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 Abstract 

Klebsiella pneumoniae is an ubiquitous opportunistic pathogen, and has become 
a high priority pathogen on the World Health Organization (WHO) bacterial 
priority pathogens list, mainly because of the quick dissemination of multidrug-
resistant (MDR) and hypervirulent strains all over the world. This review covers 
the epidemiology, transmission patterns and molecular mechanisms of 
antimicrobial resistance (AMR) in K. pneumoniae in humans, animals and the 
environment from a One Health perspective. We consolidate knowledge from 
genomic surveillance studies, showing that there is a significant overlap between 
human and non-human K. pneumoniae populations, and that high-risk sequence 
types like ST11 and ST258 are present in a variety of hosts. Hypervirulence in 
lineages such as ST23-KL57 is a growing threat to public health because it is 
now combined with resistance to the carbapenems. Mobile genetic elements such 
as plasmids are the main agents of horizontal transmission of resistance and 
virulence. Wastewater facilities and agriculture are important environmental 
reservoirs that facilitate the spread of AMR. We emphasize the advances in 
diagnostics, prevention and the critical importance of establishing genomic 
surveillance networks that support evidence-based response to this pathogen's 
complex threat. 

Keywords 
Klebsiella pneumoniae, 
antimicrobial resistance, One 
Health, ESBL, carbapenem 
resistance, plasmids, zoonosis, 
wastewater, genomic surveillance 
 
 
Article History  
Received: 24 April 2026 
Accepted: 06 June 2026 
Published: 21 June 2026 
 
 
Copyright @Author 
Corresponding Author: * 
Anila Rasheed Khattak 

 
 

mailto:anilakhattak28@gmail.com
mailto:latifzoologist027@gmail.com
mailto:khansafiaz68@gmail.com
mailto:ridasaleem2015@gmail.com
mailto:nadeali1440@gmail.com
mailto:sulemankaynattt@gmail.com
mailto:taqiahmadprince@gmail.com
mailto:dramnarmu@yahoo.com
https://doi.org/10.5281/zenodo.21288778


The Research of Medical Science Review  
ISSN: 3007-1208 & 3007-1216   Volume 4, Issue 6, 2026 
 

https://medicalsciencereview.com                      | Khattak et al., 2026 | Page 1417 

1. INTRODUCTION 
Antimicrobial resistance (AMR) is one of the 
greatest public health problems of the twenty first 
century. In 2019, an estimated five million deaths 
were linked to AMR, and if the rate of increase 
continues unabated, the number of deaths 
associated with AMR may reach 10 million a year 
by 2050. Klebsiella pneumoniae is one of the 
pathogens responsible for this crisis and is listed as 
a critical priority pathogen by the World Health 
Organization (WHO) for which there is an urgent 
need to develop new antimicrobial agents [1]. 
K. pneumoniae is a Gram-negative, encapsulated 
bacterium that is a member of the 
Enterobacteriaceae family and is widespread in the 
environment and is capable of colonizing a variety 
of hosts including humans, livestock, pets, 
wildlife, and the environment (soil, water). Its 
clinical importance is due to its status as a major 
cause of healthcare-associated infections such as 
pneumonia, bloodstream infections, urinary tract 
infections and meningitis, especially in 
immunocompromised patients [2]. This resistance 
ability to the organism through horizontal gene 
transfer has resulted in the emergence of 
multidrug-resistant (MDR), extensively drug-
resistant (XDR) and pandrug-resistant (PDR) 
strains, which have reduced the options for 
treatment [3]. 
K. pneumoniae is a pathogen that has become a 
paradigm of One Health pathogen as it can be 
found in humans, animals and in the 
environment. Pathogen has been found in animals 
(including livestock, poultry, companion animals, 
wildlife and aquaculture fish), and there is 
genomic evidence of animal-to-human 
transmission and vice versa. Wastewater and 
agricultural systems are important environmental 
reservoirs for the spread of resistance genes. The 
recent emergence of hypervirulent K. pneumoniae 
(hvKp) strains that have a high virulence potential 
and are highly resistant to multiple antimicrobial 
agents highlights the need for multi-sectoral 
surveillance strategies [4]. 
The purpose of this review is to give a One Health 
perspective on AMR in K. pneumoniae. We 
review the biology and virulence determinants of 
the pathogen, its epidemiology in humans, wildlife 

and environmental reservoirs, the molecular 
mechanisms of resistance, and discuss the 
importance of diagnostic tools, prevention, and 
future research priorities needed to tackle this 
complex pathogen. 
 
2. Biology and Pathogenicity of Klebsiella 
pneumoniae 
2.1 Taxonomy and General Characteristics 
K. pneumoniae is a member of the family 
Enterobacteriaceae, and is closely related to K. 
quasipneumoniae and K. variicola, which along with 
K. pneumoniae form the K. pneumoniae complex. 
It's a non-motile, facultatively anaerobic, lactose-
fermenting gram-negative rod with a prominent 
polysaccharide capsule that results in the typical 
mucoid colony morphology. It has high genetic 
diversity with more than 500 sequence types (STs) 
found worldwide indicative of its ability to adapt 
to different ecological niches [5]. 
 
2.2 Virulence Factors 
The virulence of K. pneumoniae is orchestrated by 
a suite of virulence determinants which allows 
colonization, evasion of immune response, and 
damage to tissues. The major virulence 
determinant is the capsular polysaccharide (CPS) 
which protects the bacterium from phagocytosis 
and complement-mediated killing. More than 160 
capsular (K) serotypes have been identified with 
K1, K2, K5, K54, and K57 being associated with 
increased invasiveness. Capsule biosynthesis genes 
are located on the cps locus of the chromosome, 
and plasmidborne regulators like rmpA and 
rmpA2 are responsible for the appearance of 
hypermucoviscosity [6]. 
Lipopolysaccharide (LPS) has a role in serum 
resistance and in inflammatory responses. Lipid A 
anchors an O antigen molecule to the outer 
membrane of the cell, and also induces host 
inflammatory responses, and the O-antigen part 
protects against the deposition of complement. 
Fimbriae type 1 and type 3 pili are important for 
adhesion on mucosal surface and abiotic surface 
respectively leading to the formation of biofilm. 
The mrk gene cluster is of special significance for 
the formation of biofilm on medical devices, via 
the type 3 fimbriae. biofilm formation helps in 
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persistent colonization and increases resistance to 
antibiotics and host immune response [7]. 
Siderophores are essential in the acquisition of 
iron in the iron restricted host environment. K. 
pneumoniae synthesizes several siderophores such 
as enterobactin (encoded by the chromosome), 
yersiniabactin (encoded by ICEKp), aerobactin 
and salmochelin (encoded by chromosomal genes 
located on plasmids). Hypervirulent phenotype is 
highly associated with the presence of aerobactin 
(iucABCD-iutA) and salmochelin (iroBCDN) 
genes [8]. 
Hypervirulent K. pneumoniae (hvKp) strains 
differ from classical strains by the presence of 
hypervirulence determinants. The aerobactin 
locus (iuc), which can be accompanied by 
iroBCDN and rmpA/rmpA2, is the genetic 
description of hvKp. These strains have been 
responsible for severe invasive infections such as 
liver abscesses, endophthalmitis, and meningitis in 
otherwise healthy persons. The pks genomic 
island, which also encodes the genotoxin 
colibactin, has been suggested to play a role in 
tissue virulence [9]. 
 
2.3 Clinical Manifestations 
Nosocomial infections are mostly associated with 
classical K. pneumonia (cKp) in hospitalized 
patients with underlying comorbidities, such as 
pneumonia, urinary tract infections, bacteremia, 
and surgical site infections. Healthcare-associated 
infections include ventilator-associated 
pneumonia and catheter-associated urinary tract 
infections. Cep steady state pneumonia, especially 
in patients with chronic alcoholism or diabetes is 
a classic presentation of cKp infection [10]. 
Hypervirulent K. pneumoniae (hvKp) is 
characterized with its ability to induce 
characteristic clinical syndromes in the 
immunocompetent populations, such as pyogenic 
liver abscess, endophthalmitis, meningitis and 
necrotizing fasciitis. For the ST23-KL1 lineage, 
scatterings are particularly noted in East Asia 
where they are associated with community-
acquired liver abscess. The CR-hvKp strains are 
seen to cause severe infections in the hospital and 
community with a mortality rate of more than 
42% in some series [11]. 

2.4 High-Risk Clones and Hypervirulent 
Lineages 
Multiple high risk clones have turned themselves 
into dominant disseminators of AMR. The most 
common MDR lineage worldwide is called ST11, 
and is linked to KL64 and KL47 capsular types, 
which are both found in Asia. Carbapenemase 
genes such as blaKPC-2, blaNDM-1 and blaOXA-
48 are often found in ST11 strains. The ST11-
KL64 CR-hvKp subclone showed that it had a 
marked growth potential, which probably 
depended on genetic components that gave them 
a survival advantage [12]. 
ST258 is a widely distributed lineage, mostly 
spread on a global level and is seen in both human 
and animal hosts, indicating that host barrier 
crossing is possible with this lineage, and is 
primarily reported to be carbapenem resistant with 
the ability to produce KPC. ST23 is the archetype 
of hvKp lineage, which is highly correlated with K1 
capsular type and the hypervirulent phenotype. 
Dual carbapenemase strains (ST23-KL57) have 
been recently detected and are a worrisome 
combination of resistance and virulence [13]. 
 
3. The One Health Concept in Antimicrobial 
Resistance 
3.1 Principles of One Health 
The definition of the One Health approach means 
to see all aspects of human, animal and 
environmental health as interdependent and 
interwoven, so that the best health outcomes are 
achieved by working together in many sectors and 
in a multidisciplinary way. One Health recognizes 
that resistant organisms and genes do not observe 
conventional disciplinary lines, but rather move 
across complex discipline-hopping networks of 
human, animal, food production and 
environmental sectors in the context of AMR. The 
consequences for a paradigm change for 
surveillance, prevention, and control are 
enormous [14]. 
 
3.2 Why K. pneumoniae Fits the One Health 
Paradigm 
K. pneumoniae exemplifies a One Health 
pathogen with the ability to move across multiple 
reservoirs, to show potential for cross species 
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transmission and ability to act as a vector for 
spread of resistance and virulence determinants. 
There's been evidence of bidirectional 
transmission, as genomic analysis has shown no 
clear genetic boundaries among human- and 
animal-derived strains. Sectors must be overcome 
by unified sequence types, mobile genetic 
elements and resistance genes; siloed approaches 
are not sufficient [15]. 
 

3.3 Human–Animal–Environment Connectivity 
K. pneumoniae transmission from humans to 
animals or vice versa, or from animals to the 
environment and then to humans, is complex. 
This pathogen has complex epidemiology and can 
spread by direct contact from colonised animals, 
by contaminated food products, via water and soil, 
and by health care facilities. Reverse zoonosis also 
comes in the picture, where man transfer the 
resistant sticks to animals [16]. 

 
Figure 1.0 The transmission dynamics of K. pneumoniae: Human–Animal–Environment Connectivity 

 
4. Epidemiology of Antimicrobial-Resistant K. 
pneumoniae 
4.1 Global Burden 
K. pneumoniae is one of the most common 
pathogens of nosocomial infections worldwide 
and is responsible for about 10% of nosocomial 
bacterial infections. CRKP is included on the 
2024 WHO Bacterial Priority Pathogens List as 
the highest critical priority pathogen with the 
highest possible risk score (84%) among the 24 
bacteria considered. This designation has been 
given to account for its disease burden, growing 
trend of resistance growing, treatment difficulty 
and significant impact to public health [17]. 
 

4.2 Regional Distribution 
There are significant regional differences in the 
prevalence of AMR in K. pneumoniae. A 
systematic review and meta-analysis of ESBL-
producing K. pneumoniae in sub-Saharan Africa 
reported a high prevalence of overall ESBL-
producing K. pneumoniae, of which South Africa 
had highest prevalence (18.5%) and Central Africa 
had lowest prevalence (4.6%). The three countries 
with the highest numbers of ESBL-producing K. 
pneumoniae were South Africa (23.3%), Kenya 
(23%), and Nigeria (11.1%). High prevalence of 
MDR and ESBL-producing strains have been 
reported in Asia, in other countries ST11 and 
ST23 lineages prevail. High level spread of high-
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risk clones (especially ST258 with KPC 
production) has been observed in Europe and 
North America through surveillance networks 
[18]. 
 
4.3 Emerging High-Risk Sequence Types 
In its way the world has been extensively 
documented with the dissemination of high-risk 
STs. ST11, ST258, ST15 and ST16 were the four 
most predominant K. pneumoniae types (16.1%, 
8.3%, 6.4% and 4.1% respectively) with 57 
countries represented. Of particular interest was 
the presence of ST11 in both human (16.1%) and 
non-human isolates (7.3%) with evidence of cross-
sector transmission. Of particular concern is the 
recent development of ST23-KL57 strains that 
produce the two types of carbapenemases. ST23 
strains were located in 42 countries, and 263 CR-
hvKp ST23 strains (16.2%) in 22 countries were 
detected by analysing 1,622 ST23 genomes 
collected from 1980 to 2024. Genome of the 
newly emerged ST23-KL57 lineage (45 strains) 
showed higher level of antimicrobial resistance, 
lower genome sizes and absence of important 
chromosomal virulence loci, with 77.8% being 
CR-hvKp [19]. 
 
4.4 Hospital vs Community Epidemiology 
K. pneumoniae traditionally is a hospital 
pathogen, but recently, community-acquired 
infections with hvKp have been reported in 
healthy individuals. With the emergence of strains 
of CR-hvKp with the potential to cause severe 
infection in both hospital and community 
settings, the boundaries of hospital and 
community epidemiology are becoming ill 
defined. Complications with stopping community 
transmission include the environmental and 
animal reservoirs [20]. 
 
5. Human Reservoirs and Transmission 
Klebsiella spp. has a complex epidemiology in 
human population; the gastrointestinal tract of 
humans is considered as the usual source of 
human colonization, though asymptomatic 
colonization often induces clinical infections. K. 
pneumoniae is also known to be carried in the 
community from 5% to 38% of the community 

(stool carriage) and 1% to 6% of community 
members (nasopharangeal carriage); higher rates 
have been reported in the community in certain 
groups such as those of Chinese ethnicity; in these, 
carriage in stools has ranged from 19% in Japan to 
88% in Malaysia. This significant difference 
highlights the role of host factors, geographical 
location and environmental exposures on the 
dynamics of colonization [21]. 
Health care environments are sensitive points of 
potential amplification of AMR K. pneumoniae. 
The proportion of colonized patients in the 
hospital environment is much higher, with up to 
77 percent of stool samples and 19 percent of 
pharyngeal swabs and 42 percent of hand-drying 
samples being positive. The increase can be largely 
related to elimination of normal flora following 
antimicrobial therapy, allowing the successful 
establishment of resistant strains. The relevance of 
gastrointestinal colonization is highlighted by the 
fact that Klebsiella nosocomial infection is four 
times greater in stool carriers than in those who 
are not. In addition, use of ampicillin or 
amoxicillin within the last 30 days resulted in a 
higher risk for developing an infection in patients 
with K. pneumoniae liver abscesses [22]. 
The gastrointestinal tract provides a major 
reservoir for pathogen escape from the 
gastrointestinal tract, and establishment of 
colonization is a crucial intermediate step toward 
invasive infection. Systemic infection episodes 
have often been noted to be related to pre-existing 
colonization, especially in the high-risk intensive 
care units (ICU) and haematology wards (HW) 
through surveillance protocols that were 
established. In a six-month surveillance study, the 
rate of carbapenem-resistant K. pneumoniae 
(CRKP) colonization was 46.6%, and conversion 
into systemic infection was 4.9% of colonized 
cases, mostly in intensive care units (ICUs). This 
geographical change from colonization to 
infection underlines the need for active screening 
for asymptomatic colonization in high-risk groups 
[23]. 
An antifungal-resistant K. pneumoniae can spread 
from person to person via healthcare workers. 
Colonisation of the HCP is usually temporary but 
contaminated hands and equipment can spread 



The Research of Medical Science Review  
ISSN: 3007-1208 & 3007-1216   Volume 4, Issue 6, 2026 
 

https://medicalsciencereview.com                      | Khattak et al., 2026 | Page 1421 

resistant strains between patients. Persistent 
reservoirs may be seen in the healthcare setting 
such as surfaces, medical devices, and the water 
system. Rectal swabbing for CRE on admission 
and repeat in hospital could be considered as part 
of enhanced surveillance regimes to raise 
awareness and minimise negative effects of 
transmission [24]. 
The importance of travelers for spread of the 
antimicrobial-resistant K. pneumoniae strains has 
now been appreciated. People who visit countries 
where antimicrobial resistance is common could 
pick up resistant bacteria and bring them home, 
which helps spread antimicrobial resistance. 
Another route of community acquisition is 
foodborne transmission and K. pneumoniae has 
been found to be a foodborne pathogen from 
contaminated food products, such as hamburger 
meat. Clinically relevant lineages detected in 
ready-to-eat foods and vegetables highlight food 
supply chain as a transmission route [25]. 
 
6. Animal Reservoirs 
6.1 Livestock and Poultry 
Livestock and poultry production systems are large 
reservoirs of antimicrobial-resistant K. 
pneumoniae that can be spread to humans via 
direct contact, the food chain or the environment. 
Multidrug-resistant K. pneumonia in food animals 
is still a concern even though in some areas there 
are limits regulating the use of antimicrobial 
agents. In a study on prevalence of antibiotic-free 
poultry production systems, 29% of K. 
pneumoniae strains were identified as being 
antimicrobial resistant, 64% being multidrug 
resistant. The most prevalent multidrug-resistant 
combination protested five agents, both 
tetracycline and the other four drugs 
(ciprofloxacin, cefotaxime, gentamicin and 
trimethoprim/sulfamethoxazole). The 
observation of resistance that is independent of 
antimicrobial consumption, points to co-selection 
mechanisms and contamination of the 
environment [26]. 
The epidemiology of K. pneumoniae in livestock 
is significantly different among host species and 
production systems. Most strains of K. 
pneumoniae that have been isolated from cows 

with clinical mastitis in Australia were sensitive to 
all antimicrobial compounds tested and no 
‘superbug' (multidrug resistant) isolates were 
found. But in dairy cattle, the bacteria K. 
pneumoniae has been becoming more frequently 
associated with clinical mastitis with moderate to 
severe status, where therapeutic results are poor, 
resulting in high culling rates. The presence of STs 
known to be virulent in bovine diseases, such as 
ST65, in isolation from cases suggests improved 
surveillance is required for dairy farms [27]. 
 
6.2 Companion Animals 
One factor of the One Health framework that has 
been underutilized is companion animals, such as 
dogs and cats. Companion animals live very near 
humans which aids the spread however 
surveillance has mainly concentrated on livestock 
and poultry. Surveillance also needs to incorporate 
companion animals since sequence types 
important in terms of clinical relevance have also 
been reported in canine and feline host [28]. 
 
6.3 Wildlife 
Wildlife species act as sentinels and reservoirs of 
K. pneumoniae with antimicrobial resistance, 
which may be due to environmental 
contamination from humans and domesticated 
animals. Wild boar, fallow deer, roe deer, red deer, 
the European badger, magpie, red fox and wolf 
were sampled in a study of wild animals in Central 
Italy, with the result showing that 13% of these 
animals were positive for K. pneumonia. 56.2% of 
these wildlife isolates were notably multidrug 
resistant, with resistance to β-lactams, tetracycline, 
ertapenem, and trimethoprim. Genomic 
characterization revealed the genes responsible for 
fluoroquinolone resistance associated efflux 
pumps, fosfomycin and β-lactamase resistance 
genes, and virulence genes [29]. 
The emergence of clinically important resistance 
determinants in wildlife emphasises an ecological 
and epidemiological linkage between humans, 
wild animals and the natural environment. 
Resistant bacteria can be transmitted to wild 
animals via exposed environments such as farm 
seepage water, wastewater discharge and exposure 
to domestic animals. Detection of antimicrobial 
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resistance genes in wildlife populations is a sign 
that human or livestock originated antimicrobial 
resistant bacteria are ubiquitous in the 
environment. The genetically related clustering of 
the wild boar isolates with available clinical 
genomes, indicated the strong possibility of wild 
boar-to-human transmission events [30]. 
Wild animals are efficient sentinels for the 
dissemination of antimicrobial resistance as they 
are likely to encounter environmental 
contamination, but not directly be under 
antimicrobial selection pressure. This trait makes 
it too important to monitor dissemination of 
resistant bacteria in the environment and evaluate 
how effective interventions are in minimizing 
environmental dissemination of resistant bacteria 
in wildlife [31]. 
 
6.4 Aquaculture 
Several factors in aquaculture favor the spread of 
antimicrobial-resistant K. pneumoniae including 
the use of antimicrobials and discharge of waste 
water into aquatic environments. This 
commonshed water environment can enable 
resistance genes to transfer to other bacteria and 
ultimately to humans again via the ingestion of 
contaminated seafood. Mobile colistin resistance 
(mcr) genes have been identified in Klebsiella 
strains collected from chickens, pigs, silver gulls, 
hospital sewage effluent and wastewater treatment 
plants, respectively, which indicates 
interconnections between sectors. Plasmids from 
these sources harboured mcr variants which 
showed highly similar backbones indicating that 
transmission of colistin resistance can be seen in a 
One Health context [32]. 
 
7. Environmental Reservoirs 
7.1 Wastewater as a Sentinel and Reservoir 
Multimedia reservoirs and sentinel wastewater is 
an important source for information on 
antimicrobial-resistant K. pneumoniae human, 
animal and environmental reservoirs. Most 
antimicrobial resistant bacteria and resistance 
genes are contained in the effluent from 
wastewater treatment plants, which are coming 
from domestic and clinical source. Antibacterial 
resistance bacteria and genes are continuously 

discharged in the environment despite complying 
with the law recommendations of wastewater 
treatment [33]. 
K. pneumoniae has been detected throughout the 
world and even in Thailand, China, England and 
Japan in raw sewage in hospital wards. The 
presence of highly virulent K. pneumoniae in the 
wastewater is particularly alarming since such 
strains are found to have more abundance and 
range of virulence genes than do strains from 
other sources. Wastewater has the potential to be 
a larger reservoir of hypervirulent K. pneumoniae 
than the gut of people who are healthy, thus 
creating a serious public health threat  [34]. 
Recent awareness of the potential risks posed to 
the environment from the release of large numbers 
of antimicrobial resistant bacteria and resistance 
genes into the environment has increased the 
importance of research to monitor antimicrobial 
resistance in wastewater treatment plants. Water 
quality and protection are crucial for social 
development and ecological sustainability due to 
the fact that the majority of water borne diseases, 
and antimicrobial resistant bacterial infections are 
transmitted through water [35]. 
 
7.2 Surface Water 
We believe that via discharge of inadequately 
treated wastewater, agricultural return-flow and 
fecal contamination are the primary ways by which 
K. pneumoniae and other Enterobacteriaceae 
become surface water contaminants. Surface water 
studies have revealed a wide range of Klebsiella 
spp. species and sequence types (STs), of which the 
most common species is K. pneumoniae. Often, 
the profile of these isolates is extreme resistance to 
multiple drugs, and the prevalence of isolates that 
belong to sequence types (ST) as ST11, ST15 and 
ST147 among others indicates both animal and 
human origins [36]. 
The transfer of antibiotic resistance from naturally 
resistant environmental bacterial communities to 
non-resistant communities plays and critical role 
with regard to human, animal and ecosystem 
health. Mobile genetic elements (MGEs) contain 
genes that can confer antimicrobial resistance and 
potentially pathogenic bacteria shed into waters 
can harbor these genes that are integrated into 
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MGEs, which can spread among bacterial 
communities within the water body. Surface 
contamination by sewage, wastewater or hospital 
effluents, can cause the dispersion in the 
environment and the transmission to humans and 
animals by contact with water or even through 
wildlife [37]. 
 
7.3 Soil as a Reservoir 
The soil is one of the largest and most diverse 
microbial habitats on Earth and also possesses 
perhaps the largest and most diverse population of 
microorganisms of all anthropogenic 
environments. Soil bacteria harbor antimicrobial 
resistance genes that can also be found in human 
clinical pathogens and in emerging pathogens yet 
to be discovered. Soil application of faecal 
material, especially in farming is a basic human 
activity that creates concern for the presence of 
antimicrobial resistance. Organic amendments are 
animal origin (manure) or human origin 
(biosolids) as valuable sources of nutrients for 
agricultural production, and are widely utilized for 
soil improvement. Irrigation with reclaimed 
wastewater may also harbor residues of 
pharmaceuticals like antibiotics as well as 
antimicrobial resistant bacteria depending on the 
method of treatment and is another practice that 
is becoming increasingly of concern [38]. 
Antibiotics residues in soil may cause variations 
between the preceding microorganisms, where 
bacteria resistance may dominate, and may be 
transferred to other ecological niches. 
Bacteriophages are reported to transfer more 
extensively, and faster, antimicrobial resistance 
genes in fertilized soil under antibiotic presence 
than under the absence of antibiotics. Antibiotics 
can also be selectively available for bacteria due to 
soil mineral and organic compounds [39]. 
 
7.4 Agricultural Environments 
Agro-environmental facilities, such as farms, 
slaughterhouses and food processing plants are 
significant sites of dissemination of AR K. 
pneumoniae. ESBL-producing K. pneumoniae 
with clinically relevant resistance genes have been 
found in floor drainage and wastewater samples 
from abattoirs. Agricultural inputs help to 

contaminate the environment with resistant 
bacteria and genes to resistance in surface water 
and soil [40]. 
In the field of agriculture and livestock farming, 
antibiotics are everywhere, and have been 
identified as a possible driver toward the 
emergence of antibiotic-resistance in human 
health care. Presence of antimicrobial resistant 
K.pneumoniae in food chain has been reported 
with significant proportion in China, South 
Africa, Europe, Greece and Iran. This indicates 
that a considerable proportion of strains present 
in the food supply possess genetic characteristics 
of pathogenicity and resistance and are associated 
with a high survival potential in case of disease 
[41]. 
 
8. Food Chain Transmission 
There is a significant transmission route from 
animal reservoirs to people via the food chain for 
transferring antimicrobial resistant K. 
pneumoniae. This has shown a previously 
unknown ecological niche of K. pneumoniae as an 
enteroinvasive foodborne pathogen from 
contaminated hamburger. This is a common food 
contaminant and is found in both animal- and 
plant-based food and diets and seems to be a major 
contributor to the exposure of environmental 
strains to the Human GUT [42]. 
 
8.1 Meat and Poultry Products 
Antimicrobial-resistant K. pneumoniae may be 
transmitted to humans in food via food-producing 
animals, especially in meat products such as 
poultry and pork. The contamination is due to 
faecal shedding at slaughter, processing and 
handling. Multidrug resistant and ESBL-
producing strains have been found in retail meat 
products worldwide, which may be a potential 
mode of exposure. The presence of sequence types 
(STs) that emerged from virulent turkey (ST25) 
and bovine (ST65) diseases in raw retail turkeys 
indicates the possibility of foodborne acquisition 
of clinically relevant STs [43]. 
 
8.2 Milk and Dairy Products 
High levels of K. pneumoniae may be found in the 
milk of cows affected by illness due to mastitis. 
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Antimicrobial resistant strains may be harbored 
within unpasteurized milk, which offers a 
potential source of exposure, but not pasteurized 
milk. The ESBL-producing K. pneumoniae have 
been detected in mastitis milk, thereby stressing 
the importance of farm to fork surveillance [44]. 
 
8.3 Fresh Produce 
K. pneumoniae is able to contaminate fresh 
produce via irrigation, manure, or colonized 
people. K. pneumonia lineages of clinical 
relevance are especially concerning having been 
present in ready to eat vegetables. A food supply 
chain mechanism of transmission may include the 
consumption of raw or minimally processed foods 
that may be exposed to antimicrobial-resistant 
strains. The presence of clinically important 
variants that were not of human origin and the 
high degree of similarity between patient and retail 
meat isolates based on whole genome sequencing 
are all supportive of the notion of foodborne 
transmission [45]. 
 
9. Molecular Mechanisms of Antimicrobial 
Resistance 
9.1 β-Lactam Resistance 
Production of β-lactamases that hydrolyse the β-
lactam ring is the major mechanism of resistance 
to β-lactam antibiotics in K. pneumoniae. 
Extended-spectrum β-lactamases (ESBLs) such as 
TEM, SHV and CTX-M variants, is responsible for 
resistance to penicillin, cephalosporins and 
aztreonam antibiotics. In almost half of the K. 
pneumoniae sequences sensitive to carbapenems, 
the presence of more than one ESBL gene (CTX-
M, SHV, TEM) has been identified. The most 
frequently reported ESBL gene worldwide is CTX-
M-15, found in most of the isolates harboring 
carbapenemase genes [46]. 
 
9.2 Carbapenem Resistance 
The most clinically significant resistance 
phenotype is carbapenem resistance, considerably 
reducing treatment options. The carbapenemases 
involve in this category include KPC (class A), 
NDM, VIM and IMP (class B metallo-β-
lactamases) and OXA (class D). Invasive CRE-K.p. 
isolates were analysed, the overall incidence of 

carbapenemases was 87%, with the KPC-type in 
57%, the OXA-type in 28%, and NDM-type in 
16%. Most (87%) of the carrying carbapenemases 
were in conjugative or mobilizable plasmids, 
suggesting the possibility of being transferable to 
other strains [47]. 
The emergence of carbapenem-resistant 
hypervirulent K. pneumoniae (CR-hvKp) represents 
a convergence of resistance and virulence. The 
WHO has designated carbapenem-resistant K. 
pneumoniae as the top "critical priority" pathogen, 
assigning it the highest possible risk score (84%) 
among 24 evaluated bacteria. Patients with 
carbapenemase-producing CRKp strains have 
demonstrated increased in-hospital mortality 
compared to those with non-carbapenemase-
producing strains [48]. 
 
9.3 Non-Carbapenemase Mechanisms 
In the absence of enzymes (carbapenemase), the 
combination of ESBL enzymes and loss of porins 
can contribute to resistance to carbapenems. Of a 
total of 93 carbapenem-resistant isolates lacking 
detectable carbapenemases, 88% had mutations in 
the porin genes ompK35 and/or ompK36. 25% of 
these isolates contained a truncated versions of 
both ompK35 and ompK36 and 56% contained a 
inactivated version of ompK36 only. Mutations in 
porins were far from being numerous in 
carbapenemase-producing isolates (39%), 
implying that the selective pressure for porin loss 
is reduced when carbapenemases are produced 
[49]. 
 
9.4 Colistin Resistance 
Colistin (polymyxin) is a polymyxin antibiotic that 
is a last line of defence against carbapenem 
resistance. The plasmid-mediated colistin 
resistance (mcr) genes have been found in 
Klebsiella samples from a variety of sources such as 
humans, chickens, pigs, silver gulls, hospital 
sewage, and wastewater treatment plants. Four 
incompatibility groups, the IncFII, IncHI2, IncI2, 
and IncX4, have been found in mcr variants by 
plasmid typing as the most commonly found. The 
high similarity of the plasmid backbones of all 
genomes between different hosts suggests that the 
spread of colistin resistance genes can also be 
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studied in a One Health context, which is very 
likely to be from waste and food producing 
animals, but not necessarily under the pressure 
from antimicrobials in clinical settings [50]. 
 
9.5 Efflux Pumps and Porin Mutations 
The efflux pumps are very important in intrinsic 
and acquired resistance. AcrAB-TolC is a 
multidrug efflux pump that is overexpressed to 
develop resistance to many classes of antibiotics. 
The most common predicted mechanism for 
carbapenem resistant isolates among the non-
carbapenemase producers in the sense that they 
have been shown to produce ESBL, is ESBL 
production plus truncation of the porins. 
Insertional mutations within the porins decrease 
the uptake of the antibiotics, which is how high-
level resistance to the β-lactam antibiotics is 
developed [51]. 
 
9.6 Mobile Colistin Resistance (mcr) Genes 
All 10 mcr homologs were screened for over five 
years in a broad One Health study involving 2,855 
clinical Klebsiella genomes, yielding 20 (0.7%) 
positive genomes (six different variants: mcr-1.1, 
mcr-8.1, mcr-8.2, mcr-9.1, mcr-9.2 and mcr-10.1). 
Inter-species and inter-patient transmission events 
were identified by plasmid analysis, which revealed 
the presence of mcr-containing plasmids on the 
chromosome of one of the ICRs, K. pneumoniae 
ST147, and in K. georgiana and E. coli [52]. 
 
10. Mobile Genetic Elements Driving Resistance 
10.1 Plasmids 
Plasmids are the most important means for 
horizontal transfer of antibiotic resistant and 
virulence determinants in K. pneumoniae. 
Conjugative plasmids have genes that allow them 
to be transferred and often contain several 
resistance genes that allow co-selection. Most 
carbapenemases (80%) are plasmid-encoded 
(conjugative plasmids), and 11% are located on 
mobilizable plasmids, suggesting that they are 
potentially transmissible. K. pneumoniae genes 
associated with the accessory genome are more 
likely to be mobilome-associated genes (14.6% vs 
0.1% in the core genome), and the pathogen has 

been characterized as being highly plastic in its 
genome [53]. 
Recent findings demonstrate that mobile genetic 
elements have sophisticated mechanisms of 
dissemination, such as dissemination of 
conjugative virulence plasmids between bacteria, 
integrative conjugative element (ICE)-mediated 
transfer of virulence traits and hybrid genetic 
elements that provide both virulence and 
antimicrobial resistance [54]. 
 
10.2 Integrons and Transposons 
Integrons are genetic units that capture and 
express blocks of genes in the form of gene 
cassettes that can confer resistance determinants 
by site-specific recombination. The antimicrobial 
resistance genes most commonly linked to class 1 
integrons are found in K. pneumoniae, and may 
contain multiple resistance genes. Transposons 
contain resistance genes and can enable the 
transfer of genes of resistance to plasmids and 
other mobile elements. The plasmid helps to 
spread the blaKPC containing gene in trans, via a 
Tn3 transposon, Tn4401 [55]. 
 
10.3 Insertion Sequences 
The ability of the small mobile element, known as 
insertion sequences (IS), to cause genetic diversity 
by making insertions, deletions and re-
arrangements. IS elements can be seen to have a 
role in activation or inaction expression of genes 
and they have been reported to involve in the 
mobilization expression of resistance genes. The 
ISEcp1 element has been related to the spread of 
CTX-M ESBL genes [56]. 
 
10.4 Integrative Conjugative Elements 
Integrative conjugative elements (ICEs) can 
integrate into the chromosome and excise and 
then transfer horizontally. ICEKp elements have 
been shown to be linked with the spread of genes 
coding for yersiniabactin and other virulence 
factors. These elements play a role in the evolution 
of hypervirulence in K. pneumoniae [57]. 
 
10.5 Horizontal Gene Transfer 
The most important mechanism of dissemination 
of antimicrobial resistance is horizontal gene 
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transfer in K. pneumoniae. The mobilization of 
resistance genes and virulence genes between 
bacterial populations and species is facilitated by 
plasmids, transposons and other mobile elements. 
Co-occurrence of multiple resistance determinants 
on the same mobile elements could induce co-
selection and the formation of multi-resistance 
strain. Plasmid-mediated transmission has been 
proven to play a major role in recurrent CRKP 
infections with either the identical genomic group 
or the identical carbapenemase-encoding 
conjugative plasmids in different K. pneumoniae 
strains being responsible for the nosocomial 
transmission [58]. 
 
11. Genomic Epidemiology and Surveillance 
11.1 Whole Genome Sequencing 
Whole genome sequencing (WGS) has 
revolutionized the surveillance and 
characterization of AMR K. pneumoniae. WGS 
data offers complete insights into the resistome, 
virulome, plasmidome and phylogenetic 
affiliations of bacterial isolates, which allows 
comprehensive tracking of transmission chains 
with a high level of resolution and outbreak 
investigation [59]. 
 
11.2 MLST 
Today, multi-locus sequence typing (MLST) is the 
most common method of subtyping K. 
pneumoniae populations and of discriminating 
"high-risk" clones. Comparisons and monitoring 
of epidemic lineages on a global scale are possible 
with the extensive MLST database. In the world, 
more than 500 STs have been detected, and the 
most important high-risk STs are ST11, ST258 
and ST23 [60]. 
 
11.3 Resistome 
The resistome is the copy of genes of antimicrobial 
resistance in the genome of a bacterium. Analysis 
of resistance helps to give a complete picture of the 
resistance profile of isolates and can highlight 
novel or emerging resistance determinants. 
Widespread prevalence of ESBL and 
carbapenemase genes in clinical and non-clinical 
organisms have been described well [5]. 
 

11.4 Virulome 
The virulome encompasses all virulence genes 
present in a bacterial genome. Virulome analysis 
identifies hypervirulent lineages and tracks the 
evolution of virulence. The presence of aerobactin 
(iuc), salmochelin (iro), and rmpA/rmpA2 genes 
distinguishes hvKp from classical strains[61]. 
 
11.5 Plasmidome 
The plasmidome is the sum of a bacterial genome's 
plasmids. Plasmidome profiling can unmask 
distribution and dissemination of resistance and 
virulence determinants on mobile genetic 
elements. Particularly of concern are the resistance 
determinants which are found on conjugative 
plasmids and may be disseminated horizontally 
[62]. 
 
12.Human–Animal–Environment Transmission 
Pathways 
12.1 Direct Contact 
Close contact with animals that are colonised, 
especially with livestock and companion animals, 
may be a potential route of spread for AMR K. 
pneumoniae. Evidence for cross species 
transmission is strengthened by the absence of 
definite genetic boundaries between human and 
animal derived strains. A study of cell adhesion 
and invasion showed that K. pneumoniae strains 
isolated from different host species were not host-
specific and this was in line with the idea of the 
potential for cross-species infection [63]. 
 
12.2 Foodborne Transmission 
Foodborne transmission is via contaminated 
animal produce and/or produce. AMR K. 
pneumoniae has been found in meat, milk, as well 
as fresh produce, all over the world. The food 
chain is an important position where the genes of 
resistance can change from animal reservoirs to 
human populations [64]. 
 
12.3 Waterborne Transmission 
Water-borne transmission is the result of exposure 
to contaminated surface water, ground water or 
poorly hydrated waste water. AMR K. pneumoniae 
is known to be present in environmental water 
and water borne exposure may occur, accentuating 
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the importance of water quality management in 
preventing AMR K. pneumoniae transmission 
[65]. 
 
12.4 Environmental Dissemination 
Environmental dissemination is done by 
resistance genes and resistant bacteria being 
released to the environment. Manure or 
agricultural run-off and discharge of waste water 
cause contamination. Resistance genes can be 
transferred horizontally to other bacteria once in  

the environment [66]. 
 
12.5 Reverse Zoonosis 
When zoonotic pathogens are transferred to 
animals from humans this is reversible zoonosis or 
anthroponosis. Clones have been detected in 
animal populations, associated with humans, 
indicating reverse zoonosis can play a role in the 
epidemiology of AMR K. pneumoniae. Resistant 
strains can be spread to animals by healthcare 
workers, farmers and owners of animals [67]. 

 

 
Figure 1.1 

 
13. Diagnostic and Surveillance Approaches 
13.1 Conventional Culture 
The traditional method for identification of K. 
pneumoniae is still the gold standard procedure. 
Isolation and identification will be achieved using 
selective and differential media, e.g MacConkey 
agar and CHROMagar. Culture-based methods 
are important to isolate and characterize them and 
evaluate their antimicrobial susceptibility. 
Recurrent screening within the hospital for 
enterobacterales and other gram-negative bacteria 

that may be carbapenem resistant is recommended 
using rectal swabs for active surveillance patient 
admission and periodically [24]. 
 
13.2 Antimicrobial Susceptibility Testing 
Antimicrobial susceptibility testing (AST) is used 
to find the antibiotic resistance status of the 
isolated strains. The disc diffusion, broth 
microdilution, and gradient strip methods are all 
used commonly. The EUCAST guidelines are 
used to interpret the minimum inhibitory 
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concentration (MIC) results for guiding clinical 
management and for informing the surveillance. 
The BD Phoenix system has been cleared for use 
in surveillance testing for identification and 
antimicrobial susceptibility testing [68]. 
 
13.3 PCR-Based Detection 
Polymerase chain reaction (PCR)-based methods 
are available for the detection of specific resistance 
or virulence genes, and these offer a rapid method 
of identifying target determinants. Multiple genes 
can be detected in a multiplex PCR assay, thus 
optimizing the procedure. There are PCR 
techniques available for screening of ESBL gene 
and Carbapenemase gene. The GeneXpert Carba-
R cartridges have been used to confirm the 
presence of carbapenemase genes in surveillance 
programme [69]. 
 
14. Prevention and Control Strategies 
14.1 Antimicrobial Stewardship 
The goal of ASPs is to improve antibiotic 
prescribing practices to minimize selective 
pressure. Elements include suitable prescribing, 
de-escalation of therapy and review of 
antimicrobials. Stewardship strategies have proven 
to be successful at lowering AMR rates among 
health-care settings [70]. 
 
14.2 Infection Prevention 
IP and C measures play an important role in 
minimizing the spread of AMR K. pneumoniae in 
healthcare facilities. These include maintaining 
good hand hygiene, contact precautions, cleaning 
the environment, and actively monitoring for 
carriage. One Health-related innovative infection 
prevention activities are encouraged to slow the 
spread of K. pneumoniae [71]. 
 
14.3 Veterinary Stewardship 
Veterinary stewardship efforts focus on 
minimizing antimicrobial use in the production of 
food animals and through veterinarians as part of 
pet care. Educating the surrounding of the 
necessity of reducing use of a highly valuable 
antimicrobial in animals and encouraging 
monitoring programs are key steps. Veterinary 

stewardship helps to remove selection pressure 
and decrease the spread of resistant strains [72]. 
 
14.4 Environmental Management 
The objective of environmental management 
strategies is to minimize pollution to the 
environment with AMR bacteria and resistance 
genes. The proper management of wastes, 
treatment of water in the agriculture, treatment of 
hospital water and cleaning of environmental 
surfaces are important parts of it [73]. 
 
14.5 Wastewater Treatment 
The pollution control treatment of wastewater is 
critical to minimise effluent discharge of AMR 
bacteria and AMR genes to the environment. New 
treatment technologies can drastically minimize 
the levels of resistances in treated effluents. 
Wastewater surveillance should be part of 
wastewater treatment monitoring [74]. 
 
14.6 Vaccines 
Vaccines are a potential method to prevent K. 
pneumoniae infections and to reduce antibiotic 
use. Capsular polysaccharides, O-antigens and 
protein antigens have been focus of the vaccine 
development. There is a potential to significantly 
impact disease burden with vaccines for high-risk 
individuals such as hospitalized patients and 
livestock [75]. 
 
14.7 Phage Therapy 
Phage therapy is a new type of treatment for AMR 
infections. Phages further have a very specific 
target, such as K. pneumoniae, and do not harm 
the normal flora. Although phage cocktails and 
engineered phages may show promise compared to 
conventional antibiotics, phage resistance is also a 
worry [76]. 
 
14.8 CRISPR-Based Antimicrobials 
In the field of antimicrobials, CRISPR based 
antimicrobials exploit CRISPR-Cas system to 
target specific resistance or virulence genes in 
bacteria. This strategy has a strong specificity and 
potentially could be used to eliminate the MDR K. 
pneumoniae strain with not affecting on the 
susceptible bacteria [77]. 
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Conclusions 
K. pneumoniae is a model organism of the 
complex epidemiology of AMR at the human–
animal–environment nexus. The invasive nature 
of the pathogen, ability to infect multiple species, 
and potential to carry resistance and virulence 
factors emphasize limitations of “silo mentality” 
surveillance and control measures. High-risk 
clones are found on human and non-human hosts, 
and the appearance of strains of CR-hvKp are 
especially worrying. Carbapenem resistance and 
hypervirulence of Carbapenem resistant-
hypervirulent klebsiella (CRKK) in an ascending 
order of alluded lineages such as ST23-KL57 are a 
call for heightening the vigilance and coordinated 
intervention strategies. The rapid evolution and 
dissemination of high-risk clones is mainly due to 
horizontal transfer of resistance and virulence 
determinants, which occurs because of genetic 
elements that move among cells, including 
plasmids. The various environmental reservoirs, 
such as wastewater and agricultural environment, 
are key points in the transmission network. 
To combat the risk of AMR K. pneumoniae, an 
integrated clinical, veterinary and environmental 
surveillance program is needed. High resolution 
genome sequence data from genomic surveillance, 
such as WGS and metagenomics, is key to tracing 
transmission routes, detecting new threats and 
opportunities. WWE is a resource-saving system 
for monitoring populations. An antimicrobial 
stewardship program, infection prevention 
program, and a veterinary stewardship program 
are all critical elements of a comprehensive control 
strategy. Looking forward, there is a need to focus 
on increasing surveillance capacity in LMICs, 
bring the various sectoral genomics databases 
together, and create standardised reporting 
systems. Antimicrobial resistance from MDR and 
XDR bacteria is a field with high nutrient value 
inputs that are being researched, seeking other 
methods of therapy such as vaccine, phage and 
antimicrobials using Crispr–Cas9 system. Finally, 
a One Health approach to tackle this threat and 
safeguard global health that works with multiple 
disciplines, including collaboration between 
human and animal health, and the environment 
is necessary. 
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