS (11.1%, 6/54), flies (8.8%, 7/80), BF (7.7%, 1/13) and HRS (1.6%, 3/185). No
MDR K. pneumoniae was found in DARS and UTIs in this study. The occurrence of XDR K.
pneumoniae was 9.7% in SSls, followed by 4.8% in CCS, 4.0% in water, 1.9% in CMS and 1.1% in

HRS. No XDR K. pneumoniae was detected in flies, DARS, BF and UTIs.
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Table 4.2 Association between sample source and antibiotic resistance in K. pneumoniae.

Sample | Antibiotics | Resistant | Resistance Adjusted | 95% CI p-value
source / total (%) OR
(n/N)

CCS CIP 55/62 88.7 26.19 5.78 —118.68 <0.001
LVX 54 /62 87.1 37.13 6.92 -199.13 <0.001
FOS 43 /62 69.4 5.09 1.39-18.60 0.014
GEN 35/62 56.5 15.56 1.90 - 127.14 0.011

CMS LVX 27/54 50.0 5.5 1.11-27.19 0.037
FOS 49 /54 90.7 22.05 4.95-98.29 <0.001

SSIs CIP 89/93 95.7 74.17 14.48 —379.85 | <0.001
LVX 81/93 87.1 37.13 7.32 - 188.36 <0.001
FOS 83/93 89.2 18.68 4.85-71.91 <0.001
GEN 57/93 61.3 19 2.37-152.42 0.006
CTX 90/93 96.8 165 24.79 —1098.28 | <0.001
CAZ 90/93 96.8 165 24.79 —1098.28 | <0.001
ATM 90/93 96.8 165 24.79 —1098.28 | <0.001
FEP 88/93 94.6 211.2 22.71 - 1964.41 | <0.001

CCS, chicken cloacal swabs; CMS, chicken meat swabs; SSIs, surgical site infections; CTX,
Cefotaxime; CAZ, Ceftazidime; FEP, Cefepime; ATM, Aztreonam; CIP, Ciprofloxacin; LVX,
Levofloxacin; GEN, Gentamicin; FOS, Fosfomycin. Associations were assessed using multivariate
logistic regression models fitted with generalised estimating equations and a binomial distribution
with logit link. Isolate ID was specified as the clustering variable to account for repeated
antimicrobial susceptibility measurements within the same isolate (nested effects). For each
antibiotic, the sample source was included as the explanatory variable, with all other sample sources
combined as the reference category. The table presents only statistically significant associations
(»<0.05). Crude resistance frequencies are shown as resistant/total isolates (n/N, %) for descriptive
purposes, whereas odds ratios (OR) and 95% confidence intervals (CI) represent adjusted estimates

from the multivariate models.
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Figure 4.2 Heatmap shows the distribution of MDR and XDR K. preumoniae across various
samples. MDR, multidrug-resistant; XDR, extensively drug-resistant; CCS, chicken cloacal swabs;
CMS, chicken meat swabs; DARS, domestic animal rectal swabs; BF, bird faeces; UTIs, urinary

tract infections; SSIs, surgical site infections; HRS, human rectal swabs.

In this study, K. pneumoniae isolates were classified into five phenotypic resistance groups (Group
A-FE) based on susceptibility to major antibiotic classes, including third-generation cephalosporins
(3GCs), carbapenems, aminoglycosides, quinolones and colistin. The phenotypic resistance groups
were defined to summarise phenotypic resistance patterns across major antibiotic classes. The groups

are as follows:

e Group A: 3GC sensitive, carbapenem sensitive (regardless of aminoglycosides, quinolones
and colistin susceptibility)

e Group B: 3GC-resistant, carbapenem sensitive (regardless of aminoglycosides, quinolones
and colistin susceptibility)

e Group C: carbapenem-resistant, but susceptible to at least one major non B-lactam class

(aminoglycosides or fluoroquinolones) (regardless of colistin susceptibility)
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e Group D: carbapenem, aminoglycoside and quinolone-resistant (regardless of colistin
susceptibility)
e Group E: carbapenem, aminoglycoside, quinolone and colistin-resistant.
3GC resistance refers to resistance to either cefotaxime or ceftazidime. Carbapenem resistance refers
to resistance to either imipenem or meropenem. Aminoglycoside resistance refers to resistance to

either amikacin or gentamicin, and quinolone resistance pertains to ciprofloxacin or levofloxacin.

Based on this classification, 69.7% (377/541) of K. pneumoniae isolates were sensitive to both 3GC
and carbapenems (Group A), followed by 25.1% (136/541) that were resistant to 3GC but sensitive
to carbapenems (Group B) (Figure 4.3). Carbapenem-resistant phenotypes with susceptibility to
either aminoglycosides or quinolones were uncommon, with only 0.4% (2/541) of isolates classified
as Group C. Additionally, 4.8% (26/541) of the isolates were resistant to carbapenems, quinolones
and aminoglycosides (Group D). No isolates were found in group E (carbapenem, aminoglycoside,

quinolone and colistin-resistant).

Percentage of Antibiotic Susceptibility by Group

801 69.7%

(n=377)
704 X

60
50 A
40 A

30 1 =

Percentage

20 A

4.8%
10 1 0.4% (n=26) 0.0%

(n=2) (n=0)
0 N ¥ n\/

Group A Group B Group C Group D Group E

Figure 4.3 Percentages of K. pneumoniae isolates classified into phenotypic resistance groups based
on susceptibility to major antibiotic classes. Group A: 3GC-sensitive, carbapenem-sensitive; B:

3GC-resistant, carbapenem-sensitive; C: Carbapenem-resistant but susceptible to at least one major
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non-B-lactam class; D: Carbapenem, aminoglycoside and quinolone-resistant and E: Carbapenem,

aminoglycoside, quinolone and colistin-resistant.

The phenotypic resistance pattern of K. pneumoniae isolated from five different subdistricts showed
that 51.9% (125/241) of the isolates from Mymensingh Sadar were sensitive to both 3GC and
carbapenems (Group A), while more than 80% of isolates from Muktagachha, Trishal, Gauripur and
Tarakanda were susceptible to these antibiotics (Table 4.3 and Figure 4.4). 3GC-resistant (Group B)
K. pneumoniae were more prevalent (36.9%) in Mymensingh Sadar, followed by 18.6% in
Tarakanda, 16.4% in Muktagachha, 15.6% in Trishal and 12.7% in Gauripur. Only one isolate from
Gauripur and one from Mymensingh Sadar were classified as Group C (Carbapenem-—resistant but
susceptible to at least one major non-B-lactam class). All K. pneumoniae (10.8%, 26/241) that
belonged to Group D (resistant to carbapenems, quinolones, and aminoglycosides) were isolated

only from Mymensingh Sadar.

Table 4.3 Distribution of phenotypic resistance groups of K. pneumoniae across different

subdistricts.
Phenotypic resistance pattern in K. pneumoniae (n = 541)

Subdistricts

Group A Group B Group C Group D
Mymensingh Sadar

125 (51.9%) 89 (36.9%) 1 (0.4%) 26 (10.8%)
(n=241)
Muktagachha (n=61) | 51 (83.6%) 10 (16.4%) - -
Trishal (n=90) 76 (84.4%) 14 (15.6%) - —
Gauripur (n=79) 68 (86.1%) 10 (12.7%) 1(1.3%) —
Tarakanda (n=70) 57 (81.4%) 13 (18.6%) - -

Values in parentheses indicate row percentage. Group A: 3GC-sensitive, carbapenem-sensitive; B:
3GC-resistant, carbapenem-sensitive; C: Carbapenem-resistant but susceptible to at least one major

non-B-lactam class; and D: Carbapenem, aminoglycoside and quinolone-resistant.
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Figure 4.4 Distribution of phenotypic resistance groups of K. pneumoniae in different subdistricts.
Different colours of the circles represent various categories of resistance, and the sizes indicate the
percentage of the resistant isolates. Group A: 3GC-sensitive, carbapenem-sensitive; B: 3GC-
resistant, carbapenem-sensitive; C: Carbapenem-resistant but susceptible to at least one major non-

B-lactam class; and D: Carbapenem, aminoglycoside and quinolone-resistant.

Furthermore, sampling location-specific multivariate logistic regression analyses demonstrated that
K. pneumoniae isolates recovered from MMCH were significantly associated with resistance to

multiple antibiotics after multivariate adjustment compared with isolates from other sampling

locations (p<0.05) (Table 4.4).
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Table 4.4 Association between sample location and antibiotic resistance in K. pneumoniae.

Sampling | Antibiotic | Resistant/ | Resistance | Adjusted 95% CI p-value

location total (n/N) | (%) OR

MMCH | AMC 96 /140 68.6 4.58 1.99 — 10.54 <0.001
TZP 52/140 37.1 17.73 2.35-133.85 | 0.005
CTX 101/ 140 72.1 17.48 5.74 - 53.21 <0.001
CAZ 102 /140 72.9 13.96 5.00 —38.98 <0.001
FEP 98 /140 70.0 15.75 5.19-47.82 <0.001
ATM 102/ 140 72.9 18.12 5.95-55.21 <0.001
CIP 106 / 140 75.7 3.79 1.69 —8.48 0.001
LVX 92 /140 65.7 3.03 1.36 -6.77 0.007
AMK 49 /140 35.0 5.03 1.45-17.37 0.011
GEN 59/140 42.1 4.92 1.63 — 14.81 0.005
FOS 103 / 140 73.6 2.29 1.03-5.11 0.042

MMCH, Mymensingh Medical College Hospital; AMC, Amoxicillin—clavulanic acid; TZP,
Piperacillin—tazobactam; CTX, Cefotaxime; CAZ, Ceftazidime; FEP, Cefepime; ATM, Aztreonam;
CIP, Ciprofloxacin; LVX, Levofloxacin; AMK, Amikacin; GEN, Gentamicin; FOS, Fosfomycin.
Associations were assessed using multivariate logistic regression models fitted with generalised
estimating equations and a binomial distribution with logit link. Isolate ID was specified as the
clustering variable to account for repeated antimicrobial susceptibility measurements within the
same isolate (nested effects). For each antibiotic, the sampling location was included as the
explanatory variable, with all other sampling locations combined as the reference category. The table
presents only statistically significant associations (p<0.05). Crude resistance frequencies are shown
as resistant/total isolates (n/N, %) for descriptive purposes, whereas odds ratios (OR) and 95%

confidence intervals (CI) represent adjusted estimates from the multivariate models.

This study focused on 3GC, carbapenem, aminoglycoside and quinolone resistance. The prevalence
of 3GC-resistant K. pneumoniae was 30.3% (164/541), followed by quinolone resistance at 51.0%

(276/541), aminoglycoside resistance at 22.4% (121/541) and carbapenem resistance at 5.2%
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(28/541). Pearson's chi—square test revealed that 3GC resistance in K. pneumoniae was significantly

linked to carbapenem, aminoglycoside and quinolone resistance (p<0.05) (Table 4.5).

Table 4.5 Association of 3GC resistance with resistance to other antibiotic classes in K. pneumoniae.

Antibiotic classes 3GC resistant | 3GC p—-value | OR 95% CI

(n=164) sensitive

(m=377)

Carbapenem resistance | 28 (17.1%) 0(0) <0.001 NA NA
(n=28)
Aminoglycoside 88 (53.7%) 33 (8.8%) <0.001 12.070 | 7.537-19.330
resistance (n=121)
Quinolone resistance 159 (97.0%) 117 (31.0%) | <0.001 | 70.667 | 28.259 — 176.712
(n=276)

Values in parentheses indicate column percentage. n, number; NA, not applicable. Statistical

significance was set at p<0.05.

Minimum inhibitory concentration (MIC) values were analysed for the antibiotics tested. Ranges of
MIC values of all antimicrobials against K. pneumoniae are presented in Figure 4.5. All MIC values
were interpreted using EUCAST (v.12.0) breakpoints for K. pneumoniae, and the same interpretive
cut-off values were applied to isolates across all sample sources. MIC values for amoxicillin—
clavulanic acid ranged from 1 to >64. Other antibiotics exhibited the following ranges: piperacillin—
tazobactam (0.06 to >64), cefotaxime (0.06 to >64), ceftazidime (0.06 to >64), ceftazidime—
avibactam (0.06 to >64), aztreonam (0.06 to >64), imipenem (0.06 to >64), meropenem (0.06 to
>64), amikacin (0.5 to >64), gentamicin (0.25 to >64), ciprofloxacin (0.06 to >64), levofloxacin

(0.06 to >64), fosfomycin (0.06 to >64), colistin (0.06 to >64) and tigecycline (0.25 to 8).
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Figure 4.5 Violin plot shows the MIC ranges of different antibiotics against K. pneumoniae. AMC,
Amoxicillin—clavulanic acid; TZP, Piperacillin—tazobactam; CTX, Cefotaxime; CAZ, Ceftazidime;
CZA, Ceftazidime—avibactam; FEP, Cefepime; ATM, Aztreonam; IPM, Imipenem; MEM,
Meropenem; AMK, Amikacin; GEN, Gentamicin; CIP, Ciprofloxacin; LVX, Levofloxacin; FOS,
Fosfomycin; CST, Colistin; TGC, Tigecycline. MIC values were interpreted using EUCAST v.12.0

breakpoints for K. pneumoniae; the same cut-off values were applied across all sample sources.

MIC50 (the MIC at which >50% of isolates are inhibited) and MIC90 (the MIC at which >90% of
isolates are inhibited) values of different antibiotics for K. pneumoniae isolated from various sample
types are summarised in Table 4.6 and 4.7. MIC50 values (mg/L) exceeded the resistance
breakpoints for amoxicillin—clavulanic acid (64), piperacillin—tazobactam (16), cefotaxime (>64),
ceftazidime (32), cefepime (16), aztreonam (32), amikacin (64), gentamicin (64) and fosfomycin
(16) in K. pneumoniae from SSls. Higher values for amoxicillin—clavulanic acid (16), ciprofloxacin
(32), levofloxacin (32), gentamicin (64) and fosfomycin (32) were found in isolates from CCS. In

case of other samples, MIC50 values were lower than the breakpoints except for fosfomycin.
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Table 4.6 MIC50 values of different antibiotics for K. pneumoniae from various sample types.

Antibiofics . MICS0 values (mg/L) to respective antibiotics
(Breakpoint) Water | Flies CCS CMS DARS | BF UTIs | SSIs | HRS
n=25 n=80 | n=62 | n=54 n=15 n=13 | n=14 | n=93 | n=185
R L S S N SO A N
(CSTS)I( Rz |006 006|025 | 006 | 006 | 006 006 |>64 |0.06
(CS‘: ey |025 |025 |1 025 025 025 |025 |32 025
fslz Rogy |006 006 0125|006 | 006 | 006 006 |16 | 0.06
fs?;, gy | 025 |0125 025 |02 0125|025 0125 05 [0.125
(ASZTRM) 006 |0.06 |0.125 [006 |006 |006 |006 |32 |0.06
gg,RM) 025 1025 [025 [025 [025 |025 |0.125|025 |0.25
1(\;1211\,/[R>8) 0.06 |0.06 |0.06 |0.06 |0.06 |0.06 |0.06 |0.125]|0.06
§1>I(’].(5S)SO.25, 006 |006 |32 |05 0.06 |006 | 025 |4 |0.06
?sg)(.s, oy | 0125|0025 132 05 |006 | 006 025 |1 006
?Sl\slslfms) 2 4 4 4 2 2 4 64 |2
((;‘;312‘1 Ry | 1 64 |1 1 0.5 [05 |64 |05
;S(fsgsso.S, 05 |05 |05 |05 |05 |05 |05 |05 |05
fss’; gy |025 |0125 025|025 |025 | 025 [025 | 025 |02

n, number; S, sensitive; R, resistant; CCS, chicken cloacal swabs; CMS, chicken meat swabs; DARS,

domestic animal rectal swabs; BF, bird faeces; UTIs, urinary tract infections; SSlIs, surgical site

infections; HRS, human rectal swabs; AMC, Amoxicillin—clavulanic acid; TZP, Piperacillin—

tazobactam; CTX, Cefotaxime; CAZ, Ceftazidime; FEP, Cefepime; CZA, Ceftazidime—avibactam,;

ATM, Aztreonam; I[PM, Imipenem; MEM, Meropenem; CIP, Ciprofloxacin; LVX, Levofloxacin;
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AMK, Amikacin; GEN, Gentamicin; FOS, Fosfomycin; TGC, Tigecycline; CST, Colistin. MIC
values were interpreted using EUCAST (v.12.0) breakpoints for K. pneumoniae; the same cut-off

values were applied across all sample sources.

For MIC90, values exceeded the resistance breakpoints for all antimicrobials in isolates from SSIs,
except for tigecycline (2) and colistin (0.5). On the contrary, MIC90 of tigecycline (4) and colistin
(4) exceeded the cut-offs in CCS. In isolates from UTIs, a rise in MIC90 values (mg/L) was observed
for amoxicillin—clavulanic acid (16), cefotaxime (64), ceftazidime (16), aztreonam (16), and
fosfomycin (32). The higher MIC90 values were found in CCS and CMS isolates, except for
ceftazidime—avibactam (0.5), imipenem (0.25), and meropenem (0.06). In water isolates, MIC90
values (mg/L) were higher for amoxicillin—clavulanic acid (>64), cefotaxime (16), ceftazidime (64),
aztreonam (8), ciprofloxacin (32), levofloxacin (>64), gentamicin (>64), fosfomycin (32) and
tigecycline (2). K. pneumoniae from flies showed higher values for amoxicillin—clavulanic acid (64),
ciprofloxacin (32), levofloxacin (8), gentamicin (32) and fosfomycin (32). MIC90 values of different
antibiotics in K. pneumoniae from DARS, BF and HRS were lower than the breakpoint, except for

fosfomycin.
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Table 4.7 MIC90 values of different antibiotics for K. pneumoniae from various sample types.

Antibiotics . MIC90 values (mg/L) to respective antibiotics
(Breskpoin | W2 | Flies [ CCS [CMS [DARS [BF | UTIs [SSIs | HRS
n=25 | n=80 | n=62 | n=54 | n=15 n=13 | n=14 | n=93 | n=185
Z‘Sﬁfps) >64 |64 |>64 |64 |8 8 |16 |>64 |8
(TsZsl;, Ry |8 4 8 4 2 2 2 >64 |2
(CSTS)I( Ry |16 05 |32 16 |oos |16 je4 |=64 |05
(CS‘Z Ry | |4 32 |16 025 |8 |16 |>64 |05
fslz Ro4) 4 025 |8 8 0.06 0.25 |8 >64 0.06
fs?;, Ry |05 |025 |05 |05 fo2s  |025 025 |>64 [025
(AS?;/,[R>4) 8 025 [16 |16 |o0125 |2 |16 |64 |0.125
g;‘g pogy |05 025|025 |oas |oas  fo2s |o2s |16 |05
1(\:;:11\,4»8) 0.06 |0.06 |006 |0.06 |006 |006 |0.06 |32 |0.06
I(iI>I(’].(5S)SO.25, 32 32 |e4a |32 |os 0.5 |1 >64 |05
?sgis, rRepy | 4|8 Sl el b Y -
?Sl‘;;ms) 4 4 8 4 4 4 |4 ~64 |4
((;]g S ENE ~64 |1 1 1 1 >64 |1
(Fs(g, A R 16 |32 |64 |3
;5553850.5, 2 0.5 |4 |2 0.5 0.5 |05 |2 0.5
(CSS; Ry |05 |025 |4 Jo2s lo2s  Jos |os |05 fos

n, number; S, sensitive; R, resistant; CCS, chicken cloacal swabs; CMS, chicken meat swabs; DARS,

domestic animal rectal swabs; BF, bird faeces; UTIs, urinary tract infections; SSlIs, surgical site

infections; HRS, human rectal swabs; AMC, Amoxicillin—clavulanic acid; TZP, Piperacillin—

tazobactam; CTX, Cefotaxime; CAZ, Ceftazidime; FEP, Cefepime; CZA, Ceftazidime—avibactam,;

ATM, Aztreonam; I[PM, Imipenem; MEM, Meropenem; CIP, Ciprofloxacin; LVX, Levofloxacin;
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AMK, Amikacin; GEN, Gentamicin; FOS, Fosfomycin; TGC, Tigecycline; CST, Colistin. MIC
values were interpreted using EUCAST (v.12.0) breakpoints for K. pneumoniae; the same cut-off

values were applied across all sample sources.

4.2.2 Linkage between phenotypic resistance and genotypically determined ARGs for 3GC,

carbapenem, aminoglycoside and quinolone resistance in K. pneumoniae

A total of 131 distinct ARGs were identified from 541 K. pneumoniae isolates. The frequency of
various resistant genes found in K. pneumoniae is presented in Figure 4.6. Data showed that blarem-
18 was the most common among the B-lactam genes, present in 25.0% (135/541) of isolates, whereas
blactx-m-15 was the most predominant ESBL gene, detected in 23.5% (127/541). Among the
carbapenem resistance alleles, blanpm-s was the most common (n=14), followed by blanpm-1 (n=4),
blanpm—4 (n=1), blaoxa-3 (n=7), and blaoxa-1s1 (n=5). The combinations of carbapenem alleles
recovered were: blanpm-s + blaoxa-1s1 (n1=3), blanpms + blaoxa—3 (n=1) and blanpmv-4 + blaoxa-1s1
(n=1). For colistin resistance, mcr—8.1 was the most frequently found mcr gene in K. pneumoniae
isolates (n=9), followed by mcr—I.1 (n=2). A single isolate was recovered with a combination of
mcrl. 1 and mcr8.1 genes from HRS. The ogx4 (n=528) and ogxB (n=525) were the most frequently
found quinolone-resistant genes, followed by gnrS1 (n=157) and gnrB1 (n=67). For aminoglycoside
resistance, aph(6)—Id (n=98), aph(3")-Ib (n=93), aac(6')-Ib (n=86), aadA2 (n=84), aac(3)-lla
(n=55) were the prevalent resistant genes. The tet(4) was the most frequently identified tetracycline-

resistant gene, found in 32.5% (176/541) of the isolates.
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Figure 4.6 Distribution of ARGs in K. pneumoniae (n=541).

The associations of 3GC, carbapenem, aminoglycoside, and quinolone-resistant K. pneumoniae with
their respective ARGs were examined. The ARGs were considered for the analysis only if the
frequency of any gene exceeded 10. Results showed a significant association of blacrx-m-15(77.4%,
127/164) with 3GC resistance, followed by blanom-s (50.0%, 14/28) with carbapenem resistance,
aac(6')—1b (59.5%, 72/121), aph(6)—1d (51.2%, 62/121) with aminoglycoside resistance and gnrSI

(55.4%, 153/276), gnrB1 (23.9%, 66/276) with quinolone resistance in K. pneumoniae from various

samples (p<0.05) (Table 4.8).
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Table 4.8 Linkage between phenotypic resistance and genotypically determined ARGs in K.

pneumoniae.
ARGsS 3GC-resistant 3GC-sensitive - OR 95% CI
pertinent to | (n=164) (n=377) value
phenotypic
resistance
blactx w15 127 (77.4%) 0(0) - NA NA
(n=127)
Carbapenem- Carbapenem- - OR 95% CI
resistant (n=28) sensitive (n=513) | value
blaxpwm s 14 (50.0%) 0(0) - NA NA
(n=14)
Aminoglycoside- | Aminoglycoside- | p— OR 95% CI1
resistant (n=121) | sensitive (n=420) | value
aac(6')-1b 72 (59.5%) 14 (3.3%) <0.001 | 42.612 | 22.364 — 81.192
(n=86)
aph(6)-1d 62 (51.2%) 36 (8.6%) <0.001 | 11.209 | 6.841 — 18.365
(n=98)
Quinolone- Quinolone- - OR 95% CI
resistant (n=276) | sensitive (n=265) | value
gnrS1 153 (55.4%) 4 (1.5%) <0.001 | 81.165 | 29.397 —224.095
(n=157)
gnrBl 66 (23.9%) 1 (0.4%) <0.001 | 82.971 | 11.421 —602.779
(n=67)

Values in parentheses indicate column percentage. Statistical significance was set at p<0.05. NA, not
applicable. ARGs that had a significantly higher association with respective antibiotic classes are

listed in the table.

ESBL gene blacrx-m-15 was found across all the sample types except for DARS whereas carbapenem-
resistant genes (blanom-1, blanom-4, blanom-s, blaoxa-1s1 and blaoxa232) were mostly limited to SSIs
(Figure 4.7). However, blanpm-s was found in a single isolate from hospital drainage water. Colistin-

resistant genes (mcr-1.1 and mcr-8.1) were found in water, flies, CCS, CMS and HRS but not in
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clinical samples and DARS. Aminoglycoside (aac(6')—1b, aph(6)—Id) and fluoroquinolone—resistant

genes (gnrS1, gnrBI) were also present in K. pneumoniae from different sources (Figure 4.7).
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Figure 4.7 Bubble chart showing the distribution of different ARGs in K. pneumoniae recovered
from various sources. Values in the boxes indicate the frequency of respective ARGs. The colour

gradient from white to deep orange indicates a progression from lower to higher values.

This study also examined the associations of various prevalent ARGs with 3GC and carbapenem-—
resistant K. pneumoniae (Table 4.9 and 4.10). Aminoglycoside—resistance genes (aac(3)-Ila,
aac(3)-1ld, aac(6')-Ib, aadA2, aadAS5, aph(3")-1b, aph(6)-Id, armA, rmtB), p—lactamase gene
blarem_1B, carbapenem resistance gene blanpis, fluoroquinolone—resistance genes (gnrB1, gnrSi),
sulfonamide— and trimethoprim—resistance genes (sull, sul2, sul3 and dfrAl), and tetracycline
resistance genes (tet(A) and tet(D)) were significantly correlated to 3GC-resistant K. pneumoniae
(p<0.05). In carbapenem-resistant K. preumoniae, significant associations were found with

aminoglycoside—resistance genes (aac(3)—lla, aac(6')-1b, aadA2, aadAS, armA, rmtB), p—lactamase
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gene blarem—1s, ESBL gene blactx-m-15, fluoroquinolone—resistance gene gnrBI and sulfonamide—

resistance gene sull(p<0.05).

Table 4.9 Distribution of ARGs between 3GC-resistant and sensitive K. pneumoniae.

ARG 3GC-resistant | 3GC-sensitive pvalue | OR 05% C1
(n=164) (n=377)
aac(3)-Ila 51 (31.1%) 4 (1.1%) <0.001 | 42.086 14.887 — 118.979
aac(3)-1ld 19 (11.6%) 22 (5.8%) 0.020 2.114 1.111 —4.024
aac(6')—Ib 67 (40.9%) 19 (5.0%) <0.001 | 13.015 7.459 —22.708
aadA?2 55 (33.5%) 29 (7.7%) <0.001 | 6.055 3.678 —9.969
aadA5 25 (15.2%) 5(1.3%) <0.001 | 13.381 5.023 —35.645
aph(3")—Ib 76 (46.3%) 17 (4.5%) <0.001 | 18.289 10.289 —32.508
aph(6)-1d 76 (46.3%) 22 (5.8%) <0.001 | 13.936 8.213 —23.648
armA 35 (21.3%) 1 (0.3%) <0.001 102.016 13.837 —752.143
blaxpwm s 14 (8.5%) 0(0) - NA NA
blatem 18 106 (64.6%) 29 (7.7%) <0.001 | 21.931 13.356 - 36.012
dfrAl 53 (32.3%) 14 (3.7%) <0.001 12.380 6.619 —23.156
qnrB1 63 (38.4%) 4 (1.1%) <0.001 | 58.166 20.678 — 163.620
gnrS1 79 (48.2%) 78 (20.7%) <0.001 | 3.563 2.400 — 5.288
rmtB 13 (7.9%) 0(0) - NA NA
sull 115 (70.1%) 55 (14.6%) <0.001 13.740 8.849 —21.334
sul2 83 (50.6%) 39 (10.3%) <0.001 | 8.881 5.656 — 13.944
sul3 20 (12.2%) 15 (4.0%) <0.001 | 3.352 1.670 — 6.728
tet(A) 98 (59.8%) 78 (20.7%) <0.001 | 5.692 3.818 —8.486
tet(D) 13 (7.9%) 8 (2.1%) 0.001 3.971 1.613 —-9.775

Values in parentheses indicate column percentage. Statistical significance was set at p<0.05. NA, not

applicable. ARGs that had a significantly higher association with the respective antibiotic class are

listed in the table.
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Table 4.10 Distribution of ARGs between carbapenem-resistant and sensitive K. pneumoniae.

ARG Carbapenem- Carbapenem- povalue | OR 95% CI
resistant (n=28) | sensitive (n=513)
aac(3)-lla 9 (32.1%) 46 (9.0%) <0.001 | 4.809 2.058-11.240
aac(6')-1b 10 (35.7%) 76 (14.8%) 0.003 3.194 1.420-7.184
aadA?2 16 (57.1%) 68 (13.3%) 0.003 8.725 3.957-19.241
aadAS 4 (14.3%) 26 (5.1%) 0.038 3.122 1.009 —9.660
armA 9 (32.1%) 27 (5.3%) <0.001 8.526 3.527-20.612
blactx wm 15 25 (89.3%) 102 (19.9%) <0.001 | 33.578 | 9.943 -113.399
blatem 18 17 (60.7%) 118 (23.0%) <0.001 5.173 2.358 - 11.351
gqnrB1 12 (42.9%) 55 (10.7%) <0.001 | 6.245 2.809 — 13.886
rmtB 11 (39.3%) 2 (0.4%) <0.001 165.324 | 33.977 — 804.427
sull 22 (78.6%) 148 (28.8%) <0.001 | 9.043 3.594 —22.752

Values in parentheses indicate column percentage. Statistical significance was set at p<0.05. NA, not
applicable. ARGs that had a significantly higher association with the respective antibiotic class are

listed in the table.

4.2.3 Clonal distribution and genomic resistance of the K. pneumoniae population

A comprehensive insight into the clonal relatedness among the isolates was achieved by combining
core—genome alignment, genome—wide SNP analysis, and MLST profiling, where applicable. All 541
K. pneumoniae isolated from primary screening were sequenced using the Illumina NovaSeq 6000
platform. Whole-genome sequencing data generated for the 541 K. pneumoniae isolates were of
consistently good quality. Genome assemblies produced by the MicrobesNG pipeline showed good
contiguity, with a median of 34 contigs >1,000 bp per genome (interquartile range: 23—51). The median
assembled genome size was 5.41 Mb (interquartile range: 5.29-5.53 Mb), and GC content was tightly
distributed around a median of 57.3%, consistent with reference K. pneumoniae genomes. Assembly
continuity was further supported by a median N50 of 464,087 bp, with several assemblies exceeding 1
Mb. No ambiguous bases (Ns) were detected in any assembly. Collectively, these metrics indicate that
sequencing and assembly quality were sufficient to support robust core-genome alignment, SNP-based
phylogenetic inference, MLST assignment, and detection of antimicrobial resistance genes. The
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assembly quality metrics for the isolates are provided in the Supplementary Table S1 (Appendix F).
The latest ABRicate database was used to screen ARGs. The PubMLST database and Kleborate (v.3.0,
a dedicated genotypic tool for the K. pneumoniae species complex) were used to identify species,

sequence types (STs), and acquired ARGs (Wyres et al., 2016; Lam et al., 2021).

Data revealed a high level of diversity in STs for K. pneumoniae across different sample sources. In
total, 260 different STs were identified, of which ST37 (n=25), ST490 (n=20), ST15 (n=18), ST147
(n=15), ST48 (n=14), and ST45 (n=12) were the dominant STs, having at least 10 isolates. Twenty-two
STs with five or more isolates accounted for 38.3% (207/541) of the isolates, while the remaining 61.7%
(334/541) were represented by diverse STs with frequencies ranging from one to four isolates per ST

(Figure 4.8).
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Figure 4.8 Minimum spanning tree showing the distribution of 541 K. pneumoniae isolates across
different STs. This grape tree was constructed based on core-genome multilocus sequence typing and
annotated using the ReporTree (a web-based pipeline) (Mixao et al., 2023). Node colours correspond
to individual sequence types (STs), with only STs represented by >5 isolates shown, thereby

highlighting clonal diversity and overall population structure.
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The distribution of K. pneumoniae STs (with >5 isolates) across different sampling sources and sites is
presented in Figure 4.9 and 4.10, respectively. All the ST490 and ST48 isolates were limited to MMCH.
Among the dominant STs, ST490 and ST48 were found to be significantly associated with SSIs, while

ST45 was significantly associated with HRS (Table 4.11).
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Figure 4.9 Distribution of K. pneumoniae STs (having >5 isolates) across different sources. CCS,
chicken cloacal swabs; CMS, chicken meat swabs; DARS, domestic animal rectal swabs; BF, bird
faeces; UTIs, urinary tract infections; SSIs, surgical site infections; HRS, human rectal swabs. Values
in the boxes indicate the frequency of respective STs. The colour gradient from white to deep blue

indicates a progression from lower to higher values.
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Figure 4.10 Distribution of K. pneumoniae STs (having >5 isolates) across different sampling sites.
GB, Gauripur broiler; GL, Gauripur layer; MkB, Muktagachha broiler; MkL, Muktagachha layer;
MMCH, Mymensingh Medical College Hospital; MyB, Mymensingh broiler; MyL, Mymensingh layer;
TaB, Tarakanda broiler; Tal, Tarakanda layer; TrB, Trishal broiler; TrL, Trishal layer farms. Values
in the boxes indicate the frequency of respective STs. The colour gradient from white to deep blue

indicates a progression from lower to higher values.

Table 4.11 Comparative analysis of K. pneumoniae dominant STs with various sample sources.

STs SSIs (n=93) Others (n=448) p-value
ST490 (n=20) 19 (20.4%) 1 (0.2%) <0.001
ST48 (n=14) 12 (12.9%) 2 (0.4%) <0.001
STs HRS (n=185) Others (n=356) p-value
ST45 (n=12) 9 (4.9%) 3 (0.8%) 0.003
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Values in parentheses indicate column percentage. STs, sequence types; ‘Others’ refers to remaining
isolates from other sample sources; SSIs, surgical site infections; HRS, human rectal swabs; ‘Others’
meaning remaining isolates from all other sources. Statistical significance was set at p<0.05, and only

data that were statistically significant are presented in the table.

Kleborate assigns the K. pneumoniae isolates four resistance scores (0 to 3): 0 = no ESBL, no
carbapenemase, indicating a low level of resistance; 1 = ESBL positive but no carbapenemase, 2 =
carbapenemase positive; 3 = Carbapenemase positive with colistin resistance. Typically, an isolate with
a score of >0 was considered MDR. Figure 4.11 and 4.12 illustrate the distribution of isolates from
various sources and sampling sites, respectively, according to their resistance scores. Regarding the 541
K. pneumoniae isolates, 411 (75.9%) belonged to category 0, exhibiting a low level of resistance, 104
(19.2%) carried ESBL genes (category 1), and only 26 (4.8%) carried a carbapenemase gene. No
isolates belonged to the highest resistance category 3, which carries both carbapenemase and colistin—

resistant genes.

HRS (n=185). (178 7
SSIs (n=93)} 5 63 25
UTIs (n=14)} 9 5
3
z BF (n=13)} » 1
2
2
= DARS (n=15)} 15
-
m 2
CMS (n=54)} a8 6
CCS (n=62)f a7 15
Flies (n=80)} 75 5
Water (n=25)f 22 2 1
Score 0 Score 1 Score 2

Resistance score by Kleborate

Figure 4.11 Distribution of K. pneumoniae from various sources based on their resistance scores. Score

0 = no ESBL, no carbapenemase, indicating a low level of resistance; 1 = ESBL positive but no
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carbapenemase, 2 = carbapenemase positive. CCS, chicken cloacal swabs; CMS, chicken meat swabs;
DARS, domestic animal rectal swabs; BF, bird faeces; UTIs, urinary tract infections; SSIs, surgical site
infections; HRS, human rectal swabs. Values inside the circles represent the frequency of respective

resistance scores, with the size of the circles increasing from smaller to larger as the frequency increases.
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Figure 4.12 Distribution of K. pneumoniae from sampling sites based on their resistance scores. Score
0 = no ESBL, no carbapenemase, indicating a low level of resistance; 1 = ESBL positive but no
carbapenemase, 2 = carbapenemase positive. MMCH, Mymensingh Medical College Hospital; MyB,
Mymensingh broiler; MyL, Mymensingh layer; MkB, Muktagachha broiler; MkL, Muktagachha layer;
TrB, Trishal broiler; TrL, Trishal layer, GB, Gauripur broiler; GL, Gauripur layer; TaB, Tarakanda
broiler; TalL, Tarakanda layer farms. Values inside the circles represent the frequency of respective

resistance scores, with the size of the circles increasing from smaller to larger as the frequency increases.

Of the 26 isolates harbouring carbapenemase genes, all were isolated from the hospital environment
(MMCH), where 25 were isolated from SSIs and one from a water sample collected from the hospital
drain (Figure 4.12). In the analysis of predominant STs, the Kleborate resistance score indicated that

95% (19/20) of the isolates were MDR, belonging to ST490. This was followed by ST48, with 92.9%
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(13/14) isolates, ST37 at 52% (13/25), 46.7% (7/15) from ST147, and 38.9% (7/18) for ST15. All

isolates from ST45 exhibited low resistance levels (Figure 4.13).
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Figure 4.13 Resistance score in K. pneumoniae dominant STs. MDR, multidrug-resistant. Score 0 = no
ESBL, no carbapenemase, indicating a low level of resistance; 1 = ESBL positive but no
carbapenemase, 2 = carbapenemase positive. Isolates with a score of >0 were considered MDR
(Kleborate). Values inside the circles represent the frequency of respective resistance scores, with the

size of the circles increasing from smaller to larger as the frequency increases.

Univariate logistic regression analyses demonstrated that predominant STs were significantly
associated with distinct antibiotic-resistance phenotypes (Figure 4.14). Specifically, ST37, ST490,
ST147 and ST48 showed a significant association with 3GC-resistant K. pneumoniae (Figure 4.15),
whereas ST15 and ST48 were significantly linked to carbapenem resistance (Figure 4.16) (p<0.05).
Furthermore, ST490, ST15, ST147 and ST48 were each significantly correlated with both

aminoglycoside resistance (Figure 4.17) and quinolone resistance (Figure 4.18) (p<0.05).
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Figure 4.14 Maximum-likelihood (ML) phylogenetic tree of K. pneumoniae isolates (n=541) showing
the association of the predominant STs of K. pneumoniae with distinct antibiotic-resistance phenotypes.
The ML tree was constructed based on core-gene alignments (VeryFastTree v.4.0) and visualised in
iTOL (v.6), with concentric rings indicating sample sources, resistance profiles to 3GCs, carbapenems,

aminoglycosides, and quinolones, and predominant STs.
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Figure 4.15 Association of 3GC resistance with the dominant STs. Values in parentheses indicate

column percentage (percent positive within 3GC-sensitive and 3GC-resistant K. pneumoniae). STs,
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sequence types. Statistical significance was set at p<0.05, and only data that were statistically significant

are presented in the figure.
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Figure 4.16 Association of carbapenem resistance with the dominant STs. Values in parentheses
indicate column percentage (percent positive within carbapenem-sensitive and carbapenem-resistant K.
pneumoniae). STs, sequence types. Statistical significance was set at p<0.05, and only data that were

statistically significant are presented in the figure.
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Figure 4.17 Association of aminoglycoside resistance with the dominant STs. Values in parentheses
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indicate column percentage (percent positive within aminoglycoside-sensitive and aminoglycoside-
resistant K. pneumoniae). STs, sequence types. Statistical significance was set at p<0.05, and only data

that were statistically significant are presented in the figure.
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Figure 4.18 Association of quinolone resistance with the dominant STs. Values in parentheses indicate
column percentage (percent positive within quinolone-sensitive and quinolone-resistant K.
pneumoniae). STs, sequence types. Statistical significance was set at p<0.05, and only data that were

statistically significant are presented in the figure.

In this study, core-genome SNP analysis was performed following recombination detection and removal
using Gubbins. Across the phylogeny, a median of 1,113 single-nucleotide polymorphisms (SNPs) per
branch was identified, of which a median of 188 SNPs occurred outside recombination regions and
were retained in the clonal frame. The median clonal-frame length was approximately 4.78 Mb,
consistent with the assembled genome sizes. Pairwise SNP distances ranged from single-digit values
among closely related isolates to several thousand SNPs between unrelated lineages. Several clusters
comprising isolates with different MLST profiles were identified that differed by <100 SNPs and
contained at least five isolates in each cluster. The clusters identified below (A to J) consisted of isolates

from diverse STs, sample sources, sampling periods, locations and differed by <100 SNPs: A. ST37
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(n=10), ST1 (n=7), ST309 (n=1), ST656 (n=1), and ST1507 (n=1); B. ST15 (n=16), ST1844 (n=1), and
ST7705 (n=1); C. ST490 (n=17); D. ST48 (n=13); E. ST1537 (n=4), ST200 (n=3), ST3049 (n=1),
ST4423 (n=1), ST5048 (n=1), ST5069 (n=1), ST7835 (n=1), and ST7875 (n=1); F. ST485 (n=8), and
ST4232 (n=1); G. ST273 (n=3), ST7749 (n=3), ST147 (n=1), and ST1922 (n=1); H. ST307 (n=8); L.

ST11 (n=5), and ST340 (n=1); and J. ST16 (n=5) (Figure 4.19).
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Figure 4.19 ML tree of K. pneumoniae clusters, displaying isolates with distinct MLST profiles that
differed by no more than 100 SNPs. Isolates in the coloured clusters differ by <100 SNPs. The ML tree
was constructed based on core-gene alignments (VeryFastTree v.4.0), visualised in iTOL (v.6). SNP
calling was performed using Snippy (v.4.4.5), followed by recombination removal using Gubbins

(v.2.3.4) and pairwise SNP calculation using pairsnp (v.0.0.7).

4.2.4 Investigating possible transmissibility in putative clonal outbreaks associated with MDR

K. pneumoniae from SSIs

A combination of genomic approaches and epidemiological data was used to identify putative clonal

outbreaks. Cut-offs of zero to 30 SNPs were set to screen for possible transmission among hospitalised
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patients (Stimson et al., 2019; Azarian & Black, 2024). Two putative clonal outbreak clusters belonging
to ST490 and ST48 were identified (Figure 4.20). The ward of admission and overlapping of hospital
stays of corresponding patients were evaluated to investigate clonal transmission. Genomic assessment
revealed that the clusters of MDR K. prneumoniae ST490 and ST48 isolates recovered from the
corresponding patients differed by <10 SNPS, suggesting probable transmissibility between patients
and clonal outbreaks. Epidemiological data revealed that the patients had overlapping hospital stays in
the surgery, orthopaedics, obstetrics and gynaecology wards of the Surgery Department at MMCH,

indicating that the possible transmission was not confined to a single ward.
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Figure 4.20 Network map showing the probable clonal outbreaks by MDR K. pneumoniae ST490 and

ST48 at MMCH. The network map was constructed using Cytoscape software (v.3.10.1).

4.2.,5 Plasmid diversity in K. pneumoniae in this study

To investigate the role of plasmids in K. pneumoniae in the dissemination of AMR across the human-
animal-environment interface, all 541 isolates underwent short-read sequencing and plasmid profiling
against the PlasmidFinder database using BLASTn, providing information on plasmid replicon types.
The genomic characterisation of plasmids in this study was conducted through a hybrid assembly
approach that integrated both short-read and long-read data. An explanation of the potential plasmid-
mediated dissemination of AMR, based on the findings from this hybrid assembly, is presented in

Chapter 7.
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Out of 541 isolates, 485 showed the presence of at least one type of plasmid replicon. Plasmid replicon
typing revealed a diverse array of plasmid replicon markers (n=50) among the isolates. IncFIB(K)Kpn3,
Col440I, IncFII(pKP91), ColRNAIL IncR, IncFIA(HIl), Col440Il, IncHI1B(pNDM-MAR),
IncFIB(pKPHS1) and IncA/C2 were the frequently detected replicon types (with prevalence >5%)
(Figure 4.21). To further investigate patterns of plasmid similarity among isolates, plasmid-based
clustering was performed using data on plasmid replicon presence and absence. The 19 most frequently
observed plasmid replicon types were included in the clustering analysis, whereas rare replicons
occurring at very low frequencies were excluded to reduce noise. The number of plasmid replicons
detected per isolate ranged from 0 to 8, with a median of 3 replicons per isolate (interquartile range: 2—
5). Hierarchical clustering based on plasmid replicon presence and absence using Jaccard distance
revealed multiple groups of isolates sharing similarity in plasmid profiles (Figure 4.22). While some
clusters comprised isolates with relatively homogeneous plasmid content, other clusters exhibited
marked heterogeneity. The frequently detected plasmid replicon types were distributed across different
types of samples collected in this study, with a higher frequency in K. pneumoniae from SSIs and HRS

(Table 4.12). IncA/C2 was found only in SSI (96.4%) and fly-derived (3.6%) isolates.
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Figure 4.21 Frequency of K. pneumoniae plasmid replicon types detected among the isolates. The
replicon markers shown are those with a frequency of at least 10, named according to the PlasmidFinder

database.
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Figure 4.22 Plasmid-based clustering of K. pneumoniae isolates using plasmid replicon types.
Hierarchical clustering dendrogram and heatmap illustrating similarity in plasmid content among K.
pneumoniae isolates based on plasmid replicon presence and absence. Clustering was performed using
Jaccard distance, which quantifies dissimilarity between binary plasmid replicon profiles, and average
linkage. The dendrogram (left) depicts relationships between isolates, with branch length corresponding
to the degree of dissimilarity in plasmid content. The heatmap (right) shows plasmid replicon profiles,
where rows represent individual isolates ordered according to the dendrogram and columns represent
detected plasmid replicon types. Colour intensity indicates plasmid replicon status (0 = absent, 1 =
present). Isolates clustering at lower Jaccard distances share more similar plasmid replicon profiles,

whereas those clustering at higher distances exhibit greater plasmid heterogeneity.
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Table 4.12 Distribution of frequently detected K. pneumoniae plasmid replicons across various sources.

Attributes Sample sources, n (%)
Plasmid replicon type Water Flies CCs CMS DARS BF UTlIs SSIs HRS
IncFIB(K)Kpn3 (n=339) 16(47) | 53(15.6) | 32(94) | 28(83) 7(2.1) 6(1.8) | 12(3.5) | 62(183) 123
(36.3)
Col4401 (n=272) 11(40) | 39(143) | 34(125) | 20(7.4) 7(2.6) 4(15) | 5(1.8) | 7025.7) | 82(30.1)
IncFII_pKP91 (n=205) 8(3.9) | 30(14.6) | 29(141) | 20(9.8) 3(1.5) 3(15) | 8(39) | 60(29.3) | 44(21.5)
ColRNAI (n=201) 11(5.5) 14(7.0) | 20(10.0) | 23 (11.4) 3(1.5) 3(1.5 | 6(3.0) | 58(28.9) | 63(31.3)
IncR (n=148) 11 (7.4) 11(74) | 22(149) | 19(12.8) 2(1.4) 000) | 427 | 4429.7) | 35(23.6)
IncFIA(HI1) (n=91) 6 (6.6) 13(143) | 12(132) | 11(12.1) 2(22) 333) | 444 | 16(17.6) | 24(264)
Col4401I (n=50) 1(2.0) 120) | 9(18.0) | 4(8.0) 1(2.0) 0(0) 0(0) 17 (34.0) | 17 (34.0)
IncHI1 B(pPNDM-MAR) (n=44) 1(2.3) 5(114) | 2(@45) 2 (4.5) 1(23) 123) | 123) | 83182 |[23(523)
IncFIB(pKPHS1) (n=40) 5(2.0) 6(150) | 5(125) | 3(7.5) 0(0) 125 | 0(0) 12(30.0) | 11(27.5)
IncA/C2 (n=28) 0(0) 1(3.6) 0(0) 0(0) 0(0) 0(0) 0(0) [27(94) | 0(0)

Values in parentheses indicate row percentage. CCS, chicken cloacal swabs; CMS, chicken meat swabs; DARS, domestic animal rectal swabs; BF, bird faeces;

UTIs, urinary tract infections; SSIs, surgical site infections; HRS, human rectal swabs. The heatmap was generated based on the percentage values. The colour

scale from white to red indicates the lowest to the highest resistance percentage (from left to right).
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A comparative analysis was performed to investigate any link between plasmid replicon types and
sample sources. Replicon types with a frequency of at least 10 were included for analysis. The presence
of plasmid replicon types Col4401, Col4401I, Col(MG828), ColKP3, ColRNAI, IncA/C2, IncFIB(pQil),
IncFII, IncFII(pKP91), and IncR was significantly enriched among K. pneumoniae isolates recovered
from SSIs (p<0.05) (Figure 4.23, a). IncFIB(K)Kpn3 and IncHI1B(pNDM-MAR) were significantly
correlated to K. preumoniae from HRS (p<0.05) (Figure 4.23, b). IncN and IncX1 were linked to CCS,

CMS and water-derived isolates (p<0.05) (Figure 4.23, c, d and e).
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Figure 4.23 Association of K. pneumoniae plasmids replicons with various sample sources. a. plasmid
replicons in SSIs and other samples, b. plasmid replicons in HRS and other samples, c¢. plasmid
replicons in water and other samples, d. plasmid replicons in CCS and other samples, and e. plasmid
replicons in CMS and other samples. SSIs, surgical site infections; HRS, human rectal swabs; CCS,
chicken cloacal swabs; CMS, chicken meat swabs; ‘Others’ referring to remaining K. pneumoniae from
all other sources. Statistical significance was set at p<0.05, and only data that were statistically

significant are presented in the figure.
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Figure 4.23 Association of K. pneumoniae plasmids replicons with various sample sources. a. plasmid
replicons in SSIs and other samples, b. plasmid replicons in HRS and other samples, c. plasmid
replicons in water and other samples, d. plasmid replicons in CCS and other samples, and e. plasmid
replicons in CMS and other samples. SSIs, surgical site infections; HRS, human rectal swabs; CCS,
chicken cloacal swabs; CMS, chicken meat swabs; ‘Others’ referring to remaining K. pneumoniae from
all other sources. Statistical significance was set at p<0.05, and only data that were statistically

significant are presented in the figure.

Across the isolates, plasmid—borne resistance genes (blacrx-m-1s, blanom—s, aac(6')—Ib, aph(6)-1d,
gnrS1, gnrBI) found to be significantly associated with 3GC, carbapenem, aminoglycosides and
quinolone resistance in this study, were investigated for any association with specific replicon types.
Col1440I, Col4401I, Col(MG828), ColKP3, ColRNAI, IncA/C2, IncFIB(pQil), IncFII, IncFII(pKP91),
IncR replicon markers were found to be significantly related to ESBL gene blacrx-m-15 and carbapenem-
resistant gene blanpm-s (p<0.05) (Table 4.13 and 4.14). These plasmids were also associated with K.

pneumoniae derived from SSIs (Figure 4.22, a).
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Table 4.13 Comparative distribution of plasmid replicon types among blacrx-m-15 positive and blacrx-

m-15 negative K. pneumoniae isolates.

Plasmid replicon blacrx-v-15 positive blacrx-m-1s negative p-value
(n=127) (n=358)

Col440I (n=272) 89 (70.1%) 183 (51.1%) <0.001
Col4401I (n=50) 20 (15.7%) 30 (8.4%) 0.019
Col(MG828) (n=15) 14 (11.0%) 1 (0.3%) <0.001
ColKP3 (n=11) 10 (7.9%) 1 (0.3%) <0.001
ColRNAI (n=201) 76 (59.8%) 125 (34.9%) <0.001
IncA/C2 (n=28) 26 (20.5%) 2 (0.6%) <0.001
IncFIB(pQil) (n=18) 13 (10.2%) 5(1.4%) <0.001
IncFII (n=19) 18 (14.2) 1 (0.3%) <0.001
IncFII(pKP91) (n=205) | 83 (65.4%) 122 (34.1%) <0.001
IncR (n=148) 58 (45.7%) 90 (25.1%) <0.001

Values in parentheses indicate column percentage. Statistical significance was set at p<0.05.

Table 4.14 Comparative distribution of plasmid replicon types among blanpm-s positive and blanpm-—s

negative K. pneumoniae isolates.

Plasmid replicon blaxpm_s positive (n=14) blaxpvi_s negative (n=471) | p—value
Col440I (n=272) 14 (100%) 258 (54.8%) 0.001
Col440II (n=50) 4 (28.6%) 46 (9.8%) 0.023
Col(MG828) (n=15) 9 (64.3%) 6 (1.3%) <0.001
ColKP3 (n=11) 4 (28.6%) 7 (1.5%) <0.001
ColRNAI (n=201) 11 (78.6%) 190 (40.3%) 0.004
IncA/C2 (n=28) 5 (35.7%) 23 (4.9%) <0.001
IncFIB(pQil) (n=18) 2 (14.3%) 16 (3.4%) 0.034
IncFII (n=19) 13 (92.9%) 6 (1.3%) <0.001
IncFII(pKPI1) (n=205) | 11 (78.6%) 194 (41.2%) 0.005
IncR (n=148) 11 (78.6%) 137 (29.1%) <0.001

NA, not applicable. Values in parentheses indicate column percentage. Statistical significance was set

at p<0.05.
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Plasmid-borne aminoglycoside resistant genes aac(6')—Ib and aph(6)—Id were linked to Col440I,

ColRNAI IncA/C2, IncFII_pKP91, IncR, IncX1 1 (p<0.05) (Table 4.15 and 4.16). Quinolone-resistant

gene gnrB1 was significantly associated with Col4401, Col(MG828), ColRNALI, IncFIl, IncFII pKP91,

IncR whereas gnrS1 was associated with Col4401L, IncFIA(HI1), IncFII(pKP91), IncR, IncN, IncX1 1,

IncX1 4 (p<0.05) (Table 4.17 and 4.18). IncFII(pKP91)and IncR replicons were commonly associated

with all the resistant genes (blactx-m-1s, blanom-s, aac(6')—Ib and aph(6)—1d, gnrB1 and gnrSI) that were

analysed.

Table 4.15 Comparative distribution of plasmid replicon types among aac(6')—Ib positive and aac(6')—

1b negative K. pneumoniae isolates.

Plasmid replicon aac(6')—Ib positive (n=86) | aac(6')-Ib negative p—value
(n=399)

Col440I (n=272) 59 (68.6%) 213 (53.4%) 0.010
Col(MG828) (n=15) 13 (15.1%) 2 (0.5%) <0.001
ColRNAI (n=201) 55 (64.0%) 146 (36.6%) <0.001
IncA/C2 (n=28) 24 (27.9%) 4 (1.0%) <0.001
IncFII (n=19) 12 (14.0%) 7 (1.8%) <0.001
IncFII(pKP91) (n=205) | 70 (81.4%) 135 (33.8%) <0.001
IncR (n=148) 55 (64.0%) 93 (23.3%) <0.001
IncX1 1 (n=10) 6 (7.0%) 4 (1.0%) <0.001

Values in parentheses indicate column percentage. Statistical significance was set at p<0.05.

Table 4.16 Comparative distribution of plasmid replicon types aph(6)—Id positive and aph(6)-Id

negative K. pneumoniae isolates.

Plasmid replicon aph(6)—Id positive (n=97) | aph(6)-Id negative (n=388) | p—value
Col440I (n=272) 65 (67.0%) 207 (53.4%) 0.015
ColRNAI (n=201) 58 (59.8%) 143 (36.9%) <0.001
IncA/C2 (n=28) 25 (25.8%) 3 (0.8%) <0.001
IncFII(pKPI1) (n=205) | 59 (60.8%) 146 (37.6%) <0.001
IncR (n=148) 49 (50.5%) 99 (25.5%) <0.001
IncX1 1 (n=10) 6 (6.2%) 4 (1.0%) 0.001

Values in parentheses indicate column percentage. Statistical significance was set at p<0.05.
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Table 4.17 Comparative distribution of plasmid replicon types among gnrB1 positive and gnrBl

negative K. pneumoniae isolates.

Plasmid replicon gnrB1 positive (n=67) qnrBI negative (n=418) p-value
Col440I (n=272) 54 (80.6%) 218 (52.2%) <0.001
Col(MG828) (n=15) 12 (17.9%) 3(0.7%) <0.001
ColRNAI (n=201) 51 (76.1%) 150 (35.9%) <0.001
IncFII (n=19) 11 (16.4%) 8 (1.9%) <0.001
IncFII(pKP91) (n=205) | 51 (76.1%) 154 (36.8%) <0.001
IncR (n=148) 34 (50.7%) 114 (27.3%) <0.001

Values in parentheses indicate column percentage. Statistical significance was set at p<(0.05.

Table 4.18 Comparative distribution of plasmid replicon types among gnrSI positive and gnrSI

negative K. pneumoniae isolates.

Plasmid replicon qnrS1 positive (n=157) qnrS1 negative (n=328) p—value
Col440II (n=50) 23 (14.6%) 27 (8.2%) 0.030
IncFTA(HI1) (n=91) 46 (29.3%) 45 (13.7%) <0.001
IncFII(pKP91) (n=205) | 87 (55.4%) 118 (36.0%) <0.001
IncR (n=148) 64 (40.8%) 84 (25.6%) 0.001
IncN (n=20) 17 (10.8%) 3 (0.9%) <0.001
IncX1 1 (n=10) 8 (5.1%) 2 (0.6%) 0.001
IncX1 4 (n=11) 10 (6.4%) 1 (0.3%) <0.001

Values in parentheses indicate column percentage. Statistical significance was set at p<0.05.

To assess the strength of association, this study reported for each plasmid replicon, not only the number
and percentage of carriers in both positive and negative cohorts of the respective ARGs, along with the
p-value, but also the odds ratio (OR) with its 95% confidence interval (CI). Replicons with ORs
significantly greater than 1 indicate a positive association between the respective ARGs and their
plasmid backbones in K. pneumoniae, thereby highlighting the primary plasmid vehicles most likely

driving dissemination of these resistance determinants (Figure 4.24).

137



Plasmid replicons and blacyx y 15 association

58.95
IncFII 7 (7.78-446.67)
IncA/C2 * ?fd?arm‘s‘m_z -196.
44.23
Col(MG828) (5.75-340.07)
30.51
ColKP3 "7(3.87-240.89)
IncFIB(pQil) | | B TT07
! 3.65
IncFII(pKPIT) [ | TT%(238-5.59)
ColRNAT _'%i1€3-4 21)
2.50
IncR —%(1.64-3.82)
Col4401 _"(z'f_z“fs-3,45)
CoMdon} | —-H0
100 10! 102
Odd Ratio (log scale)
b. Plasmid replicons and blaxyy;_s association
1007.50
IncFII 7(113.03-8980.37)
139.50
Col(MG828) (35.88-542.33)
26.51
ColKP3 (6.68-105.28)
! 10.82
IncA/C2 E (3.36-34.89)
8.94
IncR (2.46-32.54)
5.42
CoIRNAI- (1.49-19.70)
IncFII(pKPI1) | | ~ (S'i.zf'a-m.on
IncFIB(pQD “(6.08-22:56)
_3.70
Col44011 (1.11-12.26)
100 10! 102 108 104

Odd Ratio (log scale)

138



Plasmid replicons and aac(6')—Ib association

{ 38.23
IncA/C2 (12.83-113.90)
35.35
Col(MG828) “(7.81-159.93)
9.08
IncFII (3.46-23.83)
8.56
IncFII(pKP91) T *(a.78-15.30)
7.41
IncX1_1 7 (2.04-26.84)
5.84
IncR ~*(3.55-9.60)
3.07
ColRNAI % (1.89-3.99)
1.91
Col4401 T A16-3.13)
100 10t 102
0Odd Ratio (log scale)
d. Plasmid replicons and ap/i(6)—Id association
i 44.56
IncA/C2 | (13.11-151.50)
| 6.33
IneXi_t} *1.75-22.89)
) | 2.98
IncR i T (1EEma. )
3 2.57
IncFII(pKPOL) | | " {i63-4.06)
ColRNAT | ———{1674.02)
CoMdol | —’—%ig:lgm.aa)
100 10t 102

Odd Ratio (log scale)

139



e. Plasmid replicons and gnrB1 association
Col(MG828) “{8.36-110:31)
10.07
IncFII ¥ 1(3.88-26.10)
CoIRNAI e {514710.30)
| 5.46
IncFII(pKP91) | T (301-9.91)
Co4o01| | ———{3.057.19)
| 2.75
IncR ; % {1.62-4.64)
100 10t 102
Odd Ratio (log scale)
f. Plasmid replicons and gnrS1 association
22.25
IneX1 4+ (2.82-175.38)
13.15
IncN (3.79-45.61)
8.75
IncX1_1 (1.84-41.71)
IncFIA(HI1) | —‘—(zi%zta.ls)
2.21
IncFII(pKP91) ~%(1.50-3.26)
2.00

IncR | % (1.33-2.99)

Col44011 —‘—““‘*—?i?olstms)
100 101 102

0Odd Ratio (log scale)

Figure 4.24 Forest plots showing the estimated ORs and 95% Cls for the association between plasmid

replicon types and carriage of the ARGs among K. pneumoniae isolates. a. association between plasmid
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replicons and blaCTX LS carriage, b. association between plasmid replicons and blanpm-s carriage, c.

association between plasmid replicons and aac(6')—Ib carriage, d. association between plasmid
replicons and aph(6)—Id carriage, e. association between plasmid replicons and gnrBI carriage, and f.
association between plasmid replicons and gnrSI carriage. Replicons are listed on the y-axis and
ordered by increasing ORs, and points represent the OR estimates on a logarithmic x-axis, with

horizontal bars denoting their 95% Cls. The dashed vertical line marks an OR of 1 (no association).
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4.3 Discussion

The increasing level of AMR observed in K. pneumoniae, particularly in clinical settings, poses a
serious threat to public health (Calland et al., 2023). As K. pneumoniae are ecological generalists and
capable of thriving in various environments, they have the potential to spread AMR genes across
different settings (Thorpe et al., 2022). Recent One Health studies from different countries have
characterised Klebsiella from various settings, revealing that MDR K. pneumoniae is predominantly
prevalent within hospital environments (Ludden ef al., 2020; Dereeper et al., 2022; Thorpe et al., 2022;
Calland et al., 2023; Yasmeen et al., 2023; Jacob et al., 2024; Hinthong et al., 2025; Mondol et al.,
2025). My study, conducted in an LMIC setting, contributes to the existing evidence by providing a
substantial sample of contemporaneous K. pneumoniae isolates from Mymensingh, Bangladesh. This
study aimed to investigate the distribution and overlap of AMR among K. pneumoniae isolates across

human, animal, and environmental reservoirs within the designated study area in Bangladesh.

The results of AST revealed that the overall susceptibility of K. pneumoniae from various sources
showed high resistance to fosfomycin (62.8%), ciprofloxacin (47.5%), levofloxacin (46%),
amoxicillin—clavulanic acid (36.2%), and high sensitivity to colistin (3.1%), ceftazidime—avibactam
(3.5%), meropenem (4.6%) and imipenem (5.0%) (Table 4.1). Higher resistance to ciprofloxacin,
levofloxacin, and amoxicillin—clavulanic acid may be attributed to the extensive use of these antibiotics
in clinical and veterinary practices in Bangladesh (Chouduri ef al., 2018; Islam et al., 2021; Mahmud
et al., 2022, Chowdhury et al., 2025). In contrast, the resistance to fosfomycin in Bangladesh, despite
its rare application, may stem from the horizontal transfer of resistance genes, which can occur even
without direct selective pressure from its use (Munny et al., 2023). Higher sensitivity to colistin,
ceftazidime—avibactam, meropenem, and imipenem, as supported by previous findings in Bangladesh,
may be attributed to their limited availability and usage in Bangladesh (Ahmed et al., 2019; Aminul et

al., 2021; Hussain ef al., 2023).

Beyond individual resistance frequencies, isolate-level co-resistance analysis in this study demonstrated

clear clustering of resistance among commonly used antibiotic classes. The analysis revealed strong co-
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resistance between ciprofloxacin and levofloxacin and their co-occurrence with fosfomycin resistance
(Figure 4.1). Similar fluoroquinolone-linked co-resistance profiles have been documented in K
pneumoniae isolates originating from diverse One Health reservoirs, including clinical and
environmental sources (Ludden et al., 2020; Thorpe et al., 2022; Calland et al., 2023). Co-resistance
among ESBLs, including third- and fourth-generation cephalosporins and aztreonam, is consistent with
the widespread dissemination of ESBL-producing K. pneumoniae, in which -lactamase genes are often
co-located with resistance determinants for other antibiotic classes on conjugative plasmids
(Rozwandowicz et al., 2018; Wyres & Holt, 2018). In contrast, the consistently low co-resistance
involving carbapenems, colistin, and ceftazidime—avibactam in the dataset indicates that resistance to

last-line agents has not yet become strongly embedded within broader multidrug resistance profiles.

Sample-wise susceptibility showed that K. pneumoniae from DARS, BF, and HRS exhibited high
susceptibility to all classes of antibiotics except fosfomycin. K. preumoniae from SSIs exhibited
significantly higher resistance to ciprofloxacin, levofloxacin, fosfomycin, cefotaxime, ceftazidime,
aztreonam and cefepime (Table 4.2). Although carbapenem resistance was higher only in SSIs, all of
the clinical isolates (SSIs and UTIs) were sensitive to colistin. Previous studies reported similar
antibiotic resistance patterns in various clinical isolates of K. pneumoniae in Bangladesh (Aminul et al.,
2021; Tanni et al., 2021). Resistance to colistin remains low, mainly because it is infrequently
prescribed in hospitals in Bangladesh, typically reserved for ICU patients. Unlike previous findings, I
found no carbapenem resistance in UTIs, which may be due to the sampling criteria used in this study
(only outdoor patients from the community were included, and children, pregnant women, and patients
with co-morbidities were excluded). A recent study also reported higher resistance in K. pneumoniae
for HAI than CAI in Bangladesh, which is consistent with the findings of the present study (Kawser et
al., 2025). Particularly alarming was the widespread resistance to 3GC, aminoglycosides, and
fluoroquinolones found in water, flies, CCS, UTIs, and SSIs. These patterns mirror previous studies
from Bangladesh that have documented resistance levels in K. pneumoniae in clinical, veterinary and
environmental settings (Aminul ef al., 2021; Tanni et al., 2021; Saha et al., 2023; Kar et al., 2024;

Kawser et al., 2025; Tanni et al., 2025). The widespread use of 3GC, aminoglycosides, and
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fluoroquinolones for clinical management in hospitals, as well as in veterinary practices in Bangladesh,
has led to resistance against these antibiotics (Hosain et al., 2022; Rashid et al.,, 2022). Across all
samples, 22.6% (122/541) of K. pneumoniae in this study were MDR, and 3% (16/541) were XDR
(Figure 4.2). MDR and XDR K. pneumoniae were most common in SSIs from the hospital, whereas no
MDR or XDR K. pneumoniae were detected in DARS and UTIs in this study. None of the K.
pneumoniae was pan—drug resistant (resistant to all classes of antibiotics). Data related to the frequency
of MDR and XDR K. pneumoniae with respect to One Health sampling are very limited; however, a
high incidence of MDR and XDR K. pneumoniae has been previously observed in clinical settings in

Bangladesh (Kawser & Shamsuzzaman, 2022; Mahmud et al., 2022; Kawser et al., 2025).

Phenotypic resistance grouping (five groups based on susceptibility to major antibiotic classes) of K.
pneumoniae was applied in this study to summarise antimicrobial susceptibility data into clinically and
epidemiologically meaningful categories. Group A represents isolates susceptible to both 3GCs and
carbapenems, while Group B comprises 3GC-resistant but carbapenem-susceptible isolates, a
phenotype commonly used as a proxy for ESBL production (Wyres and Holt, 2018). Groups C-E
capture increasing severity of carbapenem-associated resistance, with Group C representing
intermediate carbapenem-resistant phenotypes that retain susceptibility to at least one major non-f-
lactam class, and Groups D and E corresponding to multidrug-resistant and near-pan-resistant
phenotypes, respectively. This class-based stratification reflects progressive loss of therapeutic options
and is consistent with established antimicrobial resistance surveillance frameworks and MDR/XDR
definitions proposed by Magiorakos et al. (2012) and adopted in global AMR surveillance initiatives,
including WHO GLASS. Although these categories were defined phenotypically, they conceptually
aligned with widely used genotypic classification approaches, such as Kleborate, which stratify K.
pneumoniae according to ESBL production, carbapenemase presence, and resistance to last-line agents
(Lam et al., 2021). Within the study area, 25.1% (136/541) of K. pneumoniae isolates across various
sources were 3GC resistant but sensitive to carbapenems, and these isolates were recovered from
different subdistricts. 3GC-resistant K. pneumoniae were more prevalent (36.9%) in Mymensingh Sadar

than in other subdistricts. Only 4.8% (26/541) of the isolates were resistant to carbapenems, quinolones
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and aminoglycosides (Group D), and all of them were from Mymensingh Sadar (Figure 4.3 and Table
4.3). Location-wise multivariate logistic regression analyses also demonstrated that K. pneumoniae
from MMCH in Mymensingh Sadar were significantly associated with resistance to multiple antibiotics
(»<0.05) (Table 4.4). This finding indicates that the increased resistance in Mymensingh Sadar is
attributed to the clinical isolates (SSIs) obtained from MMCH. Previous studies also reported high

resistance in K. pneumoniae from tertiary hospitals (Tanni et al., 2021).

This study also investigated the MIC values of different antibiotics for K. pneumoniae isolated from
various samples. Values were interpreted using EUCAST (v.12.0) breakpoints for K. pneumoniae, with
similar cut-offs applied across all isolates irrespective of sample source (EUCAST, 2022), enabling
direct comparison across human, animal, and environmental compartments. Using these fixed cut-offs,
K. pneumoniae isolates from SSIs demonstrated the highest reduced susceptibility, with MIC50 values
exceeding EUCAST resistance thresholds for amoxicillin—clavulanic acid, piperacillin—tazobactam,
cefotaxime, ceftazidime, cefepime, aztreonam, amikacin and gentamicin (Table 4.6). Similarly, CCS
isolates showed elevated MIC50 values above resistance cut-offs for ciprofloxacin, levofloxacin,
gentamicin and fosfomycin (Table 4.6). In the case of MIC90, SSI isolates exceeded EUCAST
resistance breakpoints for almost all tested antibiotics, with the exception of tigecycline (2 mg/L) and
colistin (0.5 mg/L) (Table 4.7). Conversely, the MIC90 of tigecycline (4 mg/L) and colistin (4 mg/L)
was found to be higher in CCS, exceeding EUCAST epidemiological cut-off values (Table 4.7). The
reduced MIC values of tigecycline and colistin may be due to their limited use in clinical practice
(Aminul et al., 2021), while the higher values in CCS may result from the widespread use of tetracycline
and colistin in poultry farms (Hosain et al., 2022; Islam et al., 2020). Although MIC90 values for
isolates from DARS, BF, and HRS largely remained below the breakpoint, fosfomycin MIC90 values
frequently exceeded the cut-off across multiple non-clinical sources. Collectively, a high proportion of
K. pneumoniae isolates with MIC50 and MIC90 values for different antibiotics above fixed EUCAST
cut-offs in CCS, CMS, water, flies, SSIs and UTIs indicate that the bacterial population requires higher
concentrations of antibiotics to inhibit growth, which is a strong signal of reduced susceptibility or

emerging resistance to those antibiotics (Wang ef al., 2022).
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The evading mechanisms of K. pneumoniae against 3GC, carbapenems, aminoglycosides and
quinolones are crucial to investigate. In the present study, among the 131 distinct ARGs identified,
blarem-1s, blactxm-15, aac(6')—1Ib, aph(6)—1d, ogxA, ogxB, qnrS, gnrB, fosA, sull, sul2 and tetA showed
higher prevalence in both clinical and non—clinical isolates, highlighting the pervasive distribution of
ARGs in K. pneumoniae at human-animal-environment interfaces (Figure 4.6). Among ESBL genes,
blactx-m-15 was the most prevalent, comprising 23.5% (127/541) and detected in all sample types except
DARS (Figure 4.7), which is consistent with a previous report from MMCH, Mymensingh, Bangladesh
(Khan et al., 2018). Khan et al. (2018) reported that 51.4% of K. pneumoniae clinical isolates carried
the blacrx-m-1 group genes, with blacrx-m-15 being the dominant variant. Previous research has shown
that the blacrx-m-15 gene is a highly prevalent ESBL gene, especially in South Asia, including
Bangladesh, and is frequently identified in E. coli and K. pneumoniae isolates from both clinical and
community settings (Sahoo et al., 2022; Gondal et al., 2023; Kawsar et al., 2025). Safain et al. (2021)
reported that blacrx-m-1 was the most common (63%) ESBL—resistant gene in Enterobacteriaceae from
hospitalised patients in Bangladesh, where they found 28% in K. preumoniae. Another study conducted
in Dhaka found that 50% of K. pneumoniae harboured the blactx-m-15 gene (Hussain ef al., 2023). The
overall prevalence differences could be attributed to the sample types; previous reports were linked to

clinical isolates, whereas my study included samples from diverse sources.

Among the carbapenem resistance alleles, blanpm-s was the most commonly found in this study,
followed by blaoxa 32, blaoxa-is1, blanom-1 and blanom—s (Figure 4.6). All identified carbapenem—
resistant genes in K. pneumoniae originated from MMCH, with a single blanpm-s positive K.
pneumoniae found in hospital wastewater. This suggests potential transmission to the hospital
environment. | also found that K. preumoniae from SSIs co-harboured NDM—4/5 and OXA-181/232
carbapenemase. A previous study conducted in MMCH also reported blanom-1, blanom-s, blanpm—7 in E.
coli and blanpm-1 in K. pneumoniae from clinical isolates (Khan et al., 2018). A study from the largest
tertiary care hospital in Bangladesh reported that blanpm-1 was the most prevalent among the CR-KP
isolates, followed by blanpm-s, blaoxa-1si, and blaoxa—232 (Okanda et al., 2020). Another recent study

from Dhaka Medical College Hospital, Bangladesh found blanpm-—s and blaoxa-1s1 were the most
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frequently found carbapenemase genes from clinical K. pneumoniae (Kawasr et al., 2025). These
findings indicate changes in resistance patterns that may be due to the spread of carbapenemase among
Enterobacterales (Alvarez et al., 2024). Unlike previous reports from Bangladesh, India and Pakistan,
all K. pneumoniae isolates from this study were negative for blaviv, blakec, and blanwe (Sahoo et al.,
2023; Farzanan et al., 2023; Gondal et al., 2023). For colistin resistance, mcr-8.1 was the most
frequently found mcr gene in K. pneumoniae isolates. I found both mcr-1.1 and mcr-8.1 circulating in
the environment, on farms and among healthy humans living near the farms where mcr-8.1 was the
dominant mechanism. Although no mcr genes were found in clinical isolates in this study, Farzana et
al. reported mcr-8.1 in K. pneumoniae from clinical infections in a tertiary care hospital in Bangladesh
(Farzana et al., 2020). These findings, along with the previous reports, highlight the emergence of
colistin resistance in K. pneumoniae in Bangladesh (Farzana et al., 2020; Mondol et al., 2025). For
aminoglycoside resistance, the most prevalent resistant genes were aph(6)-Id (18.1%), aph(3")—Ib
(17.2%), aac(6')—Ib (15.9%), aadA2 (15.5%) and aac(3)-Ila (10.2%). The ogxA (97.6%) and ogxB
97.1%) were the most frequently identified quinolone—resistant genes, followed by ¢gnrS1(29.0%) and
gnrB1 (12.4%), contributing to plasmid—mediated quinolone resistance. These findings align with the
previous report from Dhaka, Bangladesh where they identified aph(3")-1b (37.5%), aph(6)—Id (35%),
aac(6')-1b (31.3%), aadA2 (18.8%), aac(3)-Ila (15.6%) are the frequent aminoglycoside-resistant
genes along with AMR genes encoding for fluoroquinolone resistance  such
as ogxA/ogxB (100%), gnrB1 (3.5%) and gnrS (3.5%) in K. pneumoniae isolates (Hussain et al., 2023).
While investigating the genotypic resistance in K. pneumoniae, 1 found that AMR-associated genes
were distributed unevenly across different sources, where ESBL, carbapenemase, aminoglycoside and
quinolone-resistant genes were predominantly found in clinical isolates, particularly in SSIs (Figure
4.7), which correspond to the findings of previous studies from South Asia, including India and Pakistan
(Calland et al., 2023; Jacob et al., 2024; Thorpe et al., 2022). ESBL gene blacrx-m-15s was found to be
significantly associated with 3GC resistance, followed by blanpm-s with carbapenem resistance,
aac(6')-Ib and aph(6)-Id with aminoglycoside resistance, and gnrS and gnrBI with quinolone
resistance in K. pneumoniae (p<0.05) (Table 4.8). I also found that B-lactamase, aminoglycoside,
fluoroquinolone, sulfonamide and trimethoprim resistance genes were significantly correlated with
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3GC and carbapenem resistance in K. pneumoniae (Table 4.9 and 4.10), indicating co-harbouring of

multiple resistance genes in single isolates, limiting therapeutic options (Altayb et al., 2022).

In this study, discordance between phenotypic resistance and detected ARGs was observed (Table 4.8),
which can be attributed to several methodological and biological factors. This study focused on
screening horizontally acquired resistance genes and did not include analysis of chromosomal point
mutations. Consequently, resistance mechanisms primarily mediated by target-site mutations, most
notably fluoroquinolone resistance associated with mutations in the quinolone resistance—determining
regions of gyr4 and parC were not captured (Hooper & Jacoby, 2015; Redgrave et al., 2014). Although
plasmid-mediated quinolone resistance genes such as gnrSI and gnrB1 were significantly associated
with phenotypic resistance, these determinants typically confer low-level resistance and facilitate the
selection of chromosomal mutations rather than acting as sole resistance mechanisms (Strahilevitz et
al., 2009; Jacoby et al., 2014). Thus, the absence of gnr genes in some resistant isolates is more likely
attributable to uncharacterized chromosomal mutations than to true genotypic—phenotypic discordance.
Additionally, discordance may also include variability in gene expression, incomplete sequencing
coverage, and inherent limitations of phenotypic antimicrobial susceptibility testing (Ellington ef al.,
2017; CLSI, 2023). Moreover, ABRicate relies on curated resistance gene databases and does not detect
resistance arising from novel mutations or regulatory changes (Boolchandani ez al., 2019). Collectively,
these findings indicate that ARG-based genomic screening alone may underestimate resistance to

antibiotics in which chromosomal mutations constitute the dominant resistance mechanism.

This study compared the clonal relatedness of K. pneumoniae across different niches to understand the
distribution of STs with respect to the One Health approach. Results revealed the high genetic diversity
of K. pneumoniae clones isolated in this study from human, farm and environmental samples. Among
260 identified STs in K. pneumoniae, ST37, ST490, ST15, ST147, ST48 and ST45 were the dominant
STs (Figure 4.8). The evolution and diversity of K. pneumoniae have been reported in many parts of
the world, including South Asia (Wyres et al., 2019; Wyres et al., 2020; Byarugaba et al., 2023). Global
problem clones (MDR STs) of K. pneumoniae such as ST11, ST15, ST29, ST37,ST147, ST307, ST101

were found in this study, which is consistent with the previous reports from clinical isolates in
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Bangladesh (Farzana et al., 2020; Hussain et al., 2023; Kawser et al., 2025). The findings of these high—
risk clones in Bangladesh are not surprising, considering the global dissemination of these clones and
the ease with which they spread and transmit not only within healthcare facilities but also in
communities. Among the prevalent STs recovered from various sources, ST490 and ST48 were
significantly associated with SSIs, whereas ST45 was linked to HRS (Table 4.11). ST490 and ST48
isolates were restricted to MMCH, indicating localised transmission within and around the hospital
facilities (Figure 4.10). ST490 and ST48 associates with SSIs were MDR, whereas ST45 from HRS
exhibited a low level of resistance according to Kleborate resistant score which is consistent with
phenotypic resistance results of this study (Figure 4.13). Comparative analysis revealed a significant
association of ST37, ST490, ST147 and ST48 with 3GC resistance in K. pneumoniae, followed by ST15
and ST48 with carbapenem resistance, and ST490, ST15, ST147 and ST48 with aminoglycoside
resistance and quinolone resistance (Figure 4.15 — 4.18). Previous data suggested a strong association
of particular resistance patterns with the clonal backgrounds, and ST11, ST14, ST15, ST23, and ST147
of K. pneumoniae have been reported episodically as the frequent host of ESBLs and carbapenemase

(Farzana et al., 2020; Wyres et al., 2020; Byarugaba et al., 2023).

K. pneumoniae was reported previously as an extremely transmissible organism and more prone to
cause outbreaks than several other Enterobacterales (Gurieva et al., 2018; Ludden ef al., 2020). In the
present study, several genomic clusters were identified, comprising isolates with diverse STs, sample
sources, sampling periods, and locations, which differed by <100 SNPs (Figure 4.19). Although MLST
is commonly used to describe the population structure of K. pneumoniae, it is based on only seven
housekeeping loci and therefore provides substantially lower resolution than core-genome SNP analysis
(Maiden et al., 1998; Wyres & Holt, 2018). Consequently, isolates assigned to different STs may
nonetheless cluster within relatively small core-genome SNP distances, particularly when ST
divergence is driven by variation at one or a few loci rather than genome-wide evolutionary separation.
Such discordance between MLST classification and core-genome relatedness has been widely reported
in K. pneumoniae and reflects the limited discriminatory power of MLST for fine-scale phylogenetic

inference (Wyres et al., 2019; Ludden et al., 2020). In addition, localised recombination affecting
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MLST loci can result in ST reassignment despite high overall genomic similarity (Didelot & Wilson,
2015; Wyres et al., 2020). As recombination was identified and removed prior to SNP distance
estimation using Gubbins, the observed <100 SNP clustering across distinct STs is unlikely to be an

artefact of horizontal gene transfer affecting large genomic regions.

Importantly, the <100 SNP threshold applied in Figure 4.19 was used as an exploratory approach to
examine broader phylogenetic structure and genomic relatedness across isolates from human, animal
and environmental sources, rather than to infer transmission. This population-level clustering provided
contextual insight into the genetic neighbourhoods within which more closely related isolates occurred,
thereby informing subsequent, more stringent analyses focused on putative transmission events. Since
there is no universally applicable SNP cut-off for defining an outbreak across all settings, SNP
thresholds are best treated as pragmatic screening tools interpreted alongside epidemiological evidence
and analytical context. Although outbreak SNP thresholds are not predefined, they can be inferred
empirically by calibrating genomic distances against epidemiologically linked cases (Marsh et al., 2019;
Stimson et al., 2019). Consistent with this principle, I used the published working ranges (0 - 30 SNPs)
to screen for plausible transmission (Stimson et al., 2019; Azarian & Black, 2024; Hinthong ef al.,
2025), followed by integration of ward-level epidemiology (admission ward and overlapping hospital
stays) with genomic data. This approach identified two putative clonal outbreak clusters belonging to
MDR ST490 and ST48 at the surgery, orthopaedics, obstetrics and gynaecology wards of MMCH
(Figure 4.20). The combined epidemiological and genomic insights inferred the following probable
transmission events: 1) Within the same ward, overlapping of patients’ hospital stay, and isolates with
the SNPs difference of <30 were suggestive of sequential patient—to—patient transmission. 2) Isolates
differed by very few SNPs (0 to 2), suggesting the sequential transmission or concurrent acquisition of
an identical clone from a common source. 3) In case of different wards, the probable transmission might
be through health care workers or the usage of a common device by the patients of different wards.
However, this interpretation is limited by the lack of colonisation screening. This study did not
investigate the role of the carrier state during the putative clinical outbreak. The carrier might be patients

infected with outbreak isolates, other patients, caregivers or health care workers (Hawkey, 2015;
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Cimmino et al., 2016; Shahida et al., 2016). Perhaps the involvement of pre-existing exogenous sources
along with sequential patient-to-patient transmission can be responsible for the occurrences (Roisin et
al., 2016). In addition, the lack of in-ward environmental sampling in the hospital limits the ability to
directly link putative outbreaks to hospital reservoirs. Hospital outbreaks can increase the clinical
burden of successful MDR clones, which can spread between/within hospitals, the community via
faecal carriage, and in environmental settings through poor drainage systems (Hassing et al., 2015;

Hawkey, 2015; Cimmino et al., 2016).

Plasmids serve as major vehicles for the horizontal gene transfer of critical AMR determinants in K.
pneumoniae, enhancing its capacity to develop and disseminate multidrug resistance (Ramirez et al.,
2014; Li et al., 2025). Therefore, this study focused on examining the plasmid—driven spread of AMR
in K. pneumoniae within the study area with regard to One Health. Plasmid typing identified a wide
variety of plasmid replicons in K. pneumoniae from various sources (Figure 4.21 and Table 4.12).
Hierarchical clustering based on plasmid replicon presence and absence using Jaccard distance revealed
that some isolates shared highly similar plasmid profiles, whereas others displayed diverse and
heterogeneous plasmid content, indicating substantial variability in plasmid carriage across the
population (Figure 4.22). The observed heterogeneity indicates that AMR in K. pneumoniae is not
driven solely by clonal expansion but also by horizontal plasmid-mediated dissemination
(Rozwandowicz et al., 2018). Notably, IncFIB(K)Kpn3 was the most prevalent replicon, aligning with
the previous report (Wyres et al., 2020). I found that several replicons showed source-specific
enrichment with IncFIB(K)Kpn3 and IncHI1B(pNDM-MAR) significantly associated with K.
pneumoniae from HRS, IncN and IncX1 linked to CCS, CMS, and water-derived isolates (p<0.05)
(Figure 4.23), indicating ecological structuring of plasmid distribution (Jacob et al., 2024). Col440],
Col44011, Col(MG828), ColKP3, ColRNAI, IncA/C2, IncFIB(pQil), IncFII, IncFII(pKP91), and IncR
were found to be significantly associated with the ESBL gene blacrx-m-15 and the carbapenem—resistant
gene blanpm-s (p<0.05) (Table 4.13 and Table 4.14). Previous studies have also reported a significant
association between the blacrx-m-15 gene and IncF—type plasmids, which are known for their broad host

range and ability to carry multiple resistance genes (Carattoli, 2009; Negeri et al., 2023; Ikhimiukor et
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al., 2024). Refath et al. (2023) documented that the plasmid—mediated horizontal dissemination
of blanpm among various species of Enterobacterales primarily occurred via IncFII and IncX3 in
Bangladesh. Another study from India also reported that blanom was associated with IncFII-like
plasmids in K. pneumoniae (Shankar et al., 2021). The findings from this study indicate various
mechanisms of HGT for the spread of blacrx-m-15 and blanpm-s, especially when compared to earlier
reports. Furthermore, plasmid replicons associated with blacrx-m-15 and blanpm-s were also significantly
enriched in SSIs rather than to other sample sources (Figure 4.23). This finding indicates that healthcare
environments may play a role in the spread of plasmid—mediated ESBL and carbapenemase resistance,
likely due to lapses in aseptic practices, contaminated instruments, or colonisation of surgical staff

and/or patients.

In the present study, IncFII(pKP91) and IncR replicons were frequently associated with genes that
confer resistance to ESBL, carbapenemase, aminoglycosides, and quinolones (blactx-m-15, blanpm-s,
aac(6')—Ib and aph(6)—Id, gnrBI and gnrS1), aligning with earlier findings in India (Shankar et al.,
2021). Interpretation of odds ratios (ORs) further supports this, as replicons such as IncFII(pKP91) and
IncR exhibited consistently elevated ORs across multiple resistance classes, indicating high gene
penetrance and stable maintenance of diverse ARGs within widely disseminated plasmid backbones, a
recognised feature of IncF- and IncR-type plasmids (Carattoli, 2009; Wyres et al., 2020). In contrast,
very high ORs observed for less prevalent replicons likely reflect strong lineage-specific enrichment
rather than widespread dissemination. Importantly, ORs describe genetic co-carriage and dissemination
potential rather than phenotypic resistance magnitude, which is more accurately reflected by MIC data
(San Millan, 2018). The frequent co-occurrence of ESBL, carbapenemase, aminoglycoside, and
quinolone resistance genes on the same plasmid replicons provides a clear genetic basis for co-
resistance. Therefore, under antimicrobial pressure, selection for a single resistance determinant can co-
select for multiple unrelated ARGs located on shared mobile genetic platforms, facilitating the
persistence and spread of MDR K. pneumoniae across the human—animal-environment interface

(Partridge et al., 2018).
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The major findings of this chapter strengthened the understanding of the vital resistance determinants
of K. pneumoniae in Bangladesh within the One Health framework. The shared K. pneumoniae clones,
AMR genes, and plasmids across various environments revealed several critical aspects of AMR
distribution, clonal diversity, and phylogenetic relationships. These insights highlighted the prevalent
resistance patterns and mobile genetic elements of K. pneumoniae that transcend traditional sectoral
boundaries. Notably, the spread of MDR K. pneumoniae was more prominent among hospitalised
patients and chickens in poultry farms. My results indicated that hospitals acted as hotspots for the
dissemination of K. pneumoniae AMR, while isolates from healthy human volunteers, domestic
animals near farms, free—flying birds, and environmental samples were mostly susceptible to the current
antimicrobials used to treat human disease. Furthermore, the potential outbreak of MDR K.
pneumoniae ST490 and ST48 is likely to be originated in hospital environments rather than from
animals or natural conditions. The genetic diversity among local K. pneumoniae isolates from different
sources allowed me to identify various STs from humans, animals, and their environment, which may
prove crucial in managing the public and animal health threats posed by MDR K. pneumoniae in the

future.
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Chapter 5

Investigating the Epidemiology of Hypervirulent Klebsiella pneumoniae in

Bangladesh: Insights from One Health Genomic Surveillance
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5.1 Introduction

K. pneumoniae stands among the most formidable bacterial pathogens worldwide with remarkable
phenotypic, genotypic and pathogenic diversity (Stanton & Wyres, 2024). This bacterium is best known
for its two distinct pathotypes, referred to as the classical K. pneumoniae (cKP) and the hypervirulent
K. pneumoniae (hvKP). The cKP strains exhibit high genetic diversity and are frequently MDR but
typically of lower virulence. They encompass globally disseminated antibiotic-resistant clones,
including ST11, ST15, ST48, ST147, ST231, ST258, ST307 and ST512, which frequently harbour
ESBLs (blactx-m-15) and carbapenemases (blakpc, blanom, blaoxa-as-ike). cKP are primarily associated
with HAIs such as pneumonia, bloodstream infections, urinary tract infections and wound infections,
particularly in neonates and immunocompromised patients. In contrast to cKP, hvKP are generally
susceptible to most antibiotics yet capable of causing severe, rapidly progressing CAls, posing a unique

challenge (Wyres et al., 2020; Kochan et al., 2023; Russo et al., 2024).

Over the past two decades, hvKP has evolved as a significant public health concern due to its
exceptional virulence and ability to cause severe, life-threatening invasive infections such as pyogenic
liver abscesses and meningitis in otherwise healthy individuals, as well as in immunocompromised
people (Paczosa & Mecsas, 2016). ST23, ST65, ST66, ST86, and ST380 are the dominant lineages
causing hypervirulent infections globally (Wyres ef al., 2020). These strains possess enhanced virulence
attributes associated with pathogenicity loci responsible for siderophore overproduction (aerobactin,
encoded by iuc; salmochelin, iro; yersiniabactin, ybt), hypermucoviscosity (hypermucoidy operons:
rmpADC, rmpA2), genotoxin (colibactin, ¢/b) and virulence plasmids (pK2044Kp, pLVPK). The gene
clusters encoding these features are usually carried on ICEs (for ybt, clb), or on large plasmids (for iuc,
iro, rmpADC and its ortholog rmpA2) (Lee et al., 2017, Spadar et al., 2022; Stanton & Wyres, 2024).
Previous studies have identified iucA, iroB, peg-344, rmpA, rmpA2 and virulence plasmids as key
molecular markers for defining hvKP (Russo et al., 2018; Russo er al., 2024). Hypervirulence-
associated factors also include the capsular polysaccharide, which defines the capsular serotype (K-
antigen type) and the lipopolysaccharide (LPS, O-antigen type), with K1 and K2 serotypes reported to
be significantly associated with hvKP (Lei et al., 2024).
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Although the hvKP and cKP strains have traditionally been considered non-overlapping, recent global
genomic studies have revealed the emergence of convergent strains, which possess features of both the
hvKP and cKP strains. Convergence can occur through several mechanisms, including the acquisition
of resistance determinants by hvKP strains, the acquisition of virulence factors by MDR cKP lineages,
or through the acquisition of hybrid plasmids carrying both AMR and virulence determinants (Wyres et
al.,2020; Lan et al., 2021; Pu et al., 2023; Lei et al., 2024). The hvKP (ST23) acquiring multiple AMR
plasmids, cKP (STI1) acquiring the pLVPK-like virulence plasmid, and K. pneumoniae ST2096
acquiring hybrid plasmids carrying both AMR and virulence genes are some examples of
convergence (Gu et al., 2018; Shankar er al., 2020, 2022). These convergent strains, particularly
carbapenem-resistant hypervirulent K. pneumoniae (CR-hvKP), not only cause severe infections but
also limit the treatment options, further increasing the threat to global health (Lee et al., 2017; Hetta et
al., 2025). The spread of such strains is particularly worrisome in LMICs like Bangladesh, where

treatment options are limited and diagnostics are suboptimal (Hussain et al., 2023).

Global dissemination of key hvKP lineages (ST23, ST65, ST86) and convergent strains (ST11, ST231,
ST2096), including CR-hvKP strains, has been documented in previous studies, particularly with higher
prevalence in East and Southeast Asia (Karlsson et al., 2019; Beyrouthy et al., 2020; Shankar et al.,
2020; Wyres et al., 2020; Hernandez et al., 2021; Imtiaz et al., 2021; Lan et al., 2021; Zhu et al., 2022;
Hussain et al., 2023; Dingiswayo et al., 2024; ECDC, 2024; Merla et al., 2024; Nguyen et al., 2024).
A recent study reported LMICs in Asia, specifically India, Pakistan and Vietnam, as hotspots for these
convergent strains (Silvester et al., 2022). Despite these findings, limited data exist from Bangladesh
on the prevalence, reservoirs, and genetic structure of hvKP and its convergent forms (Kawser &

Shamsuzzaman, 2022; Hussain ef al., 2023).

Considering the growing global concern on the convergence of hypervirulence and AMR and the
existing knowledge gap in the epidemiological mapping of hvKP in Bangladesh, this study aims to
comprehensively investigate the molecular epidemiology of hvKP across community, farm, and

healthcare settings.
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This chapter specifically aims to:

1. Characterise the virulence profiles of K. pneumoniae circulating at the human-animal-
environment interface.

2. Determine the prevalence and clonal relatedness of hvKP.

3. Investigate the convergence of AMR and virulence determinants in K. pneumoniae.

4. Assess the role of plasmids in the dissemination of virulence and AMR determinants among

convergent K. pneumoniae.
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5.2 Results

5.2.1 Virulence profile of K. pneumoniae

A total of 541 K. pneumoniae isolates were sequenced using the Illumina NovaSeq 6000 platform.
Virulence genes and ARGs were identified using the latest VFDB and ABRicate databases. Kleborate
(v.3.0) was used to determine virulence and AMR profiles, while Kaptive was used to identify surface

antigens (K and O antigens) (Wyres et al., 2016; Lam et al., 2021).

Based on the VFDB screening and Kleborate analysis, 37 virulence genes were identified among the
541 K. pneumoniae isolates. Among the identified virulence loci, core virulence genes such as entA,
entB, fepC, ompA, the ECP pilus loci yagV/W/X/Y/Z and the regulator ykgK were present in more than
95% of K. pneumoniae (Table 5.1). Accessory virulence genes (ybt, iro, clb, iuc, rmp), which are
typically found on mobile elements such as genomic islands, ICEs or plasmids, showed variable
prevalence. These accessory genes are also considered virulence markers in K. preumoniae.
Yersiniabactin cluster (ybtd, ybtE, ybtP/Q/S/T/U/X) and associated genes (irpl, irp2) required for
yersiniabactin biosynthesis were found in 20.9% (113/541) K. pneumoniae. Salmochelin siderophore
operon (iroB/C/N) was present in 3.3% (18/541) isolates, with iroD and iroE detected in 3.1% (17/541)
and 0.4% (2/541), respectively. Aerobactin biosynthesis genes (iucA, iucB, iucC, iucD), along with their
regulator iut4A were found in 3.7% (20/541) of the isolates. Colibactin (c/b) was present in only 0.9%
(5/541) of K. pneumoniae. The hypercapsule-regulator genes, rmpA, rmpA2, rmpC, and rmpD, were

present in 3.7%, 3.5%, 3.0%, and 3.0% of the isolates, respectively.

The prevalence of accessory virulence genes varied depending on the source of isolation (Table 5.2).
The prevalence of ybt was highest at 65.6% in SSIs, followed by 21.4% in UTIs, 18.4% in HRS, 13.3%
in DARS, 8.0% in water, 7.5% in flies, 4.8% in CCS, and 3.7% in CMS strains. Salmochelin (iro) was
absent from water, CMS, DARS, and BF, and found at 7.5% in SSIs, 7.1% in UTIs, 4.3% in HRS, 1.6%
in CCS and 1.3% in flies. Aerobactin (iuc) was found only in 12.9% of SSIs, 3.8% of HRS and 1.3%

of fly isolates. Colibactin (c/b) was exclusive to strains from human samples, at 4.3% in SSIs and 0.5%
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in HRS. Capsule-regulator genes (#mp) occurred in 11.8% of SSIs, 4.3% of HRS and 1.3% of flies, but

were absent from all other sources (Table 5.2).

Table 5.1 Prevalence of virulence loci in 541 K. pneumoniae isolates.

Category Gene(s) Function/System Prevalence (n, %)
Core entA, entB, fepC | Enterobactin synthesis entA: 522 (96.5%)
and uptake entB: 540 (99.8%)
fepC: 541 (100%)
ompA, Adhesion ompA: 541 (100%)
vagV/W/X/Y/Z,

vagV/X/Y/Z: 540 (99.8%)

yagW: 539 (99.6%)

vkgK (ECP): 535 (98.9%)
Accessory | ybtA, ybtE, Yersiniabactin ybtA/E/P/Q/S/T/U/X: 113 (20.9%)
ybtP/Q/S/T/U/X, siderophore (ybt, irp)

vkgK (ECP)

irp1/2: 113 (20.9%)

irpl, irp2
iroB/C/D/E/N Salmochelin siderophore | iroB/C/N: 18 (3.3%)

(iro) iroD: 17 (3.1%)

iroE: 2 (0.4%)

iucA/B/C/D, Aerobactin siderophore iucA/B/C/D: 20 (3.7%)
iutA (iuc, iut) iutA: 20 (3.7%)
clb (clbA-clbQ Colibactin genotoxin (c/b) | clb: 5 (0.9%)
cluster)
rmpA, rmpA2, Capsule regulators for rmpA: 20 (3.7%)
rmpC, rmpD hypercapsule production | rmpA2: 19 (3.5%)

and hypermucoidy rmpC: 16 (3.0%)
rmpD: 16 (3.0%)

n, number.
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Table 5.2 Prevalence of key virulence markers identified in K. pneumoniae across various sample

sources.
Source (n) Siderophore systems Colibactin | Regulator of mucoid
phenotype

ybt cluster + | iro iuc + iutA clb (n=5) rmp (n=20)
irp (n=113) | (n=18) (n=20)

Water (25) | 2 (8.0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)

Fly (80) 6 (7.5%) 1(1.3%) | 1(1.3%) 0 (0%) 1 (1.3%)

CCS (62) 3 (4.8%) 1(1.6%) | 0(0%) 0 (0%) 0 (0%)

CMS (54) | 2(3.7%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)

DARS (15) | 2 (13.3%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)

BF (13) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)

UTIs (14) | 3 (21.4%) 1(7.1%) | 0(0%) 0 (0%) 0 (0%)

SSIs (93) 61 (65.6%) 7(7.5%) | 12 (12.9%) 4 (4.3%) 11 (11.8%)

HRS (185) | 34 (18.4%) 8(4.3%) | 7(3.8%) 1 (0.5%) 8 (4.3%)

n, number.; CCS, chicken cloacal swabs; CMS, chicken meat swabs; DARS, domestic animal rectal
swabs; BF, bird faeces; UTIs, urinary tract infections; SSIs, surgical site infections; HRS, human rectal

swabs.

Of the 541 K. pneumoniae isolates analysed by Kaptive, 56 different K antigen types (capsular
polysaccharide) were assigned to 56.2% (n=304) isolates and 43.8% (n=237) could not be assigned a
known K-locus. Among the typable strains, K3 was the most commonly found (3.7%, n=20), followed
by K12, K30, K64 and K8 (each, 2.2%, n=12), and K15 (2.0%, n=11). Each of the remaining K types

comprised <1.7% of the collection (Figure 5.1).
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Figure 5.1 Frequency of K antigen types (n>5) in K. pneumoniae isolates.

In case of O antigens (lipopolysaccharide), 10 different O types were assigned to 92.6% (n=501) of the
isolates, with 7.4% (n=40) remaining untypeable (Figure 5.2). Olab (29.4%, 159/541), O3b (19.6%,

106/541) and O2afg (15.0%, 81/541) were the dominant O serotypes.
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Figure 5.2 Frequency of O antigen types (n>5) in K. pneumoniae isolates.
When combining K and O antigens, 94 distinct K-O type pairings were found. The most frequent

combination was K3-02afg (n=19), followed by K30-Olab (n=12), K15-O4 (n=11), K28-0O2a, K64-

Olab and K14-O3b (each, n=8), K13-O3b and K54-O1lab (each, n=7), K81-013, K8-O2afg, K5-O3b,
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K62-02a, K31-0O3b and K2-O1b (each, n=6), K19-Olab, K22-Olab, K1-Olab and K61-O2a (each,
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o o o | = — a
o ©c | © o =)

0 K15 K28 K64 K14 K13 K54 K81 K8 K5 K62 K31 K2 K19

K type and O type

n=5) (Figure 5.3).
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Figure 5.3 Frequency of K-O antigen pairings (n>5) in K. pneumoniae isolates.

Kleborate assigned six scores (0 to 5) to the K. pneumoniae isolates based on the presence of genes
encoding the virulence factors ybt, iuc, and clb (Table 5.3). Salmochelin (iro) and the hypermucoidy
regulator locus (rmp) were not directly scored, since they almost always co-occurred with iuc (Kleborate
v.3.0). Isolates scoring 3 or more were classified as hypervirulent. Out of 541 isolates, 78.4% (424)
lacked all three loci (score 0) and 17.9% (97) carried only ybt (score 1). None of the isolates had c¢/b
without iuc (score 2). Four isolates (0.7 %) scored 3 (iuc alone), 11 (2.0 %) scored 4 (iuc + ybt), and

five (0.9 %) scored 5 with the full complement of loci.
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Table 5.3 Kleborate virulence score distribution and prevalence in K. pneumoniae.

Kleborate | Loci present Virulence category | Prevalence, n (%)
score
0 None of yersiniabactin (ybf), Classical/Non- 424 (78.4%)
colibactin (c/b) or aerobactin (iuc) virulent
1 ybt only Low 97 (17.9%)
2 clb without juc (regardless of ybt) Moderate 0
3 iuc only (without ybt or clb) High 4 (0.7%)
4 iuc with ybt (without clb) High 11 (2.0%)
5 iuc, ybt and clb Very High 5(0.9%)
n, number.

According to the Kleborate criteria, out of 541 K. pneumoniae isolates, 20 (3.7 %, scored > 3) were
classified as genotypically hypervirulent. As shown in Figure 5.4, 19 of these 20 hvKP were recovered
from human-derived samples (SSIs and HRS), and one from flies. Breaking this down by the score

category:

e Score 3 (n = 4): two isolates from SSI patients, one from a healthy volunteer, and one from

flies.

¢ Score 4 (n =11): six isolates from SSI patients and five from healthy volunteers.

e Score 5 (n =5): four isolates from SSI patients and one from a healthy volunteer.
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Figure 5.4 Heatmap showing the Kleborate virulence score distribution in K. pneumoniae across

different sample sources. n, number. The heatmap was created in Python using Matplotlib (v.3.7).

5.2.2  Clonality of hvKP in this study

MLST profiling of genotypically determined 20 hvKP isolates revealed nine diverse sequence types
(Figure 5.5). ST23 and ST86 were the most frequently found, each occurring in five isolates, followed

by ST420 (n=4) and single isolates from ST11, ST29, ST231, ST160, ST660 and ST2096.

All five hvKP with a virulence score of 5 (carrying ybt, iro, iuc, clb, and rmp) belonged to ST23. Four
of these hypervirulent isolates were recovered from SSIs at MMCH, and one from HRS near the
Tarakanda layer farm. These ST23 isolates uniformly exhibited the K1 (capsular) and Olab

(lipopolysaccharide) antigen types (Figure 5.5).

The ST86 (n=5) isolates were recovered exclusively from HRS across five different sampling locations
(Mymensingh layer, Muktagachha broiler, Muktagachha layer, Trishal broiler and Tarakanda layer
farms). All ST86 strains had a virulence score of 4, with the presence of ybt, iro, iuc, and rmp, but lacked

clb. Their antigenic profile was consistent with K2 and Olab antigen types. Of the four ST420 isolates,
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3 (virulence score 4) were isolated from SSIs (MMCH) and one (virulence score 3) from HRS
(Muktagachha layer farm). They also had a similar antigenic presentation with K20 and Olab. A single
fly-derived isolate from the Gauripur layer farm was identified as ST660 (K16/Olab), and the
remaining isolates (ST11, ST29, ST160, ST231 and ST2096), each of which exhibited different

virulence scores (score 3 or 4) and diverse K—O antigen combinations, were all obtained from SSIs.

Comparative analysis revealed a significant association between K1, K2, and K20 serotypes and hvKP

strains compared to low-virulent or cKP (p<0.05) (Table 5.5).
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Figure 5.5 Clonal distribution of hvKP across various sources. The ML tree was generated using
VeryFastTree (v.4.0) and visualised in iTOL (v.6). Core-genome alignment was performed using the
Bactmap pipeline (v.1.0.0). The PubMLST database was used for 7 loci MLST profiling. The latest
VFDB database, Kleborate analytical pipeline and Kaptive serotyping tool were used to screen for

virulence genes, virulence scores and K and O antigen types, respectively.
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Table 5.4 Comparative analysis of K antigen types with genotypically determined hvKP versus low-

virulent/cKP.

K type hvKP (n=20) low-virulent/cKP | p-value | OR 95% CI
(n=521)

K1 (n=5) 5 (25.0%) 0 (0) <0.001 | NA NA
K2 (n=6) 5 (25.0%) 1 (0.2%) <0.001 173.333 | 19.062 - 1576.176
K16 (n=5) | 1(5.0%) 4 (0.8%) 0.172 6.803 0.725 - 63.811
K20 (n=5) | 4(20.0%) 1 (0.2%) <0.001 130.000 | 13.742 - 1229.791
K24 (n=7) | 1(5.0%) 6 (1.2%) 0.233 4.518 0.518 - 39.406
K51 (n=5) | 1(5.0%) 4 (0.8%) 0.172 6.803 0.725 - 63.811
K54 (n=7) | 1(5.0%) 6 (1.2%) 0.233 4.518 0.518 -39.406
K61 (n=8) | 1(5.0%) 7 (1.3%) 0.262 3.865 0.453 - 33.003
K64 (n=12) | 1 (5.0%) 11 (2.1%) 0.367 2.440 0.300 - 19.881

Values in parentheses indicate column percentage. Statistical significance was set at p<0.05. NA, not

applicable. K antigen types that had a significantly higher association with the hvKP were highlighted.

Core-genome SNP analysis of K. pneumoniae ST23 isolates (n=5) revealed two tight clusters (Figure
5.6A). Isolates 259781 OHB2S600KP and 259788 OHB2S654KP differed by only 1 SNP, while
isolates 259614 OHB1S91KP and 259613 OHBI1S85KP differed by 7 SNPs. All other pairwise
distances ranged from 69 to 200 SNPs, where isolate 269282 OHB1HS557KP was 193—200 SNPs away

from all other strains.

Pairwise SNP distances among the five K. pneumoniae ST86 isolates ranged from 0 to 389 SNPs (Figure

5.6B). The closest pair, 262365 OHBH149KP and 270459 OHB4HS54Kp, differed by 132 SNPs.

Pairwise SNP distances among the four K. pneumoniae ST420 isolates ranged from 0 to 185 SNPs
(Figure 5.6C). Isolates 259620 OHB2S25KP and 259621 OHB2S34KP were identical at the core-
genome level (0 SNPs). Isolates 259674 OHB2S463KP and 269084 OHB1H202Kp2 differed by 70

SNPs, forming a separate cluster. Between these two clusters, SNP distances were 169—185 SNPs.
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Figure 5.6 Pairwise SNP distance heatmap of hvKP lineages. A. SNP distances among ST23 isolates,
B. SNP distances among ST86 isolates and C. SNP distances among ST420 isolates. In the heatmap,
all diagonal cells are white and labelled “0”, which reflects the self-comparisons resulting in no SNP

differences.

5.2.3 Convergence of AMR and virulence determinants in K. pneumoniae

Convergent K. pneumoniae strains are defined as isolates that concurrently harbour genetic
determinants of MDR and hypervirulence. In this study, convergence was operationally defined as the

co-occurrence of a resistance score > 0 and a virulence score > 3 within a single isolate.

Figure 5.7 illustrates the distribution of MDR (resistance score > 0), hypervirulent (virulence score >
3), and convergent (MDR + hypervirulence) K. pneumoniae sequence types identified in this study. The
predominant STs identified, such as ST15, ST37, ST48, ST147, and ST490, were primarily MDR with
low virulence potential, whereas ST86 and ST660 exhibited high virulence but limited AMR potential.

ST29 was detected in both MDR and hypervirulent isolates; however, these traits occurred in distinct
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isolates. No ST29 isolate concurrently harboured both MDR and hypervirulence determinants. Notably,

ST11, ST23, ST160, ST231, ST420, and ST2096 harboured genetic markers associated with both MDR

and hypervirulence, indicating convergent phenotypes.

ST1
ST14
ST15
ST16
ST17
ST29
ST37
ST39
ST48
ST101
ST107

MDR
ST147

ST152  ST716
ST278 ST967
ST307  ST1038
ST309  ST3113
ST313  ST3157
ST340  ST4083
ST395  ST4452
ST437  ST5157
ST490  ST7214
ST515  ST7704
ST534  ST7705
ST540  ST7706
ST629  ST7742

Convergent

ST11
ST23
ST160
ST231
ST420
ST2096

Hypervirulent

ST29
ST86
ST660

Figure 5.7 Venn diagram illustrating the distribution of MDR, hypervirulent and convergent K.

pneumoniae sequence types identified in this study.

Among 541 K. pneumoniae isolates, only 2.0% (n=11) exhibited convergence of hypervirulence

(virulence score >3) and MDR (resistance score >0) (Figure 5.8). Convergent isolates were exclusively

recovered from patients with SSIs at MMCH, comprising ST23 (n=4), ST420 (n=3), and one each of

ST11, ST231, ST160, and ST2096. All convergent isolates harboured the ESBL gene blactx-m-is.

Furthermore, three isolates were both carbapenem-resistant and hypervirulent: ST231 and ST2096

carried the carbapenemase gene blaoxa-232, while ST11 carried blaoxa-1s1. Among the hvKP, all strains

recovered from HRS and flies exhibited a low resistance score (resistance score 0).
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Figure 5.8 Clonal distribution of hvKP and convergent K. pneumoniae across various sources. The ML
tree was generated using VeryFastTree (v.4.0) and visualised in iTOL (v.6). Core-genome alignment
was performed using the Bactmap pipeline (v.1.0.0). The PubMLST database was used for 7 loci MLST
profiling. The Kleborate analytical pipeline was used to screen for virulence and resistance scores, and

the latest ABRicate database was used to screen for ARGs.

5.2.4 Plasmid-mediated dissemination of virulence and AMR determinants in convergent K.

pneumoniae

To evaluate the role of plasmids in the dissemination of virulence determinants among K. pneumoniae,
the convergent CR-hvKP isolates (n=3) were subjected to both short-read (Illumina NovaSeq 6000) and
long-read (PromethION) sequencing. Plasmid replicon types were identified using BLASTn against the
PlasmidFinder database, and genomic characterisation was performed through a hybrid assembly

combining both sequencing data.

Isolate OHB1S62KP (K. pneumoniae ST2096) harboured both AMR (blacrx-m-15, blaoxa-232) and
virulence-associated gene loci (iuc and rmp). Plasmid profiling revealed that virulence genes were
carried on a complete circular hybrid plasmid (IncFIB_pNDM-Mar + IncFIB(K)Kpn3; 304,102 bp),

which also carried the ESBL gene (blacrx-m-15) on the same plasmid (Figure 5.9A). Genetic context
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analysis identified a conserved ~2800 bp segment arranged as “insertion sequence—**—mfs transporter—
iucA—iucB—iucC—iucD—iutA—**—rmpD-rmpA2—**—insertion sequence”, flanked downstream by [S630
and upstream by IS7/0. The carbapenemase gene blaoxa-232 was carried separately on a ColKP3 (6,141

bp) plasmid (Figure 5.9B).
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Figure 5.9 Schematic layout of plasmid (IncFIB_ pNDM-Mar + IncFIB(K)Kpn3) carrying virulence
loci (A) and ColKP3 plasmid (B) carrying blaoxa-232 in OHB1S62KP isolate. Arrows represent the
position and transcriptional direction of the open reading frames. The figures were produced using

Geneious Prime (v.2025.1).

Isolate OHB2S380KP (K. pneumoniae ST231) carried the hypervirulence-associated genes on a
complete circular hybrid plasmid (IncFII (pAMA1167-NDM-5) + IncFIA; 74,402 bp) that also
encoded sulphonamide resistance gene su// and macrolide resistance gene mphA (Figure 5.10A). The
aerobactin (iuc) gene cluster “mfs transporter—iucA—iucB—iucC—iucD—iutA—insertion sequence” was
flanked upstream by IS/A4. Similar to isolate OHB1S62KP, blaoxa-»3> was found on a separate ColKP3
(6,141 bp) plasmid with a conserved arrangement of mobilisation proteins (blaoxa-232—hypothetical

protein—mbeB—MbeD) and additional plasmid-associated proteins (Figure 5.10B).
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Figure 5.10 Schematic layout of plasmid (IncFII_(pAMA1167-NDM-5) + IncFIA) carrying virulence
loci (A) and ColKP3 plasmid (B) carrying blaoxa-»32 in OHB2S380KP isolate. Arrows represent the
position and transcriptional direction of the open reading frames. The figures were produced using

Geneious Prime (v.2025.1).

Isolate OHB2S434KP (K. pneumoniae ST11) possessed virulence genes on an incomplete plasmid
(83,044 bp) that contained the same conserved virulence segment “IS630—**—mfs transporter—iucA—
iucB—iucC—iucD—iutA—**—rmpD—rmpA2—**—1S110”, as observed in OHB1S62KP isolate (Figure 5.9A
and 5.11A). In this isolate, the carbapenem resistance gene blaoxa-1s1 was located on a complete circular
hybrid plasmid (IncFIB(K) + IncFIB_pNDM-Mar; 99,277 bp), with blaoxa-i1s1 flanked downstream by

ISEcpl and upstream by ISKox! (Figure 5.11B).
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5.3 Discussion

Although hvKP is well known for causing fatal CAls, it was historically susceptible to many antibiotics.
However, reports from multiple regions have documented the emergence of ‘convergent” hvKP and cKP
lineages that couple MDR with enhanced virulence. Moreover, an increasing number of CR-hvKP are
being detected, raising the prospect of a new clinical crisis. Despite the clinical importance of these
developments, genomic epidemiological data of such strains from Bangladesh are very sparse. To
expand our understanding of the genomics of hvKP and convergent strains in Mymensingh, this study
performed WGS-based characterisation of 541 K. pneumoniae isolates collected within a One Health

sampling framework.

The findings of this study revealed a clear separation between ubiquitous, chromosome-encoded core
virulence loci and less frequent, mobile-element-encoded accessory virulence loci. Core determinants
such as entAd, entB, fepC, ompA, the ECP pilus locus (yagV/W/X/Y/Z, ykgK) were present in >95% of
isolates (Table 5.1), consistent with a conserved pathogenic backbone that contributes to baseline
pathogenicity (Holt et al., 2015; Paczosa & Mecsas, 2016; Lam et al., 2018; Hussain et al., 2023). In
contrast, accessory virulent loci, especially siderophore systems (ybz, iro, iuc), genotoxin (clb) and
genes related to hypercapsule production and hypermucoviscosity (rmpA, rmpA2) were infrequent and
source dependent. The ybt was the dominant accessory siderophore (20.9%, 113/541) and was highly
enriched in SSIs (65.6%), followed by UTIs (21.4%) and HRS (18.4%) strains and was less common
in animals and environmental strains (Table 5.1 and 5.2). The prevalence of ybt was lower than the
global reports (around 30 - 40%) but consistent with the inclusion of non-clinical sources (community,
farm and environment) in my sampling frame (Lam ef al., 2018). When stratified by source, the findings
aligned with previous studies, which reported that >60% of clinical isolates from invasive infections
carried ybt, consistent with its role in iron acquisition during tissue invasion (Palmieri et al., 2021; Jati
et al., 2023). Plasmid-associated virulence genes, which are considered the hallmark of the
hypervirulent pathotype, aerobactin operon (iuc/iutA), salmochelin (iroB) and rmp capsule regulators,
were present at a lower prevalence (3.3 - 3.7%) (Shankar et al., 2021; Spadar et al., 2022; Russo et al.,
2024). Colibactin was rarely found, only in 0.9% (5/541) of K. pneumoniae, and all were human-derived
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strains. The broader, multi-source sampling (including environmental and non-invasive sources) used
in this study is likely to lessen the prevalence of accessory virulence compared with hospital-only
cohorts (Palmieri et al., 2021; Hussain ef al., 2023). Together, these findings suggest limited circulation
of hvKP in Mymensingh, with accessory hypervirulence markers concentrated in invasive human

disease (SSIs).

Based on Kaptive serotyping, a heterogeneous distribution of 56 K types (assigned to 56.2% isolates)
and 10 O types (assigned to 92.6% isolates) was identified in K. pneumoniae. K3, K12, K30, K64 and
K8 were commonly (>10 isolates) found K types, whereas Olab (29.4%, 159/541), O3b (19.6%,
106/541) and O2afg (15.0%, 81/541) were the dominant O serotypes across the isolates from various
sources (Figure 5.1 and 5.2). These findings are consistent with recent regional and global reports,
where large Indian and multinational datasets described broad K serotype diversity and a handful of
prevalent O serotypes, with O1/02/03/0O5 accounting for around 80% of clinical infections, similar to
01/02/03 predominance identified in this study (Miller et al., 2024; Shamanna et al., 2024). A
relatively high proportion of isolates (43.8%) had K-untyped genomes, which might be due to the
ongoing expansion of the KL catalogue and technical constraints (e.g., fragmented assemblies), as
emphasised in the latest Kaptive version (v.3.0) (Stanton et al., 2025). Data showed many different K-
O pairings (overall 94 combinations) among K. pneumoniae isolates, suggesting frequent recombination
and rearrangement that characterise the K. pneumoniae population (Figure 5.3) (Miller et al., 2024). A
recent study from Bangladesh also reported O1 predominance with heterogeneous K profiles (K1, K2,
K24, K30, K62, K64), providing further regional concordance with identified K and O type distribution

(Kawser et al., 2025).

In the present study, 96.3% (521/541) of K. pneumoniae, including all isolates from water, CCS, CMS,
DARS, BF, and UTIs, showed low Kleborate virulence potential (scored 0/1) (Table 5.3 and Figure
5.4). Out of 541 isolates, 20 (3.7 %) were hypervirulent (scored > 3) and contained hypervirulent genetic
determinants. This finding is consistent with the VFDB database findings of this study, where 3.7%
isolates contained hypervirulence markers (iuc/iutA and rmpA/rmpA2). The low burden of hvKP aligns

with recent hospital surveillance showing low hvKP proportions (3.7% in an Italian one-year screening,
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around 1.8% in a study from the USA) (Kochan et al., 2023; Merla et al., 2024). However, among the
20 highly virulent K. pneumoniae isolates, 12 (60%) were from SSIs, 7 (35%) were from HRS, and one
was from flies (5%). This data suggests that hypervirulence-associated loci (iuc/rmp) concentrate in
invasive clinical infections, including SSIs, rather than in non-invasive sources and environmental
reservoirs (Zhao et al., 2020; Araujo et al., 2024). Notably, although flies have been shown to harbour
AMR K. pneumoniae, to the best of my knowledge, there are no such prior reports confirming the
presence of genomically defined hypervirulent genes in K. pneumoniae from flies (Poudel et al., 2019;

Cook et al., 2025).

MLST profiling of the genotypically determined 20 hvKP strains identified nine STs (ST23, ST86,
ST420, ST29, ST660, ST11, ST231, ST160 and ST2096), encompassing both hvKP and cKP lineages.
All five hvKP belonged to the canonical hvKP lineage ST23:K1:01ab scored 5 and harboured ybt, iro,
iuc, clb and rmp. Other frequently found hvKP included ST86:K2:0O1ab (n=5) and ST420:K20:0O1ab
(n=4) (Figure 5.5). Comparative analysis revealed a significant enrichment of K1, K2, and K20 capsule
types among highly virulent isolates compared to low-virulent or cKP (p<0.05) (Table 5.4). Olab was
the predominant O type, occurring in 19 out of 20 highly virulent isolates (Figure 5.5). These findings
accord with the global studies, linking K1, K2, K20 and O1 serotypes with hypervirulent lineages such
as ST23, ST65, ST86 and ST420 (Zhang et al., 2016; Shankar et al., 2020; Wyres et al., 2020; Eger et
al.,2021; Merla et al., 2024; Shamanna et al., 2024; Stanton & Wyres, 2024). Studies from Bangladesh
also reported overlapping clones (ST11, ST23, ST29, ST231, ST420) and a predominance of K1, K2,
and K20 with O1 among circulating high-risk/hvKP, corroborating the findings of this study (Hussain
et al., 2023; Kawser et al., 2025). The only hvKP isolated from flies belonged to ST660:K16:01ab, in
line with the reports from China indicating that ST660:16 clinical isolates are strongly associated with

hvKP (Zhang et al., 2016; Lu et al., 2018).

Core-genome SNP analysis of hvKP ST23 isolates identified two SSI-derived tight clusters with
pairwise distances of 1 and 7 SNPs, well below commonly used transmission cut-offs for K. pneumoniae
(<10-25 SNPs), suggesting recent transmission or recent divergence. The remaining ST23 comparisons

ranged from 69 to 200 SNPs, including one isolate (recovered from HRS) with 193—200 SNPs, which
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differed from all others, indicating separate introductions (Figure 5.5 and 5.6A). Comparable SNP spans
have been documented for ST23-K1 clusters in recent surveillance (e.g., 0-38 SNPs in EU/EEA
datasets) (ECDC, 2024; Luterbach et al., 2025). K. pneumoniae ST86 recovered from HRS at various
sampling sites, exhibited broad diversity, with the closest pair differing by 132 SNPs and the range
extending up to 389 SNPs, indicating polyclonal circulation (Figure 5.5 and 5.6B). For ST420 (n=4),
two independent clusters were evident, where one pair (recovered from SSIs) was core-genome
identical (O SNPs), indicating probable direct or near-direct transmission, while a second pair differed
by 70 SNPs, showing that they might be distantly related. The differences of 169—185 SNPs between
the clusters indicate separate lineages (Figure 5.5 and 5.6C). Previous reports of micro-clusters with
two clonal ST420 isolates from patient samples also support the findings of this study (Eger ef al.,

2021).

Out of 541 K. pneumoniae, the dominant STs (ST15, ST37, ST48, ST147 and ST490) identified in this
study were MDR with low virulence, while ST86 and ST660 were highly virulent but low AMR
lineages (Figure 5.7). Notably, ST29 was observed among both MDR and hypervirulent isolate groups.
However, since no ST29 isolate concurrently harboured MDR and hypervirulence determinants, ST29
was not classified as a convergent lineage, consistent with definitions of convergence requiring co-
localisation of AMR and virulence genes within the same isolate. Although no genomic evidence of
convergence was observed in the current dataset, ST29 could represent a potential lineage at risk of
future convergence, given its presence in both populations (Lam et al., 2018; Wyres et al., 2020). Only
2.0% (11/541) of isolates showed true convergence (virulence score > 3 plus resistance score > 0),
confined to K. pneumoniae from SSIs at MMCH and spanning ST23 (n = 4), ST420 (n = 3), and
singletons ST11, ST160, ST231 and ST2096 (Figure 5.8). These findings are consistent with a recent
large-scale genomic analysis of invasive K. pneumoniae from South and Southeast Asia, which reported
that AMR-hypervirulence convergence remains overall infrequent but is disproportionately enriched
among bloodstream and other invasive hospital isolates, often involving ST23 and high-risk MDR
lineages acquiring virulence or resistance plasmids (Hinthong et al., 2025). In this study, 55% (11/20)

of the hvKP were convergent. All convergent strains carried blacrx-m-15, while three were CR-hvKP
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(ST231/ST2096 with blaoxa-232, ST11 with blaoxa-1s1). These findings align with the well-described
dichotomy between MDR cKP and hvKP lineages and their convergence, noting cKP/hvKP typically
has low virulence/resistance unless it acquires AMR/virulence plasmids or other hybrid genetic
elements (Wyres et al., 2020; Lan et al., 2021; Lei et al., 2024). Regionally, these results are consistent
with recent studies from Bangladesh, reporting high ESBL burdens dominated by blacrx-m-15 and
frequent OXA-48-like carbapenemases (blaoxa-1s1 and blaoxa-232) (Hussain et al., 2023; Kawser et al.,
2025). In India and China, the expansion of OXA-232-associated ST231 and the emergence of ST2096
carrying hybrid virulence-resistance plasmids provide clear precedents for the convergent
ST231/ST2096 findings of this study, underscoring the regional mobility of OXA-48-like determinants
in K. pneumoniae convergent strains (Nagaraj et al., 2021; Shankar et al., 2022; Li et al., 2025). All the
highly virulent isolates from HRS and flies showed lower resistance potential (resistance score 0),
consistent with the broad observation that hvKP in non-hospital reservoirs tends to retain susceptibility
and only sporadically acquires major AMR determinants. Contemporary cohort analyses confirm that
hvKP (especially ST23/KL1) is generally less likely to acquire AMR than hospital lineages (Wyres et
al.,2020; Tang et al., 2025). This strengthens the inference that our hypervirulent isolates from HRS or

flies represent community-like hvKP rather than circulating hospital clones.

Considering the clinical importance of CR-hvKP, this study performed targeted genomic analysis of the
three convergent isolates. All three CR-hvKP convergent strains belonged to MDR high-risk lineages
(ST11, ST231 and ST2096), acquiring hypervirulence loci and -lactamase genes via plasmid-mediated
gene exchange. In OHB1S62KP (K. pneumoniae ST2096), a large IncFIB-hybrid (IncFIB_pNDM-Mar
+ IncFIB(K)Kpn3; ~304 kb) plasmid co-carried both virulence loci (iucA/B/C/D/iut4 and rmpA2) and
resistance loci (blacrx-m-15), while carbapenem resistance gene (blaoxa-232) was encoded on a separate
6,141-bp ColKP3 plasmid (Figure 5.9). This finding is similar to the Indian K. pneumoniae ST2096
report, where aerobactin/rmpA2 reside on IncFIB/IncHI1B (pNDM-MAR)-type “hybrid” virulence
plasmids and OXA-232 sits on a small mobilisable ColKP3 backbone (Shankar et al., 2022). In
OHB2S434KP (K. pneumoniae ST11), the hypervirulence determinant (iucA4/B/C/D/iutA) module was

present on an incomplete plasmid (~83 kb), while blaoxa-1s1 localised to an IncFIB-hybrid replicon (~99

177



kb) with the hallmark ISEcpi-linked genetic context, echoing the predominant OXA-181 mobilisation
route (Figure 5.11) (Potron et al., 2011). Across OHB1S62KP (ST2096) and OHB2S434KP (ST11), the
virulence region followed a conserved segment (mfs transporter—iucA—iucB—iucC—iucD—iutA—**—
rmpD—rmpA2) flanked by IS630 and IS 710, which is consistent with recent descriptions of IS-bracketed
aerobactin/rmpA2 cassettes that facilitate capture and remodelling of hypervirulence loci on hybrid or
mosaic plasmids (Kuzina et al., 2023; Shapovalova et al., 2024). OHB2S380KP (K. pneumoniae
ST231) carried iuc inserted by IS/A4 (upstream) on a circular IncFII/IncFIA hybrid plasmid (~74 kb)
that also encoded su/l/ with IS6/00 and a macrolide resistance determinant mphA with IS26 (Figure
5.10). Again, blaoxa-23> was on a ColKP3 plasmid as widely documented for ST231 outbreaks in India,
China and elsewhere (Shankar et al., 2021; Chen et al., 2023; Spadar et al., 2023). These findings
indicate that convergence seems to be driven primarily by plasmids exchanging genetic regions such as
emerging “hybrid” hypervirulence-AMR plasmids, where IS-bracketed virulence cassettes and AMR

genes integrate onto F-type backbones, rather than clonal expansion of a single lineage.

Although the analysis includes a limited number of convergent isolates (n=3), hybrid long- and short-
read sequencing was employed to resolve plasmid structure and gene context rather than to infer
sequence variation. While Oxford Nanopore reads have a higher per-base error rate, this is largely
random and can be effectively corrected by Illumina-based polishing (Wick et al., 2017; De Maio et al.,
2019). Long reads were used primarily to resolve plasmid circularity, repetitive insertion sequences and
the physical linkage of virulence and resistance loci. Illumina-only assemblies would have been
sufficient to identify virulence and resistance genes and assign plasmid replicons, but would likely have
fragmented plasmid assemblies, limiting confidence in the localisation of virulence and resistance
determinants to the same or distinct plasmids (Arredondo-Alonso et al., 2017). This limitation is
particularly relevant for F-type hybrid plasmids enriched in mobile genetic elements. Hybrid

assemblies, therefore, enabled robust structural inference at the isolate level.

This One Health WGS survey found a low prevalence of genotypically determined hvKP with high
concentration in SSIs. Convergence was detected exclusively among SSI isolates, where all carried

blacrx-m-15and three were CR-hvKP. Core genome SNP analysis revealed small, closely related clusters,
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highlighting the risks of outbreaks and therapeutic resistance, particularly in hospital settings. However,
canonical hvKP lineages were also recovered from healthy humans and flies, indicating potential
community and environmental reservoirs. These findings emphasise the importance of SSI-focused
infection prevention in hospitals, routine genomic surveillance with timely screening for hypervirulence

markers and plasmid tracking to mitigate further dissemination.
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Chapter 6

Investigating Genomic Epidemiology of Non-pneumoniae Klebsiella spp.

Across the One Health Sectors in Bangladesh
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6.1 Introduction

The Klebsiella genus comprises several ecologically diverse species found across humans, animals,
plants, food chains, insects and environmental reservoirs such as soil and water. Taxonomically, the K.
pneumoniae species complex (KpSC) includes K. pneumoniae, K. quasipneumoniae, and K. variicola,
while the K. oxytoca species complex (KoSC) encompasses K. oxytoca, K. michiganensis, K. pasteurii,
K. grimontii, and related taxa. Formerly classified as Enterobacter aerogenes, K. aerogenes is also
placed within the genus Klebsiella. These Klebsiella spp. circulate at the human-animal-environment
interface, with recent cross-sectoral genomic surveys underscoring their ubiquity and public health
importance (Wyres et al., 2020; Yang et al., 2021; Thorpe et al., 2022; Prinzi & Moore, 2023;

Rodriguez-Medina et al., 2024).

Within the Klebsiella genus, K. pneumoniae has received the most attention due to its significant global
burden on healthcare settings and the spread of ESBL and carbapenemase resistance genes. It is
recognised as a priority AMR threat by WHO (Abbas ef al., 2024; WHO, 2024). However, increasing
resolution from genome-based identification shows that the non-pneumoniae Klebsiella spp. are
substantial contributors to disease and AMR dissemination. The non-pneumoniae Klebsiella are
frequently misidentified by routine phenotypic or conventional methods, biasing epidemiology and
masking species-specific risk profiles. They can carry mobile resistomes, such as ESBLs and globally
important carbapenemases, including NDM, KPC, and OXA-48 (Farzana et al., 2020; Boyd et al., 2022;
Campos-Madueno et al., 2022; Li et al., 2024; Tian et al., 2025). Within KpSC, K. quasipneumoniae
and K. variicola are regularly recovered from clinical samples but are under-recognised at the species
level (Rodrigues et al., 2018; Rodriguez-Medina et al., 2024; McAndrew et al., 2025; Ohno et al.,
2025). The KoSC members, including K. oxytoca, K. michiganensis, K. pasteurii and K. grimontii, can
carry the kleboxymycin gene cluster, which produces enterotoxins (tilimycin/tilivalline), believed to be
involved in antibiotic-associated haemorrhagic colitis (Yang et al., 2021; Campos-Madueno et al.,
2022; Maghembe et al., 2024; Osbelt et al., 2024). Besides KpSC and KoSC, K. aerogenes acts as a
hospital-adapted opportunist that can cause bloodstream and other invasive infections (Wesevich et al.,

2020; Guedes et al., 2024).
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The Klebsiella spp. also cause diseases in animals. A large, multi-species genomic survey of isolates
from diseased animals identified diverse Klebsiella spp. K. variicola has been associated with bovine
mastitis, and the members of both KpSC and KoSC are also reported across food-animal production
systems and food products, highlighting potential food-chain connections (Klaper et al., 2021;
Giannattasio-Ferraz et al., 2022; Martin et al., 2025). Environmental reservoirs relevant to the
transmission of non-pneumoniae Klebsiella spp. have been repeatedly documented. Surface water and
hospital water systems (sinks, drains, toilets, etc.) have served as persistent sources for KoSC (e.g., K.
oxytoca, K. michiganensis) outbreaks, and contaminated consumer products such as detergent
dispensers have seeded neonatal colonisation events (Lowe ef al., 2012; Chapman et al., 2020; Thorpe

et al., 2022; Larsen et al., 2025).

In Bangladesh, most studies have focused on K. pneumoniae and HAls (Farzana et al., 2020; Mahmud
et al., 2022; Tanni et al., 2022; Hussain et al., 2023; Kawser et al., 2025). Although K
quasipneumoniae, K. variicola, and K. aerogenes have been reported in clinical infections in
Bangladesh, the available data remain limited, particularly concerning cases beyond K. pneumoniae and
the frequency of genomic characterisations (Farzana et al., 2019; Mazumder et al., 2023; Kawser et al.,
2025). In addition to clinical settings, K. oxytoca has also been reported in poultry meats, while K.
quasipneumoniae has been identified in the wastewater of a tertiary care hospital in Bangladesh

(Ferdous ef al., 2022; Tanni et al., 2025).

Considering existing scientific evidence regarding the public health importance of non-pneumoniae
Klebsiella spp., this study aims to investigate the genomic epidemiology of these organisms across
human, animal, and environmental sectors in Bangladesh. The specific objectives for this chapter are

as follows:

1. To estimate the prevalence of non-pneumoniae Klebsiella spp. across human, animal and
environmental samples in Mymensingh, Bangladesh.

2. To determine the AMR and virulence profiles of non-pneumoniae Klebsiella spp. at the human-
animal-environment interface.

3. To determine the clonality of K. quasipneumoniae and K. variicola in the study area.
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6.2 Results

6.2.1 Prevalence of non-pneumoniae Klebsiella spp. in the study area

A total of 3759 samples were collected from nine ecological sources (water, flies, CCS, CMS, DARS,
BF, SSIs, UTIs and HRS). Culture-based isolation, followed by WGS, identified eight distinct
Klebsiella spp. among the positives: K. pneumoniae, K. quasipneumoniae, K. variicola, K

michiganensis, K. aerogenes, K. pasteurii, K. oxytoca and K. grimontii (Figure 6.1).
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Figure 6.1 Minimum spanning tree showing the distribution of Klebsiella spp. identified in this study.
This minimum spanning tree was constructed from core genes and annotated using the GrapeTree

(Zhou et al., 2018). Node colours correspond to individual species.

The overall prevalence of Klebsiella spp. from different samples was 33.1% (1246/3759), as detailed in
Figure 6.2. Among the Klebsiella spp., the most frequently isolated species was K. pneumoniae (14.4%,
541/3759) and constituted 43.4% (541/1246) of all Klebsiella isolates (a detailed analysis of K.
pneumoniae has been discussed in Chapters 3, 4 and 5). In addition to K. pneumoniae within the KpSC,
K. quasipneumoniae and K. variicola showed prevalences of 7.6% (284/3759) and 7.0% (262/3759),
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respectively. The members of KoSC were less commonly found, with the prevalence of K.

michiganensis at 1.8% (66/3759), followed by K. pasteurii at 0.7% (25/3759), K. oxytoca at 0.5%

(18/3759), and K. grimontii at 0.1% (2/3759). The overall prevalence of K. aerogenes was 1.3%

(48/3759). Non-pneumoniae Klebsiella spp. together comprised 56.6% (705/1246) of all Klebsiella

isolates.
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Figure 6.2 Prevalence and distribution of Klebsiella spp. across various sample sources. A. Heatmap

shows the distribution of Klebsiella spp. isolates by species and sources. Rows represent species, and
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columns represent sample sources. The colour gradient from white to red indicates the lowest to the
highest values in each row. Blank cell indicates zero positive isolates. The rows at the bottom show the
total number of positive isolates and the total number of samples of that source. Species-specific
prevalence (%) was calculated as the total number of specific Klebsiella species divided by the total
number of samples collected, then multiplied by 100. B. The stacked bar chart shows the frequency of
Klebsiella spp. within each sample type. K. pne, K. pneumoniae; K. gpn, K. quasipneumoniae; K. var,
K. variicola; K. mic, K. michiganensis; K. aer, K. aerogenes; K. pas, K. pasteurii; K. oxy, K. oxytoca;
K. gri, K. grimontii; CCS, chicken cloacal swabs; CMS, chicken meat swabs; DARS, domestic animal
rectal swabs; BF, bird faeces; UTIs, urinary tract infections; SSIs, surgical site infections; HRS, human

rectal swabs.

A chi-square test demonstrated a significant association between several non-pneumoniae Klebsiella
spp. and sample sources (¥ (48) =180.5, p=3.1 x 107"7; Cramér’s V = 0.21) (Figure 6.3). The heatmap
shows that K. quasipneumoniae (z = 3.0) and K. grimontii (z = 3.3) were enriched in water. K. variicola
was over-represented in HRS (z = 3.1) and under-represented in BF (z = —3.1). K. aerogenes was
significantly over-represented in UTIs (z = 6.3) and also enriched in CCS (z = 3.9) and Flies (z = 3.6)
but under-represented in HRS (z =—4.1). K. oxytoca was enriched in SSIs (z = 4.0) and Flies (z = 3.8).
Other cells were close to expectation. The remaining source species combinations exhibited either slight
enrichment (positive values) or depletion (negative values), but none reached the threshold value (z-

score of > 3).
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Figure 6.3 Association between non-pneumoniae Klebsiella spp. and sample sources (standardised

residuals). Heatmap of standardised Pearson residuals from a chi-square test of independence for the

7x9 contingency table of non-pneumoniae Klebsiella spp. by sample sources. Numbers in the cells

represent residual z-scores, and the colour bar encodes magnitude and sign (red indicates more than

expected, blue indicates less than expected, and white indicates approximately expected). Overall

association: 2 (48) = 180.5, p = 3.1x107'7; Cramér’s V = 0.21 (small-moderate effect). Cells with a z-

score of > 3 indicate a strong association. CCS, chicken cloacal swabs; CMS, chicken meat swabs;

DARS, domestic animal rectal swabs; BF, bird facces; UTIs, urinary tract infections; SSIs, surgical site

infections; HRS, human rectal swabs.
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6.2.2 AMR and virulence profiles of non-pneumoniae Klebsiella spp.

6.2.2.1 Antibiogram of non-pneumoniae Klebsiella spp.

All non-pneumoniae Klebsiella spp. (n=705) isolated from various sources were subjected to AST
against 16 clinically relevant antibiotics using the agar dilution method. The antibiogram study revealed
that out of 284 K. quasipneumoniae, 140 (49.3%) showed resistance to fosfomycin, followed by
levofloxacin (20.8%, 59/284), ciprofloxacin (15.1%, 43/284) and amoxicillin—clavulanic acid (14.8%,
42/284). Low resistance was observed to cephalosporins (cefotaxime 7.0%, 20/284; ceftazidime 10.2%,
29/284; cefepime 5.6%, 16/284), aztreonam (6.3%, 18/284), piperacillin—tazobactam (1.1%, 3/284),
tigecycline (4.6%, 13/284), colistin (3.5%, 10/284) and aminoglycosides (amikacin 0.7%, 2/284;
gentamicin 0.7%, 2/284). All K. quasipneumoniae from different sources were susceptible to
ceftazidime—avibactam, imipenem and meropenem (Table 6.1). The resistance burden varied by source,
where 50% or more of K. quasipneumoniae recovered from SSIs (n=6) and UTIs (n=2) showed
resistance to amoxicillin—clavulanic acid, cefotaxime, ceftazidime, cefepime, ciprofloxacin,
levofloxacin and fosfomycin. A small subset (n=3) of K. quasipneumoniae from CCS showed 100%
resistance to ciprofloxacin, levofloxacin, fosfomycin and tigecycline. K. quasipneumoniae recovered
from water (n=19) and flies (n=19) showed high resistance to fosfomycin at 68.4% and 42.1%,

respectively (Table 6.1).
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Table 6.1 Antibiotic susceptibility patterns of K. quasipneumoniae (n=284) isolated from various samples.

Attributes Resistance to respective antibiotics, n (%)

s;rl‘rlfé‘; AMC | TZP | CTX |CAZ |FEP |CZA |ATM |IPM | MEM |CIP |LVX |AMK |GEN |FOS |TGC |CST
Water 4 1 2 3 2 2 7 7 3 2 1
(n=19) 2Ly | 5.3) | 10s) | a58) ] 105 %@ | 105 | 2@ | 0O | 368 | 368y | 1O | 0O Fegay | (105 | 5.3)
Flics 2 1 I I 5 4 8 2
(n=19) 10.5) | 2O | 163D | 53y | (53 | 0O | (53) |00 | 0O) | 63 | o1y | 2@ | 0O Fypgy | 0O | g5
CCS 1 1 1 1 1
) @3] 00 | 00 | 535100 |00 | 00 [00)| 00) [SAOISA0D)| (o5 | (535 | 3000 (300 ., o
CMS 4 1 3 1 1 6 6 13 3 1
(n=17) 235 | 59 | 10D 176 | 59 | 2O 50) |[0O| 00) | 353 | 353 | 2O | 0O) Baeel 176) | 5.9
](?é?zs) (;1) 00) | 000) [ 000) | 000) | 0| 00 |000)| 00) [2(63) | 263) | 00) | 00) | 516§3) 00 | 6%3)
BF 3 2 3 1
o) Gazy | 0@ [ 00 | Jo 00 00| 00 |00 | 00 | 148 | 168 | 00) | 00) | a5 | 00 |
SSIs 3 4 4 5 4 3 3 1 1

(n=6) 50.0)| °© | 66 | 667 @3] °© 66| @ | 2O | 500) | 50.0) | °© | 167y PO (157 | OO
glgzs) (55.0) (53.0) (53.0) (53.0) (55.0) vy | o) vy 0w (55.0) (55.0) vy | Y (55.0) (53.0) o
HRS 23 1 4 | 6 10 15 32 75 2
=165 | 139 °©D | 67 | 85 | 36 |°©Q| 6.1) |°©@] 0O | o1y | (194 | OO | 0O | 455 | 3U8 | 5
Overall 2 | 3 20 | 29 | 16 18 3 59 140 | 13 | 10
m=284) | (148)| a.n | .00 | 102 | 56) | " @ | 63 2@ 0O | 454 | 208 | 2OD | 20D | 493y | @46 | 3.5

Values in parentheses indicate row percentage. The heatmap was generated according to the resistance percentage. N, number; AMC, Amoxicillin—lavulanic

acid; TZP, Piperacillin—tazobactam; CTX, Cefotaxime; CAZ, Ceftazidime; FEP, Cefepime; CZA, Ceftazidime—avibactam; ATM, Aztreonam; IPM, Imipenem;

MEM, Meropenem; CIP, Ciprofloxacin; LVX, Levofloxacin; AMK, Amikacin; GEN, Gentamicin; FOS, Fosfomycin; TGC, Tigecycline; CST, Colistin. The

colour scale from white to red indicates the lowest to the highest resistance percentage in a row.
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Among 262 K. variicola isolates, the overall resistance was the highest to fosfomycin (46.2%, 121/262),
whereas overall resistance to other antibiotics remained low: amoxicillin—clavulanic acid (7.3%,
19/262), levofloxacin (6.9%, 18/262), ciprofloxacin (1.9%, 5/262), cefotaxime (1.1%, 3/262),
ceftazidime (0.8%, 2/262), cefepime (0.8%, 2/262), aztreonam (0.8%, 2/262), piperacillin—tazobactam
(0.4%, 1/262), gentamicin (0.8%, 2/262), tigecycline (1.9%, 5/262) and colistin (4.6%, 12/262 ). No
resistance was detected to ceftazidime—avibactam, imipenem, meropenem and amikacin. Source-
specific analysis revealed higher resistance to fosfomycin in isolates from water (80.0%, 4/5), CMS
(68.4%, 13/19), BF (50.0%, 2/4), DARS (43.2%, 16/37), HRS (45.0%, 81/180) and flies (33.3%, 3/9).
Colistin resistance was found in K. variicola from flies (44.4%, 4/9), CCS (28.6%, 2/7), BF (25%, 1/4),
water (20%, 1/5), CMS (10.5%, 2/19) and DARS (5.4%, 2/37), while absent in HRS and UTI isolates.
Resistance to ciprofloxacin and levofloxacin was concentrated in CCS (42.9% for each), whereas

isolates from other sources showed little to no resistance (Table 6.2).

Given the lower number of isolates across different sample types from KoSC members (K.
michiganensis, K. pasteurii, K. oxytoca, and K. grimontii) and K. aerogenes, Table 6.3 presents only the
overall resistance patterns. Across the five species, fosfomycin showed an overall high resistance
burden, particularly in K. pasteurii (52.0%, 13/25), K. aerogenes (41.7%, 20/48), and K. michiganensis
(40.9%, 27/66). However, a low resistance rate was found in K. oxytoca (16.7%, 3/18), with no instances
of resistance in K. grimontii. Fluoroquinolone resistance was observed in K. aerogenes (ciprofloxacin
16.7%, 8/48; levofloxacin 14.6%, 7/48), followed by K. pasteurii (12.0% for both, 3/25), K. oxytoca
(11.1% for both, 2/18) and K. michiganensis (ciprofloxacin 7.6%, 5/66; levofloxacin 6.1%, 4/66). K.
aerogenes demonstrated a striking amoxicillin—clavulanic acid resistance (83.3%, 40/48), while -
lactam resistance in KoSC members was low (<4.0%) for amoxicillin—clavulanic acid;
cefotaxime/ceftazidime/cefepime all 0%). Resistance to aztreonam was detected only in K. oxyfoca
(5.6%, 1/18). Gentamicin resistance was observed in K. aerogenes (10.4%, 5/48), K. oxytoca (11.1%,
2/18), and K. michiganensis (2/66, 3.0%), but absent in K. pasteurii and K. grimontii. The overall

resistance to tigecycline was low, with the highest rate observed in K. aerogenes (12.5%, 6/48).
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Table 6.2 Antibiotic susceptibility patterns of K. variicola (n=262) isolated from various samples.

Attributes Resistance to respective antibiotics, n (%)

S;‘;rlfé: AMC |TZP | CTX | CAZ | FEP | CZA | ATM |IPM | MEM |CIP |LVX |AMK |[GEN |FOS |TGC |CST
Water 1 4

(=5) (200) | ©© | 000) | 000) | 0(0) | 00) | 00) |0(0) | 0(0) | 0(0) 0 00) | 00) [gggy| 0© | 1200
Flies 1 1 3 1

(=9) ALy | 0@ [ 00) [ 000) | 0(0) | 0(0) | 00) |0(0)| 0(0) | 0 ;0) a 13 n| 0@ |0 ;0) G33) | aLp [ 4649
CCs 1 2 2

(n=7) 14.3) | 0@ | 00) | 0(0) 10(0) | 00) | 000) 1 0(0) | 000) |y | a9y | O | 286) | 28.6) | (28.6) | 2O
CMS 13

(@=19) 0(0) | 0(0) [ 0(0) | 0(0) | 0(0) | 0(0) | 0(0) |0(0)| 0(0) | 000) | 00) | 00) | 00) || 0(0) | 2(105)
DARS 16

@37) 2(54) | 0(0) | 00) | 00) | 00) | 0(0) | 0(0) [00) | 0(0) | 0(0) | 0(0) | 0(0) | 0(0) | (ainy| 0(0) | 2(54)
BF 2

(=) 0(0) | 000) [ 0(0) | 0(0) | 0(0) | 0(0) | 0(0) |0(0)| 0(0) | 00) | 00) | 00) | 00) | sgy | 0O | 1250)
gills) 00) [0() | 0@)|0@) |0 |0 | 0@ [0/ 0(0) 00) | 0(0) | 0C0) | OCO) | 0(0) | 0(0) 0(0)
HRS 14 1 3 2 2 2 14 81 2

(n=180) as) loe | an|lan|an| %O an 2@ 00 20D e | 0O | 00) Fusg| g1y | O
Overall 19 1 3 2 2 2 5 18 2 121 5

(n=262) a3 | 04| an| 08 | 08| @ 08 @] O | o | 69 | °O© | 08 | @62)| 19 | 2“0

Values in parentheses indicate row percentage. The heatmap was generated according to the resistance percentage. N, number; AMC, Amoxicillin—lavulanic

acid; TZP, Piperacillin—tazobactam; CTX, Cefotaxime; CAZ, Ceftazidime; FEP, Cefepime; CZA, Ceftazidime—avibactam; ATM, Aztreonam; IPM, Imipenem;

MEM, Meropenem; CIP, Ciprofloxacin; LVX, Levofloxacin; AMK, Amikacin; GEN, Gentamicin; FOS, Fosfomycin; TGC, Tigecycline; CST, Colistin. The

colour scale from white to red indicates the lowest to the highest resistance percentage in a row.
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Table 6.3 Antibiotic susceptibility patterns of members of KoSC (K. michiganensis, K. pasteurii, K. oxytoca and K. grimontii) and K. aerogenes.

Attributes Resistance to respective antibiotics, n (%)

Species AMC | TZP CTX CAZ |FEP |CZA | ATM |IPM | MEM | CIP LVX | AMK | GEN | FOS | TGC | CST
K

l(qflz:ézég)anensis (3%0) 00) | 000) | 0© | 0© | 0©) | 000) | 000) | 0(0) (7%) (6“‘1) 0 (0) (3%0) ( 4%?9) (1%5) 0 (0)
whet™ | Gy 0@ | 0@ |00 |00 [ 00) | 00 | 00 | 00 | 150, | (50| ©© | 0O [isa0y| oy |O©
e o | 0@ | 0@ |00 |00 |00 | so | 0O | 00 | 7y | ain | 0O | in laen | °© |0©
Gt oo | 0@ | 0@ |00 |00 | 0@ |00 [ 00 | 00) | 00) [ 00 | 00 | 00) | 00) | 00) [0
K. aerogenes 40 1 1 8 7 5 20 6

(n=48) G ‘Q | on | en | 2@ 00 0000 0O | 465 46| °© | 104 | @1 | a2s) | °©

Values in parentheses indicate row percentage. The heatmap was generated according to the resistance percentage. N, number; AMC, Amoxicillin—lavulanic

acid; TZP, Piperacillin—tazobactam; CTX, Cefotaxime; CAZ, Ceftazidime; FEP, Cefepime; CZA, Ceftazidime—avibactam; ATM, Aztreonam; IPM, Imipenem;

MEM, Meropenem; CIP, Ciprofloxacin; LVX, Levofloxacin; AMK, Amikacin; GEN, Gentamicin; FOS, Fosfomycin; TGC, Tigecycline; CST, Colistin. The

colour scale from white to red indicates the lowest to the highest resistance percentage in a row.
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6.2.2.2 Genomic AMR determinants and Kleborate-derived resistance scores of non-pneumoniae

Klebsiella spp.

All non-pneumoniae Klebsiella spp. isolates were sequenced using the Illumina (NovaSeq 6000)
platform. Based on sequencing results, ARGs and virulence genes were identified using the latest
ABRicate and VFDB databases, respectively. Kleborate (v.3.0) was also used to determine virulence

and resistance profiles (Wyres et al., 2016; Lam et al., 2021).

Across nine sample sources, K. quasipneumoniae (n=284) carried a broad panel of ARGs (Figure 6.4).
Among [B-lactamases, blaokr-s-16 (n=34), blaokr-a-s (n=30) and blarem-13 (n=16) were commonly found
across sources, whereas blacrtx-m-15 (n=17) was the most predominant ESBL gene. The ESBL blacrx-
m-15 was more frequently present in HRS (n=9) with additional detections in water, flies, CMS and
UTIs. Another ESBL blacrx-m-ss was rare (1 in SSIs), and a single carbapenemase blaoxa-is1 was
identified in an isolate recovered from water. Regarding aminoglycoside resistance, aph(6)—Id (n=12),
aph(3")—Ib (n=12), aadA2 (n=7) were the commonly identified genes. The fluoroquinolone resistance
genes ogxA/ogxB were the most common and detected in all sample types and especially enriched in
HRS (158 each). They also showed high counts in isolates from DARS (30/29), BF (21/21), water
(17/17) and flies (15/15). The acquired quinolone resistance gene was mainly gnrS1 (n=28; HRS=S8)
while gnrBl was rare (n=4). Fosfomycin resistance gene fos4 was also common (n=188),
predominantly found in HRS (n=111) and present in flies (n=16), water (n=10), DARS (n=22), and BF
(n=14). Trimethoprim/sulfonamide resistance markers (dfr41, n=12; sull, n=22 and su/2, n=21) were
also found in some isolates. The fet(4) (n=29) was the most frequently identified tetracycline resistance
gene. For colistin resistance, mcr—8 (n=4) was identified in K. quasipneumoniae recovered from water,

CCS, CMS and HRS.
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Figure 6.4 Distribution of ARGs in K. quasipneumoniae across various sources. The colour scale from
white to red indicates the lowest to the highest resistance frequency. n, number; ARGs, antibiotic
resistance genes; CCS, chicken cloacal swabs; CMS, chicken meat swabs; DARS, domestic animal
rectal swabs; BF, bird faeces; UTIs, urinary tract infections; SSIs, surgical site infections; HRS, human

rectal swabs.
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Resistome analysis of K. variicola revealed a predominance of intrinsic determinants, mainly fosA4
(n=261), ogxA/ogxB (n=259/n=260), and the species-specific blaren P-lactamases (blaienis, N=99;
blarenaa, n1=84; blaien>, n1=39; blaieni7, n=16; other blaien alleles <8) (Figure 6.5). Non-LEN B-
lactamases were uncommon (blasuv-1s7, n=2; blaokp-s-s, blasep-1, blaacts, blaact12, blamar-1 each with
frequency of 1). ARGs including the ESBL blactx-m-15 (n=1), gnrSI (n=1), tet(D) (n=1), sul2 (n=1), and

aph(3')-1a (n=1) were infrequently identified in K. variicola.

fosA 261

oqxB 260
oqxA 259
blay g6
blay g,y
bla, y,

blaypxy7

Other genes

0 50 100 150 200 250

Frequency

Figure 6.5 Distribution of ARGs in K. variicola. The top seven genes are plotted individually. The other
genes bar pools the remaining alleles (blactx-m-15, blaienis, blatenio, blarenzo, blaren2i, blaien,
blavenas, blasnv-1s7, blaokp-s-s, blasep-1, blascrse, blaactiz, blamar-1, mdf(A), qnrS1, tet(D), sul2, and

aph(3')-1a).

Among the members of KoSC (K. michiganensis, K. oxytoca, K. pasteurii, K. grimontii) and K.
aerogenes, different ARG profiles were identified. Across species, ogxAB and fos4 were commonly
found, while B-lactam, aminoglycoside, fluoroquinolone, tetracycline, and phenicol resistance

determinants varied in frequency (Figure 6.6).
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In K. michiganensis (n=66), ogxA/oqxB were present in all isolates and fos4 in 65 out of 66 (98.5%).
Species-associated B-lactamases were dominated by blaoxy-1-7 (23/66, 34.8%) and blaoxy.s-1 (10/66,
15.2%), with infrequent blapua.1 and blatem.is (each 1/66, 1.5%). Aminoglycoside resistance
determinants were led by aph(3')-1a (36/66, 54.5%), with aph(3")-1b and aph(6)-1d (each 4/66, 6.1%)
and aac(3)-1ld/aadA2/aadA16 (<3.0%) were less common. Quinolone resistance genes gnrSI (3/66,
4.5%) and aac(6')-1b-cr (1/66, 1.5%) were detected infrequently. Other resistance determinants were
detected at low levels: fet(4) (3/66, 4.5%), mph(A) (2/66, 3.0%), floR (2/66, 3.0%), sull (3/66, 4.5%),

and dfrA12/dfr427 (1/66 each, 1.5%).

In K. pasteurii (n=25), blaoxv.s-1, ogxA/0qxB, and fosA were found in all isolates (25/25, 100%). Low-
frequency genes (each 2/25, 8.0%) included gnrS1i, tet(4), mph(A), sul2, and dfrAl14. In K. oxytoca
(n=18), ogxA/ogxB and aac(6')-1b-cr were found in all isolates (18/18, 100%). B-lactamase blaoxy-»-2,
occurred in 38.9% (7/18). Several genes (aac(3)-1ld, fosA, tet(A), mph(A), sull, and dfrAl) were
detected at 11.1% (2/18) each. In K. grimontii (n=2), both isolates carried only blaoxy-s.4, 0gxA/0gxB,

and fosA (2/2, 100%).

In K. aerogenes (n=48), ogxA/oqxB (48/48) and fosA (42/48, 87.5%) were the most commonly identified
ARGs. B-lactamase blarem-1s was rarely found (1/48, 2.1%). Aminoglycoside resistance genes were
diverse and less common including aph(6)-1d (4/48, 8.3%), aac(3)-lld/aph(3")-1b/aadA16 (3/48 each,
6.2%), aph(3')-1a (2/48, 4.2%), aadA2 (1/48, 2.1%). Quinolone resistance determinants were gnrSI
(5/48, 10.4%) and aac(6')-1b-cr (3/48, 6.2%). Other resistance genes occurred sporadically: tet(A4) (7/48,
14.6%), mph(A) (4/48, 8.3%), floR (3/48, 6.2%), sull (6/48, 12.5%), sul2/sul3 (1/48 each, 2.1%),

dfrA1/dfrA27 (3/48 each, 6.2%) and dfi-A12/dfrA14 (1/48 each, 2.1%).
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Figure 6.6 Distribution of ARGs across KoSC members and K. aerogenes. Each cell shows the count of isolates carrying the indicated gene. The colour gradient

from white to red indicates the minimum to maximum values in each row.
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Kleborate assigned four resistance scores (0 to 3): 0 indicating a low level of resistance; 1 = ESBL
positive, 2 = carbapenemase positive; 3 = carbapenemase plus colistin positive (Discussed in Chapter
4) (Lam et al., 2021). Among 705 isolates from seven Klebsiella spp. and nine sources, species-level

differences were observed in Kleborate resistance scores (Figure 6.7).

K. quasipneumoniae isolates mostly scored 0 (266/284), with a few exceptions, where isolates scored
I in HRS (n=9), SSIs (n=4), UTIs (n=1), CMS (n=1), and flies (n=1), along with a single isolate
recovered from water (1/284) scored 2. Out of 262 K. variicola isolates, 261 scored 0, and only one
isolate from HRS scored 1. All K. aerogenes (n=48) scored 0. Almost all isolates from KoSC members,
including K. michiganensis (65/66), K. pasteurii (25/25), K. oxytoca (18/18) and K. grimontii (2/2),

scored 1, with one isolate from K. michiganensis scoring 0.

Although most isolates from KoSC members scored 1 (indicating the presence of ESBLs), all were
phenotypically susceptible to the 3GCs tested in this study (Table 6.3). Further analysis of the Kleborate
findings revealed that K. quasipneumoniae and K. variicola isolates scoring 1 carried either blactx-m-
15 or blactx-m-ss ESBLs. On the contrary, different species-specific OXY B-lactamase variants (OXY1-
1, OXY1-2, OXY1-3, OXY1-4, OXY2-1, OXY2-2, OXY2-6, OXY2-7, OXY2-8, OXY4-1, OXY5-1
and OXY6-4) carried by the KoSC members were identified as ESBLs by Kleborate, hence providing

a score of 1.
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Figure 6.7 Distribution of Kleborate resistance scores across non-pneumoniae Klebsiella spp. and
sample sources. Heatmap shows the number of isolates for each combination of species (rows) and
sample source (columns), stratified by Kleborate resistance score. The colour gradient from white to
red indicates the minimum to maximum values in each row. The rightmost green column in each panel
gives the total for the respective species within the score category. ‘n’ indicates the total number of
isolates in each species. Cells with a value of “0” indicate no isolates for that combination. CCS, chicken
cloacal swabs; CMS, chicken meat swabs; DARS, domestic animal rectal swabs; BF, bird faeces; UTIs,

urinary tract infections; SSIs, surgical site infections; HRS, human rectal swabs.

6.2.2.3 Genomic virulence determinants and Kleborate-derived virulence scores of non-

pneumoniae Klebsiella spp.

Based on the VFDB screening and Kleborate analysis, different virulence genes were identified among
the non-pneumoniae Klebsiella spp. (n=705) from diverse sources (Lam et al., 2021). Among the
identified virulence loci, core virulence genes such as entd, entB, fepC, fepG, ompA, mgtB,
yagV/W/X/Y/Z, ykgK, and accessory virulence genes (ybt, iro, iuc) were found variably across the

species (Figure 6.8). The function of these genes was discussed in Chapter 5.
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In K. quasipneumoniae (n=284), the core virulence gene yagV/W/X/Y/Z, ykgK, and ompA were present
in more than 98% isolates. The enterobactin core entB was found in ~100% isolates (283/284), whereas
entA was uncommon (9%, 25/284). The enterobactin transporter fepC was identified in 73% (206/284)
isolates, followed by fepG (5%, 15/284). The yersiniabactin cluster (ybtA/E/P/Q/S/T/U/X) with irp1/2
was identified in only 3 isolates, whereas salmochelin (iroB), and aerobactin (iucABCD/iutA) were each
detected in a single isolate. In K. variicola (n=262), fepC, yagV/W/X/Y/Z, ykgK, ompA, entA and entB
were found in 97% to 100% isolates. The ybt and irp1/2 were infrequently identified (4%, 11/262). The

iucABCD/iutA were detected in only one genome.

In the KoSC members of this study, yagZ was commonly found (98-100%), whereas other components
of this locus were absent. ompA4 and entB were present in all isolates across the species. The ent4 was
present in K. michiganensis (94%, 62/66), K. oxytoca (72%, 13/18), and K. grimontii (100%, 2/2) but
was not detected in K. pasteurii. The mgtB was distinctive to K. michiganensis and present in all isolates
(66/66). The ybt and irpl/2 were present in all isolates of K. pasteurii, K. oxytoca and K. grimontii,
whereas prevalence was 77% (51/66) in K. michiganensis. No iucABCD/iutA was detected in KoSC

members.

In K. aerogenes (n=48), ompA and entB were present in 100% of the isolates, whereas ent4 and fepC
were present in 85% (41/48) and 6% (3/48), respectively. The yagZ (48/48) and yagh’ (24/48) were
identified while other components were absent. The ybt and irpl/2 were less commonly found (8%,
4/48). The salmochelin (iroB) was highly enriched (41/48, 85%) in K. aerogenes than in other members

of the non-pneumoniae Klebsiella spp., and no iucABCD/iut4 was detected.
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Figure 6.8 Distribution of virulence-associated genes in non-pneumoniae Klebsiella spp. identified in this study. The heatmap shows the frequency and
prevalence (%) of isolates for each combination of species (rows) and gene markers (columns). The colour gradient from white to blue indicates the minimum

to maximum prevalence (0 to 100%). Cells with zero counts are left blank.
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Kleborate assigned six virulence scores (0 to 5) based on the presence of genes encoding the virulence
factors ybt, iuc and clb: 0 = no ybt, iuc or clb; 1 = ybt only; 2 = clb without iuc; 3 = iuc only, 4 = iuc
with ybt; and 5 = iuc, ybt and clb (Discussed in Chapter 5). Isolates scoring 3 or more were classified

as hypervirulent.

Out of 705 non-pneumoniae Klebsiella isolates, 84% (591) scored 0 (lacked all three virulence loci),
while 15.8% (112) scored 1 (ybf only). Only two isolates scored 4 (carried hypervirulent gene marker
iuc, along with ybf) (Figure 6.9). The frequency of isolates corresponded to different categories, varied
between species and sources. Isolates with scores of 1 and 4 were mostly from HRS (71/114), followed
by CMS (16/114), flies (10/114), DARS (5/114), BF (3/114), water (3/114), and two each from CCS,

SSIs, and UTIs.

By species, K. quasipneumoniae (n=284) mostly scored 0 (281/284), with a score of 1 in isolates from
flies (n=1) and HRS (n=1). One K. quasipneumoniae recovered from HRS was found with a score of 4.
In K. variicola, 251 out of 262 (95%) scored 0, while 4 isolates from HRS, 2 from CMS, 1 from CCS,

DARS, flies, and water scored 1. A single isolate from HRS scored 4.

More than 75% (51/66) of K. michiganensis scored 1 across various sources (HRS 36, CMS 8, DARS
3, and single isolates from BF, CCS, flies, and water), while the remaining scored 0 (15/66). In K.
pasteurii (n=25), K. oxytoca (n=18) and K. grimontii (n=2), all isolates from various sources scored 1

(Figure 6.9). K. aerogenes mostly scored 0 (44/48) with scores 1 in UTIs (n=2), CMS (n=1), and HRS

(n=1).
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Figure 6.9 Distribution of Kleborate virulence scores across non-pneumoniae Klebsiella spp. and

sample sources. Heatmap shows the number of isolates for each combination of species (rows) and

sample source (columns), stratified by Kleborate virulence score. The colour gradient from white to red

indicates the minimum to maximum values in each row. The rightmost green column in each panel

gives the total for the respective species within the score category. ‘n’ indicates the total number of

isolates in each species. Cells with a value of “0” indicate no isolates for that combination. CCS, chicken

cloacal swabs; CMS, chicken meat swabs; DARS, domestic animal rectal swabs; BF, bird faeces; UTIs,

urinary tract infections; SSIs, surgical site infections; HRS, human rectal swabs.
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The AMR and virulence profiles of non-pneumoniae Klebsiella spp. (n=705) identified by Kleborate in
this study, are summarised in Figure 6.10. Kleborate-derived resistance and virulence scores were
predominantly low: resistance score 0 in 576 (82%), score 1 in 128 (18%), and score 2 in only one

isolate, while virulence scores were 0 in 591 (84%), 1 in 112 (16%), and 4 in 2 (<1%)).

To assess the convergence of MDR and hypervirulence, paired resistance—virulence score combinations
were analysed. All isolates with resistance scores of 1 and 2 showed low virulence potential (either a
virulence score of 0 or 1). The only two hypervirulent strains (virulence score 4) identified each

exhibited low resistance potential with a score of 0.

| K. quasipneumoniae (n=284)

HRS (n=433) .
Resistance score 0 (n=576) Virulence score 0 (n=591)
K. variicola (n=262) -« ‘ : UTIs (n=8)
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Figure 6.10 Sankey diagram showing the distribution of non-pneumoniae Klebsiella spp. isolates by
species, source, resistance score and virulence scores. This Sankey diagram was generated in Python.
CCS, chicken cloacal swabs; CMS, chicken meat swabs; DARS, domestic animal rectal swabs; HRS,
human rectal swabs; UTIs, urinary tract infections; SSIs, surgical site infections; and BF, bird faeces.
Resistance score 0, no ESBL, no carbapenemase, indicating a low level of resistance; score 1, ESBL
positive but no carbapenemase; and score 2 = carbapenemase positive. Virulence score 0, classical/non-

virulent; score 1, low virulence with ybt only; score 4, high virulence with iuc plus ybt.
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6.2.2.4 Sequence type diversity in K. quasipneumoniae and K. variicola with their resistance and

virulence profiles

Multilocus sequence typing (MLST) revealed a diverse range of sequence types (STs) in both K.
quasipneumoniae (n=284) and K. variicola (n=262). K. quasipneumoniae comprised 192 STs, with five
dominant STs (each having >5 isolates): ST138 (n=11), ST526 (n=10), ST3387 (n=6), ST2676 (n=5),
ST5682 (n=5). Additionally, 37 STs had 2—4 isolates, 150 were singletons, and 5 remained untyped. K.
variicola comprised 187 STs (31 STs had 2—4 isolates, 152 singletons; 6 untyped) with dominant STs

being ST355 (n=10), ST347 (n=8), ST1562 (n=6) and ST1899 (n=5).

All isolates of the major K. quasipneumoniae lineages, including ST138 (HRS 5, DARS 3, flies 2 and
CMS 1), ST526 (HRS 5, CMS 2, water 2, DARS 1), ST3387 (all HRS), and ST2676 (HRS 4, water 1)
exhibited resistance and virulence scores of 0. The ST5682 (all HRS) included four isolates with

resistance score 1 (carrying blacrx-m-15 or blactx-m-ss), each with a virulence score of 0 (Figure 6.11).

MDR K. quasipneumoniae isolates with a resistance score of 1 occurred in HRS (9), SSIs (4), UTIs (1),
CMS (1), water (1), and flies (1), were distributed across 12 distinct STs (ST440, ST644, ST1473,
ST1998, ST2355, ST3866, ST5681, ST5682, ST6303, ST7709, ST7727, ST7892). Clinical isolates
from UTIs or SSIs each exhibited a distinct ST. The single isolate recovered from water with a resistance
score of 2 (carried blaoxa-131) belonged to ST3876, and the only hypervirulent isolate (virulence score

4, HRS) was ST3857.

In K. variicola, the dominant lineages exhibited low resistance and virulence potential. ST355 (HRS 7,
CMS 1, DARS 1, BF 1), ST347 (HRS 5, CMS 2, water 1), and ST1562 (all HRS) each showed a
resistance score of 0 and a virulence score of 0. ST1899 (HRS 3, flies 1, DARS 1) also had a resistance
score of 0, with two isolates scoring 1 for virulence. The only K. variicola from HRS, with a resistance
score of 1 (harbouring blacrx-m-15), was identified as ST6041. The single hypervirulent K. variicola

(HRS, virulence score 4) was untypeable by MLST.
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Figure 6.11 ML phylogenetic tree of K. quasipneumoniae and K. variicola isolates. This ML tree shows
the phylogenetic distance between species, their source, resistance and virulence scores. It also shows
the predominant STs identified in K. quasipneumoniae and K. variicola. The ML tree was constructed
based on core-gene alignments (VeryFastTree v.4.0) and visualised in iTOL (v.6), with concentric rings
indicating species, sample sources, predominant STs identified in K. quasipneumoniae and K. variicola,
resistance and virulence scores (from inner to outermost ring).
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6.3 Discussion

This cross-sectional carriage study conducted from December 2021 to March 2023 in Mymensingh,
Bangladesh, extended beyond the well-studied K. preumoniae to explore the prevalence, diversity,
antimicrobial resistance and virulence determinants of understudied non-pneumoniae Klebsiella spp.

through a One Health perspective.

This study identified eight recognised Klebsiella species from the multisource samples, including K.
pneumoniae, K. quasipneumoniae, K. variicola, K. oxytoca, K. michiganensis, K. grimontii, K.
pasteurii, and K. aerogenes. To the best of my knowledge, K. michiganensis, K. grimontii, and K.
pasteurii reported in this study are the first to be identified in Bangladesh. Previous studies from
Bangladesh have generally reported Klebsiella without species-level genomics, except for K.
pneumoniae, K. quasipneumoniae, K. variicola, or K. aerogenes. (Farzana et al., 2019; Farzana et al.,
2020; Ferdous et al., 2022; Mahmud et al., 2022; Hussain et al., 2023; Mazumder et al., 2023; Kawser
et al., 2025; Tanni et al., 2025). The species diversity identified in this study aligns with recent One
Health, WGS-based surveys from other settings, which typically detected 9—15 Klebsiella taxa across

human, animal and environmental interfaces (Thorpe et al., 2022; Calland et al., 2023).

Within my dataset, the overall prevalence of Klebsiella spp. from nine ecological sources was 33.1%
(1246/3759). K. pneumoniae alone dominated the dataset (43.4%, 541/1246) over other Klebsiella
species. However, the non-pneumoniae Klebsiella spp. were also common, together comprising 56.6%
(705/1246) of the isolates (Figure 6.2). Among the KpSC members, besides K. pneumoniae, K.
quasipneumoniae (22.8%) and K. variicola (21.0%) were identified most frequently. These findings are
consistent with recent species-level reports in South Asia, where an Indian study detected around 24%
K. quasipneumoniae and 14% K. variicola along with K. pneumoniae (Mishra et al., 2025). Within the
KoSC members, K. michiganensis dominated (around 60% of KoSC isolates, 66/111), which aligns
with a study from China that also highlighted K. michiganensis as the leading KoSC pathogen over K.
oxytoca, K. grimontii, and K. pasteurii (Li et al., 2024). In my cohort, K. aerogenes accounted for 3.9%
(48/1246) of the isolates, a proportion concordant with recent One Health datasets from Italy and Ghana,

reporting around 4-6% K. aerogenes (Thorpe et al., 2022; Calland et al., 2023).
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The analysis of species-sources association revealed distinct ecological partitioning among non-
pneumoniae Klebsiella members. A positive association was found between K. quasipneumoniae (z =
3.0) and K. grimontii (z=3.3) and water samples. This finding aligns with recent environmental reports,
including the recovery of K. quasipneumoniae from wastewater at a tertiary hospital in Bangladesh and
other environmental surveys, as well as the detection of K. grimontii in water systems around the world
(Hubbard et al., 2020; Ferdous et al., 2022; Mbanga et al., 2022; Altayb et al., 2023; Verburg et al.,
2024). The over-representation of K. variicola in HRS (z = 3.1) is consistent with evidence that K.
variicola is a recognised human gut coloniser as well as a pathogen in immunocompromised hosts. This
is underscored by a high-mortality outbreak in neonates in Bangladesh, and by a recent clinical study
associating K. variicola bloodstream infection with increased mortality (Farzana et al., 2019; Fostervold
et al.,2024). The significant association of K. aerogenes with UTIs (z = 6.3) reflects its well-established
role as a uropathogen, with a recent case report from Bangladesh further highlighting its clinical
importance (Mazumder et al., 2023; Gonzalez-Montalvo et al., 2024). The association of K. oxytoca
with SSIs (z = 4.0) and flies (z = 3.8) is also supported by previous reports of hospital-associated K.
oxytoca outbreaks and growing evidence of dissemination through houseflies (Neog et al., 2021; Cook
et al., 2025; Obeng-Nkrumah et al., 2025). The source-species associations identified in this study
indicate uneven species distributions across various sources, which is consistent with recent One Health
genomic surveys (Thorpe et al., 2022; Calland et al., 2023). These findings emphasise the importance
of species-level identification in South Asian surveillance efforts to better understand non-pneumoniae

Klebsiella spp. ecology and transmission.

The overall AST findings of non-pneumoniae Klebsiella isolates (n=705) showed relatively low
susceptibility to fosfomycin and fluoroquinolones. However, they generally exhibited high
susceptibility to 3GCs, aminoglycosides, colistin, and tigecycline. All were susceptible to ceftazidime-
avibactam and carbapenems. Species-level resistome analysis revealed a predominantly intrinsic-
determinant resistome with some acquired AMR genes. ESBLs (blactxmois, blacrxom-ss),
aminoglycoside (aadA2, aac(3)-1ld, aph(6)-Id, aph(3")-1b, aph(3')-1a), quinolone (qnrBl1, gnrSi),

tetracycline (fetA) and colistin resistance (mcr-8) genes were identified infrequently across the dataset,
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and carbapenemase genes were essentially absent. These findings align with recent reports from One
Health studies, where severe resistance was concentrated in K. pneumoniae and hospital isolates, and
was rarely detected in other Klebsiella spp. across community, animal, or environmental sectors (Thorpe

et al.,2022; Calland et al., 2023).

In K. quasipneumoniae and K. variicola, high fosfomycin non-susceptibility (approximately 49% and
46%, respectively) coincided with the presence of the fos4 gene, along with fluoroquinolone-resistant
isolates carrying ogxA/ogxB. Among ESBLs, blacrx-m-15 (n=17) was predominantly found, particularly
in K. quasipneumoniae isolates from water, flies, CMS, UTIs, SSIs and HRS (Figure 6.4). The only
other blacrx-m-15 (n=1) was identified in a K. variicola from HRS. These findings are consistent with
previous reports from Bangladesh, which also detected blacrx-m-15 commonly in K. preumoniae, with
less often in other Klebsiella spp. including K. quasipneumoniae and K. variicola (Farzana et al., 2019;

Ferdous et al., 2022; Hussain ef al., 2023).

Although blaoxa-1s1 carbapenemase was detected in a single K. quasipneumoniae, it was phenotypically
susceptible to carbapenemase. This discordance is well described for OXA-48-like enzymes, which
frequently confer low-level carbapenem hydrolysis and may show susceptibility by routine AST in the
absence of permeability defects, particularly for imipenem or meropenem and when ertapenem is not
tested (Gelmez et al., 2021; Boyd et al., 2022). Sporadic detection of mcr-8 in K. quasipneumoniae
from water CCS, CMS and HRS highlight the potential for environmental reservoirs to seed high-risk

alleles despite low colistin resistance in this dataset (Phetburom et al., 2021; Formenti et al., 2022).

Among KoSC members (K. michiganensis, K. pasteurii, K. oxytoca and K. grimontii), overall resistance
remained low and was mainly explained by the presence of chromosomal OXY [-lactamases with
limited acquired AMR genes, which is consistent with a recent study with taxonomical syntheses (Yang
et al., 2021). Nearly all KoSC members scored 1 due to OXY B-lactamases flagged as ESBLs by the
Kleborate algorithm. However, these isolates were phenotypically susceptible to 3GCs, which is in line
with the literature that OXY B-lactamases are intrinsic to KoSC and only mimic ESBL phenotypes when
hyperproduced or for certain variants (like OXY-2-5) (Nijhuis et al., 2015; Yang et al., 2021; Campos-
Madueno et al., 2023). This finding highlights the limitations of Kleborate when applied beyond the
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KpSC. Unlike other non-pneumoniae Klebsiella spp., K. aerogenes showed high resistance to
amoxicillin-clavulanic acid (83.3%) (Table 6.3). This may be caused by the inherent B-lactam
determinant, such as ampC, which confers resistance to aminopenicillins or B-lactamase inhibitor

combinations (Tamma et al., 2019).

Virulence profiling of 705 non-pneumoniae Klebsiella isolates revealed a predominantly low virulence
landscape in my dataset, as determined by VFDB screening and Kleborate (84% scored 0; 16% scored
1, with ybt only; and only two isolates scored 4 with both iuc and ybt). Species-specific analysis showed
that core virulent loci (entd, entB, fepC, fepG, ompA, yagV/W/X/Y/Z and ykgK) were common in K.
quasipneumoniae and K. variicola. They mostly scored 0 to 1 by Kleborate and lacked accessory
virulent loci (Figure 6.8 and 6.9). The yersiniabactin gene clusters were present only in 1% of K.
quasipneumoniae and 4% of K. variicola isolates, which aligns with the low prevalence of the ICEKp-
borne ybt locus in these species (Lam et al., 2018). Only two isolates, one from K. quasipneumoniae
and one from K. variicola, both originating from HRS, carried high-risk virulence loci iuc, indicating a
potential risk of hypervirulence traits in the community strains. These findings are consistent with recent
studies, in which hypervirulence virulence loci (iuc, c¢lb and rmpA) were uncommon outside hvKP
lineages (Chew et al., 2021; Thorpe et al., 2022). However, the KoSC members frequently harboured
ybt (virulence score 1) and lacked hypervirulence gene markers (iuc, clb or rmpA), aligning with
previous hospital and community datasets, reporting ybt as the most common KoSC siderophore locus
(Stewart et al., 2022). Interestingly, the mgtB gene (Mg** transporter) was found exclusively in K.
michiganensis, indicating species-specific gene content. A multicentre study also reported that around
96% of K. michiganensis carried mgtB (related to enhanced survival within macrophages), and less
often found in other KoSC species (Li et al., 2024). Additionally, iroB was frequently detected (41/48,
85%) in K. aerogenes but was rare or absent in other non-pneumoniae Klebsiella isolates. This finding
aligns with a global analysis showing that the iro locus is highly prevalent in K. aerogenes
(approximately 92%) without the iuc locus; however, the iro and iuc loci typically co-occur in K.
pneumoniae (Lam et al., 2018; Morgado et al., 2024). This study found no convergence between MDR

and hypervirulence. The two isolates identified as hypervirulent exhibited a low resistance score of 0.
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This aligns with large cohort analyses, showing that hypervirulence typically occurs independently of

MDR (Kochan et al., 2023; Jiang et al., 2025).

In the present study, a highly polyclonal population structure was observed in both K. quasipneumoniae
(192 STs) and K. variicola (187 STs), with low-frequency dominant lineages, which is consistent with
prior reports that these species are broadly diverse (Barrios-Camacho et al., 2019; Chew et al., 2021).
The dominant K. quasipneumoniae lineages ST138, ST526, ST3387 and ST2676 exhibited lower
resistance and virulence potential, whereas 4 out of 5 ST5682 isolates carried ESBLs (blactx-m-15 or
blactx-m-s5). However, overall, ESBLs were distributed among distinct STs from different sources,
highlighting independent acquisition rather than expansion of a single high-risk clone. Interestingly, K.
quasipneumoniae lineages ST138, which were most frequently found in this study, have been reported
in diverse contexts (e.g., persistence on the International Space Station; in a hospital in Brazil carrying
blanom-7), underscoring its ecological diversity (Miliotis et al., 2023; Lobato et al., 2025). The
hypervirulent K. quasipneumoniae identified in this study belonged to ST3857, which has also been
reported as hypervirulent in a previous genome-wide analysis (Rodriguez-Medina ef al., 2024). For K.
variicola, ST355, ST347, ST1562, and ST1899 were the most common across sources, with resistance
and virulence scores of 0. The only MDR K. variicola (carrying blacrx-m-15) from HRS belonged to
ST6041. To the best of my knowledge, ST6041 has not been previously documented for MDR in K.
variicola. The overall findings concerning KpSC pathogenic potential align with earlier One Health
surveys, which documented a wide KpSC diversity and heightened resistance in hospital-adapted K.
pneumoniae clones, rather than in K. quasipneumoniae or K. variicola (Thorpe et al., 2022; Calland et

al., 2023).

This One Health study identified seven non-pneumoniae Klebsiella spp. comprising over half of the
Klebsiella isolates, including the first detection of K. michiganensis, K. grimontii, and K. pasteurii in
Bangladesh. Distinct species-source associations and a highly diverse population structure suggest
niche partitioning and horizontal transmission events rather than clonal spread. Most strains carried
intrinsic resistance determinants and exhibited low virulence scores, with scattered ESBLs (blacrx-m.15)

and occasional high-risk loci (e.g., mcr-8, blaoxa.1s1, iuc). These findings highlight the importance of
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species-level identification in clinical settings to detect non-pneumoniae Klebsiella contamination and
support targeted surveillance at human-animal-environment interfaces for high-priority resistance

genes, critical to preventing the clinical emergence of AMR in non-pneumoniae Klebsiella species.
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Chapter 7

Emergence of Mobile Colistin Resistance in Klebsiella spp. Across the Human,

Animal, and Environmental Sectors in Bangladesh

212



7.1 Introduction

Colistin is considered a last-resort antibiotic for treating serious infections caused by MDR Gram-
negative bacteria, especially carbapenem-resistant Enterobacteriaceae (CRE) (Nang et al., 2021; Liu
et al., 2024). However, its extensive use in livestock, particularly for treatment, prophylaxis and as a
growth promoter, has led to the emergence and spread of mobile colistin resistance (mcr) in a wide host
range globally (Liu ef al., 2016; Umair ef al., 2023). Since the emergence of the mcr-1 gene in 2015 in
China, there have been increasing reports of mcr-producing Enterobacterales being isolated from
livestock, poultry, food of animal origin, humans, and the environment from more than 70 countries
across six continents (Luo et al., 2020; Mmatli et al., 2022). So far, ten different mcr variants (mcr-1 to
mcr-10) have been reported from human, animal, and environmental sources, and among them, mcr-1
is the most prevalent variant (Ling et al., 2020; Liu et al., 2024). Plasmids are considered the key drivers
in the dissemination of mcr genes, with Incl2, IncH12, and IncX4 being reported as the major

incompatibility groups associated with the global spread of mcr (Luo et al., 2020; Liu et al., 2024).

Recently, the widespread use of antibiotics has led to a significant increase in the dissemination of
MDR K. pneumoniae, especially within clinical settings. To combat this challenge, particularly for the
management of carbapenem-resistant strains, colistin is often used as a last treatment option (Liu et al.,
2024). However, K. pneumoniae is increasingly recognised as an important species within
Enterobacteriaceae, contributing to the spread of colistin resistance, following E. coli (Wang et al.,
2020). Furthermore, in addition to K. pneumoniae, mcr genes have also been reported in other
Klebsiella species from the human-animal-environment interface (Phetburom et al., 2021; Liu et al,,
2022). Several mcr variants (mcr-1, mcr-3, mer-7, mer-8, mer-9 and mcr-10) have been identified, of
which mcr-1, mcr-8 and mcr-9 have been reported to be the most prevalent in Klebsiella species. A
recent geographical distribution study showed that mcr-1 and mcr-8 predominate in Asia, South
America and Africa, whereas mcr-9 is primarily found in Europe, North America and Oceania (Zhang
et al., 2025). In Bangladesh, routine mcr screening remains limited, yet plasmid-mediated colistin
resistance has been documented in K. pneumoniae. Detection of mcr-1 has been reported in K.

pneumoniae from diarrhoeal patients and chicken gut samples (Sarker et al., 2024; Islam et al., 2020).
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K. pneumoniae has also emerged as the primary host for mcr-8§ in Asia (Wang et al., 2018; Zhang et al.,
2025). Farzana et al. (2020) reported the first detection of mcr-8.1 in clinical K. pneumoniae ST15
isolated from a tertiary care hospital in Dhaka, Bangladesh. Recently, Mondol et al. (2025) reported K.
pneumoniae harbouring mcr-8. I from canal water. These findings reveal multiple reservoirs of plasmid-
mediated colistin resistance in Bangladesh, highlighting its circulation among human and animal

populations.

In response to the global rise in AMR, the WHO, FAO, and OIE (WOAH) called for implementing
global and national policies to improve antibiotic usage (WHO, 2015). They called to restrict critically
important human antibiotics, e.g., colistin, for food-producing animals. Between 2016 and 2019,
numerous countries, including China and India, implemented policies to restrict the use of colistin in
livestock (Hennessey et al., 2025). Colistin resistance was significantly reduced in China after the ban
of colistin as an animal growth promoter (Wang et al., 2020). The government of Bangladesh also
enacted a law (Fish Feed and Animal Feed Act, 2010), banning the use of critical antibiotics, growth
hormones and pesticides in fish and animal feed. Later, on 20 March 2022, the Directorate General of
Drug Administration prohibited all veterinary colistin preparations (Directorate General of Drug
Administration, 2022). However, doubts persist over the effective implementation of these measures in

practice (Foysal et al., 2024).

Although recent reports highlight the emergence of mcr-mediated colistin resistance in
Enterobacterales from clinical infections, livestock and environmental settings in Bangladesh, the
epidemiology of mcr-like mechanisms in Klebsiella spp. and the factors driving the dissemination of
mcr are still largely unknown (Farzana et al., 2019, 2020; Dutta et al., 2020; Islam et al., 2020; Ara et
al., 2021; Nath et al., 2023; Munim et al., 2024; Mondol et al., 2025). Considering these facts, this
study aims to investigate the molecular epidemiology of mcr-positive Klebsiella spp. (MCRPK) in

Mymensingh, Bangladesh through a One Health lens.
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In this chapter, I specifically aim to explore the following:

1. The prevalence of colistin resistance and mcr in Klebsiella spp. across One Health sectors in
Bangladesh.

2. The resistance profile and clonal relatedness of MCRPK.

3. The genetic context of mcr genes and whether any dominant plasmid and/or strain type is
associated with their dissemination.

4. Assessment of antibiotic usage practices, including colistin administration, on the poultry farms

enrolled in this study.

215



7.2 Results

7.2.1 Prevalence of colistin resistance and MCRPK in the study area

A cross-sectional carriage study was conducted between December 2021 and March 2023 to determine
the prevalence of MCRPK in Mymensingh, Bangladesh. Sampling was carried out using a One Health

approach to assess the dissemination of MCRPK across human, animal, and environmental sectors.

Out of 3759 samples collected from humans (HRS, UTIs, SSIs), farms (CCS, CMS, DARS, BF) and
the environment (water, flies) within Mymensingh, the overall prevalence of Klebsiella spp. was 33.1%
(1246/3759), as detailed in Table 7.1. Eight distinct Klebsiella species were identified: K. pneumoniae
(n=541), K. quasipneumoniae (n=284), K. variicola (n=262), K. michiganensis (n=66), K. aerogenes
(n=48), K. pasteurii (n=25), K. oxytoca (n=18) and K. grimontii (n=2). All Klebsiella (n=1246)
recovered from various samples were subjected to antimicrobial susceptibility testing. Antibiogram
analysis revealed that 3.1% (39/1246) of the isolates across all samples exhibited phenotypic resistance
to colistin (MIC > 2 mg/L, EUCAST 2024) (Table 7.1 and Figure 7.1). Colistin-resistant Klebsiella spp.
(CRK) were identified in water (7.5%, 4/53), flies (5.6%, 7/125), CCS (15.4%, 12/78), CMS (3.6%,
4/111), DARS (5.5%, 5/91), BF (6.4%, 3/47) and HRS (0.6%, 4/618). However, all clinical isolates
recovered from UTIs and SSIs were susceptible to colistin. Notably, all 39 CRK belonged exclusively

to three species: K. pneumoniae (n=17), K. variicola (n=12) and K. quasipneumoniae (n=10).

The antibiotic susceptibility pattern of CRK isolated from various sources is presented in Figure 7.1.
Among the 39 CRK isolates, 53.8% exhibited resistance to amoxicillin-clavulanic acid, followed by
fosfomycin (51.3%), levofloxacin (51.3%), ciprofloxacin (46.2%), gentamicin (35.9%, tigecycline
(35.9%), cefotaxime (33.3%) and ceftazidime (33.3%). However, all CRK were susceptible to

ceftazidime-avibactam, imipenem and meropenem.

The overall prevalence of MCRPK was 1.1% (14/1246), with the highest detection rates observed in
samples from CCS (7.7%), followed by water (3.8%), BF (2.1%), CMS (1.8%), flies (0.8%) and HRS
(0.3%) (Table 7.1). No MCRPK isolates were detected in samples from DARS, UTIs and SSIs. Two

mcr gene variants, mcr-1 and mcr-8, were detected among the MCRPK isolates. The mcr-1 variant was
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exclusively detected in isolates originating from flies and HRS, whereas mcr-8 was found across a
broader range of samples, including CCS, CMS, BF, Water and HRS. One MCRPK isolated from HRS
was found to co-harbour both mcr-1 and mcr-8. All MCRPK (n=14) isolates were phenotypically
resistant to colistin. Although CRK were found among three Klebsiella species, including K.
pneumoniae, K. quasipneumoniae, and K. variicola, the mcr genes were found only in K. pneumoniae
(n=10) and K. quasipneumoniae (n=4) isolates. Notably, a statistically significant association was found

between MCRPK and K. pneumoniae (71.4%, 10/14) (p<0.05) (Table 7.2).

Table 7.1 Prevalence of CRK and MCRPK across various samples and the distribution of mcr genes.

Sample Number | Klebsiella CRK, n MCRPK, n | Number of mcr variants
type of positive, | (prevalence, | (prevalence, | mcr- | mcer- | mer-1.1 and
samples | number %) %) 1.1 8.1 mcr-8.1

Water 220 53 4 (7.5%) 2 (3.8%) 0 2 0

Flies 220 125 7 (5.6%) 1 (0.8%) 1 0 0

CCS 200 78 12 (15.4%) | 6 (7.7%) 0 6 0

CMS 200 111 4 (3.6%) 2 (1.8%) 0 2 0

DARS | 200 91 5(5.5%) 0(0) 0 0 0

BF 75 47 3 (6.4%) 1 (2.1%) 0 1 0

UTIs 1170 22 0 0(0) 0 0 0

SSIs 814 101 0 0(0) 0 0 0

HRS 660 618 4 (0.6%) 2 (0.3%) 0 1 1

Total 3759 1246 39 3.1%) 14 (1.1%) 1 12 1

CRK, colistin-resistant Klebsiella spp.; MCRPK, mcr-positive Klebsiella spp.; CCS, chicken cloacal

swabs; CMS, chicken meat swabs; DARS, domestic animal rectal swabs; BF, bird faeces; UTIs, urinary

tract infections; SSIs, surgical site infections; HRS, human rectal swabs; prevalence of CRK (total

number of CRK / total number of Klebsiella positive isolates); prevalence of MCRPK (total number of

MCRPK / total number of Klebsiella positive isolates).
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Figure 7.1 Antibiotic susceptibility pattern of colistin-resistant Klebsiella spp. from various sources.

The heatmap was generated according to the resistance percentage. AMC, Amoxicillin-clavulanic acid,

TZP, Piperacillin-tazobactam; ATM, Aztreonam; CTX, Cefotaxime; CAZ, Ceftazidime; FEP,

Cefepime; CZA, Ceftazidime-avibactam; IPM, Imipenem; MEM, Meropenem; CIP, Ciprofloxacin;

LVX, Levofloxacin; AMK, Amikacin; GEN, Gentamicin; FOS, Fosfomycin; TGC, Tigecycline; CST,

Colistin; CCS, chicken cloacal swabs; CMS, chicken meat swabs; DARS, domestic animal rectal swabs;

BF, bird faeces; HRS, human rectal swabs.

Table 7.2 Univariate logistic regression analysis for MCRPK prevalence in different Klebsiella spp.

Species MCRPK MCRNK p-value | OR 95% Cl1
(n=14) (n=1232)
K. pneumoniae (n=541) 10 (71.4%) | 531 (41.3%) | 0.033 3.300 | 1.029 - 10.581

K. quasipneumoniae (n=284) | 4 (28.6%) 280 (22.7%) | 0.604 1.360 | 0.423 -4.369

K. variicola (n=262) 0 (0) 262 (21.3%) | - NA [NA

Values in parentheses indicate column percentage. MCRPK, mcr-positive Klebsiella spp.; MCRNK,

mcr-negative Klebsiella spp., NA, not applicable. Statistical significance was set at p<0.05. The cells

in the table were highlighted to present whether any variable was significantly higher in MCRPK.
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Univariate logistic regression analysis demonstrated a significantly higher occurrence of CRK in
samples from Muktagachha layer farm (7.5%, 8/107) when compared to other sampling locations
(2.7%, 31/1139) (p<0.05) (Table 7.3). Further analysis revealed a statistically significant association
between CRK occurrence and samples obtained from CCS, with 15.4% (12/78) of isolates exhibiting
resistance compared to 2.3% (27/1168) from all other sources (p<0.05) (Table 7.4). Figure 7.2 provides
an overview of the distribution of CRK, categorised according to the specific species identified, the

type of samples from which they were isolated, and the geographical locations.

Table 7.3 Univariate logistic regression analysis for CRK occurrence from different sampling locations.

Sampling location | CRK (n=39) CSK (n=1207) | p-value OR 95% CI

MyB (n=142) 4 (10.3%) 138 (11.4%) 0.820 0.885 0.310 - 2.529
MyL (n=92) 2 (5.1%) 90 (7.5%) 0.587 0.671 0.159 - 2.829
MkB (n=104) 3 (7.7%) 101 (8.4%) 0.881 0.913 0.276 - 3.015
MKL (n=107) 8 (20.5%) 99 (8.2%) 0.01 2.888 1.293 - 6.453
TrB (n=98) 4 (10.3%) 94 (7.8%) 0.574 1.353 0.471 - 3.889
TrL (n=1006) 6 (15.4%) 100 (8.3%) 0.125 2.013 0.824 -4.919
GB (n=102) 4 (10.3%) 98 (8.1%) 0.633 1.293 0.450 - 3.714
GL (n=109) 6 (15.4%) 103 (8.5%) 0.143 1.949 0.798 - 4.760
TaB (n=93) 1 (2.6%) 92 (7.6%) 0.262 0.319 0.043 - 2.349
TaL (n=95) 1 (2.6%) 94 (7.8%) 0.252 0.312 0.042 - 2.295

Values in parentheses indicate column percentage. CRK, colistin-resistant Klebsiella spp.; CSK,
colistin-sensitive Klebsiella spp.; total number of Klebsiella spp. isolates: n=1246; MyB, Mymensingh
broiler; MyL, Mymensingh layer; MkB, Muktagachha broiler; MkL, Muktagachha layer; TrB, Trishal
broiler; TrL, Trishal layer; GB, Gauripur broiler; GL, Gauripur layer; TaB, Tarakanda broiler; TaL,
Tarakanda layer farms. Others indicate Klebsiella isolates from the remaining sampling locations.
Statistical significance was set at p<0.05. The cells in the table were highlighted to present whether any

variable was significantly higher with CRK.
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Table 7.4 Univariate logistic regression analysis for CRK occurrence from different types of samples.

Sample type CRK (n=39) | CSK (n=1207) p-value | OR 95% CI
Water (n=53) 4 (10.3%) 49 (4.1%) 0.07 2.701 0.923 - 7.900
Flies (n=125) 7 (17.9%) 118 (9.8%) 0.101 2.019 0.872 -4.674
CCS (n=78) 12 (30.8%) 66 (5.5%) <0.001 7.684 3.726 - 15.846
CMS (n=111) 4 (10.3%) 107 (8.9%) 0.764 1.175 0.410 - 3.369
DARS (n=91) 5 (12.8%) 86 (7.1%) 0.186 1.917 0.731 - 5.027
BF (n=47) 3(7.7%) 44 (3.6%) 0.203 2.203 0.653 - 7.428
HRS (n=618) 4 (10.3%) 614 (50.9%) <0.001 0.110 0.039 -0.312

Values in parentheses indicate column percentage. CRK, colistin-resistant Klebsiella spp.; CSK,
colistin-sensitive Klebsiella spp.; CCS, chicken cloacal swabs; CMS, chicken meat swabs; DARS,
domestic animal rectal swabs; BF, bird faeces; HRS, human rectal swabs. Statistical significance was
set at p<0.05. The cells in the table were highlighted to present whether any variable was significantly

higher with CRK.

Colistin resistant Klebsiella spp. Sample sources Sampling sites
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(n=7) U Flies
(n=17) Klebsiella pneumoniae
Trishal layer farm [ (n=6)
==
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Figure 7.2 Distribution of colistin-resistant Klebsiella spp. by species, sample source and sampling

location. This Sankey diagram was generated using Python (Colab notebook).

For MCRPK, a significantly higher prevalence was observed in samples from CCS, with 7.7% (6/78)

of isolates exhibiting colistin resistance compared to 0.7% (8/1168) from all other sources (p<0.05)
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(Table 7.5). Additionally, a significant association was observed between the prevalence of MCRPK
and the Muktagachha layer farm, where 4.7% (5/107) of colistin-resistant isolates were identified,
compared to 0.8% (9/1139) from other locations (p<0.05) (Table 7.6). Figure 7.3 illustrates the
distribution of MCRPK, categorised according to the specific species identified, the type of samples

from which they were isolated, and the sampling locations.

Table 7.5 Univariate logistic regression analysis for MCRPK prevalence in various sample types.

Sample type MCRPK MCRNK p-value OR 95% CI
(n=14) (n=1232)

Water (n=53) 2(14.3) 51 (4.1%) 0.082 3.859 0.842 - 17.699
Flies (n=125) 1 (7.1%) 124 (10.1%) 0.719 0.687 0.089 - 5.299
CCS (n=78) 6 (42.9%) 72 (5.8%) <0.001 12.083 4.083 - 35.758
CMS (n=111) 2 (14.3%) 109 (8.8%) 0.483 1.717 0.379-7.771
BF (n=47) 1(7.1%) 46 (3.7%) 0.514 1.983 0.254 - 15.486
HRS (n=618) 2 (14.3%) 616 (50.0%) 0.019 0.167 0.037-0.748

Values in parentheses indicate column percentage. MCRPK, mcr-positive Klebsiella spp.; MCRNK,
mcr-negative Klebsiella spp.; CCS, chicken cloacal swabs; CMS, chicken meat swabs; DARS, domestic
animal rectal swabs; BF, bird faeces; HRS, human rectal swabs. Statistical significance was set at
p<0.05. The cells in the table were highlighted to present whether any variable was significantly higher

in MCRPK.

Table 7.6 Univariate logistic regression analysis for MCRPK prevalence from different sampling

locations.
Sampling location | MCRPK MCRNK p-value OR 95% ClI
(n=14) (n=1232)

MyB (n=142) 2 (14.3%) 140 (11.4%) | 0.733 1.300 0.288 - 5.869
MkB (n=104) 2 (14.3%) 102 (8.3%) 0.426 1.846 0.408 - 8.363
MKL (n=107) 5(35.7%) 102 (8.3%) <0.001 6.155 2.025 - 18.710
TrB (n=98) 1 (7.1%) 97 (7.9%) 0.920 0.900 0.117 - 6.953
TrL (n=1006) 3 (21.4%) 103 (8.4%) 0.097 2.989 0.821 - 10.886
GL (n=109) 1 (7.1%) 108 (8.8%) 0.831 0.801 0.104 - 6.179
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Values in parentheses indicate column percentage. MCRPK, mcr-positive Klebsiella spp.; MCRNK,
mcr-negative Klebsiella spp.; MyB, Mymensingh broiler; MyL, Mymensingh layer; MkB,
Muktagachha broiler; MkL, Muktagachha layer; TrB, Trishal broiler; TrL, Trishal layer; GB, Gauripur
broiler; GL, Gauripur layer; TaB, Tarakanda broiler; Tal, Tarakanda layer farms. Statistical

significance was set at p<<0.05. The highlighted cells in the table present significantly higher variables

for MCRPK.
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Figure 7.3 Distribution of mcr-positive Klebsiella spp. (MCRPK) by species, sample source and

sampling location. This Sankey diagram was generated using Colab notebook.

7.2.2 AMR and virulence profile of MCRPK

Resistance patterns to tested antibiotics for MCRPK (n=14) and MCRNK (n=1232) were investigated.
The resistance rates of MCRPK were significantly higher for ciprofloxacin (92.9%, 13/14), levofloxacin
(92.9%, 13/14), amoxicillin-clavulanic acid (71.4%, 10/14), gentamicin (64.3%, 9/14), cefotaxime
(57.1%, 8/14), ceftazidime (57.1%, 8/14) tigecycline (50.0%, 7/14) and aztreonam (42.9%, 6/14)
compared with those of MCRNK (p<0.05) (Figure 7.4). However, MCRPK were 100% susceptible to
ceftazidime-avibactam, imipenem and meropenem. The MIC values of colistin for MCRPK carrying
the mcr-8 gene (n=12) ranged from 4 to 16 mg/L, which are all above the EUCAST breakpoint for

colistin resistance (>2 mg/L). One isolate carrying mcr-1 exhibited an MIC of 8 mg/L, while one
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Klebsiella carrying both mcr-1 and mcr-8 possessed an MIC of >64 mg/L, suggesting a synergistic
resistance effect between the two mcr genes (Figure 7.5). Notably, the highest MIC values were

observed among human-derived isolates, ranging from 16 to >64 mg/L. The distribution of colistin

MICs for MCRPK stratified by sample origin is presented in Figure 7.6.

Comparative antibiotic resistance: MCRPK vs MCRNK
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Figure 7.4 Bar chart illustrating resistance rates (%) for 15 antibiotics between MCRPK (n=14, in red)
and MCRNK (n=1232, in green) isolates. Statistical significance was set at p<0.05, and asterisks above
each antibiotic indicate statistical significance. AMC, Amoxicillin-clavulanic acid; TZP, Piperacillin-
tazobactam; CTX, Cefotaxime; CAZ, Ceftazidime; FEP, Cefepime; CZA, Ceftazidime-avibactam;
ATM, Aztreonam; IPM, Imipenem; MEM, Meropenem; CIP, Ciprofloxacin; LVX, Levofloxacin;

AMK, Amikacin; GEN, Gentamicin; FOS, Fosfomycin; TGC, Tigecycline.
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Distribution of colistin MIC by mcr variants
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Figure 7.5 Violin plot shows the distribution and density of colistin MIC values grouped by mcr variant.
The shape indicates the distribution of MIC values. The figure was generated in Python using Matplotlib
(v.3.7). The red dashed line marks the EUCAST resistance breakpoint (2 mg/L). The figure illustrates
how all variants exceed resistance levels, with the isolate carrying both mcr-1 and mcr-8, resulting in
high MICs. Since mcr-1 was identified in only one isolate, and just one isolate harboured both mcr-1
and mcr-8, the violin plot appears as a flat line due to the limited data points.

Distribution of colistin MIC by sample type
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Figure 7.6 Boxplot shows the colistin MIC values for MCRPK isolates stratified by sample type. CCS,
chicken cloacal swabs; CMS, chicken meat swabs; BF, bird’s faeces; and HRS, human rectal swabs.

The figure was generated in Python using Matplotlib (v.3.7).
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The association of ARGs pertinent to different resistance mechanisms in MCRPK was also investigated.
Aminoglycoside-resistance genes (aadA?2), B-lactamase genes (blaox-1, blarem.18), phenicol-resistance
gene floR, fluoroquinolone-resistance genes (aac(6')-1b-cr, gnrS1, gnrBl), sulfonamide-resistance
genes (sull, sul2 and sul3), and the tetracycline resistance gene tet(4) were significantly associated with

MCRPK (p< 0.05) (Table 7.7).

Table 7.7 Univariate logistic regression analysis for the distribution of ARGs in MCRPK and MCRNK.

ARGs MCRPK MCRNK p-value | OR 95% CI
(n=14) (n=1232)

aac(6')-Ib-cr (n=95) | 8 (57.1%) 87 (7.1%) <0.001 17.548 | 5.955-57.710
aadA2 (n=93) 9 (64.3%) 84 (6.8%) <0.001 | 24.600 | 8.063 - 64.052
blaoxs.1 (n=84) 4 (28.6%) 80 (6.5%) 0.001 5.760 | 1.767-28.773
blarpm-13(n=153) 8 (57.1%) 145 (11.8%) <0.001 |9.995 |3.420-57.216
floR (n=65) 5 (35.7%) 60 (4.9%) <0.001 10.852 | 3.528 - 35.378
gnrBI (n=71) 4 (28.6%) 67 (5.4%) <0.001 | 6.955 |2.126 - 28.757
gnrS1 (n=196) 8 (57.1%) 188 (15.3%) <0.001 | 7.404 | 2.540-57.583
sull (n=203) 11 (78.6%) 192 (15.6%) <0.001 19.861 | 5.490 - 78.852
sul2 (n=147) 7 (50%) 140 (11.4%) <0.001 | 7.800 | 2.696 -50.566
sul3 (n=38) 6 (42.9%) 32 (2.6%) <0.001 | 28.125 | 9.221-42.786
tet(4) (n=219) 8 (57.1%) 211 (17.1%) <0.001 | 6.452 |2.216-57.787

Values in parentheses indicate column percentage. ARGs, antibiotic resistance genes; MCRPK, mcr-
positive Klebsiella spp.; MCRNK, mcr-negative Klebsiella spp. Statistical significance was set at

2<0.05. Only data that were significantly higher in MCRPK isolates are presented in the table.

Virulence-associated genes encoding enterobactins entB (99.8%, 1244/1246), entA (73.8%, 919/1246),
fepC (81.5%, 1015/1246)) and the ykgK (86.3%, 1075/1246), yagZ (99.6%, 1241/1246), yagY (87.1%,
1085/1246), yagX (87.0%, 1084/1246), yagW (88.8%, 1107/1246), yagV (87.1%, 1085/1246) were
highly prevalent among the Klebsiella spp. (n=1246). Furthermore, virulence genes encoding the
virulence factors ybt, iuc and iro were also identified by the VFDB databases. These genes, along with
clb, are considered virulent markers in Klebsiella. All MCRPK (n=14) recovered in this study possessed

entA, entB, fepC, ompA, yvkgK, vagZ, yagX, yagW, and yagV virulence determinants. However, no
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siderophore-associated virulence loci (ybt, iuc, iro) or the colibactin gene cluster (c/b) were detected in
any MCRPK isolate. K-antigen (capsular polysaccharide) and O-antigen (lipopolysaccharides) types of
the 14 MCRPK were identified using ‘Kaptive’, a bioinformatics tool designed to type the capsule (K)
and lipopolysaccharide (O) in K. pneumoniae and related species from WGS data. Four different K
types were assigned to seven isolates: K45 (n=3), K49 (n=2), K28 (n=1), and K54 (n=1). Kaptive was
unable to predict any K type for the remaining seven isolates. Olab (n=6) was the most frequently found
O serotype among the 14 MCRPK, followed by O3/3a (n=2), O3b (n=2), O5 (n=2), while two isolates

could not be assigned any O type (Figure 7.7).

K-type distribution O-type distribution

Number of isolates
Number of isolates

K-type (capsular) antigen O-type (lipopolysaccharide) antigen

Figure 7.7 Distribution of K and O antigen types among MCRPK.

7.2.3 Clonal distribution of MCRPK

Clonal and Phylogenetic analyses were restricted to MCRPK isolates (n=14). Although additional
isolates exhibited phenotypic resistance to colistin by antimicrobial susceptibility testing, these were
excluded from phylogenetic reconstruction if no mcr gene was detected. This approach was adopted to
specifically characterise the clonal diversity and genomic relatedness of mobile colistin resistance, as
phenotypic colistin resistance in the absence of mcr is commonly mediated by chromosomal mutations

(e.g., in mgrB, pmrAB, or phoPQ) and represents a distinct resistance mechanism.
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Diverse sequence types (STs) were identified in MCRPK (n=14) from various sources and sampling
locations within the study area. The most frequently occurring ST was ST1 (n=4), followed by single
isolates from ST273, ST309, ST378, ST534, ST735, ST1844, ST1998, ST7730, ST7748, and ST7907
(Figure 7.8). The maximum-likelihood phylogeny shown in Figure 7.8 was constructed using core-
genome alignments derived from Illumina short-read sequencing data. Reads were mapped and aligned
using the Bactmap pipeline, and phylogenetic inference was performed on the resulting core-genome
alignment using VeryFastTree (v.4.0). Sequence typing was assigned using the PubMLST database
based on seven housekeeping loci. Antimicrobial resistance genes were identified using the ABRicate
database, and resistance and virulence scores were determined using Kleborate (v.3.0, a dedicated
genotypic tool for K. pneumoniae species complex) was used to assign resistance and virulence scores

for MCRPK (described in Chapter 4 and 5) (Lam et al., 2021).

Kleborate assigned four resistance scores (0 to 3) to K. pneumoniae, and an isolate with a score >0 was
considered MDR. Similar to genotypic resistance profiles, Kleborate assigned six scores (0 to 5) to the
K. pneumoniae isolates based on the presence of genes encoding the virulence factors ybt, iuc, and clb.
Isolates with a score of >3 were considered highly virulent. Analysis indicated that 21.4% (3 out of 14)
of MCRPK were MDR with a score of 1, while 78.6% (11 out of 14) showed lower levels of resistance,
scoring 0. In the virulence study, all the MCRPK (n=14) were assigned a score of 0 by Kleborate,

indicating a negative result for acquired virulence genes (Figure 7.8).
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Figure 7.8 Clonal distribution of MCRPK across various sources. The ML tree was generated using
VeryFastTree (v.4.0) and visualised in iTOL (v.6). Core-genome alignment was performed using the
Bactmap pipeline (v.1.0.0). The PubMLST database was used for 7 loci MLST profiling. The latest
ABRicate database was used to screen for ARGS, and Kleborate was used for resistance and virulence

SCOres.

Phylogenetic analysis of MCRPK isolated in this study demonstrated that four K. pneumoniae isolates
belonged to ST1 and clustered into a single clade (Figure 7.8). Subsequent core-genome SNP analysis
of these four ST1 isolates (three mcr-8 carriers and one mcr-1 carrier) revealed that pairwise SNP
distances spanned from 7 to 188 SNPs (Figure 7.9). The pairwise SNP difference between
261590 OHBCI129KP (from CCS of Trishal layer farm) and 261476 OHBW25KP (from water of
Muktagachha layer farm) showed the closest relationship with 7 SNP differences. The mcr-1 isolate
261414 OHBF158KP (from flies of Muktagachha layer farm) was moderately related (79-83 SNPs) to
the mcr-8 pair (261476_OHBW25KP and 261590 OHBCI129KP). 261789 OHBCI165KP (from CCS

of Muktagachha broiler farm) is the most divergent, differing by 183—188 SNPs from the other isolates.
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Figure 7.9 Pairwise SNP distance heatmap among ST1 MCRPK isolates. In this heatmap, all diagonal

cells are white and labelled “0”, which reflects the self-comparisons resulting in no SNP differences.
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7.2.4 Plasmid profile of MCRPK

To explore how plasmids contribute to the spread of mcr in Klebsiella across humans, animals, and the
environment, all 14 MCRPK isolates were subjected to both short-read (Illumina NovaSeq 6000) and
long-read sequencing (PromethION). Hybrid genome assemblies were generated by combining short-

and long-read data to enable accurate plasmid reconstruction and localisation of mcr genes.

Plasmid replicon typing was performed using the PlasmidFinder database, which identified a diverse
array of plasmid replicon markers and the presence of one or more plasmid replicons among the
MCRPK isolates. IncFIB(K)Kpn3 (85.7%, 12/14), Col4401 (71.4%, 10/14), IncFIA(HI1) (64.3%,
9/14), IncR (64.3%, 9/14), IncFII(pKP91) (57.1%, 8/14), ColRNAI (35.7%, 5/14) and IncFIB(pQil)
(21.4%, 3/14) were the frequently found replicon types. Among the plasmid replicon types identified
in MCRPK, mcr-8 was associated with IncFIA(HI1) (n=3), IncR (n=3), IncFIB(pQil) (n=3) and
IncFIB(K)Kpn3 (n=2) conjugative backbones, whereas the mcr-1 determinant was associated with
IncHI1A replicon (n=1) (Figure 7.10). The phylogenetic tree shown in Figure 7.10 is based on the same
short-read-derived core-genome alignment used for Figure 7.8. However, in this figure, plasmid
replicon types are overlaid onto the chromosomal phylogeny as metadata to visualise plasmid diversity
and the association of mcr genes with specific plasmid replicon types. This approach demonstrates that
genetically distinct MCRPK isolates may harbour similar mcr-carrying plasmids, while closely related

isolates may differ in plasmid content.
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Figure 7.10 Distribution of plasmid replicon types in MCRPK across various sources. The ML tree was
generated using VeryFastTree (v.4.0) and visualised in iTOL (v.6). Core-genome alignment was
performed using the Bactmap pipeline (v.1.0.0). The PubMLST database was used for 7 loci MLST
profiling. The ABRicate database was used to screen for ARGS, and the PlasmidFinder database was

used for plasmid replicon typing.

7.2.4.1 Genetic context of plasmids carrying mcr-8 and mcr-1

Complete circular plasmids carrying mcr-8.1 belonging to IncFIA(HI1) of ~55kb (n=1) and IncR of
~57kb (n=1) were obtained in this study by hybrid assembly (Figure 7.11). Other plasmids carrying mcr
genes were not successfully closed. Genome-wide analysis of circular IncFIA(HI1) revealed a
conserved region of mcr-8.1 (gt-mcr-8.1-copR) alongside additional resistance loci gnrBl and -
lactamase. The circular IncR plasmid also preserved mcr-8.1 (gt-mcr-8.1-copR) while additionally
encoding other resistance genes blarem.1, sull and aac(6’)-Ib. Further analysis of the mcr-harbouring
plasmids showed that the ARGs (aadA2, blaoxa.1, blarem.1s, floR, qnrB1, sull, sul2, sul3 and tet(4)),
which were significantly linked to MCRPK in this study (Table 7.7), were also variably found on these

plasmids (Figure 7.12).
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Figure 7.11 Schematic layout of IncFIA(HI1) (A) and IncR (B) plasmids carrying mcr-8.1 identified

in this study. Arrows represent the position and transcriptional direction of the open reading frames.

The figures were produced using Geneious Prime (v.2025.1).

Genomic comparisons at the nucleotide level showed that mcr-8.1 positive IncFIA(HI1) (n=3) plasmids

identified in this study shared > 99% similarity at > 73% coverage, IncR (n=3) shared > 99% similarity

at> 65% coverage, IncFIB(pQil) (n=3) shared > 99% similarity at > 69% coverage, and IncFIB(K)Kpn3

(n=2) shared > 98% similarity at > 67% coverage. The host origins of IncFIA(HI1), IncR, IncFIB(pQil),

and IncFIB(K)Kpn3 plasmids are shown in Figure 7.12.
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Figure 7.12 Circular sequence alignments of reference plasmids with homologous contigs of four
groups of plasmids harbouring the mcr-8 gene using BLASTn and BLAST Ring Image Generator
(BRIG). The concentric rings display similarity between the reference sequence in the inner ring and
the other sequences in the outer rings. The various colour levels indicate a BLAST result with a matched
degree of shared regions, as shown at the bottom of the ring. (A) Comparative analysis of plasmids
belonged to IncFIA(HI1), (B) Comparative analysis of plasmids belonged to IncR, (C) Comparative
analysis of plasmids belonged to IncFIB(pQil), (D) Comparative analysis of plasmids belonged to

IncFIB(K)Kpn3.
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Figure 7.12 Circular sequence alignments of reference plasmids with homologous contigs of four
groups of plasmids harbouring the mcr-8 gene using BLASTn and BLAST Ring Image Generator
(BRIG). The concentric rings display similarity between the reference sequence in the inner ring and
the other sequences in the outer rings. The various colour levels indicate a BLAST result with a matched
degree of shared regions, as shown at the bottom of the ring. (A) Comparative analysis of plasmids
belonged to IncFIA(HI1), (B) Comparative analysis of plasmids belonged to IncR, (C) Comparative
analysis of plasmids belonged to IncFIB(pQil), (D) Comparative analysis of plasmids belonged to

IncFIB(K)Kpn3.

Genetic analysis of the plasmids carrying mcr genes revealed several variants, including mcr-1.1, mcr-
8.1, and mcr-8.2. A detailed investigation of the genetic environment adjacent to mcr-8. 1 revealed that
all plasmids had a highly conserved segment of ~3500 bp containing copR (downstream of mcr-8.1),

mcr-8.1 and glycosyl transferase (upstream of mcr-8.1) (Figure 7.13). Among IncFIA(HI1) plasmids
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isolated from both human and chicken, no insertion sequences were found flanking the conserved
region. However, the IncFIA(HI1) from a pigeon isolate contained one complete ISKpn25 element
downstream of mcr-8.1. In contrast, two complete copies of IS903 bracketed the conserved region of
mcr-8.1 in IncR (n=3), IncFIB(pQil) (n=2), IncFIB(K)Kpn3 (n=1) plasmids. Additionally, one
IncFIB(pQil) (OHBMS53KP) plasmid had one complete IS903 element upstream of mcr-8. 1, while an
unidentified plasmid (OHBC126KP) carried a single IS903 downstream of the mcr-8.1 gene (Figure

7.13A).

The genetic environment surrounding mcr-8.2 in IncFIB(K)Kpn3 shared identity (>90%) with a
previously described mcr-8.2 containing plasmid isolated from pigs in China (accession no:
NZ CP034679.1). In both plasmids, the conserved region of mcr-8.2 encompassing glycosyl
transferase and mcr-8.2 was flanked upstream by two ISKpn26 and downstream by two ISEc/] elements

(Figure 7.13B).

A linear comparison of the genetic context of mcr-1.1 on IncHI1 plasmid using a reference plasmid
(accession no. CP064026.1) recovered from a human E. coli isolate in Bangladesh, revealed a similar
conserved segment containing mcr-1.1 and pap2 (upstream of mcr-1.1). In the reference plasmid
pRS571-MCR-1.1, the conserved segment was flanked downstream by ISAp/! (Figure 7.13C). IncHI1 A
plasmid in K. preumoniae, identified from a fly sample in this study, contained two copies of mcr-1
and one copy of mcr-1.1. In this plasmid, ISAp// (downstream) and ISKpn26 (upstream) flanked the
mcr-1.1 conserved region, while ISApll/ (downstream) and ISKpn26 (upstream) flanked both mcr-1

regions (Figure 7.13C).
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Figure 7.13 Linear comparison of the genetic context of mcr genes on various Inc-type plasmids.
Arrows represent the position and transcriptional direction of the open reading frames. Grey cross-links
between sequences demonstrate regions of sequence homology. The genomic comparison was
performed by EasyFig (v2.2.5). A. Genetic environment of mcr-8.1 on IncFIA(HI1), IncR (n=3),
IncFIB(pQil), IncFIB(K)Kpn3 and one unknown plasmid. B. Genetic environment of mcr-8.2 on
IncFIB(K)Kpn3 (plasmid pD120-1, accession number: NZ_ CP034679.1, was used as a reference for
comparison). C. Genetic environment of mcr-1.1 on IncHI1 A plasmid (plasmid pRS571-MCR-1.1 from

human, accession number: CP034390.1, was used as a reference for comparison).

7.2.5 Risk factors associated with the spread of mcr genes in Klebsiella spp.

MCRPK isolates were identified from six of the ten sampling sites on the poultry farms. However, their
occurrence was significantly associated with the Muktagachha layer farm and with samples recovered
from chicken cloacal swabs (Table 7.5 and 7.6). Based on these findings, antibiotic usage from farms
and the demographic features of humans with MCRPK cases were further analysed to identify possible

risk factors contributing to the spread of MCRPK.

7.2.5.1 Antibiotic usage practices on poultry farms

Among the ten poultry farms surveyed (five broiler and five-layer farms), all farmers reported some
knowledge of AMR, while 80% (8/10) were aware of the antibiotic withdrawal period. Eight farms
(80%) were operated under intensive rearing systems (confined indoor management), and two (20%)

were operated under semi-intensive systems (partial housing and ranging). Poultry waste disposal
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practices included on-site disposal in the farm pits (5/10, 50%), manure application in the field (3/10,

30%) and other methods (2/10, 20%).

Antibiotic usage was observed during all four sample collection periods, including amoxicillin (used in
5 farms), doxycycline (5 farms), ciprofloxacin (3 farms), neomycin, trimethoprim and sulphadiazine (3
farms), and levofloxacin (3 farms). The use of gentamicin, tiamulin, tilmicosin, and colistin sulphate
was also observed in at least one of the farms. Multiple farms reported using more than one antibiotic
or a combination of antibiotics (Table 7.8). No antibiotic use was reported in the Mymensingh broiler
farm. The highest number (5 out of 14) of MCRPK was recovered from Muktagachha layer farm, which
used multiple antibiotics during sampling and practised intensive farming and manure-based waste
disposal. In this study, MCRPK was more commonly isolated from layer farms, with 9 out of 14 positive
cases: five from Muktagachha, three from Trishal, and one from Gauripur. In contrast, broiler farms
showed five out of 14 positives, with two from Mymensingh, two from Muktagachha, and one from
Trishal. Ten out of 14 (71.4%) MCRPK were isolated from farms where poultry wastes were repurposed

either as manure (7/14) or through other means (3/14).
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Table 7.8 Farm practices, antibiotic use and mcr-positive Klebsiella isolates in the study area.

Antibiotic Farm waste
Rearing Knowledge MCRPK
Farm withdrawal disposal Antibiotics used (Q1/Q2/Q3/Q4)
system of AMR isolates
knowledge method
Mymensingh broiler | Intensive Yes Yes Poultry manure | -/—-/—/— 2
Mymensingh layer Intensive Yes Yes On-site Neo / Col / —/ Cip, Amx 0
Muktagachha broiler | Intensive Yes No Others Amx / Amx + Enro / Amx / Dox 2
Muktagachha layer Intensive Yes Yes Poultry manure | —/ Tilm + Trim + Sulfa / Amx / Dox 5
Trishal broiler Semi-intensive | Yes No On-site —/ Trim + Sulfa + Genta / Cip + Azi / Amx + Enro | 1
Trishal layer Intensive Yes Yes On-site Nor / Lev / Lev + Tia/ Dox 3
Gauripur broiler Semi-intensive | Yes Yes On-site Genta + Lev / Genta + Lev / — / Genta + Lev 0
Gauripur layer Intensive Yes Yes Others —/Dox + Nor /—/ Dox + Trim + Sulfa 1
Tarakanda broiler Intensive Yes Yes On-site Lev/Neo+ Cip/Cip/— 0
Tarakanda layer Intensive Yes Yes Poultry manure | —/Neo + Dox / Amx / Tia 0

AMR, antimicrobial resistance; MCRPK, mcr-positive Klebsiella spp.; Q-1, sampling quarter-1 (December 2021 — March 2022); Q-2, sampling quarter-2
(April 2022 — July 2022); Q-3, sampling quarter-3 (August 2022 — November 2022); Q-4, sampling quarter-4 (December 2022 — March 2023). Amx =
Amoxicillin, Azi = Azithromycin, Cip = Ciprofloxacin, Col = Colistin, Dox = Doxycycline, Enro = Enrofloxacin, Genta = Gentamicin, Lev = Levofloxacin,
Neo = Neomycin, Nor = Norfloxacin, Sulfa = Sulphadiazine, Tia =Tiamulin, Tilm = Tilmicosin, Trim = Trimethoprim. ‘- indicates no use of antibiotics during

that sampling time, and ‘+’ indicates a combination of antibiotic use.
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7.2.5.2 Description of human cases with MCRPK

In this study, MCRPK was isolated from rectal swabs of two healthy human volunteers from different
sampling locations: one from the Muktagachha layer farm (Case 1, 269090 OHB1H230Kp) and

another from the Gauripur layer farm (Case 2, 270276 _OHB3H128Kp).

Case 1 was a 42-year-old male from Muktagachha who resided 300 meters away from the nearest
poultry farm, raised chickens and goats, and disposed of household waste near his residence. Case 2
was a 35-year-old male from Gauripur who lived approximately 1000 meters from the nearest poultry
farm, raised chickens in the household, and similarly disposed of waste nearby. Both cases have
common demographic characteristics (e.g., gender, education, and occupation) and sanitation
facilities in their houses (Table 7.9). Neither case reported antibiotic use within the past three months

nor hospital admission within the previous six months before enrollment in this study.

The samples from Case 1 and Case 2 were collected approximately 11 months apart. The isolate
from Case 1 was identified as K. pneumoniae ST309 and carried both mcr-1 and mcr-8 genes. The
Case 1 isolate displayed resistance to multiple antibiotics, including B-lactams, aminoglycosides,
fluoroquinolones, fosfomycin, colistin and tigecycline, but remained susceptible to carbapenems
(meropenem and imipenem) and B-lactams/B-lactamase inhibitor combinations (ceftazidime-

avibactam and piperacillin-tazobactam) (Table 7.10).

The isolate from Case 2 was identified as K. quasipneumoniae ST7907. Genetic analysis revealed
the presence of the mcr-8 gene, conferring colistin resistance. Unlike Case 1, Case 2 isolate showed

susceptibility to most antibiotics tested, aside from resistance to colistin and ceftriaxone.
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Table 7.9 Characteristics of the human cases with MCRPK.

Features

Case 1

Case 2

Sample ID

269090 _OHB1H230Kp

270276_OHB3H128Kp

Sampling location

Muktagachha layer farm

Gauripur layer farm

Sample type

Rectal swab

Rectal swab

Date of sampling

03.01.2022

25.11.2022

Name of organism

K. pneumoniae

K. quasipneumoniae

mcr-variant mcr-1 and mer-8 mcr-8
ST type 309 7907
Gender Male Male
Age 42 35
Underlying diseases No No
Education Primary Primary
Occupation Farmer Farmer

Household waste disposal method

Disposed of near house

Disposed of near house

Raising domestic animals

Yes (Chicken, goat)

Yes (Chicken)

Distance to Nearest Farm (meters)

Approximately 300

Approximately 1000

Drinking water

Tube well water

Tube well water

Toilet facilities are available at home

Simple pit latrines

Simple pit latrines

Access to water and soap in the toilet | Yes Yes
Antibiotic use (last 3 months) No No
Hospital admission (last 6 months) No No
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Table 7.10 Antibiotic susceptibility test results for MCRPK isolates recovered from human cases.

Antibiotic Breakpoint Case 1 Case 2
AMC (S<8, R>8) 64 (R) 8(S)
TZP (S<8, R>B) 0.5 (S) 2(S)
ATM (S<1,R>4) 32 (R) 0.06 (S)
CTX (S<1,R>2) 8 (R) 8 (R)
CAZ (S<I, R>4) 32 (R) 0.25 (S)
FEP (S<I, R>4) 8 (R) 0.06 (S)
CZA (S<8, R>B) 0.06 (S) 0.125 (S)
IPM (S<2,R>4) 0.5(S) 0.25(S)
MEM (S<2, R>8) 0.06 (S) 0.06 (S)
CIP (S<0.25, R>0.5) 64 (R) 0.06 (S)
LVX (S<0.5, R>1) 32 (R) 0.06 (S)
AMK (S<8, R>8) 64 (R) 2(S)
GEN (S<2,R>2) 64 (R) 0.5(S)
FOS (S<8, R>8) 32 (R) 2(S)
CST (S<2,R>2) >64 (R) 16 (R)
TGC (S<0.5, R>0.5) 4 (R) 0.5 (S)

MIC breakpoints for antimicrobial susceptibility were interpreted according to the guidelines by the
European Committee on Antimicrobial Susceptibility Testing (EUCAST, 2022) (v12.0). AMC,
Amoxicillin—clavulanic acid; TZP, Piperacillin—-tazobactam; CTX, Cefotaxime; CAZ, Ceftazidime;
FEP, Cefepime; CZA, Ceftazidime—avibactam; ATM, Aztreonam; IPM, Imipenem; MEM,
Meropenem; CIP, Ciprofloxacin; LVX, Levofloxacin; AMK, Amikacin; GEN, Gentamicin; FOS,

Fosfomycin; TGC, Tigecycline; CST, Colistin.
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7.3 Discussion

Third-generation cephalosporin and carbapenem-resistant Klebsiella are a growing global concern due
to the scarcity of effective treatment options and are listed as a top-priority pathogen by the WHO
(WHO BBPL, 2024). To tackle complicated infections caused by carbapenem-resistant Klebsiella,
colistin is recommended as a last-resort antibiotic. However, its widespread use in both livestock and
for treating complex human infections has led to the development of colistin resistance (Luo et al.,
2020). Colistin (polymyxin E) is a polypeptide antibiotic of the polymyxin class with broad-spectrum
efficacy against MDR Enterobacteriaceae infections, including sepsis caused by Klebsiella. Colistin
binds to the outer membrane lipopolysaccharide (LPS) of the Gram-negative bacteria, leading to
increased permeability and cell lysis. The resistance mechanism of Klebsiella spp. to colistin is via
chromosomal mutations (e.g., pmrA/pmrB, phoP/phoQ, and mgrB gene) and/or acquisition of plasmid-
mediated mcr genes. The mcr genes encode phosphoethanolamine (pEtN) transferases that alter the
lipid A component of LPS, resulting in resistance (Liu et al., 2016; Sabnis et al., 2021; Liu et al., 2024;
Zhang et al., 2025). This study focused particularly on the molecular epidemiology of plasmid-mediated
colistin resistance driven by mcr genes in Klebsiella spp. isolated from human, animal and

environmental sources.

In my study, phenotypic colistin resistance was observed in 3.1 % (39/1246) of Klebsiella spp. isolated
from human-animal-environment interfaces, with 1.1% (14/1246) prevalence of mcr genes (Table 7.1).
This disparity reflects a recognised genotype—phenotype discordance for polymyxins, where plasmid-
mediated resistance determinants are not detected in all phenotypically resistant isolates (Liu ef al.,
2016; Poirel et al., 2017). Since genomic analyses in this study primarily focused on acquired resistance
genes and plasmid-associated determinants, systematic assessment of chromosomal mutations
associated with colistin resistance was not performed, representing a limitation of the current analysis.
In K. pneumoniae, colistin resistance is predominantly mediated by chromosomal alterations, most
commonly through inactivation of the negative regulator mgrB or activating mutations in the two-
component regulatory systems pmrA/pmrB and phoP/phoQ. These changes lead to lipid A modification

and reduced polymyxin binding independently of horizontally acquired genes (Olaitan et al., 2014;
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Cannatelli ef al., 2015; Poirel et al., 2017). Such mutations are strain-specific and are not detectable
using standard resistance gene screening tools, providing a biologically plausible explanation for the
observed discordance. In addition to biological mechanisms, technical factors may also contribute to
discordant findings. Phenotypic susceptibility testing for colistin is technically challenging and subject
to methodological variability due to factors such as poor diffusion, cation interactions, and adsorption
to laboratory plastics (EUCAST, 2016; Humphries et al., 2019). Similarly, sequencing depth, assembly
fragmentation, and the absence of targeted mutational analyses of mgrB, pmrA/pmrB, and phoP/phoQ
may therefore limit resolution of chromosomal resistance mechanisms (Ellington et al., 2017; Wyres et
al., 2020). Together, these considerations highlight the need to interpret phenotypic and genotypic data
in a complementary manner rather than a deterministic manner when assessing colistin resistance in

Klebsiella spp.

In this study, mcr-positive Klebsiella isolates were recovered from CCS, CMS, BF, water, flies, and
human flora. However, a significant association was observed only with CCS (7.7%) (Table 7.5).
Previous studies from Bangladesh have also reported the sporadic occurrence of colistin resistance and
mcr genes in Klebsiella from human, animal and environmental sources (Farzana et al., 2020; Islam et
al., 2020; Sarker et al., 2024; Mondol et al., 2025). The association between mcr-positive Klebsiella
and CCS may be attributed to the unregulated use of colistin in poultry farming in Bangladesh. Although
the Bangladesh government banned the use of colistin in veterinary practices, studies have reported that
it is still frequently used in poultry farms as a feed additive or for treatment (Islam ez al., 2020; Foysal
et al., 2024). This study also found evidence of using colistin for treating birds in one of the surveyed
poultry farms. These practices may create selective pressure for the emergence of plasmid-mediated
mcr genes among Enterobacteriaceae, including Klebsiella spp., within the gut microbiota of chickens
(Anyanwu et al., 2023). In this study, the absence of colistin-resistant or mcr-positive Klebsiella in
clinical samples, including UTIs and SSIs, suggests a low burden of plasmid-mediated colistin
resistance in clinical Klebsiella infections since colistin is not often used to treat such infections. This
finding is consistent with a previous report from Bangladesh, where Farzana et al. (2020) also reported

a very low prevalence of only 0.3% (3/1097) of mcr-8.1 in clinical K. pneumoniae isolates.
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In the present study, mcr genes were identified in both K. pneumoniae and K. quasipneumoniae with
two different gene variants, mcr-1 and mcr-8. Notably, mcr-8 predominated, found in 13 of 14 MCRPK,
where mcr-1 was identified in two isolates. These findings highlight the emerging evidence of mcr-8
in Bangladesh, which is further supported by studies involving mcr-8.1 in clinical K. pneumoniae and
canal water from other regions of the country (Farzana et al., 2020; Mondol et al., 2025). In contrast,
mcr-1 has been largely documented in E. coli from Bangladesh (Farzana et al., 2019; Ahmed et al.,
2020; Dutta et al., 2020; Islam et al., 2020; Johura et al., 2020; Ara et al., 2021; Sarker et al., 2024).
Although mcr-1 has been reported in Klebsiella spp. from India and Pakistan, no mcr-8 has been
reported in Klebsiella from these neighbouring countries (Hameed ef al., 2020; Singh et al., 2021; Zhou
et al., 2024). However, a recent review by Zhang et al. (2025) showed that mcr-8 positive K.
pneumoniae was found to be endemic in several Asian countries, particularly China and Thailand. These

findings highlight the importance of studying species-specific gene dynamics and plasmid ecology.

All the MCRPK isolated in this study were resistant to colistin and exhibited increased resistance to
clinically important antibiotics, including B-lactams, aminoglycosides, quinolones and tetracyclines,
but susceptible to carbapenems (Figure 7.4). A study on MDR K. pneumoniae harbouring the mcr gene
reported significant resistance to colistin and multiple antibiotics but remained susceptible to
carbapenems, consistent with my findings (Liu et al., 2022). Aminoglycoside-resistance genes (aadA?2),
B-lactamase gene (blaoxs-1, blarem.1s), fluoroquinolone-resistance genes (aac(6')-1b-cr, gnrS1, gnrBI),
and tetracycline resistance gene fet(4) were significantly associated with MCRPK, which is consistent
with the phenotypic resistance findings of my study (Table 7.7). In my study, the MIC of colistin in
MCRPK ranged from 4 to >64 mg/L, where isolates carrying both mcr-1 and mcr-8 exhibited higher
MIC values (>64 mg/L) than the isolates with single mcr genes (Figure 7.5). This finding suggests that
the co-occurrence of multiple mcr genes in a single Klebsiella isolate may have an additive effect,

increasing colistin resistance (Hadjadj et al., 2019; Yu et al., 2020; Wang et al., 2023).

Genomic data analysis indicated that the MCRPK recovered in my study were avirulent due to the
absence of key virulence markers such as ybt, iuc, iro, clb, and rmpA genes (Lam et al., 2021).

Furthermore, characterisation of MCRPK revealed a diverse set of K and O antigen types (Figure 7.7).

246



Although the K-antigens identified in my study, including K45, K28, and K49, are primarily associated
with MDR Klebsiella lineages, K54 is found to be linked with hypervirulent strains. This finding
indicates that capsular type alone is not a reliable indicator for potential pathogenicity (Lam et al.,
2021). Olab type was the most frequently detected O-antigen in my study and is commonly associated
with MDR strains, whereas O3/03a, O3b, and O5 were less frequent and not linked to enhanced
virulence (Wyres et al., 2020). The predominance of K45 and Olab, along with the absence of
hypervirulent markers, suggests that the MCRPK isolates in this study are likely to be of low virulence
and associated with resistance lineages. Perhaps these lineages stem from environmental or animal

sources, rather than being derived from hypervirulent clinical clones.

In this study, MCRPK isolates were found across a diverse array of sequence types, including both
common (ST1, ST273) and uncommon (ST309, ST378, ST534, ST735, ST1844, ST1998, ST7730,
ST7748, and ST7907) lineages (Figure 7.8). Previous studies from Bangladesh reported mcr-8.1 in K.
pneumoniae ST15 and ST656 (Farzana et al, 2020; Mondol et al, 2025). This wide distribution
highlights the growing genetic diversity of plasmid-mediated colistin resistance in Bangladesh. These
findings also suggest ongoing horizontal gene transfer of mcr genes across Klebsiella populations
(Wyres et al., 2020; Ge et al., 2022). This study also found a small cluster of ST1 (n=4) from various
sources, where pairwise SNP analysis revealed 7 to 188 SNP differences between isolates (Figure 7.9).
This spectrum of genetic divergence indicates both recent (e.g., the 7-SNP pair of mcr-8 isolates) and
distant diversification events within the ST1 lineage. These results suggest a broader genetic landscape

of mcr dissemination in Bangladesh, beyond established MDR clones such as ST15 and ST147.

Plasmid analysis revealed substantial heterogeneity among MCRPK isolates, with mcr genes associated
with multiple plasmid backbones. Genomic characterisation of plasmids in MCRPK isolates through a
hybrid assembly of short- and long-read sequencing data revealed mcr-8 was localised on IncFIA(HI1),
IncFIB(pQil), IncR and IncFIB(K)Kpn3 plasmids, whereas the mcr-I determinant was carried on
IncHI1A plasmid. This plasmid heterogeneity aligns with the earlier studies; for instance, Farzana et al.
(2020) identified mcr-8.1 on IncFIB(pQil) plasmid in an ST15 K. pneumoniae from Bangladesh, while

Salloum et al. (2020) described a multi-replicon IncFIA—IncR—IncHI1B plasmid carrying mcr-8.1 in
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Lebanon. The ability of mcr-8 to associate with multiple plasmid backbones highlights its mobilisation
capacity via many potential vectors, significantly enhancing its dissemination across different species
and settings. Detection of mcr-1 on IncHI1 A plasmid aligns with the well-documented role of IncHI1-
type plasmids in spreading mcr-1 globally (Farzana et al., 2019; Martino et al., 2024). Two plasmids,
IncFIA(HIT) of ~55kb (n=1) and IncR of ~57kb (n=1) carrying mcr-8.1 were successfully closed and
characterised in this study (Figure 7.11). Along with mcr genes, these plasmids also carried ARGs
(aadA2, blaoxa.1, blatew1s, floR, gnrB1, sull, sul2, sul3 and tet(4)), which aligns with previous reports
(Sheng et al., 2025). The distribution of highly similar mcr-bearing plasmids in different sampling
sectors (e.g., IncFIA(HI1) found in isolates from human, pigeon and chicken (Figure 7.12A); IncR in
isolates from chickens and water (Figure 7.12B); IncFIB(pQil) in isolates from chickens (Figure 7.12C)
and IncFIB(K)Kpn3 in isolates of chicken and water (Figure 7.12D) suggests possible plasmid-

mediated inter-host transmission.

Analysis of the genetic environment surrounding the mcr genes revealed that all plasmids carrying mcr-
8.1 featured a highly conserved region of ~3.5 kb (gt-mcr-8.1-copR). This conserved region was flanked
by IS903 in all plasmids (IncR, IncFIB(pQil), IncFIB(K)Kpn3), except for IncFIA(HI1) (Figure 7.13A).
This IS903 flanked structure is characteristic of a stable mobile resistance cassette, facilitating
horizontal gene transfer. This arrangement is consistent with the first reported mcr-8 in K. pneumoniae
from China (Wang et al., 2018) and a subsequent study from Bangladesh (Farzana et al., 2020), both
of which identified similar genetic context surrounding the mcr-8 gene. In IncFIA(HI1) plasmids, two
isolates lacked insertion sequences, while in one isolate, ISKpn25 was located downstream of mcr-8.1.
The absence of insertion sequences in some cases may indicate that plasmid rearrangements have
occurred towards a more stable, non-transposable form (Che et al., 2021). This study also reports the
first identification of mcr-8.2 in IncFIB(K)Kpn3 plasmid in Bangladesh, recovered from a water
sample. It shared over 92% identity with a previously described mcr-8.2 containing plasmid isolated
from pigs in China (accession no: NZ_CP034679.1), suggesting a potential zoonotic or environmental

link (Yang et al., 2019). The conserved region of mcr-8.2 (gt-mcr-8.2) showed differences with mcr-
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8.1 and was flanked upstream by two ISKpn26 and downstream by two ISEc/! elements (Figure 7.13B),

which is consistent with a report from China (Zhao et al., 2022).

In the case of mcr-1.1 carried on IncHI1, IS4p/l (downstream) and ISKpn26 (upstream) flanked the
mcr-1.1 conserved region (mcr-1.1- pap?2), forming the classic mcr-1.1 unit. Farzana et al. (2019) also
reported a similar genetic environment of mcr-1 recovered from a human E. coli isolate in Bangladesh.
Remarkably, this plasmid contained three copies of the mcr-1 gene, which could potentially increase
colistin resistance. The duplication of mcr-1 genes on a single plasmid may be driven by selective
antibiotic pressure in both human and animal settings, thereby maintaining the resistance phenotype,

even if one copy of the gene is mutated or lost (Huang et al., 2013; Silva & Khare, 2024).

This study highlights the association between farm management practices and the occurrence of
MCRPK in poultry farms. Data showed that the enrolled farmers were aware of the development of
AMR due to inappropriate antibiotic use and the term ‘drug withdrawal time’. Antibiotic use varied and
remained widespread, including critically important antimicrobials such as ciprofloxacin, gentamicin
and colistin (Table 7.8). However, data collected on antibiotic usage history in this study had some
limitations. The antibiotic usage data provided by the farm owners was self-reported, which may be
biased towards underreporting. Sometimes, they hesitated to share their information due to market value
concerns. This can lead to underreporting of colistin usage data, especially since its use is banned by

the Bangladesh government (Islam et al., 2020).

MCRPK were more common in layer farms (9/14) than broiler farms (5/14), with the Muktagachha
layer farm accounting for the highest number of positive isolates (5/14). This farm was characterised
by intensive rearing, multiple antibiotic use, and manure-based waste disposal. The findings suggest
that a combination of high antimicrobial exposure and environmental contamination may contribute to
the spread of this resistant determinant in layer farms (Ferdous et al., 2019). Furthermore, 71.4% (10/14)
of MCRPK isolates originated from farms where poultry waste was repurposed, either as manure or
through other means, practices that may promote further environmental contamination and lead to the

flow of pathogens into soil and water systems. These findings highlight the need for enhanced food
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biosecurity, antibiotic stewardship, and safe waste disposal practices in poultry farms to limit the spread

of mcr (Ferdous et al., 2019; Foysal et al., 2024).

The isolation of MCRPK from rectal swabs of two healthy individuals from the community highlights
the potential for silent gastrointestinal colonisation and environmental acquisition of colistin-resistant
bacteria. Notably, both cases had no recent antibiotic exposure or hospitalisation, suggesting that they
are non-clinical carriers. Livestock contact, poor waste disposal, and proximity to poultry farms may
be contributing factors to the acquisition. Case 1, who lived near a layer farm and raised poultry and
goats, harboured a K. pneumoniae ST309 strain carrying both mcr-1 and mcr-8, which corresponded
with multidrug resistance across several antimicrobial classes. In contrast, Case 2, carrying a K.
quasipneumoniae ST7907 strain with mcr-§ only, exhibited lower resistance. These findings are
worrisome as the coexistence of mcr-1 and mcr-8 in a single isolate, especially from the community,

raises concerns about horizontal gene transfer and the emergence of highly colistin-resistant strains.

Despite the limitations, this study provides the first comprehensive genomic insight into the spread of
mcr genes in Klebsiella spp. across poultry farms, their surrounding environment and among people
living near those farms in Mymensingh, Bangladesh. The findings highlight the expanding reservoirs
of plasmid-mediated colistin-resistant bacteria and underline a potential threat to public health. To
effectively address this emerging threat and mitigate further dissemination, it is crucial to establish a
genomic surveillance system for regular monitoring of community members, livestock and associated
environmental reservoirs. Immediate actions such as strengthening policies, stringent regulations on
colistin use in farming, community awareness of appropriate animal husbandry practices and campaigns
on antibiotic stewardship must be implemented to mitigate the spread of the highly resistant bacteria

from animal reservoirs to humans.
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Chapter 8

General Discussion

251



8.1 Why does One Health AMR surveillance matter in Bangladesh?

The One Health framework is recognised as essential to AMR surveillance to identify the risks posed
by non-clinical reservoirs of AMR and their relative contribution to human infections (Thorpe et al.,
2022). Bangladesh is confronting a growing, cross-sectoral AMR problem with increased reports of
MDR infections among human, animal, and environmental domains (Figure 8.1). This is driven by high
population density, frequent infectious disease burden, widespread misuse of antibiotics in both humans
and animals, inadequate healthcare infrastructures and gaps in diagnostics and stewardship capacity
(Hoque et al., 2020; Imam et al., 2021; Hassan et al., 2021; Raihan et al., 2024; Al Masud et al., 2025).
Furthermore, densely populated communities living in close proximity to livestock, combined with poor
sanitation and waste management systems, and recurrent natural disasters such as floods and cyclones,
facilitate microbial dispersal and spread of AMR (Hossain et al., 2021; Ferndndez Salgueiro et al.,

2024).

National surveillance data and recent clinical studies indicate high AMR rates among Enterobacterales.
Particularly, E. coli and K. pneumoniae show widespread resistance to 3GCs (over 70% resistant),
fluoroquinolones, and aminoglycosides, with an increasing detection of carbapenem resistance, which
severely limits treatment options (Farzana et al., 2023; IEDCR, 2024). Outbreaks of CR-KP have been
documented in neonatal intensive care units (NICUs) and surgical wards, raising concerns of untreatable
infections (Rahman et al., 2020; Rashid et al., 2022). Moreover, the use of antimicrobials in animal
feed as growth promoters and prophylaxis in poultry, aquaculture and agriculture has intensified
selection pressure. Reports show colistin resistance genes (mcr-1, mcr-8) in farm-associated
Enterobacterales, highlighting a direct link between agricultural misuse and human health risk (Hameed
et al., 2020). The AMR action plan of FAO in LMICs identified weak drug regulation, limited
infrastructure and inadequate biosecurity as factors rapidly facilitating the emergence and cross-species
transmission, elevating AMR risk (FAO, 2016; Al Amin et al., 2020; Islam et al., 2020; Chowdhury et
al., 2022). Environmental reservoirs further complicate the picture. The discharge of untreated hospital
wastewater, agricultural effluents, and domestic sewage into open water bodies creates environmental
reservoirs where AMR bacteria can persist and exchange ARGs (Hossain ef al., 2021). Environmental
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studies from Bangladesh have also reported MDR bacteria with clinical relevance from surface water
and hospital wastewater (Mclnnes ef al., 2021; Siddique et al., 2024). These dynamics mean that even
if clinical stewardship succeeds, the broader resistome can continue to reseed hospitals unless the

environmental and veterinary aspects are addressed simultaneously.

C[uman sector drivers: \
o O O

* antibiotic misuse
* * inadequate healthcare facilities
ojje

* high population density

* close proximity to livestock
* poor hygiene and sanitation

K. Improper waste management /

|

=

Environmental drivers:
Untreated effluent

Untreated solid waste disposal
Poor sanitation system
Natural calamities (e.g., flood,
cyclones)

Animal sector drivers:
antibiotic misuse

close proximity to humans
poor biosecurity

poor waste management

Figure 8.1 Schematic presentation of interconnected sectoral drivers contributing to the emergence and

spread of AMR in Bangladesh.

In response to the growing AMR burden, Bangladesh adopted a National Action Plan (2017-2022) and
reports data to the WHO’s Global Antimicrobial Resistance and Use Surveillance System (GLASS).
However, reports from the national human health AMR surveillance conducted by IEDCR show that
case-based human surveillance has only been conducted at 9—11 sentinel sites since 2017. This
surveillance has relied on international funding and is limited to tertiary healthcare facilities (IEDCR,
2024). Although human health surveillance is partially established, the veterinary and environmental
sectors remain relatively underdeveloped and underrepresented (WHO, 2022; IEDCR, 2024). A scoping

review of AMR research in Bangladesh (2010-2019) also revealed a predominant human health focus
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(36 studies), with far fewer in animals (5), aquaculture (8), and the environment (6), and only three
studies adopting a One Health approach (integrating >2 compartments with genomic studies) (Figure
8.2) (Hoque et al., 2020; Chowdhury et al., 2022; Islam et al., 2023; Flatgard et al., 2024). Furthermore,
genomic epidemiology capacity, critical for tracking AMR transmission dynamics, remains limited in
Bangladesh, leaving significant gaps in One Health integrated AMR surveillance (Sujan et al., 2023;

Flatgard et al., 2024).

Bangladesh AMR studies by sectors (2010-2019)

Proportional bubbles (area is proportional to the number of studies)

One Health
3 studies (5%) ‘
Aquaculture

Human 36 studies (62%) 8 studies (14%)
Environment Animal (terrestrial)

6 studies (10%) 5 studies (9%)

Figure 8.2 Distribution of studies by sector, highlighting the underrepresentation of veterinary,
aquaculture, environmental, and integrated One Health research compared to human-focused studies

(data adapted from Hoque et al., 2020; Chowdhury et al., 2022; Islam et al., 2023; Flatgard et al., 2024).

Together, these pieces of evidence show that although Bangladesh sectoral AMR surveillance observes
resistant infections in hospitals, it lacks cross-sector links to explain how those phenotypes and
genotypes emerge, persist and circulate across the hospital, farm, and environmental sectors. This thesis
addresses these gaps for Klebsiella spp. by applying a One Health design that combines field sampling,
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phenotypic resistance profiling, epidemiological analysis, clonal relatedness, and plasmid
characterisation across the hospital-farm—environment to provide a comprehensive view of AMR in
Bangladesh. This study also demonstrates the importance of adopting a One Health framework for
AMR surveillance, aligning with global calls for integrated approaches to tackle this public health

threat.

8.2 From context to contribution: how does this thesis extend the AMR picture?

My thesis presents the first large-scale One Health genomic analysis of Klebsiella spp. in Bangladesh.
With more than 1,200 isolates from hospitals, community, farms, and the environment, the study reveals

three central insights from the study area (Figure 8.3).

Firstly, hospitals serve as the primary hotspot of MDR, significantly associated with hospital-derived
SSIs. The analyses reveal the highest MDR burdens, the broadest B-lactamase repertoires (including
predominant blacrx-m-1s, blanpm-s and blaoxa-4s-ike), circulation of global high-risk clones (ST37, ST490,
ST15, ST147, ST48, ST23) and the signals of putative clonal transmission of MDR ST48 and ST490
from surgical wards, with occasional detection in hospital wastewater. These findings align with the
regional and global findings reporting the highest MDR burden in clinical K. pneumoniae (Islam et al.,

2020; Aminul et al., 2021; Tanni et al., 2021; Aslam et al., 2022; Thorpe et al., 2022).

The detection of CR-hvKP carrying hypervirulence loci highlights a concerning global trend, including
the plasmid-mediated assembly of “convergent” strains that are both difficult to treat and well-equipped
to cause severe disease (Shankar et al., 2022; Jiang et al., 2025). In South and Southeast Asia, OXA-
232 on small ColKP3 plasmids and blanpwm variants co-circulate with IncF-type virulence plasmids
carrying iuc and rmpA?2, creating the genetic backdrop for convergence (Nagaraj et al., 2021; Shankar
et al., 2022; Chen et al., 2023; Spadar et al., 2023; Li et al., 2025). The fact that such strains in my
study were confined to hospital sources reinforces the centrality of the healthcare environment in

knitting together resistance and virulence, with wastewater may be acting as an outward conduit.
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Hospital: Major hotspot for AMR in K. pneumoniae

~
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Potential transmission routes @ Poultry farms

Reservoir of colistin-resistant strains

Contaminated food products
Potential source of transmission

Figure 8.3 A schematic for potential transmission pathways and reservoirs of AMR K. pneumoniae at

the human-animal-environment interface in Mymensingh. The figure was created with BioRender.com.

Secondly, poultry farms serve as the reservoirs of colistin resistance. High colonisation in chickens and
retail meat, together with farm-associated colistin resistance, indicate that farm practices and poor
biosecurity at farms can drive resistance selection and onward spread. Furthermore, although no mcr-8
has been reported in Klebsiella spp. from close neighbouring countries, a previous report of mcr-8.1 in
clinical isolates, together with my findings, indicates that mcr-8.1 predominates over mcr-1.1 among
circulating K. pneumoniae in Bangladesh. (Hameed et al., 2020; Singh et al., 2021; Zhou et al., 2024).
However, a recent review shows mcr-8-positive K. pneumoniae is endemic in several Asian countries,
highlighting the importance of studying species-specific gene dynamics and plasmid ecology (Zhang et

al., 2025).

Thirdly, the contaminated environment (e.g., untreated waste, hospital wastewater) and vectors (flies)
may serve as a connector that shuttles the pathogenic bacteria between sectors. Flies exhibited the

highest prevalence of K. pneumoniae in my sampling, with significant enrichment during the summer
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and monsoon seasons, consistent with international studies showing houseflies as mechanical carriers
of MDR Enterobacterales from markets and animal facilities to households and health-care settings
(Akter et al., 2020; Mourao et al., 2024). In Bangladesh’s dense urban markets, where organic waste
accumulates and WASH are poor, fly-borne transfer and waterborne contamination reinforce each
other, particularly during monsoons when surface water disseminates faecal matter (Furlan et al., 2024).
These lines of evidence suggest that vector control and wastewater management are not peripheral but

central to AMR mitigation.

These findings highlight the significance of adopting an integrated One Health genomic surveillance to
monitor and contain the high-risk strains before they become entrenched. Collectively, these insights
add to the global evidence that effective AMR mitigation necessitates transdisciplinary monitoring and

policies tailored to local needs.

8.3 Why does the hospital-farm—environment triad amplify AMR risks in Klebsiella?

The observations of this study are not surprising when viewed against systemic constraints.

8.3.1 Lack of effective IPC (infection prevention and control) programmes at hospitals

WHO defines IPC as evidence-based measures that prevent infections in patients and health workers.
The Core Components and minimum requirements set national and facility standards for programme
design, monitoring, and improvement. Effective IPC programmes (e.g., multimodal hand hygiene
strategies, surveillance with feedback, and environmental hygiene) reduce HAIs and are central to

combating AMR (WHO, 2016).

During my study, I observed that the only government tertiary hospital in Mymensingh division,
MMCH (a 1,000-bed tertiary facility), was severely overcrowded with poor waste management
practices (Figure 8.4). A government report in 2021 showed that its bed-occupancy rate was 234.8%,
the highest among Bangladeshi medical college hospitals, creating conditions in which basic IPC falters
(DGHS, 2021). Such congestion is a recognised driver of HAI risk. Another report of WHO/UNICEF

showed that only 38% of facilities nationally meet basic hygiene standards, with lower coverage in
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government facilities. Recent IPCAF (Infection Prevention and Control Assessment Framework)
assessments have placed most tertiary hospitals at the “basic” level of IPC, characterised by the absence
of HAI surveillance, limited audits, toilet and washbasin shortages, and chronic bed-space constraints
(Figure 8.5). Hand hygiene compliance in tertiary hospitals has been documented at around 25%,
reflecting constraints in supplies, infrastructure, and safety culture (Harun et al., 2022). Empirical
broad-spectrum therapy and limited stewardship compound the effects of overcrowding and
understaffing. These micro-ecologies are ideal for K. pneumoniae to flourish, facilitating the clonal
spread and persistence of outbreak-prone lineages within and between wards, while high antibiotic

pressure favours the emergence of resistant clones.

Figure 8.4 Evidence of patient overcrowding and waste management challenges at Mymensingh
Medical College Hospital. Photographs showing corridor boarding, crowded wards, poor hospital
management, and improper management of hospital wastes. Images were taken during sampling, and

consents were obtained while capturing in-ward photographs.
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Figure 8.5 IPCAF core component scores (CC1-CC8) of Bangladesh tertiary hospitals (n=11) in 2020
(adapted from Harun et al., 2022). Results from the WHO IPCAF assessments conducted from
September to December 2020 in 11 tertiary hospitals in Bangladesh. Radar chart showing median scores
for the eight WHO IPC core components with interquartile-range whiskers (0—100 scale). Concentric

rings are at 20-point intervals (20, 40, 60, 80, outer ring = 100).

8.3.2 Weak antimicrobial stewardship (AMS) across One Health sectors

In Bangladesh, the widespread misuse of antibiotics in human health, livestock and aquaculture presents
one of the most pressing challenges in tackling AMR. In the human sector, over-the-counter (OTC)
availability without prescription, empirical use of broad-spectrum agents, and inadequate AMS in
hospitals contribute to high and often unnecessary exposure. A recent survey reported that 56.6% of
antibiotics sold in community pharmacies in Bangladesh were dispensed without a prescription,
highlighting easy access and weak regulatory enforcement (Al Masud et al., 2024). In rural settings,
care is often initiated by unqualified village doctors and drug vendors, leading to inappropriate

antibiotic use and incomplete treatment courses (Bepari ef al., 2023).
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Similar challenges are evident in the livestock and aquaculture sectors (Figure 8.6). Antimicrobials are
routinely used for prophylaxis, metaphylaxis, and growth promotion, often without veterinary oversight
or adherence to dosing guidelines, resulting in residues and effluents that further contaminate the
surrounding environment (Sarker et al., 2024). Widespread over-the-counter access to veterinary drugs
has facilitated routine use, with surveys showing that up to 70% of poultry farmers administer
antibiotics without prescription, primarily for disease prevention or growth promotion (Imam et al.,
2021; Hassan et al., 2021). This may contribute to the presence of drug residues in food products and
effluents, thereby amplifying environmental contamination. Consistent with this picture, my findings
show high-burden carbapenem resistance in hospital isolates, reflecting pressure from inappropriate and
prolonged use of last-line agents, while colistin resistance was found on farms and in surrounding

matrices, aligning with historical use patterns and environmental spillover (Sobur ef al., 2019).

Recognising these risks, Bangladesh has introduced regulatory measures in recent years. The Fish Feed
and Animal Feed Act (2010), and Animal Feed Rules (2013) prohibited antibiotic growth promoters in
livestock production; in 2019, combination veterinary products containing colistin were cancelled, and
in 2022, the Directorate General of Drug Administration (DGDA) formally banned colistin use in food
animals (DGDA, 2023). Colistin (critically important for treating human infections) was commonly
used until its ban, explaining the dominance of mcr-§8 in poultry isolates. Weak enforcement of
regulations and poor biosecurity remain major challenges, similar to observations in Vietnam and India,
where colistin resistance rapidly spread in poultry (Olaitan et al., 2021). Overall, these findings
highlight a One Health nexus where weak enforcement and limited stewardship exacerbate ARGs to
circulate across hospitals, food-animal systems, and the environment, despite progressive policy

frameworks.
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Figure 8.6 One Health perspective of antibiotic misuse and its role in resistance selection. Antibiotics

eliminate susceptible bacteria, allowing resistant strains to dominate.

8.3.3 Improper waste management as a driver of AMR transmission

In recent years, Bangladesh has expanded basic water and sanitation coverage, but universal safe
services remain out of reach. Nearly 98% of people have access to at least basic drinking water, while
only 42-43% receive a safe and managed supply due to arsenic and microbial contamination (UNICEF
& WHO, 2021). Despite improvements in basic sanitation (e.g., toilet access), waste management
systems remain poorly developed in both rural and urban areas, creating distinct risks for environmental
contamination and sustaining transmission pathways relevant to AMR.

Structural gaps in solid-waste handling, effluent management, faccal-sludge management, and uneven
WASH access create dense “exchange zones” where hospital effluents, industrial effluents, market
refuse, and household wastewater converge, allowing Klebsiella (and its resistance genes) to circulate

between people, animals, and the wider environment. Empirical studies in Bangladesh have consistently
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recovered MDR bacteria, including Klebsiella, from municipal wastewater and urban surface waters,
underscoring the role of environmental reservoirs linked to both healthcare and community sources
(Mondol et al., 2025; Siddique et al., 2024). In Dhaka alone, it is estimated that more than 230 tonnes
of untreated faecal waste are discharged daily into open water bodies, with severe implications for

public health and environmental contamination (UNICEF & WaterAid, 2025).

Seasonal hazards further amplify these risks. During the 2024 monsoon and Cyclone Remal, UNICEF
reported widespread faecal contamination of surface ponds that remain critical domestic water sources.
More broadly, monsoon flooding has long been shown to degrade household water quality and
accelerate the redistribution of pathogens and ARGs across sectors (Broyles et al., 2024; UNICEF,
2024). These conditions not only increase community exposure but also heighten the likelihood of MDR
bacteria being reintroduced into farms and hospitals. These findings are consistent with my observations
during fieldwork in Mymensingh as well as the study findings. I observed humans living in close
proximity to livestock farms with suboptimal hygiene and biosecurity, manure mismanagement and

improper disposal of household and hospital waste (Figure 8.7).
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Figure 8.7 Field observations in Mymensingh showing close human and livestock proximity, manure
mismanagement, and improper disposal of household and hospital wastes. Images were taken during

sampling.

In One Health terms, the failure to manage these wastes properly tightly couples the hospital-farm—
environment triad, where untreated hospital and other waste discharges seed ARGs into drainage
networks; animal waste and food markets provide niches for vectors (e.g., flies, rodents, etc.) to
facilitate vector-borne transmission; and seasonal flooding redistributes contamination into shared
water sources. Collectively, these dynamics drive the selection, circulation, and re-entry of AMR

Klebsiella into the community, patients, caregivers, livestock, and food chains (Figure 8.8).
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Figure 8.8 Conceptual pathways linking hospitals, farms/markets, and the environment in Bangladesh.

Improper waste and faecal-sludge management create exchange zones in the environment that amplify
the movement of Klebsiella/ AMR genes between sectors, underscoring waste governance and WASH

as core One Health interventions.

My observational findings and the dataset suggest that prioritising wastewater treatment at both facility
and municipal levels, improving faecal-sludge management, strengthening solid-waste and effluent
controls in farms and markets, and addressing inequities in WASH services need to be integrated into

AMR control strategies in Bangladesh.

8.4  What should change: policy and practice implications aligned to Bangladeshi

realities?

The implications point to a coordinated suite of interventions rather than a single measure.

8.4.1 Strengthening IPC and AMS in Bangladeshi hospitals

Bangladesh has a national IPC guideline, but to achieve meaningful reductions in HAIs, this must be
translated into standardised, hospital-wide implementation (CDC, 2020). The priority is to elevate IPC
from a “basic” to an “intermediate/advanced” level by institutionalising the WHO multimodal hand
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hygiene strategy, ensuring uninterrupted access to alcohol-based handrub (ABHR) at every point of care
in the hospital and embedding routine WGS-based HALI surveillance with feedback to clinical teams to
identify high-risk lineages circulating in tertiary hospitals. Evidence shows that hand hygiene alone can
prevent nearly 50% of avoidable HAIs, making it one of the most cost-saving measures (WHO, 2023).
Figure 8.9 illustrates the measures prioritised by my study findings. Together, this integrated, resource-
sensitive suite of measures offers a feasible roadmap for strengthening IPC and mitigating AMR threats

in Bangladeshi hospitals.
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Figure 8.9 Integrated IPC Programme interventions for strengthening hospital infection prevention in

Bangladesh.

Recent point-prevalence data from Bangladeshi hospitals show that 64% of inpatient antibiotic use is
from AWaRe ‘Watch’ agents (broad-spectrum antibiotics) and 0.1% from ‘Reserve’ group (last-line
antibiotics), while WHO recommends that >60% of national antibiotic use should be from ‘Access’
agents (narrow spectrum antibiotics), underscoring how far current hospital use in Bangladesh leans
toward ‘Watch’ (Chowdhury et al., 2025; Rashid et al., 2022). Therefore, stewardship must include
microbiology capacity building, local prescribing guideline development, regular audit and feedback

and formulary restrictions. Surgical pathways deserve special attention: SSI prevention bundles,
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perioperative antibiotic timing, and device-associated infection bundles reduce the ecological

opportunities for K. pneumoniae transmission in crowded wards (WHO, 2018; WHO, 2023).

8.4.2 Farm level interventions

The FAO and WHO supported stewardship initiatives in Bangladesh to promote prudent antimicrobial
use in veterinary practice (WHO, 2022; FAO, 2023). In 2024, Bangladesh AMR Response Alliance
(BARA) expanded its in-service AMR training programme to include veterinarians and has been
training farmers on the rational use of antibiotics and alternative husbandry to reduce prophylactic and
growth-promotion use. However, uneven enforcement and thriving informal markets marked by OTC
sales, coupled with limited public awareness and weak monitoring capacity, continue to undermine
progress. The findings of this study highlight the consequences of unregulated antibiotic misuse, with

the emergence of mcr-mediated colistin resistance in poultry and associated environments.

Therefore, at the farm—food interface, enforcement of the 2022 prohibition of colistin in animals must
be visible and consistent, paired with farmer-centred stewardship, including prescription-only access,
practical biosecurity measures that incorporate rodent and insect control, and simple manure-treatment
options that fit smallholder economics. Behaviour changes demand reconfiguring incentives in the
supply chain, including restricting sales by informal prescribers and aligning feed and drug distribution
practices with veterinary oversight (Imam et al., 2021). These steps align with the Quadripartite
(FAO/UNEP/WHO/WOAH) One Health guidance that prioritises [IPC and WASH, better wastewater

governance, and prudent antimicrobial use across sectors (FAO/UNEP/WHO/WOAH, 2024).

8.4.3 Measure to control environmental contamination

Strengthening environmental controls should include strict segregation of hospital wastes, basic pre-
discharge treatment of hospital effluents, and improvements to drainage and solid-waste collection
across households, farms, and markets to mitigate the breeding of filth flies, and integrating
environmental AMR indicators into urban water monitoring. Recent studies from Dhaka’s municipal

wastewater and surface waters demonstrate the feasibility and value of such monitoring, which can
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provide early warning of hotspot emergence and track the impact of upstream interventions (Siddique

et al.,2024; Nisa et al., 2024).

8.4.4 An alternative long-term measure to curb antibiotic use and AMR

Finally, this vision should include measures that reduce the demand for antibiotic use, providing a
tangible opportunity to mitigate the continuous selection of AMR. Vaccines targeting K. pneumoniae O
antigens (notably O1, 02, O3, OS5 serotypes) that account for the majority of invasive disease have
progressed to early-phase human trials with encouraging immunogenicity (Miller et al., 2024; Wantuch
et al., 2024; LimmaTech, 2021-2024). Although no vaccine is yet licensed, policy roadmaps anticipate
prioritising high-risk patients (ICU, surgical, transplant), older adults and selected inpatient groups (e.g.,
given the burden of neonatal sepsis, pregnant women from LMICs) once efficacy is proven (Dangor et
al., 2024). In parallel, bacteriophage therapy is re-emerging as a plausible adjunct for MDR
Enterobacterales; while clinical implementation is nascent, the technology warrants local evaluation

given the AMR landscape (Pirnay et al., 2024; Sawa et al., 2024).

8.4.5 Translating evidence into policy for advancing One Health AMR surveillance

The study highlights the interconnected nature of AMR across the human, animal and environmental
settings in Bangladesh. High-end threats CR-KP, mcr-mediated colistin resistance, and, notably,
convergent CR-hvKP are unlikely to be detected reliably without an integrated, One Health-based
genomic surveillance system, emphasising its importance. Although Bangladesh has adopted the
National Action Plan on AMR (aligned with the WHO Global Action Plan) and the National AMR
Surveillance Strategy 2020-2025, the approach lacks integration across human, animal, and
environmental sectors (Figure 8.10) (IEDCR, 2024). The GLASS report also highlights the variability
in inputs and limited specimen coverage from Bangladesh. Furthermore, integration of genomic
approaches into AMR surveillance is still in progress (Ahmed et al., 2022). However, complementary
initiatives have begun to close the gaps and build capacity, such as CAPTURA’s (Collecting Antibiotic
Prescription data for Universal Access and Use) multi-year effort (funded by Fleming Fund, UK)

compiled retrospective AMR/AMU datasets, produced a Bangladesh country report to inform policy
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and data quality improvement, and in 2025 supported a national monitoring-and-evaluation framework

(AMRSurME) to consolidate indicators for a more integrated, nationally owned system (Prifti ef al.,

2023).
Multisectoral
approach for
planning,
coordination
and
implementation
Establish of ARC Rational use of
advocacy, Ams in human,
communication livestock,
and social fisheries, and
mobilisation environment
BNAP
Promote basic,
research in the strengthen IPC
area of AMR
Establish AMR
surveillance
system

Figure 8.10 Bangladesh National Action Plan (BNAP): Antimicrobial Resistance Containment (ARC)

in Bangladesh 2017-2022 (adapted from Ahmed ef al., 2022).

In parallel, BARA, profiled by FAO/Quadripartite as a notable workforce and stewardship platform,
has mobilised clinicians and veterinarians to disseminate One Health guidance, complementing
government surveillance with practice-change at the farm—food interface. Building on these efforts,
FAOQ and its partners have highlighted the need to combine hospital data with environmental and animal
health intelligence, and to strengthen wastewater governance and WASH within a One Health

framework (CDC, 2023). Within this policy landscape, the present thesis contributes a large Klebsiella
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species-specific One Health dataset and informs cross-sectoral evidence that the NAP and CAPTURA
identify as missing and that BARA/FAO seek to operationalise. Nationally, these data can be
incorporated into the IEDCR-led GLASS reporting and the emerging AMRSurME (Antimicrobial
Resistance Surveillance Monitoring and Evaluation) indicators to guide IPC/AMS, farm biosecurity,
and wastewater management priorities, while internationally, they can extend South Asia’s comparative
baselines for Klebsiella clonality, resistance genes, plasmid ecology, and convergence (CR-hvKP),

enabling regional risk assessment and shared intervention design.

8.5  Field challenges in implementing One Health AMR research in LMICs: Insights

from Bangladesh

Carrying out large-scale One Health AMR research in Bangladesh has shown me how scientific
ambition often collides with practical and social realities. Although my study was based on a rigorous
One Health framework, translating this into the field revealed multiple layers of challenges, including
administrative and regulatory challenges, cultural sensitivities, and operational constraints. These

challenges are also documented by AMR surveillance in other LMICs (Peters et al., 2024).

In this study, I was involved in every step in establishing the entire project under the guidance of my
research supervisors and a Bangladeshi co-investigator, from securing ethical approval to managing
sampling and data collection. Obtaining ethical clearance was more time-consuming than expected as
the study involved multiple domains, including hospital patients, community members, farm animals,

and environmental sources.

Once the approvals and risk assessments were in place, sampling presented further challenges. I
personally visited every sampling site to collect samples and epidemiological data. It soon became clear
that community awareness of AMR is still very limited. Collecting human rectal swabs required
patience, careful explanation and reassurance to build trust. Gender and occupational dynamics also
complicated recruitment; women frequently expressed hesitation, while men were often absent during

working hours, creating risks of sampling bias.
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This study began during the 2" wave of COVID-19 in late 2021, exacerbating these challenges.
Communities were understandably cautious at that time, which slowed the procedures. One incident
remains vivid in my memory: during a community visit around the farm, a group of people confronted
us, accusing my team of spreading COVID-19 and claiming that the equipment we carried contained
COVID germs. Fortunately, others in the community intervened to protect us, but the experience

highlighted how easily fear and misinformation can escalate into hostility.

Despite protective measures, one team member got COVID-19 during the first period of sampling,
underlining the occupational risks associated with One Health AMR research in high-exposure

environments.

Sampling in food markets posed a different challenge. Many shopkeepers refused to sell meat samples,
fearing adverse findings and reputational or economic harm. This interaction shows how economic

vulnerability and stigma can constrain research access.

Despite these obstacles, I successfully collected the targeted samples for my study. However, these
experiences shift the focus of this thesis from the laboratory to the ground realities of conducting One
Health research. These experiences demonstrate that AMR surveillance in LMICs such as Bangladesh
is not only influenced by technical skills but also deeply influenced by socio-economic vulnerabilities,
local cultural sensitivities, infrastructures and global health disruptions. Recognising and addressing
these challenges is critically important for successful implementation and reliable data generation from

such AMR surveillance (Figure 8.11).
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Figure 8.11 The key measures to consider before starting One Health AMR sampling in LMICs such

as Bangladesh.
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To address these barriers, engagement strategies should be developed jointly with community leaders,
healthcare workers, farmers, and other relevant stakeholders. Recent reviews emphasise that community
and environmental AMR surveillance in LMICs must tackle trust deficits, coordination gaps and
resource constraints (Delpy et al., 2024; Peters et al., 2024). Ensuring confidentiality and sharing the
outcome of the project with communities through local workshops could help to minimise mistrust.
Additionally, incorporating social science approaches within the One Health fieldwork would further

support this process by identifying community perceptions, fears, and motivations.

8.6  Reflection on study limitations and future horizons

Although this study provides several insightful interventions, it has some limitations which should be
acknowledged. Despite extensive sampling across humans, animals, and environmental sources, the
geographic scope of this study was narrow. Sampling was limited to selected sites and a single tertiary
hospital in Mymensingh, which may not reflect the national diversity of AMR in Klebsiella in
Bangladesh. Human rectal swabs were self-collected, which may have led to reduced detection due to
suboptimal sampling. Hospital- and community-based sampling were conducted independently, and no
follow-up of patients, families, or communities was performed; therefore, direct transmission pathways
between reservoirs could not be assessed. In addition, outbreak analyses did not include concurrent
environmental sampling or source tracing, so links between reservoirs and transmission routes remain
uncertain. As this work primarily focused on screening acquired antimicrobial resistance genes using
ABRicate, resistance mediated by mutations in chromosomal loci (e.g., regulatory genes affecting
colistin susceptibility) was not captured. Virulence profiling used Kleborate, which is calibrated for the
K. pneumoniae species complex, so virulence in other Klebsiella species may be under-detected, and
scores may not show true potential. Experimental confirmation of gene function, plasmid transferability,
and trade-offs between fitness and persistence was beyond the scope of my studies. Antibiotic use in
humans and animals was self-reported without verification, so underreporting and recall bias are

possible.
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Despite these limitations, the study offers one of the most comprehensive datasets on Klebsiella AMR
in Bangladesh and establishes a strong foundation for future research. Beyond immediate findings,
genomic data can be leveraged for deeper genomic analyses, including a detailed study of the genetic
elements that drive resistance. Contextualisation of Bangladeshi K. pneumoniae genomes within global
datasets would clarify where local lineages sit in the global phylogeny and flag the emerging high-risk
clones. Finally, sharing these data on global platforms such as Pathogenwatch, PubMLST (BIGSdb),
and WHO GLASS will anchor Bangladesh within the international genomic AMR surveillance

network.

8.7 Conclusion

This comprehensive One Health analysis of K. pneumoniae, with a focus on AMR in Bangladesh,
highlights the necessity for coordinated interventions across the interfaces of human, animal, and
environmental health. The findings reveal a complex epidemiological landscape where hospitals serve
as amplification hubs for MDR strains, poultry systems drive the selection of colistin resistance, and
environmental vectors facilitate transmission across interconnected reservoirs. Although the emergence
of CR-hvKP in healthcare settings represents an immediate clinical threat, the broader challenge lies in
addressing the systemic drivers of AMR through strengthened IPC, AMS, improved farm biosecurity,
and enhanced waste management infrastructure. The study demonstrates that effective AMR
surveillance in LMICs such as Bangladesh must navigate not only technical and resource constraints
but also complex social, cultural, and economic realities that can significantly impact implementation
success. Moving forward, sustainable progress against K. pneumoniae AMR will depend on integrating
genomic surveillance capabilities with evidence-based targeted interventions, community engagement
strategies, and policy frameworks that can address the multifaceted nature of resistance emergence and
spread in densely populated, resource-limited settings where human, animal, and environmental health

are inextricably linked.

Finally, as an alumnus of the Prime Minister Fellowship Programme and a faculty member at a leading

agricultural university in Bangladesh, I am committed to supporting the development of the next
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generation of microbiologists, contributing to the establishment of a sustainable, integrated AMR
surveillance system throughout Bangladesh and influencing national policy on AMR, utilising my
expertise in molecular microbiology, bioinformatics, and epidemiology, acquired through my DPhil

studies at Oxford.
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Appendix A

Summary of studies on Klebsiella spp. in Bangladesh identified in the scoping review (2015—present).

Article attributes | Study Species and Sample source | Study Methods Key resistance/virulence findings
location in sequence type year(s) (AST/PCR/WGS)
Bangladesh (ST)
Toleman et al., Dhaka K. pneumoniae | Environmental 2012 AST, PCR, Multiple GNB, including K.
2015; waters (rivers, genotyping by pneumoniae, carried blaxpm-1.
PMID:25989320 lakes, drains, pulsed-field gel
ponds, etc.) electrophoresis
Islam et al., 2017; | Dhaka K. pneumoniae | Environmental | 2016 AST, PCR K. pneumoniae (44% of blanpm-1
PMID:28526792 water near positive isolates); frequent ESBLs
hospitals vs (CTX-M-1/15, TEM, SHV).
community
areas
Mahmudunnabi et | Sylhet K. pneumoniae | Urinary tract 2018 PCR, RFLP MDR K. pneumoniae identified from
al.,2018; infection UTI cases.
PMID:30647708 (women)
Khan et al., 2018; | Mymensingh | K. pneumoniae | Clinical isolates | 2015- PCR ESBL/carbapenemase genes in K.
PMID:29958064 2016 pneumoniae and E. coli; multiple

ESBLs and OXA-48-like documented.
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Article Study Species and Sample source Study Methods Key resistance/virulence findings
attributes location in sequence type year(s) (AST/PCR/WGS)
Bangladesh (ST)

Farzana et al., Dhaka K. pneumoniae Clinical infections | 2017 AST, WGS, plasmid | First Bangladesh report of

2020; (ST15) analysis transferable colistin resistance mcr-

PMID:32161143 8.1 on IncFIB(pQil) plasmid.

Satter et al., Dhaka K. oxytoca Clinical (urine, 2015 AST, PCR, High proportion of AmpC

2020; wound swab, pus, sequencing producers among cefoxitin-resistant

PMID:33116093 sputum, blood) isolates; dominant AmpC
genotypes: CIT and DHA.

Urmi et al., Dhaka K. pneumoniae UTI patients 2016 and | AST, PCR, Among 58 UTI isolates: blakpc

2020; 2018 sequencing 15.5%, blamp 10.3%, blanpm-1

PMID:32903880 22.4%, blavyim 19%; genotype-
phenotype discrepancies observed.

Okanda et al., Dhaka K. pneumoniae ICU clinical 2015 and | AST, PCR, 30% carbapenemase-producing K.

2021; PMID: (multiple STs: isolates (blood, 2017 sequencing pneumoniae; genes: blanpm-i/s,

33519767 ST147,ST11, respiratory, urine, blaoxa-181/232.

ST14, etc.) pus)
Tanni et al., Chattogram K. pneumoniae Multiple clinical 2019 AST, PCR, High MDR; 64% blaxpm-1
2021; specimen types sequencing producers; frequent ESBL genes

PMID:34506611

incl. blaSH\/.ll.
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Article Study Species and Sample source Study Methods Key resistance/virulence findings
attributes location in sequence type year(s) (AST/PCR/WGS)
Bangladesh (ST)
Ferdous et al., Chattogram K Hospital 2019 WGS; genome MDR K. pneumoniae detected in
2022; PMID: quasipneumoniae | wastewater annotation; AMR wastewater isolate.
36036605 (ST6130) gene profiling
Kawser Z & Dhaka K. pneumoniae Hospital settings 2018- String test for 47.7% string-test positive; MDR
Shamsuzzaman 2019 hypermucoidy; 34.1%, colistin resistance 31.8%;
SM, 2022; AST; PCR hypervirulent genes enriched in
PMID:35754671 string-positive isolates.
Hussain et al., Dhaka K. pneumoniae Clinical isolates 2019 WGS; resistome and | High-risk MDR and hypervirulent
2023; PMID: (multiple STs: virulome profiling clones circulating, carbapenemases
37303793 ST11, ST14, included NDM-5 with OXA-232 or
ST15, ST147, OXA-181.
ST231, ST307)
Mazumder et al., | Dhaka K. aerogenes UTI case 2022 Culture and AST; Extensively drug-resistant profile
2023; WGS but susceptible to carbapenems and
PMID:37435536 polymyxins; successful targeted
therapy with meropenem.
Tanni et al., Chattogram K. pneumoniae Clinical isolates 2022 WGS (draft MDR K. pneumoniae detected.
2024; PMID: genomes)
38940528
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Article Study Species and Sample source Study Methods Key resistance/virulence findings
attributes location in sequence type year(s) (AST/PCR/WGS)
Bangladesh (ST)
Kar et al., 2024; | Dhaka K. pneumoniae Community 2022- AST High gut carriage (61% children,
PMID:39494455 stool/rectal swabs | 2023 81% adults); prevalent in
(adults and household (64%) and standing
children) and water (85%); around 12-14%
household/standing carbapenem resistance.
water
Kawser et al., Dhaka K. pneumoniae Clinical infections | 2022 AST, WGS High AMR burden; isolates with
2025; both MDR and hypervirulence
PMID:39725322 features.
Tanni et al., Sylhet K. oxytoca Food chain (retail | 2023 AST, multiplex PCR | Detected in 4.56% (13/285) poultry
2025; poultry meat) meat samples; high phenotypic

PMID:39866402

resistance to multiple agents;
blasuv common (in 77% of K.
oxytoca).
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(Bombyx mori
larvae)

Article Study Species and Sample source Study Methods Key resistance/virulence findings
attributes location in sequence type year(s) (AST/PCR/WGS)
Bangladesh (ST)

Fahim et al., Sylhet K. aerogenes Food chain (raw Not AST, PCR 36.4% Klebsiella-positive raw

2025; milk from dairy stated milk; isolates closely related to K.

PMID:40892486 farms/milk selling aerogenes; 100% carried blatewm,

points) high resistance to multiple drugs;

no mcr detected.

Mondol et. al., Dhaka K. pneumoniae Canal water Not AST, WGS MDR K. pneumoniae with key

2025; PMID: (ST656) stated resistance genes such

39966674 as mcr8.1, blaLAp.z, blaTEM_l, blasnv.
11 and blaoxa-1.

Kabir et al., Dhaka K. aerogenes Food chain (street | Not WGS; virulence WGS revealed multiple virulence

2025; food isolate) stated gene profiling; and AMR genes; strain lethal to

PMID:40221642 infection model larvae within 72 h; in vitro

ampicillin resistance noted.

PMID, PubMed ID number; AST, antimicrobial susceptibility testing; PCR, polymerase chain reaction; WGS, whole genome sequencing; GNB, Gram-

negative bacteria; RFLP, restriction fragment length polymorphism.

Search database: PubMed; Search field: Title/Abstract; Keywords: ‘Klebsiella’, ‘Klebsiella spp.’, ‘Klebsiella pneumoniae’, ‘Klebsiella quasipneumoniae’,

‘Klebsiella variicola’, ‘Klebsiella oxytoca’, ‘Klebsiella aerogenes’, ‘Bangladesh’. Reviews and meta-analyses were excluded.
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Collaboration agreement between the Chancellor, Masters, and Scholars of the University of
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Appendix C

Ethical approvals

r—— Animal Welfare and Experimentation Ethics Com
& ,f,' Bangladesh Agricultural University
: 2 Mymensingh-2202, Bangladesh /
Sy

)\ (P E-mail: aweec@bau.edu.bd
- - g Fax: +880-91-61510

Animal Welfare and Experimentation Ethics Committee (AWEEC) for experimentations on Animal, Birds,
Human, Microbes and Living Natural Sources (Approved by the Authority of Bangladesh Agricultural University
Mymensingh-2202, Bangladesh on its reference No. sha-1/444/Education, Register office, Date-1 9.06.2017).

Approval No: AWEEC/BAU/2021 (23) Date: 16.09.2021

Certificate

Principal Investigator:

Prof Timothy R Walsh

Professor of Medical Microbiology and Antibiotic Resistance
Department of Zoology, University of Oxford

Zoology Research and Administration Building

11a Mansfield Rd, Oxford 0X1 3SZ, UK

Co-Investigators:

Professor Julian Parkhill, Department of Veterinary Medicine, University of Cambridge, UK

Dr. Refath Farzana, Post-Doctoral Researcher, University of Oxford, UK

Saifur Rahman (Assistant Professor, Department of Microbiology and Hygiene, Bangladesh
Agricultural University, Bangladesh and PhD candidate, University of Oxford, UK)

Amrita Pondit (Assistant Professor, Department of Microbiology and Hygiene, Bangladesh
Agricultural University, Bangladesh and PhD candidate, University of Oxford, UK)

Professor Sukumar Saha, Department of Microbiology and Hygiene, Bangladesh Agricultural
University, Bangladesh

Professor Syeda Anjuman Nasreen, Department of Microbiology, Mymensingh Medical College,
Bangladesh

Professor Md. Abul Kalam Azad, Department of Surgery, Mymensingh Medical College,
Bangladesh

Title of the Project:
A One Health approach to understanding the drivers of antimicrobial resistance in Enterobacteriaceae
from Bangladesh

Study Period: 01 October 2021 to 30 September 2025

Funder: Prime Minister Fellowship, Bangladesh and Ineos Oxford Institute for Antimicrobial
Resistance Research, UK
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. Government of the People's Republic of Bangladesh f"‘
\5 Office of the Principal 2
Mymensingh Medical College, Mymensingh \. -l

Phone: 8809166063, Fax: +8809166064; Web: www.mmc.gov.bd; email: mmc@ac.dghs.gov.bd

A\

»

Memo no. MMC/|R3/2021/J7¢20 Date: 25/09/2021

Institutional Review Board (IRB) Clearance

To: Prof Timothy R. Walsh

Professor of Medical Microbiology and Antimicrobial Resistance
Department of Zoology

University of Oxford

11A Mansfield Road OX1 35Z, Oxford

Study title: A One Health approach to understanding the drivers of antimicrobial
resistance in Enterobacteriaceae from Bangladesh

Dear Prof Walsh,

| am pleased to confirm that Institutional Review Board of Mymensingh Medical College has
approved the above referenced study, on the basis described in the application form,
protocol and supporting documentation received.

Professor Dr CrJvKa‘R{jan Debnath

Chairman
Institutional Review Board
Mymensingh Medical College, Mymensingh
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Oxford Tropical Research Ethics Committee

University of Oxford

Research Services, Research Governance Ethics & Assurance
Boundary Brook House, Churchill Drive, Oxford OX3 7GB
Tel. +44 (0) 1865 (2)82106

E-mail: oxtrec@admin,ox,ac.uk

OXFORD

Professor Timothy Rutland Walsh 8 March 2022
Professor of Medical Microbiology and Antimicrobial Resistance

University of Oxford Department of Zoology

Zoology Research and Administration Building

11a Mansfield Rd, Oxford OX1 3SZ

Dear Professor Walsh

Full Title of Study: A One Health approach to understanding the drivers of antimicrobial
resistance in Enterobacteriaceae from Bangladesh

OxTREC Reference: 30-21

Thank you for the letter of 07 March 2022 in which Dr Farzana has responded to the
Committee's request for further clarification.

| am pleased to confirm that approval has now been granted for this study. This is valid for the
planned duration of the study set out in the application form and is subject to receiving the local
ethical approval (if this approval has not yet been received).

The documents approved for this study are as follows:

Documents: Version: | Date:
Protocol - OHB 2.0 17 Feb 2022
PIS - OHB 20 17 Feb 2022
OHB CRF

Any subsequent changes to the application must be submitted to the Committee as an
Amendment. This should include a letter to give the reasons for the proposed modifications and
all revised documents with changes tracked.

Please ensure that you submit a completed Annual Report form on every anniversary of this
approval and a final End of Study Report. The relevant forms can be found on the OXTREC
website. —
Finally, please note the following important information:

Data safety—all studies

It is the responsibility of the Pl to ensure that all data collected during the course of the study is
stored and transferred safely and securely. Further guidance and advice is available from the
Research Data Team.

Only studies that will involve storing human tissue samples in Oxford

If you are planning to import the samples into England, you will need to make arrangements
before the samples are transferred to store them under the governance of a Human Tissue
Authority (HTA) licence. It is a |egal requirement that any tissue or fluid made up of or
containing human cells to be used for the purpose of research is stored on premises licensed by

Tel: =44 (0)1865 (2)82106
Email: oxtreci@admin.ox.ocuk Web: hitpsz//researchsupport adman ox ac.uk/governance/cthics
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the HTA unless covered by an exemption. O 3 i X
Further information may be found on the University's human llssua umarnanm mb pages

Yours sincerely
DocuBigned by:

o %
I&MEEEEI 4B463

Sponzsorship and Ethics Lead
for
Research Ethics Manager, OxTREC
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Appendix D

Consent form for collecting data from human participants (Written in Bengali)

Dale and version no: 28 Oy 2000, version 10

INFORMED CONSENT FORM IN BANGLA

wWaRw s wfeeg

Stbrasel FTIAING 99 1 9% WS ST MU ALEATT (40 GOaranmgfant
st e g wtimiue @@t aq ez fAdy

wifings Fcan: 89351

MANBINOR W SN G, DOwfd ora g, . (R S, SRpd 920, Sye!
YS®, NUENA ©. GAum Vafd, AUFHA G, YFEUE WA, ATENA Gl SCTAT SG T
faA

fodraa Ay e e R ooy, e g3 srEeeré [Refwe,
AT

AU weye O g
&G NI/ G G NZ/ SITHEAYSRAIRPY,

NS (I3 I TYAT & SEFISETE YRR G A5 1 TR 92 N WS
ST, S SIS SN SN SO T4 B0 BI2 1 EEN S [@ifas
AT o9, WA g2 IR WHIERT SIS NG G N8 FAS AMEH | oA
WO e At g STy Ao e g3z 9 R wwy $re S @ $ae
NEA| SR 30 (@ G A O WIS SYA SN R O (@
MITH(SE (OeaT SIS AEH|

s 9 TP A9Y 0T SO FofS T AT (U@ GO i sfdaaa
TRERATS BRI @fEHI 99 AeReETYz Ry SR 92 Sasera S|
56 T I3Y o7 oY o7 J$2 MY VI, I P& & AfFROT Tag=1 a2
RS 10 AT (0@ YA 59T 41 A1 92 AN G SN G0 SIS
SPETTEA] COfR IR U1 I 2 ST S R0 S srzermaiend (& fGeamt 441

TG ST G2 SN G5 ST vo-8¢ RIfAG ST TUGH 2|

WA §fF 93z wFfF s7yze G2 NI A0S 91 Frgpre (@ & @R @R
WIINGIAS ST {8 20 WINHA AL SN O IRENN] SIS SEFN| e o
[ GAPRATOIGS (I a7, %, Gera1, e, (o, SImens, Trrds], a3
8! s oo of g3 Aot sz safde)

O WA BT (RS (@S0 (TN S22 BN S NS wiaes S
SIATH PR (Y0P (GO (UG (RN 204 G4 (I TN SN (NS G361 S
(SN TG ATEHA W, S G (TP PO RS G a9
O W93 fATares I (68 S
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Date andl version no; 28 Oct 2021, vefsion 1.0

gy T IR O, % YT SIS S A1 Sy Jlw1 s ey
O] TN SITYATH TG (YT WA TR Bant o §19fS G sieaq |

(o1 0SS A1 O S YA (S RIS GG OGS ST ST iy
(T4 ST AT (VT SUAGA (RR

ML WV SRR R NN Fmget qgenuwen afFosmseafaue @Gt
s Sfotane SR S S wawe $3@)

IR ST R TN ISR CT) SIS (T ST AR 41 30
Al

CTNRTET: SN SFFS (T 935 G STEN KT TR0 S-S 1 20 1|
I (UF FARS B (N 41 XA, GG SR 09T HfFa0S qf6 gfAfie
ST IR A A G0 O10F MGG VU 9% SHFFS 141 2@, 93
MIFTHETI SRS 016 BIES (T ARSI LB |

MM O SRE@R: IR CMY ([T@S SNIENAG SBT3
WA AR TFTAHE S SN e ST 1 20|

WA G O R NI WO Srarze =y (FoFe 38 i
FRINGIE AT SR TS GRS A1 TS G2 SMIIN SHAZAA
37778 (T 38 (T SBTE I G (T (PN ST S TN (T (UG onzrd
04 e |

IR TS e T SorT1a 93 N LT (I opy A, e smimss wear
INITHE WA O (9 SIS (G FI00 M|

AR RO e 92 SRR ag0 NINAni:E (Vo e TSR
9 RN S BT $EE WRINMALSIR | SIS ArZrFIa R WA WS Wl
I SfS IS W RIS AT (3 (I o YTRTe SIS S (M FICS
TR

SRR BT TN AT WA STRBIA AT
SEFIQETA RPN I A STREFTANG FFA:
wIfdus wifdys
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Appendix E

Case Record Form (CREF) for collecting data from human participants.

OHB Study
CRF (Human)

Recruitment of participants for rectal swab collection
*Gender | Female | Male
*Date of birth
*MNumber of family members in
the household
*Family income
*Per capital family income
*Socioeconomic stams
*Preghancy Yes No
*Diabetes mellitus Yes No
*(Gastroenteritis Yes No
*(Gastrointestinal cancer Yes No
*(Gastrointestinal surgery Yes No
*Peptic ulcer Yes No
*(Gastrointestinal bleeding Yes No
*Inflammatory bowel disease (Persistent diarrhoea, | Yes Mo
abdominal pain, rectal bleeding/bloody stools,

_ weight loss, fatigue)
*Intestinal polyps (usually asymptomatic, but rectal | Yes No
bleeding, change in stool colour, change in bowel
habit, pain may happen)
*Intestinal fistula (abdominal pain, diarrhoea, rectal | Yes No
bleeding etc.)
* Anal fismula (skin irritation around anus, a constant | Yes No
throbbing pain, passing blood/pus during
defecation, swelling and redness around anus)
* Anal fissure (sharp pain during defecation, Yes No
bleeding during defecation)
*Any other chronic disease Yes No
Has the participant been enrolled? Yes No
Mobile number
Recruitment of participants with UTIs
*Date of birth
*Is the patient hospitalized? Yes No

| *Pregnancy Yes No
*Diabetes mellitus Yes No
* Any other chronic disease or comorbidity Yes No
*Please specify chronic disease or comorbidity, if there is any
*Fever Yes No
*Suprapubic tendemess Yes No
*Costovertebral angle pain or tenderness Yes No
*Urinary urgency Yes No
*Urinary frequency Yes No
*Drysuria Yes No
*Urine culture Positive Megative
*If urine culture is positive, =2 species have been Yes No
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OHB Study

CRF (Human)

dentified

*If urine culture is positive, =2 species have been Yes
identified

Mo

*If urine culture is positive, at least one of Yes
bacterium count is =107 CFU/ml

MNo

Has the participant been enrolled? Yes

Mo

Mobile number

Recruitment of participants with post-surgical wound infections

*Date of birth

*1s the patient hospitalized? Yes

No

*History of surgery Yes

Mo

*Date of most recent surgery

*Reason for the recent surgery (clinical diagnosis)

*Pregnancy Yes

No

*Diabetes mellitis Yes

Mo

* Any other chronic disease or comorbidity Yes

Mo

*Please specify chronic disease or comorbidity, if there is any

*Redness and pain around the surgical site Yes

No

*Discharge of cloudy fluid from the surgical wound | Yes

Mo

*Fever Yes

Mo

Has the participant been enrolled? Yes

Mo

Mouobile number

Serial number

Study 1D

Date of sample collection
Date of interview

Type of sample

Area of residence

Village

Diistrict

Latitude

Longitude

Education Primary Secondary

Tertiary

Others

Please specify (Education), if
‘others’

Occupation Farmer  Farmer housewife
(plants) | {livestock)

Unemployed  Others

Please specify (Occupation), if
‘others’

Access to electricity Yes

Methods of disposal of household waste

Do you raise domestic animals? Yes

No

If “ves’ (raise domestic animal), please specify

Cat Dog  Goat  Cow Chicken

Duck

Others

Please specify (domestic animal), if ‘others’
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OHB Study

CRF (Human)
Do you own farm? Yes Mo
If “yes’ (own farm), please answer the following
Type of animal {cow) Yes Mo
How manv numbers of cows?
Type of animal (goat) Yes Mo
How many numbers of goats?
Type of animal (chicken) Yes Mo
How many numbers of chickens?
Type of animal (duck) Yes Mo
How many numbers of ducks?
Please mention ‘type of animal’, if not in the list above: | Yes ~ No

Please specify ‘type of animal’, if *others”

How manv numbers of *others?

If "no’ (own farm), please mention the distant between participant’s home and nearest farm (in
teter)

Do you have any Yes No
underlying disease?

If "yes” (underlying disease), please specify

Drinking Filter Boiled Bottle water Tap water
water water water
Well water Tube well Others
water
Please specify, if ‘others’ (drinking water)
Consumption Chicken or duck Yes Mo
Approximate total number of times per week eat chicken or duck
Consumption Fish Yes Mo
Approximate total number of times per week eat fish
Toilet facilities Private (own Communal (Share between households)
available at household
home 1 only)
Toilet facilities Toilets Water-based toilets that flush into pits
available at connected to
home 2 SEWErs O seplic
syslems
Simple pit Ventilated improved pit latrines
latrines with
slabs
Open defecation Others

Please specify, if ‘others’ (Toilet facilities available at home 2)
Access to water & soap in toilet Yes Mo
at home
Previous Antibiotics Use Yes Mo

within 3 months?

If “ves’ (Previous Antibiotics Use within 3 months), please answer the following (Please enter the
data for all antibiotics taken by the participants)

Mame of antibiotic 1
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OHB Study

CRF (Human)
Did vou take without a prescription (antibiotic 1)7 Yes Mo
Was the antibiotic prescribed by doctor Yes No
(antibiotic 1)7?
Did vou discontinue the antibiotic when the svmptoms were improved (antibiotic 137 Yes No
Did you take the antibiotic until the course was completed Yes No
(antibiotic 1)?

Date of start of antibiotic 1

Please mention date when antibiotic 1 was discontinued

Dose of antibiotic 1

Previous Hospital Admission Yes Nao
within § months?

If “yes’, (Previous Hospital Admission within & months), please answer the following

Name of the hospital

Date of admission

Date of discharge

Reason of hospitalization (clinical diagnosis)

Please specify the name of antimicrobials during hospitalization

Withdrawal from the smudy

Does the participant choose withdraw from the Yes Mo
study?

Please specify the reason of withdrawal

*Data should be collected first randomization.
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Appendix F

K. pneumoniae assembly QC metrics derived from Illumina sequencing data are provided in Appendix

F (Supplementary Table S1) as a separate Excel file.
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