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Abstract: The emergence of hypervirulent and carbapenem-resistant hypermucoviscous
Klebsiella pneumoniae strains presents a significant public health challenge due to their in-
creased virulence and resistance to multiple antibiotics. This study evaluates the antibiotic
susceptibility patterns and virulence profiles of classical and hypervirulent K. pneumoniae
strains isolated from various clinical samples. A total of 500 clinical samples were collected
from patients at the Mardan Medical Complex and Ayub Medical Complex in KPK between
July 2022 and June 2024. Among these, 64 K. pneumoniae strains were isolated and subse-
quently subjected to antimicrobial susceptibility testing (AST) and phenotypic virulence
detection. Among the 64 isolates, 21 (32.8%) exhibited hypermucoviscosity, a characteristic
associated with increased pathogenicity. Hemagglutination was observed in 35 (54.1%) of
the isolates, indicating the presence of surface adhesins that facilitate bacterial adherence
to host tissues. A high prevalence of biofilm formation was noted, with 54 (84%) isolates
capable of forming biofilms, which are known to protect bacteria from antibiotics and
the host immune response. Most isolates (59/64, 92.1%) were resistant against ampicillin,
highlighting its limited efficacy against these strains. Conversely, the lowest resistance
was observed for tigecycline, with only 15% (10/64) of the isolates showing resistance,
indicating its potential utility as a treatment option. The study also found that 38 (59.3%)
of the isolates were extended-spectrum beta-lactamase (ESBL) producers, 42 (65.6%) were
multidrug-resistant (MDR), 32 (50%) were extensively drug-resistant (XDR), and 13 (20.3%)
were resistant to carbapenems. The genetic study revealed biofilm producer and enhancer
genes (mrkD, pgaABCD, fimH, treC, wzc, pilQ, and luxS) mainly in the hypervirulent strains.
These hypervirulent strains also show a high number of resistance genes. The findings of
this study underscore the critical need for the active surveillance of antimicrobial resistance
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and virulence determinants in K. pneumoniae. The coexistence of high levels of antibiotic
resistance and virulence factors in these isolates poses a severe threat to public health, as it
can lead to difficult-to-treat infections and increased morbidity and mortality.

Keywords: antibiotic resistance; virulence; biofilm; K. pneumoniae; hypervirulent; multidrug
resistant; carbapenem resistant; public health

1. Introduction
Klebsiella pneumoniae is a Gram-negative, encapsulated, non-motile bacillus notable

for its lactose-fermenting capability and facultative anaerobic metabolism. As a member
of the Enterobacteriaceae family, it is a significant pathogen in hospital and community
environments [1,2], causing a wide range of illnesses, including liver abscesses, pneumonia,
bacteremia, urinary tract infections, and digestive system infections [1]. Using some medical
equipment, including respiratory support apparatus and different kinds of catheters [3],
increases the risk of K. pneumoniae infections. The incidence of nosocomial infections
among hospitalized patients worldwide was 8.7%, and individuals undergoing surgery, the
transplantation of organs, or cancer may be more vulnerable [4]. Importantly, K. pneumoniae
is the cause of up to 10% of nosocomial infections [5]. In Singapore, the mortality rates from
K. pneumoniae bacteremia ranged from 20 to 26 percent [6], whilst in China, K. pneumoniae
was responsible for 11.9% of the pathogens isolated from ventilator-associated pneumonia
(VAP) and intensive care unit (ICU)-acquired pneumonia [7]. Furthermore, in a multicenter
clinical study covering 25 “AAA” hospitals in 14 provinces of China, carbapenem-resistant
Enterobacteriaceae (CRE) caused by K. pneumoniae was reported to account for 73.9%
of 664 clinical samples [8]. These high prevalence and mortality rates of K. pneumoniae
infections place a significant strain on the nation’s healthcare system.

Various virulence factors that successfully thwart the host’s innate immune systems
and promote the infection’s persistence are responsible for K. pneumoniae’s pathogenicity.
The lipopolysaccharides, adhesins, siderophores, bacterial capsules, and biofilm develop-
ment are essential factors determining pathogenicity [9]. The range of expressed virulence
factors and the clinical symptoms of illnesses caused by K. pneumoniae are closely re-
lated [10]. Notably, the capsular polysaccharide protects the bacteria from the bactericidal
activities of serum and expert phagocytes [11]. Furthermore, the type 1 and type 3 fim-
brial adhesins encoded by the fimH-1 and mrkD genes are essential for the production of
biofilms, which aids in establishing infections [12]. The pathogenicity and severity of K.
pneumoniae infections are influenced mainly by several genes, for example, regulators of the
mucoid phenotype A (rmpA) and the microviscosity-associated gene A (magA) [13]. Addi-
tional genes of importance include those related to iron siderophore aerobactin production
(aero), iron absorption (kph), yersiniabactin biosynthesis (ybtS), enterobactin biosynthesis
(entB), and allantoin metabolism (allS) [13]. These genetic elements increase K. pneumoniae’s
pathogenic potential and infection severity.

The last ten years have seen a severe increase in the incidence of K. pneumoniae that
produces extended-spectrum β-lactamase (ESBL), which has severe implications for global
public health. The generation of carbapenemases and extended-spectrum β-lactamases
(ESBL) results in substantial death rates (40–50%), mainly in patients who are acutely sick
and immunocompromised [14]. K. pneumoniae is shielded from all current antibiotics by the
formation of strains that are extensively drug-resistant (XDR) and pan-drug-resistant (PDR)
due to the ongoing accumulation of antibiotic-resistant genes [15,16]. The World Health
Organization (WHO) has identified the rising incidence of multidrug-resistant (MDR) K.
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pneumoniae as a significant global health concern, with OXA-48 and NDM amongst the
most prevalent carbapenemase types, including in Saudi Arabia [17–20].

Bacteria responsible for hospital-acquired infections (HAIs) have developed resistance
to multiple antibacterial drugs, underscoring the urgent need for community-wide antimi-
crobial resistance (AMR) monitoring [21]. AMR in Klebsiella spp. has become more common
in Pakistan, especially in the province of Khyber Pakhtunkhwa [22–24]. Additionally, the
concurrent presence of virulence factors and drug-resistance genes may synergistically exac-
erbate infection severity [25]. However, more local information is needed about the patterns
of antibiotic sensitivity and the genetic underpinnings of the phenotypic pathogenicity of
K. pneumoniae isolates from various samples. In light of this situation, the current study
aimed to analyze the antibiotic susceptibility patterns and phenotypic virulence patterns
of various clinically isolated K. pneumoniae and perform the molecular characterization of
genes associated with virulence and antibiotic resistance in the identified bacterial isolates.
This study also identified the relationship between an organism’s capacity to produce
biofilms and its resistance to certain antibiotics through whole-genome sequencing.

2. Materials and Methods
2.1. Sample Collection

Using a random convenient sampling technique, a total of 500 cases were in-
cluded in this study, with samples collected from urine, pus, wounds, blood, and
other body fluids. Before sample collection and ethical approval were granted (Ref/no:
KMU/IPDM/IEC/202229), all study participants were informed about the sample collec-
tion techniques. A random selection method was employed to gather the 500 samples,
ensuring adherence to conventional sanitation standards and microbiological protocols [26].
The samples were aseptically inoculated onto MacConkey agar (Oxoid, UK) medium and
incubated at 37 ◦C for 24 h. To confirm and differentiate from Escherichia coli, mucoid,
circular, and lactose-fermenting colonies were subcultured on Eosin Methylene Blue agar
(EMB) (Oxoid, UK).

2.2. Pathogens Identification

Biochemical tests were conducted to characterize the presumptively identified isolates.
These tests included catalase, oxidase, urease, indole production, motility, methyl red,
Voges-Proskauer, and citrate utilization tests [27]. Following biochemical identification, the
strains were confirmed using the API 20E kit (bioMérieux SA, Lyon, France) and showed a
match with reference K. pneumoniae catalog number 5 214 573. The confirmed isolates were
then preserved in a Luria–Bertani broth medium supplemented with 40% glycerol and
stored at −80 ◦C. For short-term maintenance, productive cultures were kept on nutrient
agar at temperatures between 2 ◦C and 8 ◦C, with an average viability of four weeks.

2.3. Antimicrobial Susceptibility Test

Antimicrobial susceptibility testing (AST) was conducted on all isolates using the
Mueller–Hinton agar (MHA) method (Oxoid, Manchester, UK) and a disc diffusion as-
say [28]. A 0.5 McFarland standard-turbidity suspension was prepared and applied to the
MHA plate surface using a sterilized cotton swab. Fourteen antibiotic discs, including ampi-
cillin (AMP, 10 µg), amikacin (AK, 30 µg), amoxicillin–clavulanic acid (AMC, 20/10 µg),
cefotaxime (CTX, 30 µg), ceftazidime (CAZ, 30 µg), ciprofloxacin (CIP, 30 µg), cefepime
(FEP, 6.5 µg), Sulbactam/Cefoperazone (SCF, 1.5 µg), piperacillin–tazobactam (TZP, 4.5 µg),
Ceftazidime/avibactam (CZA, 2.5 µg), tigecycline (TGC, 0.5 µg), gentamicin (CN, 10 µg),
tetracycline (TET, 30 µg), and meropenem (MEM, 10 µg) were placed on the MHA plates,
which were then incubated at 37 ◦C for 24 h. These antibiotics are commonly used for
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K. pneumoniae treatment. The inhibition zones were measured to the nearest millimeter
and interpreted according to the Clinical and Laboratory Standards Institute (CLSI M100
Ed33) guidelines [29,30]. The MDR and potential XDR strains were identified following
the guidelines recommended by the European Centre for Disease Prevention and Control
(ECDC) [31].

2.4. String Testing

The hyperviscosity (Hv) phenotype was assessed using the Modified String Test. A
strain of K. pneumoniae was inoculated onto a sheep blood agar medium and incubated at
37 ◦C for 24 h. Following incubation, an inoculation loop was used to perform the string
test. The Hv phenotype was indicated by forming a string more significant than 5 mm
long [32].

2.5. Hemolysis

To evaluate the hemolytic potential of K. pneumoniae, 5% rabbit blood was added
to a Blood Agar Base (OXOID, Hampshire, UK). A fresh culture of K. pneumoniae was
inoculated through loop onto the blood agar plates and incubated for 24 h at 37 ◦C. The
plates were then incubated for an additional 24 h for optimal hemolytic activity. After the
complete incubation period, the hemolytic zones surrounding the K. pneumoniae colonies
were examined to assess their hemolytic potential.

2.6. Hemagglutination Assays

Human Group O+ blood was used to determine hemagglutination assay; it was
obtained and stored immediately at 4 ◦C until it was needed. The RBCs were suspended at
a 3% (vol/vol) concentration in phosphate-buffered saline (PBS), which has a pH of 7.4,
after being washed three times. Using McFarland turbidity standards [33], plate-grown
bacterial cultures were adjusted to around 1.5 × 108 bacteria per milliliter in PBS. After
being collected, broth-grown cultures were suspended in PBS to equal the turbidity of
plate-grown cultures after being twice washed in PBS.

On a slide, 20 µL of the bacterial solution and 20 µL of the blood cell suspension were
combined, and the mixture was gently shaken by hand to perform hemagglutination. For
every test, a PBS–blood cell control was used. Within ten minutes, strains that did not show
signs of hemagglutination were categorized as negative hemagglutinators [34–36].

2.7. Biofilm Formation

The biofilm activity of the isolates was assessed using the tube method. To standardize
the bacterial inoculum to 0.5 McFarland standards (1.5 × 108 CFU/mL) [33], 50 µL of
overnight culture in LB broth was diluted and transferred into tubes containing 2 mL
of sterile LB broth. The tubes were then incubated for 24 h at 37 ◦C without agitation.
The experiment included a negative control (without bacterial inoculum) and a positive
control with a confirmed biofilm-producing strain. After incubation, the broth cultures were
discarded, and the tubes were washed twice with PBS to remove non-adherent bacteria.
The tubes were stained with 0.1% crystal violet for 30 min to visualize biofilm formation.
Excess dye was decanted, and the tubes were washed with deionized water to remove
unbound dye. After drying, biofilm production was evaluated based on the presence of
blue staining on the inner walls of the tubes [37,38].
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2.8. Whole-Genome Sequencing

Twelve isolates were chosen for whole-genome sequencing (WGS) based on whether
they were strong biofilm producers or did not generate biofilm, as well as the antibiotic
resistance pattern based on AST to analyze the genetic basis of the biofilm producer
genes and its enhancer genes together with the antibiotic genes profile of the classical
and hypervirulent.

Genomic DNA was extracted using the QIAamp micro kit (Qiagen, Hilden, Germany),
agarose gel electrophoresis, and fluorometric analysis (Qubit®, Thermo Fisher Scientific,
Waltham, MA, USA), and the isolated gDNA’s content and purity were ascertained. The
purified DNA was shipped to the London School of Hygiene and Tropical Medicine
(LSHTM), United Kingdom, for WGS using the Illumina MiSeq platform (QIAseq FX DNA
Library Kit, QIAGEN, Hilden, Germany) with a 151 bp paired-end protocol and 100×
coverage for the sequencing. CLC Genomics Workbench version 10 (CLC, Bio-QIAGEN,
Aarhus, Denmark) and SPAdes version 3.530 were used to de novo assemble with reference
(NCBI txid573) and quality trim the generated reads to eliminate gaps [39].

Sequence annotation was inferred by Prokka v.1.14.6 and the RAST server [40,41].
Pangenome analysis was performed using Roary with a gff annotation file produced
by Prokka genome annotation [42]. The antibiotic resistance and other relevant genetic
variables involved in biofilm formation, such as biofilm formation stimulation factor (BssS
gene), toxin–antitoxin biofilm protein (TabA), Cyclic-di-GMP-binding biofilm dispersal
mediator protein (bdcA), type 1 fimbriae (fimH), and allS (aerobactin) were then analyzed.
All (aerobactin) is a core gene in all K. pneumoniae strains. The solid biofilm-forming strains
possess strain-specific genes, including the allS gene, type III fimbriae (mrkD, sfaS), pili (pilQ,
ecpA), adhesins/polysaccharides (pgaA, pgaB, pgaC, pgaD), CPS (wzc, treC), and QS (lux).

2.9. Statistical Analysis

Data analysis was conducted using Microsoft Excel and IBM SPSS Statistics version
25. Frequencies of resistant subpopulations were calculated in Excel to categorize isolates
as susceptible or resistant. Further statistical analyses, including the determination of
frequencies, percentages, and odds ratios, were performed in SPSS. Regression analyses
and p-values were also calculated to assess associations and statistical significance. Eth-
ical approval for the study was obtained from the KMU institutional review board with
Ref/no: KMU/IPDM/IEC/202229, ensuring compliance with guidelines for data integrity,
confidentiality, and the responsible reporting of results.

3. Results
Between January 2022 and June 2024, 500 samples were processed for the current in-

vestigation, of which 174 were found to be Gram-negative rods. K. pneumoniae was detected
in 36.7% (64/174) of the total Gram-negative rods. These strains were all obtained from
specimens sent to Ayub Teaching Hospital (ATH) in Abbottabad and the Mardan Medical
Complex’s microbiology lab in Mardan. The identified strains were transferred to the
Institute of Pathology and Diagnostic Medicine (IPDM) at KMU, Peshawar’s Microbiology
Laboratory, for further processing. Following accurate identification and confirmation, the
isolates underwent testing to determine their antibiotic susceptibility and the presence of
various virulence factors. All 64 K. pneumoniae isolates were identified through biochemical
testing and confirmed using the API 20E kit. The confirmed K. pneumoniae isolates were
preserved in 30% glycerol nutrient broth at −80 ◦C for future use.
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3.1. K. pneumoniae Prevalence and Distribution of Hypervirulent and Classical Klebsiella
pneumoniae Strains

Of the 64 K. pneumoniae isolates, 26 (40.62%) were isolated from females and 38 (59.3%)
from males. The distribution of isolates was as follows: urine (n = 22, 34.37%), pus
(n = 19, 29.68%), blood (n = 13, 20.31%), fluids (n = 9, 14.06%), and wounds (n = 1, 1.56%).
Hypervirulent K. pneumoniae (hvKp) strains were defined as hypermucoid (string positive)
strains with a string test result greater than 5 mm in diameter. Of the total isolated strains,
21 (32.8%) were identified as hvKp, while the remaining 43 (67.2%) were classified as
classical K. pneumoniae (cKp).

3.2. Antibiotic Resistance

The Kirby–Bauer disc diffusion technique results indicated that isolates exhibited
the highest resistance to ampicillin (92.1%, 59/64), followed by tetracycline (75%, 48/64)
and cefotaxime (54.6%, 35/64) (Table 1, Figure 1). Additionally, 42 isolates (65.6%) were
multidrug-resistant (MDR), showing resistance to three classes of antibiotics. Blood isolates
showed the highest resistance levels in more than three classes of antibiotics, with 32 (50%)
classified as extensively drug-resistant (XDR).

Table 1. Antibiotic susceptibility profile of K. pneumoniae (n = 64).

Antibiotic Resistance n (%) Intermediate n (%)

Ampicillin (AMP) 59 (92.1) None

Amoxicillin-clavulanic acid (AMC) 34 (53.1) 0

Amikacin (AK) 16 (25.0) 0

Gentamicin (CN) 25 (39.0) 0

Cefotaxime (CTX) 35 (54.6) 0

Ceftazidime (CAZ) 24 (37.5) 0

Cefepime (FEP) 26 (40.6) 0

Sulbactam/Cefoperazone (SCF) 12 (18.7) 0

Piperacillin–tazobactam (TZP) 11 (17.1) 0

Ceftazidime/avibactam (CZA) 33 (51.5) 0

Meropenem (MEM) 13 (20.3) 0

Tigecycline (TGC) 10 (15.6) 0

Ciprofloxacin (CIP) 26 (40.6) 0

Tetracycline (TET) 48 (75.0) 1 (1.56)

MDR total 42

XDR total 32

Of the isolates examined, 42 (65.6%) were MDR. Of these, 37 (88%) showed resistance
to more than three different antibiotic groups, while the remaining isolates were resistant
to just three groups. MDR was present in isolates sourced from blood (12/42) and urine
(12/42, 28.5%), pus (11/42, 26.1%), and fluid (5/42, 11.9%). A total of 32 (50%) isolates were
XDR (Figure 2). A high percentage of cKp isolates (n = 43) showed resistance to ampicillin
and ciprofloxacin in blood samples. All K. pneumoniae isolates from fluid samples showed
100% resistance to ciprofloxacin, tetracycline, and ampicillin. In total, 86% of isolates from
pus samples showed resistance against tetracyclin.
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SCF—sulbactam/cefoperazone; TGC—tigecycline; TET—tetracycline.
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Figure 2. Antimicrobial susceptibility and resistance of K. pneumoniae isolated from clinical samples
such as urine, pus, blood, and fluid. AMP—ampicillin; AK—amikacin; AMC—amoxicillin plus
clavulanic acid; TZP—piperacillin plus tazobactam; CTX—cefotaxime; CAZ—ciprofloxacin; MEM—
meropenem; FEP—cefepime; CZA—ceftazidime/avibactam; CN—gentamicin; CIP—ciprofloxacin;
SCF—sulbactam/cefoperazone; TGC—tigecycline, TET—tetracycline.
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3.3. Biofilm Production

In our study, only 84% (n = 54/64) of samples showed biofilm production (strong,
moderate, and weak); the most dominant group for biofilm production was found in
urine samples. Strong biofilm producers in the classical strain were found in urine and
blood, whereas in hypervirulent strains, moderate biofilm producers were more than strong
biofilm producers in urine samples (Figure 3). Isolates that had biofilm production were
sourced from both genders (female 32/38, male 22/26) and an age range of 16–45 years
(Table 2). In total, 34.3% of the K. pneumoniae isolates from urine samples were positive for
biofilm production. A notable observation was that females exhibited a higher incidence
of biofilm production, with 50% of the female samples testing positive. Additionally,
individuals aged 16–45 were more likely to have stronger biofilm producers and a higher
number of biofilm-producing bacteria. Urine specimens were found to have the highest
odds of biofilm production compared to blood (OR = 2.93), while fluid specimens had much
lower odds (OR = 0.10). The categories “46–60 years” and “>60 years” were assigned infinite
odds because there were no non-producers in those age groups, making it impossible to
calculate a finite odds ratio.
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Table 2. Biofilm production among K. pneumoniae isolates considering clinical specimens, gender, and
age with odds and odd ratios.

Character Strong
n(%)

Moderate
n (%)

Weak
n (%)

Total
Producer

n (%)

Non-
Producer

n (%)
Odds OR vs.

Blood
OR vs.
Urine

OR vs.
Male

OR vs.
Female

Clinical specimen
Blood 7 (41.1) 3 (17.6) 5 (29.4) 15 (88.2) 2 (11.7) 7.5 1 0.34 1.36 1.41
Fluid 0 (0) 2 (28.5) 1 (14.2) 3 (42.8) 4 (57.1) 0.75 0.1 0.03 0.14 0.14
Pus 5 (29.4) 6 (35.2) 3 (17.6) 14 (82.3) 3 (17.6) 4.67 0.62 0.21 0.85 0.88

Urine 10 (43.4) 7 (30.4) 5 (21.7) 22 (95.6) 1 (4.3) 22 2.93 1 4 4.13
Gender

Male 8 (30.7) 8 (30.7) 6 (23) 22 (84.6) 4 (15.3) 5.5 0.73 0.25 1 1.03
Female 14 (36.8) 10 (26.3) 8 (21) 32 (84.2) 6 (15.7) 5.33 0.71 0.24 0.97 1

Age group
0–15 years 3 (37.5) 1 (12.5) 1 (12.5) 5 (62.5) 3 (37.5) 1.67 0.22 0.08 0.3 0.31
16–45 years 16 (32) 16 (32) 11 (22) 43 (86) 6.14 0.82 0.28 1.12 1.15
46–60 years 2 (50) 1 (25) 1 (25) 4 (100) 0 (0) infinite infinite Infinite Infinite Infinite
>60 years 1 (50) 0 (0) 1 (50) 2 (100) 0 (0) infinite infinite infinite infinite Infinite

Ampicillin demonstrated a greater biofilm formation in antibiotic-resistant bacteria
than in susceptible ones. Conversely, biofilm formation was seen in susceptible isolates,
whereas resistant bacteria are non-biofilm producers and weak-to-moderate biofilm formers
(Table 3).

Table 3. Comparison of biofilm formation in antibiotic-resistant K. pneumoniae strains.

Antibiotics AST Pattern Strength of Biofilm Formation Odd Ratios
Number Non-Producer Poor Moderate Strong

AK R 15 2 4 3 6
1.27AK S 49 8 10 15 16

AMC R 32 8 7 9 8
0.20AMC S 32 2 7 9 14

AMP R 57 10 14 15 18
InfiniteAMP S 7 0 0 3 4

CAZ R 24 3 4 8 9
1.49CAZ S 40 7 10 10 13

CIP R 26 6 6 6 8
0.39CIP S 38 4 8 12 14

CN R 25 3 7 6 9
1.60CN S 39 7 7 12 13

CTX R 36 4 8 10 14
2.18CTX S 28 6 6 8 8

CZA R 33 5 8 9 11
1.08CZA S 31 5 6 9 11

FEP R 25 4 6 7 8
0.95FEP S 39 6 8 12 13

MEM R 12 3 3 1 5
0.47MEM S 52 7 11 17 17

SCF R 12 2 4 3 3
0.91SCF S 52 8 10 15 19

TET I 1 0 0 0 1 Infinite
TET R 47 9 11 12 15

0.28TET S 16 1 3 6 6
TGC R 10 1 2 4 3

1.80TGC S 54 9 12 14 19
TZP R 11 3 3 2 3

0.41TZP S 53 7 11 16 19

3.4. Genetic Determinants of Biofilm Formation in Hypervirulent and Classical Strains

Examining genetic variation within producers and non-producers has provided in-
sights into biofilm production’s genetic foundation in hypervirulent and classical organisms
(Figure 4). The hypervirulent producer strains (1208, 1245, and 1256) belong to ST859, ST147-
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1LV, and ST45-1LV, with 30, 24, and 25 producers and enhancer genes, whereas the classical
strains (1188, 1204, and 1246) belong to ST1047-1LV, ST2629, and ST37 and have 24, 15, and
14 genes. The hypervirulent non-producers (1183, 1184, and 1185) belong to ST147, ST4,
and ST1310, and the classical strains (1191, 1197, and 1198) belong to ST1310, ST4, and ST4
and have basic genes like BssS, TabA, and bdcA but are absent of most of the enhancing
genes. BssS-, TabA-, and bdcA-like genes were present in the non-biofilm producers, but the
biofilm-enhancing genes were absent. Biofilm creators possessed all enhancing genes like
(1) mrkD genes that help to create thick biofilms of K. pneumoniae. Additionally, (2) increased
expression of the fimH gene is crucial for bacterial attachment to surfaces, which promotes
the creation of robust biofilms; (3) strong biofilm formation (first detected in Klebsiella) was
significantly correlated with the expression of the sfa gene; (4) pilQ is known to be important
in regulating pili function, (5) pgaABCD mediates bacterial species’ intercellular binding
and surface adhesion; (6) treC has been shown to affect K. pneumoniae biofilm formation
by regulating the production of capsular polysaccharide (CPS); and (6) luxS is a Type 2
quorum-sensing regulatory system that enhances the biofilm mechanism.

Pathogens 2025, 14, x FOR PEER REVIEW 11 of 19 
 

 

(CPS); and (6) luxS is a Type 2 quorum-sensing regulatory system that enhances the bio-
film mechanism. 

 

Figure 4. The heatmap illustrates the correlation between K. pneumoniae isolates (on the y-axis) and 
antibiotic-resistant genes (the x-axis depicts biofilm producers and non-producers; each row in the 
heatmap corresponds to a different resistant gene). The color intensity in the dendrogram indicates 
the degree of correlation or similarity between the different genes or gene expression profiles. The 
darker the color, the stronger the correlation. 

3.5. Antibiotic Resistance Gene Profile and Biofilm Producers Gene Profile 

The biofilm producers’ antibiotic backgrounds were analyzed, and the results 
showed that the 140, 139, and 130 genes in strains 1208, 1245, and 1256 produced hyper-
virulent strains. In strains 1188, 1204, and 1246, the classical producers had 84, 72, and 69 
genes, respectively. In contrast, the classical strains had 64, 67, and 68 (1191, 1197, and 
1198), while the non-producer hypervirulent strains had 77, 68, and 67 (1183, 1184, and 
1185). 

A diverse range of resistant genes was found to be present in different isolates; for 
example, novobiocin resistance is linked to mutations in the gyrA and gyrB genes, which 
play crucial roles in the function of DNA gyrase. Resistance to beta-lactam antibiotics, 
such as penicillins and cephalosporins, arises due to the presence of extended-spectrum 
beta-lactamase (ESBL) genes, including blaTEM, blaSHV, blaCTX-M, blaOXA, and blaKPC. 
Resistance mechanisms also extend to other antibiotic classes, such as phenicols (via floR), 

Figure 4. The heatmap illustrates the correlation between K. pneumoniae isolates (on the y-axis) and
antibiotic-resistant genes (the x-axis depicts biofilm producers and non-producers; each row in the
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the degree of correlation or similarity between the different genes or gene expression profiles. The
darker the color, the stronger the correlation.
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3.5. Antibiotic Resistance Gene Profile and Biofilm Producers Gene Profile

The biofilm producers’ antibiotic backgrounds were analyzed, and the results showed
that the 140, 139, and 130 genes in strains 1208, 1245, and 1256 produced hypervirulent
strains. In strains 1188, 1204, and 1246, the classical producers had 84, 72, and 69 genes,
respectively. In contrast, the classical strains had 64, 67, and 68 (1191, 1197, and 1198), while
the non-producer hypervirulent strains had 77, 68, and 67 (1183, 1184, and 1185).

A diverse range of resistant genes was found to be present in different isolates; for
example, novobiocin resistance is linked to mutations in the gyrA and gyrB genes, which
play crucial roles in the function of DNA gyrase. Resistance to beta-lactam antibiotics,
such as penicillins and cephalosporins, arises due to the presence of extended-spectrum
beta-lactamase (ESBL) genes, including blaTEM, blaSHV, blaCTX-M, blaOXA, and blaKPC.
Resistance mechanisms also extend to other antibiotic classes, such as phenicols (via
floR), macrolides (ermB and mefA), carbapenems (blaKPC, blaNDM, and blaOXA-48), cyclo-
serine (cycA and cycB), fosmidomycin (fosA), fusidic acid (fusA and fusB), elfamycins
(rpoB), deaminopyrimidines like trimethoprim (dfrA and dfrB), sulfonamides (sul1 and sul2),
fluoroquinolones (gyrA, gyrB, parC, and parE), quinolones (gyrA and gyrB), bicyclomycins
(bcyA gene), rifamycins (rpoB), peptide antibiotics such as vancomycin (vanA, vanB, and
bacA), lincosamides (erm), streptogramins (erm, vgaA, and vgaB), isoniazid (inhA, katG, and
ahpC), ethionamide (ethA), triclosan (fabI), nucleoside antibiotics (e.g., pyre), and glycylines
(tet(X)). The screened antibiotics genes are mentioned in (Figure 5).
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3.6. Hemagglutination Assay

Out of the total isolated strains, 34 (53%) were positive, while 30 (47%) were negative in
the hemagglutination assay. Among hvKp, 57% (n = 12) were positive for hemagglutination,
while cKp showed a 43.4% (n = 23) positivity rate for hemagglutination (Figure 6). In cKp,
the hemagglutination ability was high in urine isolates, i.e., 93.3% (n = 14/15), followed by
blood 63.6% (n = 7/11), fluid 50% (n = 2/4), and pus samples 0% (n = 0/13). In hvKp, the
highest percentage was found in urine samples, 83.3% (n = 5/6), followed by fluids, 66.6%
(n = 4/6), blood, 60% (n = 3/5), whereas pus showed a 0% rate.
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3.7. Hemolysis Assay

None of our samples showed any hemolysin activity on blood agar.

4. Discussion
An increasingly common pathotype of the bacteria K. pneumoniae is hypervirulent,

which is clinically distinguished by its capacity to infect both immunocompetent and
healthy people with potentially fatal infections, so this study identified significant find-
ings with critical implications for both clinical practice and public health. Klebsiella spp.
accounted for 36.7% of the identified Gram-negative bacteria in this investigation, simi-
lar to previous reports [43–47]. The differences in prevalence rates seen in other studies
might be caused by various factors, including research location, collection type, seasonal
change, and environmental parameters, including the study site’s pH level, temperature,
and humidity [44].

We observed that the male population is highly affected, consistent with other stud-
ies [48]. Men consume more alcohol and smoke more than women do, which may be a
contributing factor in their increased risk of contracting K. pneumoniae infections [48]. Sixty-
four K. pneumoniae strains were recovered from various samples, with 33% hvKp, which
falls between the rates of similar studies (15.8% [49] and 64% [50]). The mean age ± SD
of those diagnosed with hvKp was 31.43 ± 21.5 years and 30.33 ± 14.92 among cKp, com-
parable to previous works [49], but other studies have found that the prevalence of hvKp
was widespread in elderly patients [50,51]. The majority of identified Klebsiella, including
cKp and hvKp, had antibiotic resistance to ampicillin (92.1%), tetracycline (75%), and
cefotaxime (54.6%). Other studies found that most bacteria were resistant to trimethoprim–
sulfamethoxazole, ciprofloxacin, and nitrofurantoin [52].

The WHO considers carbapenem-resistant K. pneumoniae to be a “serious cause for
concern.” Compared to the previously published 62% and 48% meropenem resistance
rates [50,52,53], the current study’s results for hvKp meropenem resistance rates were
14% and 20% for the classical variants. This discrepancy may be due to the patients’
increased use of the antibiotic as well as the isolation of samples from hospitalized patients.
When comparing their antibiotic resistance profiles, we observed a substantial difference in
antibiotic resistance between hvKp and cKp.

Following reports from the USA, MDR K. pneumoniae was later seen in Europe, South
America, and Asia [54]. Because there are few efficient antibiotics on hand, managing AMR
in MDR K. pneumoniae is an essential challenge for doctors and can lead to higher death
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rates, prolonged hospital stays, and excessive treatment expenditures [54]. Our analysis
demonstrated that it had the highest resistance to ampicillin, followed by tetracycline
and cefotaxime, with a reported XDR resistance of 50% and MDR resistance of 65.6%.
Numerous studies have reported a growing trend of antibiotic resistance and the emergence
of multidrug-resistant (MDR) K. pneumoniae [13,55–58].

The estimated global prevalence of nosocomial MDR K. pneumoniae was 32.8%, but
there is heterogeneity between regions [59], with South America with 72.4% and North
America with 12.9%. There is a heterogeneity of MDR K. pneumoniae prevalence at a
country level, with Brazilian (61.9%) [60], Bangladeshi (82%) [61], and Egyptian hospitals
(77.7%) [62] having high rates. In total, 59.3% of the isolates were ESBL-positive, and 85.7%
of the MDR isolates had this resistance mechanism, similar to results found in a recent
study in Poland [63]. This problem has become a serious worry for healthcare systems and
a life-threatening issue, emphasizing the need to adopt hospital antimicrobial stewardship
(AMS) programs to encourage the prudent use of antibiotics.

In our study, the percentage of K. pneumoniae isolates that produced ESBLs was lowest
among fluid isolates (1.5%) and largest among isolates from urine, followed by blood and
pus. Klebsiella spp. is becoming resistant to carbapenems at a drastic rate, even though
they represent the last line of defense for isolates expressing ESBL and AmpC [64]. In our
study, 20% of Klebsiella spp. strains were resistant to meropenem. The distribution of
CRKp isolates revealed the highest prevalence in pus samples, followed sequentially by
blood and urine, and the lowest in fluid specimens. This pattern diverges from previous
reports, identifying sputum as the primary source of CRKp isolation, followed by urine
and blood [65].

Our results showed that a large proportion (84.3%) of K. pneumoniae isolates were
biofilm producers, inconsistent with the report that also reported high biofilm produc-
ers of K. pneumoniae [66]. The K. pneumoniae isolates with biofilm-forming potential can
cause other serious consequences, such as implant-associated infections [67] and antibiotic
resistance, and pose a risk for nosocomial opportunistic infections [68,69].

The genetic processes for adhesion (fimbriae and pili), cohesion (adhesins and polysac-
charides), CPS, and QS are known to be involved in successful biofilm formation in K.
pneumoniae [70–72]. Extensive research has demonstrated that type 3 fimbriae is pivotal
in biofilm formation, particularly in K. pneumoniae strains. This is likely attributable to its
capacity to mediate surface adhesion, facilitating the colonization and clonal proliferation
of the bacteria [73–75].

Our research found a strong correlation between the presence of the luxS, mrkA, pgaA,
and wzm genes and biofilm formation in K. pneumoniae isolates. The presence of luxS,
mrkA, pgaA, and wzm genes was notably more frequent in biofilm-producing K. pneumoniae
isolates than in non-biofilm-producing strains. Consistent with the findings of our study,
Mirzaie et al. observed that the prevalence of biofilm-associated genes, including mrkA,
fimH, and mrkD, was K. pneumoniae isolates [11]. Another study reported the presence of
fimH, mrkA, and mrkD in 87.5%, 46.4%, and 53.6% of K. pneumoniae isolates, respectively [76].
Shadkam and colleagues, in their investigation of biofilm formation genes, found that 98%
of isolates carried the luxS gene, 96% contained the treC gene, and 34% harbored the wza
gene [77]. Our research corroborates the significant role of several genes, including luxS,
mrkA, pgaA, and wzm, in K. pneumoniae biofilm formation, as previously highlighted in
other studies [72,78,79].

Nevertheless, the MrkD protein at the tip of the fimbriae confers the adhesive charac-
teristic for practical attachment, aiding in improved adhesion to the basolateral surfaces
in vivo, such as bronchial or urinary tract epithelia [80]. In K. pneumoniae, pili function is
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known to be regulated by the E. Coli adhesive structures pilQ and common pilus (ecp). The
current investigation found EcpA and pilQ in practically all of the K. pneumoniae isolates.

Hemagglutination test results were positive for 35 (54.6%) isolated strains. HvKp
exhibits 57% (n = 12) positivity for hemagglutination, whereas cKp exhibited 53.4% (n = 23)
positivity. A recent study found a higher total (67%) of isolated K. pneumoniae positive for
hemagglutination [81]. The analysis of hemolysis revealed 0%, which contrasts with other
studies (8% [82], 20% [83]).

5. Conclusions
This study demonstrates the presence of hypervirulent K. pneumoniae (hvKp) strains

in clinical samples collected from various sites in Pakistan. The findings highlight a
higher prevalence of hvKp in younger patients, contrasting with other studies reporting its
prevalence among elderly patients. Additionally, the study underscores the considerable an-
tibiotic resistance observed in both classical and hypervirulent strains, particularly against
ampicillin, tetracycline, and cefotaxime. The presence of various virulence-associated and
biofilm-enhancing genes, such as mrkD, pgaABCD, fimH, treC, wzc, pilQ, and luxS, in hyper-
virulent strains further highlights the potential for increased morbidity and mortality in
affected patients. The findings also reveal a concerning overlap between MDR, XDR strains,
and virulence factors, which is particularly alarming. While the findings provide valuable
insights, limitations such as the small sample size and limited geographic coverage must
be acknowledged. Future research should explore larger, multicenter studies to understand
resistance and virulence dynamics better, as well as develop targeted diagnostic and treat-
ment strategies. Continuous surveillance and effective management remain essential to
mitigate the public health impact of these infections.
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