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Abstract
Klebsiella pneumoniae (K. pneumoniae) is a member of the ESKAPE group and is responsible for severe community 
and healthcare-associated infections. Certain Klebsiella species have very similar phenotypes, which presents a 
challenge in identifying K. pneumoniae. Multidrug-resistant K. pneumoniae is also a serious global problem that 
needs to be addressed. A total of 190 isolates were isolated from urine (n = 69), respiratory (n = 52), wound (n = 48) 
and blood (n = 21) samples collected from various hospitals in the Al-Qassim, Saudi Arabia, between March 2021 
and October 2022. Our study aimed to rapidly and accurately detect K. pneumoniae using the Peptide Mass 
Fingerprinting (PMF) technique, confirmed by real-time PCR. Additionally, screening for antibiotic susceptibility and 
resistance was conducted. The primary methods for identifying K. pneumoniae isolates were culture, Gram staining, 
and the Vitek® 2 ID Compact system. An automated MALDI Biotyper (MBT) instrument was used for proteome 
identification, which was subsequently confirmed using SYBR green real-time polymerase chain reaction (real-time 
PCR) and microfluidic electrophoresis assays. Vitek® 2 AST-GN66 cards were utilized to evaluate the antimicrobial 
sensitivity of K. pneumoniae isolates. According to our results, Vitek® 2 Compact accurately identified 178 out of 190 
(93.68%) K. pneumoniae isolates, while the PMF technique correctly detected 188 out of 190 (98.95%) isolates with a 
score value of 2.00 or higher. Principal component analysis was conducted using MBT Compass software to classify 
K. pneumoniae isolates based on their structure. Based on the analysis of the single peak intensities generated by 
MBT, the highest peak values were found at 3444, 5022, 5525, 6847, and 7537 m/z. K. pneumoniae gene testing 
confirmed the PMF results, with 90.53% detecting entrobactin, 70% detecting 16 S rRNA, and 32.63% detecting 
ferric iron uptake. The resistance of the K. pneumoniae isolates to antibiotics was as follows: 64.75% for cefazolin, 
62.63% for trimethoprim/sulfamethoxazole, 59.45% for ampicillin, 58.42% for cefoxitin, 57.37% for ceftriaxone, 
53.68% for cefepime, 52.11% for ampicillin-sulbactam, 50.53% for ceftazidime, 52.11% for ertapenem, and 49.47% 
for imipenem. Based on the results of the double-disk synergy test, 93 out of 190 (48.95%) K. pneumoniae isolates 
were extended-spectrum beta-lactamase. In conclusion, PMF is a powerful analytical technique used to identify 
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Introduction
Among the most important and prevalent opportunistic 
pathogens, Klebsiella pneumoniae (K. pneumoniae) is 
responsible for a variety of severe community and health-
care-associated infections (HAIs) (Roscetto et al. 2021; 
Ndiaye et al., 2023). In recent years, K. pneumoniae has 
become increasingly multidrug-resistant, posing a seri-
ous threat to the general public (Rawy et al. 2020; Ibra-
him 2023; Yang et al. 2023). Because of its propensity 
to develop multidrug resistance and cause deadly out-
comes, this bacterium is considered a dangerous patho-
gen among the ESKAPE group (Bharadwaj et al. 2022; 
Priyamvada et al. 2022). K. pneumoniae can colonize the 
skin, oropharynx, or digestive tract of humans and cause 
pneumonia, soft tissue infections, wound infections, 
urinary tract infections, cholangitis, osteomyelitis, and 
meningitis, particularly in those with impaired immune 
systems or underlying medical conditions such as diabe-
tes mellitus (PodschunUllmann 1998; Gierczynski et al. 
2007; Remya et al. 2019).

Since K. pneumoniae has similar biochemical reactions 
to other coliforms, its isolation using conventional meth-
ods cannot be relied upon (Hansen et al. 2004; Osman 
et al. 2020). Healthcare settings can routinely identify a 
variety of clinical bacteria using automated biochemical 
methods such as BD Phoenix and Vitek 2 Compact sys-
tems (Dos Reis et al. 2022; Elbehiry et al. 2023). How-
ever, these techniques are inadequate for distinguishing 
between different bacterial species at the species level 
(Pesciaroli et al. 2015; Elbehiry et al. 2023). Quick iden-
tification of K. pneumoniae is essential for the early and 
targeted application of antibiotics and infection preven-
tion (Adams-Sapper et al. 2015; Kilic et al. 2016). A delay 
in receiving the appropriate antibiotic therapy is a major 
risk factor for infection-related morbidity and mortal-
ity (Kilic et al. 2016). Therefore, the development of a 
method that can accurately, rapidly, inexpensively, and 
economically identify distinct forms of bacteria in medi-
cal settings is imperative. Recently, Peptide Mass Fin-
gerprinting (PMF) has emerged as a powerful analytical 
tool for the identification and discrimination of bacteria 
(Elbehiry et al. 2021). It can identify and differentiate 
bacteria based on their unique mass spectra (Elbehiry 
et al. 2023). This technology is utilized in various fields, 
including medical research, food safety, and environmen-
tal protection (Hou et al. 2019; Abalkhail and Elbehiry 
2022; Alzaben et al. 2022). Due to its ability to rapidly 

detect species, this technique is becoming increasingly 
popular as a detection approach.

Virulence factors, in conjunction with the antimicro-
bial susceptibility profile, may influence the spectrum 
of clinical infections caused by K. pneumoniae such as 
pneumonia, bloodstream infections, wound infections, 
and meningitis (Remya et al. 2019). To date, the capsule, 
lipopolysaccharides, siderophores, and fimbriae of K. 
pneumoniae have been extensively studied for potential 
virulence genes (Parrott et al. 2021). As a result, these 
factors play a critical role in adhesion, colonization, inva-
sion, and emergence of infection. Recent discoveries 
include outer membrane proteins, porins, efflux pumps, 
iron transport systems, and genes that contribute to 
allantoin metabolism (Ahmed and Alaa 2016; Paczosa 
and Mecsas 2016). Therefore, molecular characterization 
of clinical isolates of K. pneumoniae can reveal the genes 
involved in infection, the mode of transmission, and the 
best medications to treat the illness. Antigens known as K 
antigens, which are components of capsules, protect bac-
teria from phagocytosis based on strain specificity. Of the 
77 capsular serotypes associated with serious infections 
in humans, K1 and K2 are two of the most common (Pac-
zosa and Mecsas 2016). K1 is the only capsule serotype in 
which both microviscosity-associated gene A (magA) and 
capsule-associated gene A (K2A) are restricted. These 
genes play a role in the development of liver abscesses 
(Seo et al. 2016; Al-Deresawi et al. 2023), and there are 
reports of outbreaks caused by K1 or K2 serotypes in 
locations other than the liver (Ku et al. 2008).

The mucoid phenotype A gene (rmpA) is regulated by 
a restriction plasmid or chromosome-mediated regula-
tor, which regulates the production of capsular polysac-
charides (Bialek-Davenet et al. 2014; De Koster 2023). 
It enhances capsule production in particularly virulent 
K. pneumoniae. There is growing evidence that magA 
and k2A genes are key in the pathophysiology of hyper-
virulent K. pneumoniae infections (Remya et al. 2019). 
Additionally, K. pneumoniae can produce enterobactin 
siderophores (entB), tiny molecules that are capable of 
stealing iron from the ferrous-chelating proteins of their 
host, enabling it to escape neutralization by the host 
(Willcocks et al. 2016; Kot et al. 2023; Wei et al. 2023).

Multidrug resistance has increased worldwide, posing 
a significant public health threat. Recent investigations 
have documented the emergence of multidrug-resistant 
bacterial pathogens from various sources, highlighting 
the urgent need for new, effective, and safe alternatives to 

K. pneumoniae isolates from clinical samples based on their proteomic characteristics. K. pneumoniae isolates have 
shown increasing resistance to antibiotics from different classes, including carbapenem, which poses a significant 
threat to human health as these infections may become difficult to treat.
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antibiotics, such as probiotics (Kareem et al. 2021; Shafiq 
et al. 2022; El-Razik et al. 2023). Additionally, routine 
antimicrobial susceptibility testing is crucial for identi-
fying the most effective antibiotic treatment, as well as 
screening for emerging multidrug-resistant strains (Elbe-
hiry et al. 2024).

Currently, there is a growing concern over the emer-
gence of antibiotic resistance among various strains 
of bacteria worldwide (Chinemerem Nwobodo et al. 
2022; Bengtsson-Palme et al. 2023; Salam et al. 2023). 
The incidence of multidrug-resistant K. pneumoniae 
has increased significantly over the past few decades, 
representing a threat to human health (Siddique et 
al. 2020; Miftode et al. 2021). Due to K. pneumoniae’s 
ability to develop numerous pathways for antibiotic 
resistance, it is particularly dangerous as a cause of 
healthcare-associated infections (Elbehiry et al. 2022, 
2022). Over 100 distinct antimicrobial resistance-
acquired genes have been identified in K. pneumoniae 
(Moya and Maicas 2020). Many clinical isolates of K. 
pneumoniae are capable of counteracting the effects 
of lactam antibiotics, such as penicillins, cephalospo-
rins, and carbapenems, which are widely used in hos-
pitals and critical care facilities (Aminul et al. 2021). 
In addition to porin loss, these factors include the 
development of extended-spectrum beta-lactamases, 
ampC β-lactamases, metallo-β-lactamases, and car-
bapenemase (Wasfi et al. 2016). Efflux pumps are also 
responsible for K. pneumoniae’s resistance to chloram-
phenicol, macrolides, quinolones, and β-lactam antibi-
otics (Maurya et al. 2019).

To maintain a certain level of antibiotics in the blood 
and tissues throughout treatment, antibiotics should 
be administered by a physician who understands the 
interval-dose-response relationship (Saha 2019). The 
World Health Organization (WHO) reports that drug 
resistance can be caused by inadequate antibiotic use, 
transmission of resistant bacteria from patients and 
healthcare workers, a lack of knowledge of antibiotic 
application requirements, and a lack of simple evalu-
ation methods for monitoring antibiotic limitations 
(Organization 2011; AlyBalkhy 2012). Additionally, 
a majority of the routinely recommended antibiotics, 
such as ampicillin, amoxicillin, cephalosporins, ami-
noglycosides, and -lactam antibiotics, are ineffective 
against K. pneumoniae (Jadhav et al. 2012; Cevik et 
al. 2022). Therefore, the current investigation aimed 
to utilize rapid identification technology, such as the 
PMF technique, along with molecular typing of viru-
lence genes, to investigate the epidemiological spread 
of K. pneumoniae strains in healthcare settings in Al-
Qassim, Saudi Arabia. Furthermore, susceptibility and 
resistance against K. pneumoniae were also evaluated 
for various classes of commonly used antibiotics.

Materials and methods
Ethical approval
Since there were no human participants in this study, 
there was no need for ethical approval or written authori-
zation. We utilized only bacterial cultures obtained from 
routine medical tests or strain collections, rather than 
primary human samples. This study used clinical strains 
that were obtained from routine diagnostic procedures. 
In light of this, no attempt was made to obtain patient 
samples for the purpose of the inquiry.

Bacterial isolates and preliminary identification
A total of 190 isolates were isolated from urine (n = 69), 
respiratory (n = 52), wound (n = 48) and blood (n = 21) 
samples collected from various hospitals in the Al-Qas-
sim, Saudi Arabia, between March 2021 and October 
2022. Blood agar and MacConkey agar (HiMedia Labo-
ratories, Thane, India) were used to isolate bacteria from 
respiratory, wound and blood samples, while Cystine-
Lactose-Electrolyte-Deficient Agar (CLED) (HiMedia 
Laboratories, Thane, India) was used to isolate bacte-
ria from urine samples. Preliminary identification of K. 
pneumoniae was based on lactose-fermenting mucoid 
colonies on MacConkey’s and CLED agars, as well as 
Gram-negative rods under a light microscope after 
staining. Automated identification Vitek2 compact GN-
card (BioMerieux, France) was also used to identify the 
isolates.

Biochemical analysis of K. pneumoniae using automated ID 
instrument
The Vitek® 2 Compact (BioMérieux, Marcy l’Etoile, France) 
was used to identify K. pneumoniae by the manufacturer’s 
instructions. In brief, 2–3 fresh colonies were dropped into 
a sterilized physiological sodium chloride solution. The 
McFarland turbidity was adjusted to 0.50–0.63 using Den-
siChek™ (BioMérieux, Marcy l’Etoile, France). Then, 5 mL of 
the suspension was placed onto each Vitek 2 ID-GN card. 
Finally, the cards and suspension tubes were inserted into 
the Vitek 2 cassette. The unidentified bacteria were com-
pared with the corresponding reference strains stored in the 
Vitek 2 Compact software to ensure precise identification.

The identification of K. pneumoniae using peptide Mass 
Fingerprinting technique
According to the ethanol-formic acid-acetonitrile extrac-
tion protocol created by Bruker Daltonics in Bremen, Ger-
many, the MALDI Biotyper (MBT) (Lartigue 2013) was 
used to identify isolates of K. pneumoniae from diverse 
clinical samples. In brief, the isolates were streaked on Tryp-
ticase Soy Agar (Hardy Diagnostics, Saudi Arabia) and incu-
bated at 37  °C for 24 h. The MBT 96 target plate (Bruker 
Daltonics, Bremen, Germany) was then inoculated with two 
duplicates of one fresh colony from each isolate to minimize 
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the impact of randomization. We mixed the colony with 
one µL of a matrix solution containing saturated α-Cyano-
4-hydroxycinnamic acid (CHCA), 50% acetonitrile (MeCN), 
and 2.5% trifluoroacetic acid (TFA). Identification was per-
formed on the MBT (337 nm) using the Flex software from 
Bruker Daltonics. At a voltage of 20 kV, ions were acceler-
ated in the positive ion mode. The ions’ pulsed extraction 
process was developed for ions with a mass of 1000 Da.

Spectra were then automatically collected with Flex 
control of laser intensity using the Compass software 
and analyzed by comparing typical patterns to those of 
fourteen K. pneumoniae species used as references. Log 
scores were calculated based on comparisons between 
the unidentified spectra and the database’s reference 
spectra. Identification at the species level was reliable 
when scores equaled or exceeded 2.0, while identifica-
tion at the genus level was reliable when scores ranged 
between 1.9 and 1.7. The Main Spectrum Profile (MSP) 
dendrogram was created to measure the correlation dis-
tance among MBT spectra for clustering. Distances of 
500, 180, and 100 were used to separate and examine 
clusters. As a positive control, Escherichia coli was used 
as the bacterial test standard throughout the experiment.

Molecular identification of K. pneumoniae using SYBR 
green real-time PCR
DNA extraction
The DNA was extracted using a thermal lysis technique 
(Ahmed et al. 2013). In brief, 3–5 bacterial colonies were 
added to 200 µL of distilled water in a PCR tube. The PCR 
tube was then heated at 98 °C for 20 min using a thermal 
cycler (Biometra, Göttingen, Germany). Afterward, cel-
lular debris was pelletized by centrifuging the tubes for 

5  min at 14.000  rpm. We subsequently transferred the 
supernatant into sterile, labeled Eppendorf tubes and 
stored them at -20 °C for further processing.

Current investigation’s primers
The isolates were further confirmed for the presence of 
virulence-associated K. pneumoniae genes by analyzing 
their 16  S rRNA, microviscosity-associated A (magA), 
allantoin metabolism (allS), ferric iron uptake (Kfu), cap-
sule-associated (K2A), regulator of mucoid phenotype A 
(rmpA), and enterobactin gene (entB). For the detection 
of K. pneumoniae, a specific region of the 16 S rRNA was 
selected carefully and the primers were selected using 
the Primer Express software, version 2.0 (Applied Bio-
systems, USA), and tested for specificity using the Basic 
Local Alignment Search Tool (BLAST) (Table 1).

Protocol of SYBR green real-time PCR assay and 
electrophoresis of PCR products
An Applied Biosystems 7500 Fast Real-Time PCR Sys-
tem was then used for the detection of the virulence-
associated genes of K. pneumoniae. The reaction volume 
for this experiment was 10 µL, which consisted of 5 µL 
of SYBR Master mix (2x) (MedChemistryExpress, Mon-
mouth Junction, USA), 0.2 µL of forward primer (10 µM), 
0.2 µL of reverse primer (10 µM), 1 µL of DNA, and 3.4 
µL of RNase/DNase free water (ddH2O). The follow-
ing amplification parameters were used: 50 °C for 2 min, 
95 °C for 2 min, followed by 40 amplification cycles con-
sisting of 15 s at 95 °C and 1 min at 60 °C. Water was used 
as the negative control rather than template DNA for 
the PCR reaction. To ensure precise findings, each reac-
tion was performed twice. A plot of Delta Rn (Rn) ver-
sus cycle number was used to identify the K. pneumoniae 
genes from the qPCR results. A LabChip GX Touch 24 
system (PerkinElmer, Massachusetts, United States) was 
then applied for electrophoresis of the PCR products. 
According to the manufacturer’s instructions, DNA 1 K 
Assay Quick was used to prepare and chip the samples.

Antibiotic susceptibility testing using Vitek 2 compact AST 
cards
The Vitek2® Gram Negative Susceptibility cards (AST-
GN66 Test Kit 20 Cards − 413,398) purchased from 
Biomérieux, Lyon, France were used to assess antibiotic 
resistance and susceptibility against identified strains of 
K. pneumoniae according to minimal inhibitory concen-
trations (MICs). Based on the manufacturer’s guidelines, 
the isolate suspension was prepared and then adjusted 
using a Vitek Densichek, which measures the optical 
density of a microbe suspension (0.5 to 0.63). A sum-
mary of the MIC ranges (µg/mL) of the 17 antimicro-
bial agents of 10 various classes of antibiotics included 
on the AST-GN66 card is presented in Table  4. Based 

Table 1  Primer sets for detecting virulence-associated genes in 
K. pneumoniae
Gene 
target

DNA sequence (5’ to 3’) Base 
pair 
(bp)

References

16 S rRNA ATT TGA AGA GGT TGC AAA CGA T 130 Song et al. 
(2003)TTC ACT CTG AAG TTT TCT TGT 

GTT C
magA GGT GCT CTT TAC ATC ATT GC 1283 Turton et 

al. (2010)GCA ATG GCC ATT TGC GTT TGC 
GTT AG

allS ​C​A​T​T​A​C​G​C​A​C​C​T​T​T​G​T​C​A​G​C 764 Compain 
et al. (2014)​G​A​A​T​G​T​G​T​C​G​G​C​G​A​T​C​A​G​C​T​T

Kfu ​G​G​C​C​T​T​T​G​T​C​C​A​G​A​G​C​T​A​C​G 638 Compain 
et al. (2014)​G​G​G​T​C​T​G​G​C​G​C​A​G​A​G​T​A​T​G​C

k2A ​C​A​A​C​C​A​T​G​G​T​G​G​T​C​G​A​T​T​A​G 543 Struve et al. 
(2005)​T​G​G​T​A​G​C​C​A​T​A​T​C​C​C​T​T​T​G​G

rmpA ACT GGG CTA CCT CTG CTT CA 536 Yeh et al. 
(2006)CTT GCA TGA GCC ATC TTT CA

entB ​G​T​C​A​A​C​T​G​G​G​C​C​T​T​T​G​A​G​C​C​G​T​C 400 Compain 
et al. (2014)​T​A​T​G​G​G​C​G​T​A​A​A​C​G​C​C​G​G​T​G​A​T
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on the instructions provided by the manufacturer, AST-
GN66 cards were inoculated in bacterial test tubes and 
then submitted to the device for interpretation. The MIC 
was classified as susceptible, moderate, or resistant based 
on the permissions granted by the Clinical and Labora-
tory Standards Institute (CLSI) (Cockerill et al. 2013). 
According to the CLSI (Clinical and Laboratory Stan-
dards Institute 2014), the term “multidrug-resistant” 
(MDR) strain is used to describe bacteria that are resis-
tant to at least one antibiotic across three or more chemi-
cal families. The term “extensively drug-resistant” (XDR) 
strain describes bacterial isolates that are resistant to at 
least one antibiotic agent in all but one or two antimicro-
bial subcategories. The term “pan drug-resistant” (PDR) 
refers to bacteria that are non-susceptible to all antimi-
crobial agents. K. pneumoniae Deutsche Sammlung von 
Mikroorganismen und Zellkulturen (DSMZ) 26,371 was 
used as a positive control strain.

Phynotypic detection of extended-spectrum β-lactamases 
(ESBL) in K. pneumoniae isolates
This study utilized the double disc synergy test (DDST) to 
identify ESBL K. pneumoniae. In brief, discs of amoxicil-
lin/clavulanic acid (20 g/10 g) and third-generation ceph-
alosporin discs (30  g ceftazidime, 30  g cefotaxime, and 
30 g cefpodoxime) were placed on a Muller-Hinton agar 
plate (Arkan, Burayidah, Saudi Arabia) approximately 
20  mm apart from each other (Duttaroy and Mehta 
2005). Each plate was incubated overnight at 37 °C. The 
presence of an increase in the cephalosporin inhibition 
zone toward the amoxicillin/clavulanic acid disc was con-
sidered a positive indicator of ESBL. We used K. pneu-
moniae DSM 681 as a control.

Statistical analysis
As soon as the findings of the investigation were received, 
all calculations were performed using SPSS, version 20.0 
(SPSS Inc., Chicago, IL, USA).

Results
A total of 190 isolates were obtained from several hos-
pitals in Al-Qassim, Saudi Arabia, between March 2021 
and October 2022. They were categorized into 69 urine 
isolates, 52 respiratory isolates, 48 wound isolates, and 
21 blood isolates. The Vitek® 2 ID Compact system, 

Gram staining, and culture were the primary methods 
employed for identifying K. pneumoniae isolates. An 
automated MALDI Biotyper (MBT) device was utilized 
for proteome identification. SYBR green real-time poly-
merase chain reaction (real-time PCR) and microfluidic 
electrophoresis were employed to confirm these findings. 
Additionally, we screened the isolates for antibiotic sus-
ceptibility and resistance.

Phenotypic characteristics of the recovered K. pneumoniae 
isolates
A total of 190 K. pneumoniae isolates were preliminar-
ily identified by culture and staining techniques from 
blood, respiratory, and wound samples collected from 
three hospitals in the Al-Qassim region of Saudi Arabia. 
As shown in Table 2 and 178 (93.68%) isolates were cor-
rectly identified by the Vitek 2 Compact ID system, of 
which 95.65%, 93.30%, and 93.75% were obtained from 
urinary, respiratory, wound, and blood samples, respec-
tively. Ten (6.32%) isolates were misidentified, of which 3 
(4.35%) were recovered from urine, 4 (6.70%) from respi-
ratory, and 3 (6.25%) from wounds. On the other hand, 
two (9.53%) of the isolates isolated from blood were not 
identified.

Proteomic identification of K. pneumoniae using PMF 
technique
MBT automated equipment was used to analyze 190 iso-
lates of K. pneumoniae. Using the Bruker library of Com-
pass software to compare the obtained spectra, 188/190 
(98.95%) were successfully recognized. At the species 
level, 103 isolates (54.21%) were identified with scores 
ranging from 2.30 to 3.00, and 85 isolates (44.54%) were 
identified with scores ranging from 2.00 to 2.29. Two iso-
lates could be identified at the genus level, with score val-
ues ranging from 1.7 to 1.99. The remaining two isolates 
were not identified.

As can be seen in a recent gel image, each K. pneu-
moniae isolate produced distinct spectra. In Fig.  1, 
numerous spectra were observed between 2150 and 
15,043  m/z, whereas in Fig.  2, the highest peak values 
were found in 3444, 5022, 5525, 6847, and 7537  m/z. 
Our study also utilized a complementary computational 
technique called Principal Component Analysis (PCA) 
derived from the MBT Compass software in order to 

Table 2  The distribution of K. pneumoniae isolates from various clinical samples identified by the Vitek 2 compact system
Source of isolation Number of isolates Correctly identified Misidentified Not identified

Number Percentage Number Percentage Number Percentage
Urinary 69 66 95.65 3 4.35 0 0.00
Respiratory 52 48 93.30 4 6.70 0 0.00
Wound 48 45 93.75 3 6.25 0 0.00
Blood 21 19 90.47 0 0.00 2 9.53
Total 190 178 93.68 10 6.32 0 0.00
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investigate protein spectra variance and consistency. It 
can be seen in Fig. 3a that in 3D PCA, there were a num-
ber of distinct spectral patterns for each protein of the 
detected isolates. For the purpose of identifying each 
peak, three loading values were used. The loading values 
for these components were derived from the three prin-
cipal components (PC1, PC2, and PC3) equation. In our 
investigation, all reported peaks in the MBT library were 
examined with the help of the PCA tool. As can be seen 
in the 3D PCA, all K. pneumoniae isolates were grouped 
together into one group. It was estimated by PCA that 
PC1, PC2, and PC3 had reciprocal effects of approxi-
mately 45%, 17%, and 9%, respectively, on the develop-
ment of a profile in a percentage plot of the difference 
clarified (Fig. 3b).

Based on our findings, the MSP dendrogram revealed 
that the evaluated K. pneumoniae strains exhibited strict 
associations with twelve reference strains stored in the 
Bruker library (Fig. 4). In the analysis of the results, 190 
clinical isolates of K. pneumoniae were matched with 
the following reference strains: forty-two isolates with 
K. pneumoniae ssp. ozaenae DSM 16358T DSM, twenty-
eight isolates with K. pneumoniae 37,595 PFM, twenty-
two isolates with K. pneumoniae ssp. pneumoniae 9295_1 

CHB, nineteen isolates with K. pneumoniae 37,585 PFM, 
and fifteen isolates with K. pneumoniae 37,924 PFM. Fur-
thermore, fifteen strains matched K. pneumoniae ssp. 
ozaenae CCM 5791T CCM, twelve strains matched K. 
pneumoniae ssp. rhinoscelromatis DSM 16231T HAM, 
10 strains matched K. pneumoniae RV_BA_03_B LBK, 8 
strains matched K. pneumoniae ssp. ozaenae CCM 792T 
CCM 7 strains matched K. pneumoniae ssp. pneumoniae 
DSM 30104T_QC DSM, 7 strains matched K. pneu-
moniae ssp. pneumoniae DSM 30104T HAM and 5 iso-
lates matched K.pneumoniae ssp. ozaenae DSM 1G358T 
HAM. Matching field isolates with reference strains in 
the Bruker library using MALDI is a method used to 
identify unknown bacteria. This is done by comparing 
the mass spectrum of the unknown bacteria to that of a 
known bacterium in the database. If the spectra match, 
the unknown bacteria can be confidently identified.

Verification of the identification of K. pneumoniae isolates 
with SYBR green real-time PCR
Following the MBT assay, the results were validated 
using SYBR Green Real-Time PCR. A group of prim-
ers was developed specifically targeting sections of the 
16 S rRNA, magA, allS, Kfu, k2A, rmpA, and entB genes 

Fig. 1  Protein profiles of 190 K. pneumoniae; A peak distributions within line spectra between 2150 and 15,043 m/z; B gel profiles from different protein 
spectra accumulated together
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to distinguish virulent strains of K. pneumoniae. Ampli-
fication of these primers resulted in amplified frag-
ments with the specified molecular weights during PCR 
amplification. Separately, the amplification of each gene 
was evaluated, and the size of each anticipated product 
was determined. After LabChip analysis, the PCR prod-
uct sizes for 16  S rRNA, magA, allS, Kfu, k2A, rmpA, 
and entB were 130 bp, 1283 bp, 764 bp, 638 bp, 543 bp, 
536  bp, and 400  bp, respectively. As can be seen in 
Tables  4 and 172 (90.53%), 133 (70%), 62 (32.63%), 23 
(12.11%), 7 (3.63%), 3 (1.58%), and 1 (0.53%) of the iso-
lates carried the entB, 16 S rRNA, kfu, rmpA, k2A, allS, 
and magA genes, respectively. A total of 175 (92.11%) K. 

pneumoniae isolates were positive for numerous viru-
lence genes, but only one strain contained the magA 
gene. It has been demonstrated that the results obtained 
by MBT and SYBR Green Real-time-PCR were in perfect 
agreement; therefore, the results obtained by the PCR 
confirmed those obtained by MBT.

Antibiotic resistance of K. pneumoniae
As shown in Fig.  5; Table  4, among 190 K. pneumoniae 
isolates, 123 (64.75%) were resistant to cefazolin (cepha-
losporin I), 119 (62.63%) to trimethoprim/sulfamethox-
azole (sulfonamides), 113 (59.45%) and 99 (52.11%) 
were resistant to ampicillin/ampicillin-sulbactam 

Fig. 2  Mass spectroscopic patterns of 190 K. pneumoniae; A strong peaks were seen at 3444, 5022, 5525, 6847, and 7537 m/z; and B the gel pattern 
reflected protein spectra scattered throughout the same region
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Fig. 4  Bruker’s library contains 12 reference strains that were matched with 190 clinical isolates of K. pneumoniae. In this diagram, the numbers of the 
field-isolated strains are shown in front of the corresponding reference strain and marked with arrows

 

Fig. 3  Analysis of the peak lists of K. pneumoniae isolates analyzed using the Peptide Mass Fingerprinting (PMF) technique. A the distribution of K. pneu-
moniae isolates isolated from urine (yellow), respiratory (cyan), wound (olive), and blood (pink) samples can be observed in the diagram illustrating the 
first three principal components (PCs) of the entire peak lists of PMF mass spectra, and B the contribution of ten PC models to the classification of profiles 
is shown in the plot indicating the proportion of variance explained by the PC model
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(aminopenicillin/inhibitor combination), and 111 
(58.42%) were resistant to cefoxitin (cephalosporin II/
cephamycin). Moreover, 109 (57.37%), 102 (53.68%), 96 
(50.53%), 99 (52.11%), and 94 (49.47%) isolates were resis-
tant to ceftriaxone, cefepime, ceftazidime (cephalosporin 
III/IV), and ertapenem/Imipenem (carbapenem), respec-
tively. A variable degree of resistance was also observed 
for the class of aminoglycosides, including tobramycin 
(42.11%) and gentamicin (40.53%). In contrast, the iso-
lates of K. pneumoniae were highly susceptible to ureido-
penicillin/inhibitor combinations, including piperacillin/
tazobactam (87.79%), fluoroquinolones, including levo-
floxacin (77.89%), and nitrofurans including nitrofuran-
toin (74.21%) (Table 4). Based on the results of the DDST, 
93/190 (48.95%) isolates of K. pneumoniae were ESBL, 
while the remainder were non-ESBL.

Discussion
In accordance with recent data from the Centers for Dis-
ease Control and Prevention, two-thirds of all infections 
linked to hospital settings are caused by bacteria belong-
ing to the ESKAPE group, which significantly contributes 
to global mortality and morbidity (Córdova-Espinoza et 
al. 2023). Middle Eastern healthcare-associated infec-
tions (HAIs) are predominantly bloodstream and surgi-
cal wound infections, followed by urinary tract infections 
(Nimer 2022). Gram-negative bacteria, including Esche-
richia coli and Klebsiella species, are the most commonly 
identified pathogens involved in HAIs (Nimer 2022). 
Worldwide, K. pneumoniae is responsible for more than 
600,000 deaths related to antibiotic resistance, making it 
second only to E. coli in terms of prevalence (Al Bshab-
she et al. 2020; Hafiz et al. 2023). Analytical methods 
that can be used in real-time and with high precision are 
necessary to monitor HAIs and screen for any undesired 
pathogens that may pose serious risks to patient health. 
Keeping K. pneumoniae at bay is essential due to its asso-
ciation with a variety of human illnesses, and so correctly 
identifying it is a crucial part of diagnosis (Russo et al. 
2018; Nyblom et al. 2023; Zhang et al. 2023). A fast turn-
around time is also essential in order to begin treatment 
as soon as possible (Bassetti et al. 2018; Boattini et al. 
2023). Due to its quick, precise, and inexpensive nature, 
PMF has become an essential tool for the early detection 
of bacteria in clinical and environmental samples over 
the past two decades (Elbehiry et al. 2021, 2022, 2023; 
Alzaben et al. 2022).

According to our study, 188 out of 190 isolates of K. 
pneumoniae recovered from various clinical samples 
were correctly identified (98.95%). Based on these find-
ings, the mass spectrum provided by MBT Compass 2.0 
Software was sufficient to identify all isolates of Klebsi-
ella at the species level. We upgraded Compass 2.0 for 
use in our investigation, which may explain the improved Ta
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accuracy compared to previous investigations. Simi-
lar results were reported by Bridel et al. (Bridel et al. 
2021), who developed a web-based tool called Klebsi-
ella MALDI TypeR to identify environmental and clini-
cal isolates of Klebsiella. They reported that this method 
can quickly produce results based on batches of uploaded 
spectral data, with an accuracy ranging between 84% 

and 100% depending on the phylogroup. According to 
Kumar et al. (Kumar et al. 2020), MALDI-TOF MS cor-
rectly identified 20 K. pneumoniae (100%) isolates at the 
species level with scores equal to or greater than 2.0. 
Another study by Roncarati et al. (Roncarati et al. 2021) 
used cluster analysis of MALDI-TOF MS-created spectra 
to identify 65 K. pneumoniae isolates from positive blood 

Table 4  Using Vitek2® Compact AST-GN66 cards to determine the antibiotic susceptibility and resistance percentages of 190 K. 
pneumoniae isolates obtained from clinical samples
Class of antibiotic Antibiotic used MIC range (µg/ml) Results of AST-GN66 cards

Susceptible Intermediate Resistant

No. % No. % No. %
Aminopenicillin/inhibitor combination Ampicillin 2–32 77 40.55 0 0.00 113 59.45

Ampicillin/Sulbactam 2/1–32/16 91 47.89 0 0.00 99 52.11
Ureidopenicillin/inhibitor combinations Piperacilllin/Tazobactam 4/4–128/4 163 85.79 0 0.00 27 14.21
Cephalosporin I Cefazolin 4–64 43 22.62 24 12.63 123 64.75
Cephalosporin II/Cephamycin Cefoxitin 4–64 79 41.58 0 0.00 111 58.42
Cephalosporin III/IV Cefepime 1–64 88 46.32 0 0.00 102 53.68

Ceftazidime 1–64 94 49.47 0 0.00 96 50.53
Ceftriaxone 1–64 71 42.63 0 0.00 109 57.37

Carbapenem Ertapenem 0.5–8 91 47.89 0 0.00 99 52.11
Imipenem 0.25–16 96 50.53 0 0.00 94 49.47

Aminoglycosides Gentamicin 1–16 110 57.89 3 1.58 77 40.53
Tobramycin 1–16 110 57.89 0 0.00 80 42.11

Fluroquinolones Ciprofloxacin 0.25–4 139 73.15 12 6.32 39 20.53
Levofloxacin 0.12–8 148 77.89 0 0.00 42 22.11

Nitrofurans Nitrofurantoin 16–512 141 74.21 0 0.00 49 25.79
Sulfonamides Trimethoprim/Sulfamethoxazole 20 (1/19)–320 (16/304) 66 34.74 5 2.63 119 62.63

Fig. 5  Proportions of K. pneumoniae isolates resistant to various antimicrobial agents
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cultures. Based on their findings, 62 out of 65 (95.4%) of 
the K. pneumoniae strains were correctly identified. Fur-
thermore, Cuello and his colleagues (Cuello et al. 2023) 
used MALDI-TOF Mass Spectrometry Technology to 
identify K. pneumoniae isolates from clinical samples and 
found that this technology had 100% specificity. Having 
a reliable database and obtaining high-quality spectra are 
essential for reliable identification (Cuénod et al. 2023). 
One of the commercial databases used in routine diag-
nostics is the MBT Compass reference library version 
4.1.100. This library includes more than fifteen K. pneu-
moniae reference strains, increasing the likelihood of 
accurate identification.

Like any other microbiological detection method, 
MALDI-TOF MS has both advantages and disadvantages 
(Elbehiry et al. 2021; Elbehiry, 2022; Haider et al. 2023). 
This technique can detect a variety of microorganisms, 
including Gram-positive and Gram-negative bacteria, as 
well as fungi (Biswas and Rolain 2013). However, spectral 
disruption may occur due to the presence of endospores 
from bacteria like Bacillus species. To avoid this issue, 
it is recommended to use 24-hour cultures (Clark et al. 
2013). MALDI-TOF MS is effective in identifying spe-
cies at the species level for anaerobic isolates from clini-
cal samples, but it is less likely to identify Gram-positive 
isolates. Therefore, it is suggested that reference spectra 
from this bacterial group be included in future reference 
database releases (Chalupová et al. 2014). MALDI-TOF 
has been used to analyze various clinical samples, such 
as milk, urine, and blood, and has proven to be precise 
in identifying bacteria (Croxatto et al. 2016; Wilson et al. 
2019). However, the presence of a large number of germs 
in blood and urine samples hinders the widespread appli-
cation of this method. To overcome this obstacle, various 
methods, such as urine filtering and blood separation, are 
available (Tsuchida et al. 2020).

SYBR Green Real-Time PCR was successfully used in 
this study to confirm the detection of K. pneumoniae in 
different clinical samples. There was a strong correla-
tion between the PMF approach and PCR analysis for the 
16 S rRNA, magA, allS, Kfu, k2A, rmpA, and entB genes, 
regardless of the source of the isolates (urine, wound, 
blood, and exudate). The PCR product can be demon-
strated within five minutes using a microchannel fluidic 
device, whereas LabChip requires twenty minutes for 
preparation. By combining protein analysis with molecu-
lar methods, unconfirmed K. pneumoniae isolates could 
be identified in approximately 2.5  h. The pathogenicity 
of K. pneumoniae can be attributed to various factors 
that contribute to its virulence, including the capsule, 
endotoxins, siderophores, iron-scavenging systems, and 
adhesins. These elements enable the bacterium to evade 
the host’s immune system and cause different types 

of illnesses (Ahmed and Alaa 2016; Zhang et al. 2018; 
Remya et al. 2019).

One hundred and seventy-five out of 190 isolates 
examined in the current investigation were found to 
possess 92.11% of multiple genes coding for virulence. 
Almost all K. pneumoniae strains carried at least one 
siderophore. Among the 190 isolates, 90.53% (172/190) 
expressed the entB gene. The respiratory isolates dem-
onstrated the highest expression of this gene (94.23%), 
followed by the wound isolates (93.75%), the urine iso-
lates (88.40%), and the blood isolates (80.96%). Previous 
studies have identified entB as the most frequent sider-
ophore found in K. pneumoniae (El Fertas-Aissani et al. 
2013; Ahmed and Alaa 2016; Remya et al. 2019; Chen et 
al. 2020; Han et al. 2022). Another gene, known as Kfu, 
encodes an iron absorption mechanism that plays a 
role in invasion and capsule production [3,30]. Accord-
ing to our investigation, 62 out of 190 isolates (32.63%) 
expressed this gene. Among the isolates positive for this 
gene, 41.67% were from wounds, followed by respiratory 
secretions (32.69%), blood (28.57%), and urine (27.54%). 
Our findings align with those of a study conducted in 
Iraq (Ahmed and Alaa 2016). Previous studies have also 
found this gene in isolates of K. pneumoniae (LiuGuo 
2019; Tan et al. 2019).

A total of 23 isolates (12.11%) tested positive for the 
rmpA gene, as shown in Table  3. The presence of this 
gene may indicate a high virulence potential in an isolate. 
According to a previous investigation, the rmpA gene is 
embedded in a 180-kb virulence plasmid. This multicopy 
plasmid induces K. pneumoniae to express a mucoid phe-
notype (Walker et al. 2019). The rmpA-carrying plasmids 
of K. pneumoniae isolates have also been found to con-
tain several other virulence-associated genes (Wang et al. 
2020). In a study by Yu et al. (2006), 72 out of 151 iso-
lates contained the rmpA gene. When examining the fre-
quency of the rmpA gene, Yu et al. (Yu et al. 2006) found 
several virulence factors in 96% of the causative isolates. 
Additionally, liver abscess isolates with a positive hyper-
mucoviscosity phenotype had an average frequency of 
97.8% for the rmpA gene. According to our findings, K. 
pneumoniae contains genes associated with its viru-
lence, which makes it a virulent bacterium. Even having 
just one virulence gene of K. pneumoniae can result in 
adverse consequences. Among the genes detected in the 
current investigation, EntB, 16 S rRNA, and Kfu are the 
most frequently associated with the emergence of various 
illnesses.

In this study, we investigated the patterns of antimicro-
bial resistance among K. pneumoniae isolates from vari-
ous clinical samples. Previous studies have indicated that 
this bacterium is becoming one of the most multidrug-
resistant pathogens worldwide (Cepas et al. 2019; Sakkas 
et al. 2019; Ibrahim 2023). We assessed the susceptibility 



Page 12 of 16Marzouk et al. AMB Express           (2024) 14:54 

and resistance of 190 K. pneumoniae isolates to antimi-
crobial drugs commonly prescribed for gram-negative 
bacteria using the Vitek 2 Compact AST cards. Our 
results indicate that certain isolates of K. pneumoniae 
were resistant to various classes of antibiotics such as 
cephalosporin I [cefazolin (64.75%)], cephalosporin II/
cephamycin [cefoxitin (58.42%)], cephalosporin III/IV 
[cefepime (53.68%), ceftazidime (50.53%), and ceftriaxone 
(57.37%)], sulfonamides [trimethoprim/sulfamethoxazole 
(62.63%)], carbapenems [ertapenem (52.11%) and imipe-
nem (49.47)], and aminoglycosides [gentamicin (40.53%) 
and tobramycin (42.11%)]. Similar results have been 
obtained by other research studies conducted around the 
world (Azim et al. 2019; Badger-Emeka et al. 2021; Lagha 
et al. 2021).

In an additional study, Audi and Naeem (Audi and 
Naeem 2023) examined sixty K. pneumoniae isolates 
taken from 300 urine samples and determined their resis-
tance to various antibiotics. According to their findings, 
all isolates were resistant to ampicillin (100%), cefazolin 
(53.3%), imipenem (5%), and tigecycline (3.3%), respec-
tively. Among the multidrug-resistant K. pneumoniae 
strains isolated from Bangladesh, Aminul et al. (Aminul 
et al. 2021) discovered that the strains developed high 
levels of resistance to cotrimoxazole (86.9%), cipro-
floxacin (80.4%), entamicin (72.3%), ceftriaxone (89.4%), 
ceftazidime (87.8%), and piperacillin-tazobactam (51.2%). 
A study conducted in Pakistan by Ullah et al. (Ullah 
et al. 2009) displayed similar results for cotrimoxazole 
(93.48%) and gentamicin (52.17%). Nevertheless, ceftri-
axone, ceftazidime, amikacin, ciprofloxacin, meropenem, 
and piperacillin-tazobactam revealed different levels of 
resistance (54.35%, 54.35%, 32.61%, 52.1%, 6.52%, and 
39.13%, respectively).

The ESKAPE group, particularly K. pneumoniae and E. 
coli in healthcare-associated infections (HAIs), continu-
ously develop new defense mechanisms known as “resis-
tance mechanisms” to evade antimicrobial agents. They 
do this by producing enzymes called extended-spectrum 
beta-lactamases (ESBLs) (Jiang et al. 2018; Ayobami et al. 
2022; Alcántar-Curiel et al. 2023). These enzymes break 
down and destroy commonly used antimicrobial agents 
like penicillins and cephalosporins, rendering them inef-
fective. In brief, there are five key mechanisms by which 
K. pneumoniae is resistant to antibiotics, including enzy-
matic inactivation and modification of antibiotics, altera-
tion of antibiotic targets, loss and mutation of porins, 
enhanced efflux pump expression, and biofilm develop-
ment (Sikarwar and Batra 2011; Mulani et al. 2019).

In the current investigation, 93 out of 190 (48.95%) K. 
pneumoniae isolates were found to be ESBL producers. 
This rate is similar to a previous study conducted in Ban-
gladesh by Chakraborty et al. (Chakraborty et al. 2016), 
where 45% of K. pneumoniae produced ESBL. Another 

study conducted in central Côte d’Ivoire showed an even 
higher percentage of ESBL-producing K. pneumoniae 
isolates (84%) collected from various clinical samples 
(Müller-Schulte et al. 2020). The increasing antibiotic 
resistance has limited the available treatment options for 
infections caused by ESBL-producing Enterobacterales 
(Padmini et al. 2017; Tamma et al. 2021). Most diseases 
caused by ESBL-producing K. pneumoniae, such as uri-
nary tract infections, require more advanced therapies 
(Bitsori and Galanakis 2019). Among the few antibiotics 
effective against ESBL-producing bacteria, carbapenems 
(such as ertapenem and imipenem) are highly effective. 
However, there is also an increase in resistance enzymes 
that degrade these drugs (Tilahun et al. 2021).

In conclusion, Peptide mass fingerprinting (PMF) is a 
powerful analytical technique used to identify K. pneu-
moniae isolates from various clinical samples based on 
their proteomic characteristics. To confirm the findings 
of PMF, qPCR and microchannel fluidics electrophore-
sis assays were employed to detect virulence-associated 
genes in K. pneumoniae isolates. This technology has the 
potential to be used in the future for direct identification 
and differentiation of K. pneumoniae in environmen-
tal and hospital samples. The enterobactin siderophores 
(entB) gene was found to be the most frequently detected 
gene in K. pneumoniae isolates. Additionally, K. pneu-
moniae isolates have displayed increasing resistance to 
antibiotics from different classes, including carbapenem. 
This poses a significant threat to human health, as infec-
tions may become difficult to treat.

Acknowledgements
The Researchers would like to thank the Deanship of Graduate Studies 
and Scientific Research at Qassim University for financial support 
(QU-APC-2024-9/1).

Author contributions
Conceptualization, E.M. and A.E; Data curation, E.M. and A.E; Formal analysis, 
E.M., A.E., A.A. J.A., K.A., M.A., F.A., A.A., A.A., M.R., A.D., A.A., I.M. and A.Ab; 
Investigation, E.M., A.E., A.A. J.A., K.A., M.A., F.A., A.A., A.A., M.R., A.D., A.A., I.M. 
and A.Ab; Methodology, E.M., A.E., A.A. J.A., K.A., M.A., F.A., A.A., A.A., M.R., A.D., 
A.A., I.M. and A.Ab; Project administration, E.M. and A.E.; Resources, E.M., A.E., 
A.A. J.A., K.A., M.A., F.A., A.A., A.A., M.R., A.D., A.A., I.M. and A.Ab.; Software, E.M. 
and A.E.; Supervision, E.M; Validation, E.M., A.E., A.A. J.A., K.A., M.A., F.A., A.A., 
A.A., M.R., A.D., A.A., I.M. S.A., M.A., S.A., A.A., A.A.E. and A.Ab; Visualization, E.M., 
A.E., A.A. J.A., K.A., M.A., F.A., A.A., A.A., M.R., A.D., A.A., I.M. S.A., M.A., S.A., A.A., 
A.A.E. and A.Ab; Writing– original draft, E.M., A.E., A.A. J.A., K.A., M.A., F.A., A.A., 
A.A., M.R., A.D., A.A., I.M., S.A., M.A., S.A., A.A., A.A.E. and A.Ab.; Writing– review & 
editing, E.M., A.E., A.A. J.A., K.A., M.A., F.A., A.A., A.A., M.R., A.D., A.A., I.M., S.A., M.A., 
S.A., A.A., A.A.E. and A.Ab.

Funding
Not applicable.

Availability of data and materials
All data produced or analysed during this study are included in this published 
article.



Page 13 of 16Marzouk et al. AMB Express           (2024) 14:54 

Declarations

Ethics approval and consent to participate
This article does not contain any studies with human participants or animals 
performed by any of the authors.

Consent for publication
The authors declare that they have no known competing financial interests or 
personal relationships that could affect the work reported in this paper.

Competing interests
The authors declare that they have no competing interests.

Author details
1Department of Public Health, College of Applied Medical Sciences, 
Qassim University, Buraydah 51452 P.O. Box 6666, Saudi Arabia
2Family Medicine Department, King Fahad Armed Hospital,  
23311 Jeddah, Saudi Arabia
3Pharmacy Department, Prince Sultan Armed Forces Hospital,  
42375 Medina, Saudi Arabia
4Dental Department, King Salman Armed Forces Hospital, 47521 Tabuk, 
Saudi Arabia
5Department of Food Service, King Fahad Armed Forces Hospital,  
23311 Jeddah, Saudi Arabia
6Psychiatry Department, Prince Sultan Military Medical City, 11632 Riyadh, 
Saudi Arabia
7Neurology department, king Fahad military hospital, 23311 Jeddah, 
Saudi Arabia
8Biology Department, College of Science, Jouf University, 42421 Sakaka, 
Saudi Arabia
9Botany and Microbiology Department, Faculty of Science, Al-Azhar 
University, 71524 Assiut, Egypt
10Department of Veterinary Preventive Medicine, College of Veterinary 
Medicine, Qassim University, 52571 Buraydah, Saudi Arabia
11Department of Food Since, King Saud University, Riyadh, Saudi Arabia
12Department of Botany and Microbiology, College of Science, King Saud 
University, 11451 Riyadh, Saudi Arabia
13Medical Administration, Armed Forces Medical Services, 12426 Riyadh, 
Saudi Arabia
14Prince Sultan Military Medical City, 13525 Riyadh, Saudi Arabia
15Laboratory Department, Armed Forces Center for Health Rehabilitation, 
21944 Taif, Saudi Arabia
16Physiotherapy Department, Armed Forces Center for Health 
Rehabilitation, 21944 Taif, Saudi Arabia

Received: 10 February 2024 / Accepted: 22 April 2024

References
Abalkhail A, Elbehiry A (2022) Methicillin-Resistant Staphylococcus aureus in 

Diabetic Foot infections: protein profiling, virulence determinants, and Anti-
microbial Resistance. Appl Sci 12(21):10803

Adams-Sapper S, Nolen S, Donzelli GF, Lal M, Chen K, Justo da Silva LH, Moreira 
BM, Riley LW (2015) Rapid induction of high-level carbapenem resistance in 
heteroresistant KPC-producing Klebsiella pneumoniae. Antimicrob Agents 
Chemother 59(6):3281–3289

Ahmed AJA, Alaa HAA (2016) Virulence factors and antibiotic susceptibility pat-
terns of multidrug resistance Klebsiella pneumoniae isolated from different 
clinical infections. Afr J Microbiol Res 10(22):829–843

Ahmed OB, Omar AO, Asghar AH, Elhassan MM, Al-Munawwarah A-M, Arabia 
S (2013) Prevalence of TEM, SHV and CTX-M genes in Escherichia coli and 
Klebsiella spp urinary isolates from Sudan with confirmed ESBL phenotype. 
Life Sci J 10(2):191–195

Al Bshabshe A, Al-Hakami A, Alshehri B, Al-Shahrani KA, Alshehri AA, Al Shahrani 
MB, Assiry I, Joseph MR, Alkahtani A, Hamid ME (2020) Rising Klebsiella pneu-
moniae infections and its expanding drug resistance in the intensive care unit 
of a tertiary Healthcare Hospital, Saudi Arabia. Cureus 12(8):e10060

Al-Deresawi MS, Sultan HM, Alwan WN, Al-Rekabi AR (2023) Molecular Detection of 
Virulence Gene (mag A) in the Clinical Isolates of Klebsiella pneumonia. Alkut 
University College Journal 2023 (The 6th Scientific Conference): 240–248

Alcántar-Curiel MD, Huerta-Cedeño M, Jarillo-Quijada MD, Gayosso-Vázquez C, 
Fernández-Vázquez JL, Hernández-Medel ML, Zavala-Pineda M, Morales-Gil 
MÁ, Hernández-Guzmán VA, Bolaños-Hernández MI (2023) Gram-negative 
ESKAPE bacteria bloodstream infections in patients during the COVID-19 
pandemic. PeerJ 11:e15007

Aly M, Balkhy HH (2012) The prevalence of antimicrobial resistance in clinical 
isolates from Gulf Corporation Council countries. ARIC 1:1–5

Alzaben F, Fat’hi S, Elbehiry A, Alsugair M, Marzouk E, Abalkhail A, Almuzaini AM, 
Rawway M, Ibrahem M, Sindi W (2022) Laboratory diagnostic methods and 
antibiotic resistance patterns of Staphylococcus aureus and Escherichia coli 
strains: an Evolving Human Health Challenge. Diagnostics 12(11):2645

Aminul P, Anwar S, Molla MMA, Miah MRA (2021) Evaluation of antibiotic resistance 
patterns in clinical isolates of Klebsiella pneumoniae in Bangladesh. Biosaf 
Health 3(6):301–306

Audi AH, Naeem AK (2023) The Effect of Ceftriaxon and Gentamicin on Antibiotic 
Resistance Pattern of multiple Drug Resistance Klebsiella pneumoniae. Egypt 
Acad J Biol Sci C Physiol Mol Biology 15(2):247–252

Ayobami O, Brinkwirth S, Eckmanns T, Markwart R (2022) Antibiotic resistance 
in hospital-acquired ESKAPE-E infections in low-and lower-middle-income 
countries: a systematic review and meta-analysis. Emerg Microbes Infections 
11(1):443–451

Azim NSA, Nofal MY, AlHarbi MA, Al-Zaban MI, Somily AM (2019) Molecular-diver-
sity, prevalence and antibiotic susceptibility of pathogenic Klebsiella Pneu-
moniae under Saudi Condition. Pakistan J Biol Sciences: PJBS 22(4):174–179

Badger-Emeka LI, Al-Sultan AA, Bohol MFF, Al-Anazi MR, Al-Qahtani AA (2021) 
Genetic analysis, population structure, and characterisation of multidrug-
resistant Klebsiella pneumoniae from the Al-hofuf region of Saudi Arabia. 
Pathogens 10(9):1097

Bassetti M, Righi E, Carnelutti A, Graziano E, Russo A (2018) Multidrug-resistant 
Klebsiella pneumoniae: challenges for treatment, prevention and infection 
control. Expert Rev anti-infective Therapy 16(10):749–761

Bengtsson-Palme J, Abramova A, Berendonk TU, Coelho LP, Forslund SK, Gschwind 
R, Heikinheimo A, Jarquin-Diaz VH, Khan AA, Klümper U (2023) Towards moni-
toring of antimicrobial resistance in the environment: for what reasons, how 
to implement it, and what are the data needs? Environment International 
178:108089

Bharadwaj A, Rastogi A, Pandey S, Gupta S, Sohal JS (2022) Multidrug-resistant 
bacteria: their mechanism of action and prophylaxis. BioMed Research Inter-
national https://doi.org/10.1155/2022/5419874

Bialek-Davenet S, Criscuolo A, Ailloud F, Passet V, Nicolas-Chanoine M-H, Decre D, 
Brisse S (2014) Development of a multiplex PCR assay for identification of 
Klebsiella pneumoniae hypervirulent clones of capsular serotype K2. J Med 
Microbiol 63(12):1608–1614

NDIAYE I, Bissoume Sambe BA, THIAM F, Mouhamadou Moustapha B, Ousmane 
B, CISSÉ S, NDIAYE B A, DIALLO T A, Cheikh F, DIEYE Y (2023) Antibiotic 
Resistance and virulence factors of extended-spectrum beta-lactamase-pro-
ducing Klebsiella pneumoniae involved in Healthcare-Associated infections in 
Dakar, Senegal. Archives Microbiol Immunol 7(2):65–75

Biswas S, Rolain J-M (2013) Use of MALDI-TOF mass spectrometry for identification 
of bacteria that are difficult to culture. J Microbiol Methods 92(1):14–24

Bitsori M, Galanakis E (2019) Treatment of urinary tract infections caused by 
ESBL-producing Escherichia coli or Klebsiella pneumoniae. Pediatr Infect Dis J 
38(12):e332–e335

Boattini M, Bianco G, Charrier L, Comini S, Iannaccone M, Almeida A, Cavallo R, 
De Rosa FG, Costa C (2023) Rapid diagnostics and ceftazidime/avibactam 
for KPC-producing Klebsiella pneumoniae bloodstream infections: impact 
on mortality and role of combination therapy. Eur J Clin Microbiol Infect Dis 
42(4):431–439

Bridel S, Watts SC, Judd LM, Harshegyi T, Passet V, Rodrigues C, Holt KE, Brisse S 
(2021) Klebsiella MALDI TypeR: a web-based tool for Klebsiella identification 
based on MALDI-TOF mass spectrometry. Res Microbiol 172(4–5):103835

Cepas V, López Y, Muñoz E, Rolo D, Ardanuy C, Martí S, Xercavins M, Horcajada JP, 
Bosch J, Soto SM (2019) Relationship between biofilm formation and antimi-
crobial resistance in gram-negative bacteria. Microb Drug Resist 25(1):72–79

Cevik J, Hunter-Smith DJ, Rozen WM (2022) Infections following stingray attacks: 
a case series and literature review of antimicrobial resistance and treatment. 
Travel Med Infect Dis 47:102312

Chakraborty S, Mohsina K, Sarker PK, Alam MZ, Karim MIA, Sayem SA (2016) 
Prevalence, antibiotic susceptibility profiles and ESBL production in Klebsiella 
pneumoniae and Klebsiella oxytoca among hospitalized patients. Periodicum 
Biologorum 118(1):53

https://doi.org/10.1155/2022/5419874


Page 14 of 16Marzouk et al. AMB Express           (2024) 14:54 

Chalupová J, Raus M, Sedlářová M, Šebela M (2014) Identification of fungal micro-
organisms by MALDI-TOF mass spectrometry. Biotechnol Adv 32(1):230–241

Chen T, Dong G, Zhang S, Zhang X, Zhao Y, Cao J, Zhou T, Wu Q (2020) Effects of 
iron on the growth, biofilm formation and virulence of Klebsiella pneumoniae 
causing liver abscess. BMC Microbiol 20(1):1–7

Chinemerem Nwobodo D, Ugwu MC, Oliseloke Anie C, Al-Ouqaili MT, Chinedu 
Ikem J, Victor Chigozie U, Saki M (2022) Antibiotic resistance: the challenges 
and some emerging strategies for tackling a global menace. J Clin Lab Anal 
36(9):e24655

Clark AE, Kaleta EJ, Arora A, Wolk DM (2013) Matrix-assisted laser desorption ioniza-
tion–time of flight mass spectrometry: a fundamental shift in the routine 
practice of clinical microbiology. Clin Microbiol Rev 26(3):547–603

Clinical and Laboratory Standards Institute (2014) Performance standards for 
Antimicrobial susceptibility testing; twenty-fourth informational supplement 
CLSI Document M100–S24 34(1):1–230

Cockerill Fr, Patel JB, Alder J, Bradford PA, Dudley MN, Eliopoulos GM, Hardy DJ, 
Hindler JA, Powell M, Swenson JM, Thomson R b, Traczewski MM, Turnidge 
J, Weinstein MP, Zimmer BL (2013) Performance standards for antimicrobial 
susceptibility testing; twenty-third informational supplement, M100–S23. 
Wayne: Clinical and Laboratory Standards Institute 33(1)

Compain F, Babosan A, Brisse S, Genel N, Audo J, Ailloud F, Kassis-Chikhani N, Arlet 
G, Decré D (2014) Multiplex PCR for detection of seven virulence factors 
and K1/K2 capsular serotypes of Klebsiella pneumoniae. J Clin Microbiol 
52(12):4377–4380

Córdova-Espinoza MG, Giono-Cerezo S, Sierra-Atanacio EG, Escamilla-Gutiérrez 
A, Carrillo-Tapia E, Carrillo-Vázquez LI, Mendoza-Pérez F, Leyte-Lugo M, 
González-Vázquez R, Mayorga-Reyes L (2023) Isolation and identification of 
Multidrug-resistant Klebsiella pneumoniae clones from the Hospital Environ-
ment. Pathogens 12(5):634

Croxatto A, Prod’Hom G, Faverjon F, Rochais Y, Greub G (2016) Laboratory automa-
tion in clinical bacteriology: what system to choose? Clin Microbiol Infect 
22(3):217–235

Cuello L, Alvarez Otero J, Greenwood-Quaintance KE, Chen L, Hanson B, Reyes 
J, Komarow L, Ge L, Lancaster ZD, Gordy GG (2023) Poor sensitivity of the 
MALDI Biotyper® MBT subtyping Module for detection of Klebsiella pneu-
moniae carbapenemase (KPC) in Klebsiella species. Antibiotics 12(9):1465

Cuénod A, Aerni M, Bagutti C, Bayraktar B, Boz ES, Carneiro CB, Casanova C, Coste 
AT, Damborg P, van Dam DW (2023) Quality of MALDI-TOF mass spectra in 
routine diagnostics: results from an international external quality assessment 
including 36 laboratories from 12 countries using 47 challenging bacterial 
strains. Clin Microbiol Infect 29(2):190–199

De Koster S (2023) Use of phenotypic and genomic tools to study the prevalence 
and transmission of antibiotic resistance in a one health concept. University 
of Antwerp

Dos Reis CM, de Ramos PA, Pereira GL, d C R, Vallim L, de Oliveira Costa DC (2022) 
Evaluation of VITEK® 2 and MALDI-TOF/MS automated methodologies in the 
identification of atypical Listeria spp. isolated from food in different regions of 
Brazil. J Microbiol Methods 194:106434

Duttaroy B, Mehta S (2005) Extended spectrum b lactamases (ESBL) in clinical 
isolates of Klebsiella pneumoniae and Escherichia coli. Indian J Pathol Microbiol 
48(1):45–48

El Fertas-Aissani R, Messai Y, Alouache S, Bakour R (2013) Virulence profiles and 
antibiotic susceptibility patterns of Klebsiella pneumoniae strains isolated 
from different clinical specimens. Pathol Biol (Paris) 61(5):209–216

El-Razik KAA, Ibrahim ES, Arafa AA, Hedia RH, Younes AM, Hasanain MH (2023) 
Molecular characterization of tetracycline and Vancomycin-resistant Entero-
coccus faecium isolates from healthy dogs in Egypt: a public health threat. 
BMC Genomics 24(1):610

Elbehiry A, Marzouk E, Moussa IM, Dawoud TM, Mubarak AS, Al-Sarar D, Alsubki 
RA, Alhaji JH, Hamada M, Abalkhail A (2021) Acinetobacter baumannii as a 
community foodborne pathogen: peptide mass fingerprinting analysis, 
genotypic of biofilm formation and phenotypic pattern of antimicrobial 
resistance. Saudi J Biol Sci 28(1):1158–1166

Elbehiry A, Marzouk E, Moussa IM, Alenzi A, Al-Maary KS, Mubarak AS, Alshammari 
HD, Al-Sarar D, Alsubki RA, Hemeg HA (2021) Multidrug-resistant Escherichia 
coli in raw milk: molecular characterization and the potential impact of 
camel’s urine as an Antibacterial Agent. Saudi J Biol Sci 28(4):2091–2097

Elbehiry A, Marzouk E, Abalkhail A, El-Garawany Y, Anagreyyah S, Alnafea Y, 
Almuzaini AM, Alwarhi W, Rawway M, Draz AJV (2022) The development of 
technology to prevent, diagnose, and manage antimicrobial resistance in 
healthcare-associated infections. Vaccines 10(12):2100

Elbehiry A, Aldubaib M, Abalkhail A, Marzouk E, ALbeloushi A, Moussa I, Ibrahem 
M, Albazie H, Alqarni A, Anagreyyah S (2022) How MALDI-TOF Mass Spec-
trometry Technology contributes to microbial infection control in Healthcare 
Settings. Vaccines 10(11):1881

Elbehiry A, Marzouk E, Moussa I, Anagreyyah S, AlGhamdi A, Alqarni A, Aljohani A, 
Hemeg HA, Almuzaini AM, Alzaben F (2023) Using protein fingerprinting for 
identifying and discriminating Methicillin Resistant Staphylococcus aureus 
isolates from Inpatient and Outpatient clinics. Diagnostics 13(17):2825

Elbehiry A, Marzouk E, Aldubaib M, Abalkhail A, Anagreyyah S, Anajirih N, Almu-
zaini AM, Rawway M, Alfadhel A, Draz A (2023) Helicobacter pylori infection: 
current status and future prospects on diagnostic, therapeutic and control 
challenges. Antibiotics 12(2):191

Elbehiry A, Al Shoaibi M, Alzahrani H, Ibrahem M, Moussa I, Alzaben F, Alsubki RA, 
Hemeg HA, Almutairi D, Althobaiti S (2024) Enterobacter cloacae from urinary 
tract infections: frequency, protein analysis, and antimicrobial resistance. AMB 
Express 14(1):17

Gierczynski R, Jagielski M, Rastawicki W, Kaluzewski S (2007) Multiplex-PCR assay 
for identification of Klebsiella pneumoniae isolates carrying the cps loci for K1 
and K2 capsule biosynthesis. Pol J Microbiol 56(3):153

Hafiz TA, Alanazi S, Alghamdi SS, Mubaraki MA, Aljabr W, Madkhali N, Alharbi SR, 
Binkhamis K, Alotaibi F (2023) Klebsiella pneumoniae bacteraemia epidemiol-
ogy: resistance profiles and clinical outcome of King Fahad Medical City 
isolates, Riyadh, Saudi Arabia. BMC Infect Dis 23(1):579

Haider A, Ringer M, Kotroczó Z, Mohácsi-Farkas C, Kocsis T (2023) The current level 
of MALDI-TOF MS applications in the detection of microorganisms: a short 
review of benefits and limitations. Microbiol Res 14(1):80–90

Han R, Niu M, Liu S, Mao J, Yu Y, Du Y (2022) The effect of siderophore virulence 
genes entB and ybtS on the virulence of Carbapenem-resistant Klebsiella 
pneumoniae. Microb Pathog 171:105746

Hansen DS, Aucken HM, Abiola T, Podschun R (2004) Recommended test panel for 
differentiation of Klebsiella species on the basis of a trilateral interlaboratory 
evaluation of 18 biochemical tests. J Clin Microbiol 42(8):3665–3669

Hou T-Y, Chiang-Ni C, Teng S-H (2019) Current status of MALDI-TOF mass spec-
trometry in clinical microbiology. J food drug Anal 27(2):404–414

Ibrahim ME (2023) Risk factors in acquiring multidrug-resistant Klebsiella pneu-
moniae infections in a hospital setting in Saudi Arabia. Sci Rep 13(1):11626

Jadhav S, Misra R, Gandham N, Ujagare M, Ghosh P, Angadi K, Vyawahare C (2012) 
Increasing incidence of multidrug resistance Klebsiella pneumoniae infections 
in hospital and community settings. Int J Microbiol Res 4(6):253

Jiang L, Lin J, Taggart CC, Bengoechea JA, Scott CJ (2018) Nanodelivery strategies 
for the treatment of multidrug-resistant bacterial infections. J Interdisciplin-
ary Nanomed 3(3):111–121

Kareem SM, Al-Kadmy IM, Kazaal SS, Mohammed Ali AN, Aziz SN, Makharita RR, 
Algammal AM, Al-Rejaie S, Behl T, Batiha GE-S (2021) Detection of gyrA and 
parC mutations and prevalence of plasmid-mediated quinolone resistance 
genes in Klebsiella pneumoniae. Infect Drug Resist 2021:555–563

Kilic A, Dogan E, Kaya S, Oren S, Tok D, Ardic N, Baysallar M (2016) Rapid Identifica-
tion of Klebsiella pneumoniae by Matrix-assisted laser Desorption/Ionization‐
Time of Flight Mass Spectrometry and Detection of Meropenem Resistance 
by Flow Cytometric Assay. J Clin Lab Anal 30(6):1191–1197

Kot B, Piechota M, Szweda P, Mitrus J, Wicha J, Grużewska A, Witeska M (2023) 
Virulence analysis and antibiotic resistance of Klebsiella pneumoniae isolates 
from hospitalised patients in Poland. Sci Rep 13(1):4448

Ku Y-H, Chuang Y-C, Yu W-L (2008) Clinical spectrum and molecular characteristics 
of Klebsiella pneumoniae causing community-acquired extrahepatic abscess. 
Microbiol Immunol Infect 41(4):311–317

Kumar S, Saifi Z, Sharma AK, Upadhyay SK (2020) Rapid identification of clinical 
isolates of Klebsiella pneumoniae using MALDI-TOF MS from North India. Bull 
Pure Appl Sci 39A(Zoology):194–199

Lagha R, Abdallah FB, ALKhammash AA, Amor N, Hassan MM, Mabrouk I, Alhom-
rani M, Gaber A (2021) Molecular characterization of multidrug resistant Kleb-
siella pneumoniae clinical isolates recovered from King Abdulaziz specialist 
Hospital at Taif City, Saudi Arabia. J Infect Public Health 14(1):143–151

Lartigue M-F (2013) Matrix-assisted laser desorption ionization time-of-flight 
mass spectrometry for bacterial strain characterization. Infect Genet Evol 
13:230–235

Liu C, Guo J (2019) Hypervirulent Klebsiella pneumoniae (hypermucoviscous and 
aerobactin positive) infection over 6 years in the elderly in China: antimicro-
bial resistance patterns, molecular epidemiology and risk factor. Ann Clin 
Microbiol Antimicrob 18:1–11



Page 15 of 16Marzouk et al. AMB Express           (2024) 14:54 

Maurya N, Jangra M, Tambat R, Nandanwar H (2019) Alliance of efflux pumps with 
β-lactamases in multidrug-resistant Klebsiella pneumoniae isolates. Microb 
Drug Resist 25(8):1155–1163

Miftode I-L, Nastase EV, Miftode R-Ș, Miftode EG, Iancu LS, Luncă C, Păduraru D-TA, 
Costache I-I, Stafie C-S, Dorneanu O-S (2021) Insights into multidrug–resistant 
K. pneumoniae urinary tract infections: from susceptibility to mortality. Expe 
Ther Med 22(4):1–9

Moya C, Maicas S (2020) Antimicrobial resistance in Klebsiella pneumoniae strains: 
mechanisms and outbreaks. Paper presented at the Proceedings

Mulani M, Kamble E, Kumkar S, Tawre M, Pardesi K (2019) Emerging strategies to 
combat ESKAPE pathogens in the era of antimicrobial resistance: a review. 
Front Microbiol. 10:539

Müller-Schulte E, Tuo MN, Akoua-Koffi C, Schaumburg F, Becker SL (2020) High 
prevalence of ESBL-producing Klebsiella pneumoniae in clinical samples from 
central Côte d’Ivoire. Int J Infect Dis 91:207–209

Nimer NA (2022) Nosocomial infection and antibiotic-resistant threat in the Middle 
East. Infect Drug Resist 15:631–639

Nyblom M, Johnning A, Frykholm K, Wrande M, Müller V, Goyal G, Robertsson M, 
Dvirnas A, Sewunet T, Kk S (2023) Strain-level bacterial typing directly from 
patient samples using optical DNA mapping. Commun Med 3(1):31

Organization WH (2011) Antimicrobial resistance: no action today, no cure tomor-
row. World Health Day, April

Osman EA, El-Amin N, Adrees EA, Al-Hassan L, Mukhtar M (2020) Comparing con-
ventional, biochemical and genotypic methods for accurate identification of 
Klebsiella pneumoniae in Sudan. Access Microbiol. https://doi.org/10.1099/
acmi.0.000096

Paczosa MK, Mecsas J (2016) Klebsiella pneumoniae: going on the offense with a 
strong defense. Microbiol Mol Biol Rev 80(3):629–661

Padmini N, Ajilda AAK, Sivakumar N, Selvakumar G (2017) Extended spectrum 
β-lactamase producing Escherichia coli and Klebsiella pneumoniae: critical 
tools for antibiotic resistance pattern. J Basic Microbiol 57(6):460–470

Parrott A, Shi J, Aaron J, Green D, Whittier S, Wu F (2021) Detection of multiple 
hypervirulent Klebsiella pneumoniae strains in a New York City hospital 
through screening of virulence genes. Clin Microbiol Infect 27(4):583–589

Pesciaroli C, Barghini P, Cerfolli F, Bellisario B, Fenice M (2015) Relationship between 
phylogenetic and nutritional diversity in Arctic (Kandalaksha Bay) seawater 
planktonic bacteria. Ann Microbiol 65:2405–2414

Podschun R, Ullmann U (1998) Klebsiella spp. as nosocomial pathogens: epidemi-
ology, taxonomy, typing methods, and pathogenicity factors. Clin Microbiol 
Rev 11(4):589–603

Priyamvada P, Debroy R, Anbarasu A, Ramaiah S (2022) A comprehensive review on 
genomics, systems biology and structural biology approaches for combating 
antimicrobial resistance in ESKAPE pathogens: computational tools and 
recent advancements. World J Microbiol Biotechnol 38(9):153

Rawy DK, El-Mokhtar MA, Hemida SK, Askora A, Yousef N (2020) Isolation, charac-
terization and identification of Klebsiella pneumoniae from assiut university 
hospital and sewage water in assiut governorate, Egypt. Assiut Univ J Bot 
Microbiol 49(2):60–76

Remya P, Shanthi M, Sekar U (2019) Characterisation of virulence genes associ-
ated with pathogenicity in Klebsiella pneumoniae. Ind J Med Microbiol 
37(2):210–218

Roncarati G, Foschi C, Ambretti S, Re MC (2021) Rapid identification and detection 
of β-lactamase-producing Enterobacteriaceae from positive blood cultures by 
MALDI-TOF/MS. J Global Antimicrob Resist 24:270–274

Roscetto E, Bellavita R, Paolillo R, Merlino F, Molfetta N, Grieco P, Buommino E, 
Catania MR (2021) Antimicrobial activity of a lipidated temporin L analogue 
against carbapenemase-producing Klebsiella pneumoniae clinical isolates. 
Antibiotics 10(11):1312

Russo TA, Olson R, Fang C-T, Stoesser N, Miller M, MacDonald U, Hutson A, Barker 
JH, La Hoz RM, Johnson JR (2018) Identification of biomarkers for differentia-
tion of hypervirulent Klebsiella pneumoniae from classical K. pneumoniae. J 
Clin Microbiol. https://doi.org/10.1128/jcm.00776-18

Saha AK (2019) Pattern of antimicrobial susceptibility of Klebsiella pneumoniae iso-
lated from urinary samples in urinary tract infection in a tertiary care hospital, 
Kishanganj, Bihar, 5 years’ experience

Sakkas H, Bozidis P, Ilia A, Mpekoulis G, Papadopoulou C (2019) Antimicrobial resis-
tance in bacterial pathogens and detection of carbapenemases in Klebsiella 
pneumoniae isolates from hospital wastewater. Antibiotics 8(3):85

Salam MA, Al-Amin MY, Salam MT, Pawar JS, Akhter N, Rabaan AA, Alqumber MA 
(2023) Antimicrobial resistance: A growing serious threat for global public 
health. Paper presented at the Healthcare

Seo R, Kudo D, Gu Y, Yano H, Aoyagi T, Omura T, Irino S, Kaku M, Kushimoto S (2016) 
Invasive liver abscess syndrome caused by Klebsiella pneumoniae with defi-
nite K2 serotyping in Japan: a case report. Surg Case Rep 2(1):1–5

Shafiq M, Zeng M, Permana B, Bilal H, Yao F, Algammal AM, Li X, Jiao X (2022) 
Coexistence of blaNDM–5 and tet (X4) in international high-risk Escherichia 
coli clone ST648 of human origin in China. Front Microbiol 13:1031688

Siddique MH, Aslam B, Imran M, Ashraf A, Nadeem H, Hayat S, Khurshid M, Afzal M, 
Malik IR, Shahzad M (2020) Effect of silver nanoparticles on biofilm formation 
and EPS production of multidrug-resistant Klebsiella pneumoniae. Biomed Res 
Int 2020:1–9

Sikarwar AS, Batra HV (2011) Prevalence of antimicrobial drug resistance of Klebsi-
ella pneumoniae in India. Int J Bioscience Biochem Bioinf 1(3):211

Song Y, Liu C, McTeague M, Finegold SM (2003) 16S ribosomal DNA sequence-
based analysis of clinically significant gram-positive anaerobic cocci. J Clin 
Microbiol 41(4):1363–1369

Struve C, Bojer M, Nielsen FM, Hansen DS, Krogfelt KA (2005) Investigation of the 
putative virulence gene magA in a worldwide collection of 495 Klebsiella iso-
lates: magA is restricted to the gene cluster of Klebsiella pneumoniae capsule 
serotype K1. J Med Microbiol 54: 1111–1113

Tamma PD, Aitken SL, Bonomo RA, Mathers AJ, Van Duin D, Clancy CJ (2021) 
Infectious Diseases Society of America guidance on the treatment of 
extended-spectrum β-lactamase producing enterobacterales (ESBL-E), 
carbapenem-resistant Enterobacterales (CRE), and Pseudomonas aerugi-
nosa with difficult-to-treat resistance (DTR-P. aeruginosa). Clin Infect Dis 
72(7):e169–e183

Tan TY, Ong M, Cheng Y, Ng LSY (2019) Hypermucoviscosity, rmpA, and aerobactin 
are associated with community-acquired Klebsiella pneumoniae bacteremic 
isolates causing liver abscess in Singapore. J Microbiol Immunol Infect 
52(1):30–34

Tilahun M, Kassa Y, Gedefie A, Ashagire M (2021) Emerging carbapenem-resistant 
Enterobacteriaceae infection, its epidemiology and novel treatment options: a 
review. Infect Drug Resist 14:4363–4374

Tsuchida S, Umemura H, Nakayama T (2020) Current status of matrix-assisted laser 
desorption/ionization–time-of-flight mass spectrometry (MALDI-TOF MS) in 
clinical diagnostic microbiology. Molecules 25(20):4775

Turton JF, Perry C, Elgohari S, Hampton CV (2010) PCR characterization and typing 
of Klebsiella pneumoniae using capsular type-specific, variable number tan-
dem repeat and virulence gene targets. J Med Microbiol 59:541–547

Ullah F, Malik SA, Ahmed J (2009) Antimicrobial susceptibility pattern and ESBL 
prevalence in Klebsiella pneumoniae from urinary tract infections in the 
North-West of Pakistan. Afr J Microbiol Res 3(11):676–680

Walker KA, Miner TA, Palacios M, Trzilova D, Frederick DR, Broberg CA, Sepúlveda 
VE, Quinn JD, Miller VL (2019) A Klebsiella pneumoniae regulatory mutant 
has reduced capsule expression but retains hypermucoviscosity. MBio 10(2). 
https://doi.org/10.1128/mbio.00089-19

Wang G, Zhao G, Chao X, Xie L, Wang H (2020) The characteristic of virulence, 
biofilm and antibiotic resistance of Klebsiella pneumoniae. Int J Environ Res 
Public Health 17(17):6278

Wasfi R, Elkhatib WF, Ashour HM (2016) Molecular typing and virulence analysis 
of multidrug resistant Klebsiella pneumoniae clinical isolates recovered from 
Egyptian hospitals. Sci Rep 6(1):38929

Wei S, Xu T, Chen Y, Zhou K (2023) Autophagy, cell death, and cytokines in K. 
pneumoniae infection: therapeutic perspectives. Emerg Microbes Infections 
12(1):2140607

Willcocks SJ, Denman CC, Atkins HS, Wren BW (2016) Intracellular replication of 
the well-armed pathogen Burkholderia pseudomallei. Curr Opin Microbiol 
29:94–103

Wilson DJ, Middleton JR, Adkins PR, Goodell GM (2019) Test agreement among 
biochemical methods, matrix-assisted laser desorption ionization?time of 
flight mass spectrometry, and 16S rRNA sequencing for identification of 
microorganisms isolated from bovine milk. J Clin Microbiol. https://doi.
org/10.1128/jcm.01381-18

Yang J, Zhang K, Ding C, Wang S, Wu W, Liu X (2023) Exploring multidrug-resistant 
Klebsiella pneumoniae antimicrobial resistance mechanisms through whole 
genome sequencing analysis. BMC Microbiol 23(1):1–9

Yeh KM, Chang FY, Fung CP, Lin JC, Siu LK (2006) Serotype K1 capsule, rather than 
magA per se, is really the virulence factor in Klebsiella pneumoniae strains that 
cause primary pyogenic liver abscess. J Infect Dis 194(3):403–404

Yu W-L, Ko W-C, Cheng K-C, Lee H-C, Ke D-S, Lee C-C, Fung C-P, Chuang Y-C (2006) 
Association between rmpA and magA genes and clinical syndromes caused 
by Klebsiella pneumoniae in Taiwan. Clin Infect Dis 42(10):1351–1358

https://doi.org/10.1099/acmi.0.000096
https://doi.org/10.1099/acmi.0.000096
https://doi.org/10.1128/jcm.00776-18
https://doi.org/10.1128/mbio.00089-19
https://doi.org/10.1128/jcm.01381-18
https://doi.org/10.1128/jcm.01381-18


Page 16 of 16Marzouk et al. AMB Express           (2024) 14:54 

Zhang S, Yang G, Ye Q, Wu Q, Zhang J, Huang Y (2018) Phenotypic and genotypic 
characterization of Klebsiella pneumoniae isolated from retail foods in China. 
Front Microbiol 9:289

Zhang L-Y, Tian B, Huang Y-H, Gu B, Ju P, Luo Y, Tang J, Wang L (2023) Classification 
and prediction of Klebsiella pneumoniae strains with different MLST allelic 
profiles via SERS spectral analysis. PeerJ 11:e16161

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.


	﻿Proteome analysis, genetic characterization, and antibiotic resistance patterns of ﻿Klebsiella pneumoniae﻿ clinical isolates
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Ethical approval
	﻿Bacterial isolates and preliminary identification
	﻿Biochemical analysis of ﻿K. pneumoniae﻿ using automated ID instrument
	﻿The identification of ﻿K. pneumoniae﻿ using peptide Mass Fingerprinting technique
	﻿Molecular identification of ﻿K. pneumoniae﻿ using SYBR green real-time PCR
	﻿DNA extraction
	﻿Current investigation’s primers
	﻿Protocol of SYBR green real-time PCR assay and electrophoresis of PCR products
	﻿Antibiotic susceptibility testing using Vitek 2 compact AST cards
	﻿Phynotypic detection of extended-spectrum β-lactamases (ESBL) in ﻿K. pneumoniae﻿ isolates


	﻿Statistical analysis
	﻿Results
	﻿Phenotypic characteristics of the recovered ﻿K. pneumoniae﻿ isolates
	﻿Proteomic identification of ﻿K. pneumoniae﻿ using PMF technique
	﻿Verification of the identification of ﻿K. pneumoniae﻿ isolates with SYBR green real-time PCR
	﻿Antibiotic resistance of ﻿K. pneumoniae﻿

	﻿Discussion
	﻿References


