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Abstract
Klebsiella pneumoniae is a common pathogen capable of causing a wide range of infections. Antibiotic resistance 
complicates treatment of these infections significantly. We are comparing resistance levels and genotypes among 
two collections of K. pneumoniae clinical isolates from Alexandria Main University Hospital (AMUH). We used disc 
diffusion and Minimum Inhibitory Concentration (MIC) by microbroth dilution to assess resistance levels and 
performed whole genome sequencing (WGS) to describe multilocus sequence types (MLST) and resistance gene 
presence. Among a collection of 56 K. pneumoniae clinical isolates (19 from 2019 to 37 from 2021), multidrug 
resistance (MDR) was 33% and 10%, extended drug resistance (XDR) was 24% and 46% and pan-drug resistance 
(PDR) was 43% and 43%, respectively. We identified 15 MLST STs including two novel types (ST-6118 and ST-6119 
). ST-101 and ST-383 were common between the two collections; ST-101 was the most common genotype in 
2019 (28.6%) and ST-147 was most common in 2021 (25%). Ampicillin/sulbactam, amikacin, cefepime, ceftriaxone 
and ertapenem MICs were significantly higher in 2021. Prevalence of aph(3’) – Ia, aph(3’)-VI, mphA was significantly 
higher in 2021. The increasing resistance levels and the persistence of some MDR/XDR genotypes is concerning. 
Understanding mechanisms of resistance will inform infection control and antimicrobial stewardship plans to 
prevent evolution and spread of XDR and PDR strains.
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Introduction
Antimicrobial resistance (AMR) is a complex multidi-
mensional problem. AMR can be intrinsic or acquired. 
Intrinsic resistance is the inherent ability of some micro-
organisms to tolerate the action of certain antimicrobials 
[1]. On the other hand, microbes can acquire the ability 
to grow in the presence of therapeutic levels of the anti-
microbials that kill their sensitive counterparts [2]. The 
unwise usage of antibiotics is directly connected to the 
increasing frequency of acquired AMR [3]. The increas-
ing rates of resistance development have resulted in the 
emergence of multidrug-resistant (MDR), extensively 
drug-resistant (XDR), and even pan-drug resistant (PDR) 
strains [4].

Klebsiella pneumoniae is a Gram-negative bacterium 
that is considered one of the most common Enterobac-
teriaceae associated with hospital-acquired infections 
including septicemia, pneumonia, urinary tract infec-
tions (UTIs) and soft tissue infection [5].The emergence 
of antibiotic-resistant strains of K. pneumoniae world-
wide, including extended-spectrum β-lactamase (ESBL) 
and carbapenemase-producing strains has become a 
cause for concern [6]. ESBL-producing strains are resis-
tant to all penicillins, cephalosporins and aztreonam, 
resulting in a decline in available choices for proper ther-
apy and increasing patient mortality.

A significant rise in the rates of resistance of clinical K. 
pneumoniae isolates to different drugs has been noticed 
lately [7]. The main reason is the ability of the bacterium 
to acquire resistance genes vertically or horizontally. 
Various carbapenemases, such as Klebsiella pneumoniae 
carbapenemase (KPC), New Delhi metallo β-lactamase 
(NDM), Verona Integron encoded metallo β-lactamase 
(VIM), Imipenemase (IMP), and OXA-48, have been 
identified in K. pneumoniae [8, 9], some of which appear 
to be clone-specific and such clones form a reservoir for 
infection [10].

Globally, the estimated prevalence of AMR in 2015 was 
66.9% for third-generation cephalosporin-resistant Kleb-
siella pneumoniae, and 23.4% for carbapenem-resistant 
(CR) K. pneumoniae, with projected AMR prevalence in 
2030 at 58.2% and 52.8% respectively [11]. This model 
suggests that third-generation cephalosporins and car-
bapenems may be ineffective against the majority of 
K. pneumoniae infections in most parts of the world by 
2030, emphasizing the importance of improving steward-
ship efforts as well as prioritizing research and develop-
ment of new antibiotics for resistant Enterobacteriaceae 
[11].

In Egypt, K. pneumoniae is increasingly recognized as 
an emerging pathogen, showing high levels of antibiotic 
resistance [12]. A few reports are available on the anti-
biotic resistance profiles of CR K. pneumoniae and the 
molecular basis of antibiotic resistance or the clonal 

diversity of the drug-resistant strains in Egypt. [13, 14] 
However, there is a paucity of data on the clonality of CR 
K. pneumoniae [15]. Phenotypic surveillance of antibi-
otic resistance can benefit from the addition of molecu-
lar surveillance by whole-genome sequencing (WGS). 
WGS gives insights into the genetic basis of resistance 
mechanisms, pathogen evolution and population dynam-
ics at various geographical and temporal dimensions [16]. 
Understanding molecular epidemiology would improve 
the management of Klebsiella infections, guide infection 
control interventions and support effective stewardship 
programs. In this study, we are comparing resistance lev-
els, clonal diversity and genetic profiles of a population 
of K. pneumoniae isolates from patients admitted to 
Alexandria Main University Hospital (AMUH), Egypt in 
2019 and 2021 by using a combination of phenotypic and 
genomic tools.

Materials and methods
Bacterial isolates
A total of 56 consecutive K. pneumoniae isolates were 
included in this study. They were obtained from different 
clinical specimens from inpatients presenting at AMUH 
in 2019 (September to December) and 2021 (January to 
April). AMUH is a tertiary hospital and is considered as 
the largest teaching hospital and a main referral center in 
northern Egypt with four satellite hospitals and a maxi-
mum capacity of 3500 beds. These isolates represented 
all K. pneumoniae isolates collected at AMUH during the 
study period. The identity of the isolates was confirmed 
using conventional methods, including microscopi-
cal examination and biochemical tests, and the Micro 
VITEK® 2 microbial identification instrument (bioMéri-
eux).For long term preservation, the isolates were main-
tained in 15%glycerol broth at -80 °C [15,  17].

Antibiotic susceptibility screening of the clinical isolates
The susceptibility of the tested isolates, as well as that 
of appropriate standard microorganisms, to the stud-
ied antibiotics was determined by the standard disc 
diffusion technique according to the Clinical and Labo-
ratory Standards Institute (CLSI) guidelines [18]. All 
antibiotic discs were the product of Oxoid Ltd, Eng-
land. The tested antibiotics were Amikacin (AK 30 µg ); 
Gentamicin (GMN 10  µg); Meropenem (MEM 10  µg); 
Ertapenem(ETP10µg); Imipenem (IMP10µg); Ceftazi-
dime/avibactam (CZA 30/20µg); Ceftazidime (CAZ 
30  µg); Ceftriaxone (CRO 30  µg); Ciprofloxacin (CIP 
5  µg); Doxycycline (DOX 30  µg); Trimethoprim/Sulfam
ethoxazole(SXT1.25/23.75  µg); Ampicillin/Sulbactam 
(SAM 10/10µg); Cefoperazone/Sulbactam(SCF 75/10µg); 
Cefotaxime (CTX 30  µg); Cefepime (FEP 30  µg); Piper-
acillin/Tazobactam(TZP100/10µg); Nitrofurantoin(NTF 
300  µg); Azithromycin (AZM 15  µg); Fosfomycin (FOS 
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200 µg); Ampicillin (AMP10µg); Amoxicillin/Clavulanate 
(AMC 20/10µg); Norfloxacin (NOR10µg). The average 
diameter was recorded and interpreted as susceptible (S), 
intermediate (I) or resistant (R) according to the suscep-
tibility tables of CLSI 2021 [18]. Results were confirmed 
using a Micro VITEK® 2 microbial identification instru-
ment (bioMérieux France).

Multidrug -resistance (MDR) was defined as nonsus-
ceptibility to ≥ 1 agent in ≥ 3 antimicrobial categories; 
extensively drug-resistant (XDR) as susceptibility limited 
to ≤ 2 categories; pan drug resistance (PDR), as nonsus-
ceptibility to all agents in all antimicrobial categories 
[4]. The resistance score (R score), corresponding to the 
number of antibiotics the isolate was resistant to, was 
determined. Each resistant call was given a score of 1, 
intermediate resistance calls were given a score of 0.5 
[19].

The susceptibility results were confirmed by deter-
mining the antibiotics’ MIC using the broth microdi-
lution method according to CLSI guidelines [18].The 
tested antibiotics were amikacin (concentration range : 
64 –2 µg/ml), gentamicin (concentration range : 16 –1 µg/
ml), meropenem (concentration range : 16–0.25 µg/ml), 
ertapenem (concentration range : 8–0.5  µg/ml), imi-
penem (concentration range : 16–0.25  µg/ml), ceftazi-
dime (concentration range : 64 –2  µg/ml), ceftriaxone 
(concentration range : 32,768 –512  µg/ml), ciprofloxa-
cin (concentration range : 4–0.25  µg/ml), doxycycline 
(concentration range : 512–1  µg/ml), trimethoprim/sul-
famethoxazole (concentration range : 320 –20  µg/ml), 
ampicillin/Sulbactam (concentration range : 8192/4096–
4/2 µg/ml), cefoperazone/sulbactam (concentration range 
: 16,384 –64  µg/ml), cefotaxime (concentration range : 
64 –1  µg/ml), cefepime (concentration range : 64 –1  µg/
ml), nitrofurantoin (concentration range : 512 –16  µg/
ml), azithromycin (concentration range : 4096–16  µg/
ml), fosfomycin (concentration range : 256 –16  µg/ml), 
ampicillin (concentration range : 32–0.25 µg/ml), amoxi-
cillin/clavulanate (concentration range : 32/16–2/1 µg/
ml), norfloxacin (concentration range : 16–0.5  µg/ml). 
The tested antibiotics were of pharmaceutical grade, and 
they were purchased on the Egyptian market. The antibi-
otic solutions were two-fold serially diluted several times. 
One hundred µl of the prepared antibiotic concentrations 
were added to the wells of 96-well polypropylene microti-
ter plates (Ranon, China) serially from left to right in 
decreasing concentrations. Each well then received 100 µl 
of double strength Mueller-Hinton broth (CAMHB) 
(Oxoid, UK) containing 105 CFU/ml of the selected iso-
late such that each row represents one selected isolate 
experiment. The first well in each row was a positive con-
trol containing 100 µl of sterile CAMHB instead of anti-
biotic to control the adequacy of the culture medium to 
support the growth of the organism. The last well was a 

negative control to check the sterility of the procedure. 
The microtiter plate was incubated at 37ºC overnight, 
and then the plate was visually examined for microbial 
growth to determine the MIC values. MIC was defined 
as the least concentration of the antibiotic which inhib-
ited visible growth of the organism. K. pneumoniae 
ATCC®  700,603 was included as a quality control strain 
as recommended by CLSI 2021 [18]. Results were con-
firmed using a Micro VITEK® 2 microbial identification 
instrument (bioMérieux, France). Ceftazidime/avibactam 
(concentration range: 0.016–256 µg/mL) MIC was deter-
mined using E-test (bioMérieux, France) according to the 
manufacturer’s instructions.

DNA extraction
The isolates were grown on tryptone soy agar (TSA) 
plates, the colonies were harvested then washed in 1 
mL phosphate-buffered saline (PBS) and resuspended in 
0.5 mL SET (75 mM NaCl, 25 mM EDTA, 20 mM Tris 
[pH 7.5]), to which 50 µL of fresh 20  mg/mL lysozyme 
in PBS and 30 µL Mutanolysin were added; the mixture 
was then incubated for 60  min at 37  °C. The cells were 
then treated with 60 µL 10% sodium dodecyl sulfate and 
20 µL proteinase K and incubated at 55  °C for 2 h with 
gentle inversion. The suspension was gently mixed with 
210 µL of 6  M NaCl, and 700 µL phenol: chloroform 
was added, then incubated at room temperature for 30 
to 60 min, using a rotating wheel for gentle mixing. This 
was followed by centrifugation at maximum speed for 
10 min, the aqueous phase was separated in a new micro-
centrifuge tube and gently mixed with an equal amount 
of isopropanol. DNA was pelleted by centrifugation and 
the pellet was washed with 70% ethanol, which was left to 
evaporate overnight. The pellets were resuspended in 50 
µL double-distilled water (ddH2O) and stored at − 20 °C 
for further processing.

Whole genome sequencing of the isolates
For whole-genome library preparation, the Illumina Nex-
tera kit was used. The Illumina MiSeq System was used 
to sequence each isolate, producing paired-end 2 × 250 bp 
reads. The onboard MiSeq Control software and MiSeq 
Reporter v3.1 were used for quality control and demul-
tiplexing of sequence data. Trimmomatic v0.39 was used 
to trim the raw reads using the following parameters 
(LEADING:30, TRAILING: 30, SLIDINGWINDOW: 
4:15 and MINLEN:36). SPAdes v3.13.0 was then used to 
assemble the trimmed reads, using the “only-assembler” 
option for k values of 55, 77, 99, and 127 [20]. BBMap 
v38.47 (https://sourceforge.net/projects/bbmap/) was 
used to calculate genome coverage. Bioawk (https://
github.com/lh3/bioawk) was used to remove contigs that 
were less than 500  bp long from the assemblies. PAT-
RIC v3.3.18 was used to annotate genome assemblies, 

https://sourceforge.net/projects/bbmap/
https://github.com/lh3/bioawk
https://github.com/lh3/bioawk
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confirm species, and assess assembly quality [21]. PAT-
RIC performs checkM [22] as part of the annotation 
process. Only genomes with a completeness of ≥95 and 
contamination ≤5 were included in further analysis. PAT-
RIC results were used to confirm species designation, 
genome completeness and contamination. The presence 
of OXA genes was confirmed by blasting them against 
the beta-lactamase database (Sequence Server: Custom 
BLAST Server (bldb.eu)) [23]. ResFinder online tool was 
available from the Center for Genomic Epidemiology [24, 
25]. Genome assemblies and raw sequence data from 
SRA were deposited in NCBI’s Assembly database under 
BioProject accession number PRJNA1071125.The NCBI 
Prokaryotic Genome Annotation Pipeline (PGAP) v5.0 
was used to annotate the genomes that were deposited 
[26]. CARD database was used for AMR gene predic-
tion. Unless previously noted, each software tool’s default 
parameters were used.

Multilocus sequence typing, allelic diversity and 
population structure analysis
ARIBA v2.14.6 [27]was used to predict the Multilo-
cus sequence typing (MLST) type of the isolates based 
on their genomic data; novel sequence types (STs) were 
assigned through the InstitutPasteur(Paris, France)
database(http://bigsdb.pasteur.fr/klebsiella/klebsiella.
html).DIVEIN was used to study the diversity of individ-
ual locus sequences as well as the concatenated sequences 
of all seven MLST loci per isolate [28]. Clonal grouping/
clustering was determined using eBURST [29]. eBURST 
was also used to generate a population snapshot to assess 
the clonal relationship between these STs and those 
in the Institut Pasteur database. A Call SNP and Infer 
(CSI) Phylogeny was built using the Center for Genomic 

Epidemiology online tool [30]. Default parameters were 
used, namely 10x as min. depth at SNP positions, 10% 
as min. relative depth at SNP positions, 10  bp as mini-
mum distance between SNPs, 30 as min. SNP quality, 25 
as min. read mapping quality and 1.96 as min. Z-score. 
The MDR strain genome of Klebsiella pneumoniae subsp. 
pneumoniae HS11286 was used as a reference but was 
not included in the final phylogeny. Interactive Tree of 
Life (iTol) v.6.9.1 was used as the tree viewer.

Statistical analysis
Data were analysed using a statistical package for the 
Social Sciences (SPSS) software package version 20.0 
(Armonk, NY: IMP Corp). Quantitative data were pre-
sented as mean and standard deviation (SD) for normally 
distributed data, median for skewed data, or as num-
ber and percentage for categorical data. Paired t test for 
normally distributed quantitative variables, to compare 
between two dependents variables [31]. Results were sta-
tistically significant at P-value ≤ 0.05. The level of agree-
ment between two or more isolates within the same ST 
was expressed a percentage agreement and was calcu-
lated by dividing the number of isolates displaying the 
same phenotypic resistance picture or same content of 
resistance genes over the total number of isolates within 
that ST.

Ethics approval
All methods were carried out in compliance with the cor-
responding regulations and guidelines. The study was 
approved by the ethics committee at the Faculty of Medi-
cine, Alexandria University (IRB No.: 00012098).The 
informed consent was waived by the ethics committee at 
the Faculty of Medicine, Alexandria University (IRB No.: 
00012098), since all isolates were obtained as part of the 
routine care of the patients at the discretion of the treat-
ing physician. The isolates were included in the study 
anonymously and no patient intervention was decided 
based on the results of the study.

Results
A total of 56 K. pneumoniae isolates were included in 
the study. Of these 19 were collected consecutively in 
2019 and the remaining 37 were obtained consecutively 
in 2021 (Supplementary File 1).Since these isolates rep-
resented all K. pneumoniae isolates collected at AMUH 
during the study period, they were used to draw an epi-
demiological snapshot before and after the pandemic. 
The collective demographics of the two collections are 
presented in Table  1.The male: female ratio of patients 
where the isolates were obtained was very close in the 
two collections, average age of patients was 61.43 years in 
2019 and 51.71 years in 2021.The isolates were obtained 
from pus (n = 9); blood (n = 10); urine (n = 21); CSF (n = 1); 

Table 1 Patient demographics and sample details in the 2019 
and 2021 collections
Demographic data 2019

(n = 19)
2021
(n = 37)

p-value

Gender
Male 10 (52.6%) 20 (54%) 0.920
Female 9 (47.4%) 17 (46%)
Sample type
Urine 6 (31.6%) 15 (40.5%) 0.512
Blood 2 (10.5%) 8 (21.6%) 0.467
mini-BAL 5 (26.3%) 10 (27%) 0.955
PUS 6 (31.6%) 3 (8.1%) 0.049*

CSF 0 (0%) 1 (2.7%) 1.000
Age (years)
Min. – Max. 21.0–85.0 12.0–87.0 0.082
Mean ± SD. 61.43 ± 23.40 51.71 ± 17.05
Median 67.0 55.0
BAL: Broncho-alveolar lavage, CSF: Cerebrospinal fluid, MIN: Minimum, MAX: 
Maximum, SD: Standard deviation, p: p value for comparing between the two 
studied groups,*: Statistically significant at p ≤ 0.05

http://bigsdb.pasteur.fr/klebsiella/klebsiella.html).DIVEI
http://bigsdb.pasteur.fr/klebsiella/klebsiella.html).DIVEI
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and mini-broncho-alveolar lavage (mini-BAL) (n = 15).
The number of isolates from pus was significantly higher 
in the 2019 collection relative to the 2021 one. The date 
of patient admission was missing which prevented the 
determination of the type of infections (community ver-
sus nosocomial).

Resistance profile of the isolates
All strains were resistant to at least one antimicro-
bial agent tested in the study. Only ceftazidime showed 
a significant increase in resistance rate in 2021 rela-
tive to 2019 (Table  2). The prevalence of MDR isolates 
decreased from 33% in 2019 to 10% in 2021. Yet, XDR 
prevalence increased from 24% in 2019 to 46% in 2021 
and PDR prevalence remained steady at 43%. Susceptibil-
ity data were confirmed by MIC determination, signifi-
cantly higher MIC values were recorded with amikacin 
(p = 0.042), ampicillin/sulbactam (p = 0.001), cefepime 
(p = 0.041), ceftriaxone (p = 0.036)and ertapenem 
(p = 0.022) in 2021 relative to 2019 (Table 2 and Supple-
mentary File 1).

Genes of resistance and their clonal distributions
The sequencing data of seven isolates from the 2019 col-
lection and 20 from the 2021 collection passed the quality 
checks and were further included in the study. CheckM 
confirmed all sequencing was uncontaminated and all 
strains were confirmed as K. pneumoniae. Genomic data 
were used to predict the presence of antibiotic resistance 
genes (Table 3 and Supplementary file 2). In 58.3% of the 
cases, there was an increased prevalence of the genes in 
the 2021 collection relative to the 2019 one. This increase 
was significant in the case of aph(3’) – Ia, aph(3’)-VI cod-
ing for aminoglycoside resistance and mphA coding for 
macrolide resistance. Except for blaOXA−1 predicted in 
both collections, the other OXA genes (blaOXA−9, bla-
OXA−48) were only detected in the 2021 collection (Sup-
plementary File2).

As shown in supplementary file 3, mutations in exist-
ing resistance genes were detected by ResFinder data-
base, resulting in eight groups where each group includes 
number of isolates sharing same pattern of mutation of 
ompK36,ompK37 and acrR genes. This mutation didn’t 
increase MIC level significantly. So, the mutations 
detected weren’t contributing to resistance against ceph-
alosporins, carbapenems and fluoroquinolones.

As shown in Table 4, the presence of genes responsible 
for resistance to different antibiotic classes was linked to 
the specimen type, where there was insignificant differ-
ence in their presence among different specimen types. 
Moreover, being resistant to a smaller number of antibi-
otics (smaller resistance scores) was mostly linked to car-
riage of a lower number of resistance genes, irrespective 

of the year of collection or MLST (Supplementary Files 1 
and 2 and Fig. 1).

Multilocus sequence typing and phylogeny of the isolates
The isolates belonged to 15 sequence types (STs) (Table 5 
and Supplementary File 2). The STs occurring the most 
were ST-101 in 28.6% of the 2019 isolates and ST-147 in 
25% of the 2021 isolates, with ST-383 and ST-101 being 
represented in both 2019 and 2021 collections. Two 
novel STs: ST-6118 and ST-6119, each occurring once 
(10%) in the 2021 collection, were identified in the study. 
The SNP-based phylogenetic tree (Fig. 1) largely mirrors 
the MLST tree (Supplementary Fig. 1) and shows that the 
STs are grouped in two major clades and three singletons. 
The phylogenetic tree confirms the clonality of the iso-
lates belonging to each of ST101, ST383 and ST147, irre-
spective of the year of isolate collection.

The e-BURST analysis (clustering with 3 loci match-
ing profiles) confirmed the phylogenetic relationships 
and groups the STs in two clusters, showed ST-515 to 
likely be the ancestor ST (Fig.  2). Cluster one included 
nine STs: ST-515, ST-11, ST-751, ST-1128 and ST-6119 
from the 2021 collection in addition to ST-1087, ST-38 
and ST-458 from the 2019 collection. ST-515 was a sin-
gle locus variant (SLV) of ST-1128, a double locus vari-
ant of ST-11 and a triple locus variant (TLV) of ST-751 
and ST-1087. ST-11 was a SLV of ST-751 and TLV of 
ST-1128.ST-1128 was a TLV of ST-1087. ST-6119 was 
a TLV of ST-1087. All group one isolates were resistant 
to AZM, CTX, SCF and also had the following genes in 
common: ompA, ompK35, ompK36, ompK37, lptD, oqxA, 
kpnE, kpnF, kpnG, e.coli 23 S, acRA, eptB and arnT.

Cluster two included ST-101 and ST-383 both from 
2019 to 2021 collections in addition to ST-231 and 
ST-6118 from the 2021 collection. ST-101 was a TLV of 
ST-231 and ST-383.ST-383 and ST-6118 were SLVs of 
each other, ST-231 and ST-383 were DLVs, and ST-231 
and ST-6118 were TLVs. ST-231, ST-11, ST-751, ST-147, 
ST-1128, ST-1777, ST-515, ST-6118 and ST-6119 found 
only in the 2021 collection were significantly associated 
with higher MIC values relative to those found in the 
2019 collection or common between the two collections.

All ST-101 isolates were positive for the aac(6’)-Ib-cR7, 
blaSHV−16,blaCTX−M−15, ompA, blaTEM, ompK35, ompK36, 
ompK37, lptD, fosA5, oqxA, oqxB, kpnE, kpnF, kpnG, 
E.coli 23 S, acRA, eptB, arnT genes, and were all resistant 
to CIP, NOR, DOX, NTF, AMP, SAM, TZP, AMC, CAZ, 
FEP, CRO, CTX, SCF and ETP. ST-383 isolates were 
positive for the aph(3’)-Ia, aph(3’)-VI, blaLEN−1, ompA, 
ompK35, ompK36, ompK37, lptD, fosA5, opxA, opxB, 
kpnE, kpnF, kpnG, eptB, arnT, blaCTX−M−15, blaCTX−M−2, 
blaOXA−48, aph(3’’)-Ib, aph(6)-Id genes and were all resis-
tant to AZM, CIP, NOR, TMP/SMX, DOX, AMP, SAM, 
TZP, AMC, CAZ, FEP, CRO, CTX and SCF.
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The 2021 unique STs were also significantly associated 
with the presence of aph(3’) – Ia, aph(3’)-VI and mphA. 
Looking at level of agreement between isolates belong-
ing to the same ST and isolated from 2019 versus those 
isolated from 2021 with respect to their phenotypic resis-
tance profile and resistance gene content, Table 6 shows 
that intra-collection agreement was higher than inter col-
lection agreement for isolates belonging to the same ST. 
This was more evident in case of ST-101 isolates (n = 2 
from each of 2019 and 2021) than ST-383 isolates (n = 1 
from 2019 and n = 3 from 2021). Yet, ST-147 (n = 5 all 
from 2021) showed lowest level of agreement regarding 
their phenotypic resistance profile.These results suggest 
resistance evolution in isolates within same ST over years 
[32].

Discussion

A large increase in the rates of resistance of clinical 
K. pneumoniae isolates to different antibacterial 
agents has been noted in recent years [7].Resistant 
strains develop because of long-term and excessive 
use of diverse antibiotics, where bacteria can acquire 
resistance genes horizontally [33].The acquisition of 
resistance genes under antibiotic selection pressure 
and further dissemination of these genes lead to the 
development of MDR and XDR strains [34]which 
challenges antimicrobial chemotherapy worldwide 
[35]. K. pneumoniae is becoming more recognized as 
an emerging pathogen, developing high levels of anti-
biotic resistance in Egypt [12]. After Streptococcus 
pneumoniae (22.5%) and Pseudomonas aeruginosa 
(21.7%), K. pneumoniae (16.7%) has been recog-
nized as the third main cause of Hospital Acquired 
Infections (HAIs) in Egypt [36]. The current Egyptian 
guidelines for treating MDR K. pneumoniae include 
the use of the aztreonam-ceftazidime/avibactam 
combination or the combination of colistin or tige-
cycline or an aminoglycoside with a carbapenem or 
using ceftolozane/tazobactam combination to treat 
such resistant infections.

A total of 56 K. pneumoniae isolates were included in the 
study (n = 19 from 2019 and n = 37 from 2021). The iso-
lates were obtained from patients with an almost equal 
male to female representation in both collections and 
with an average age above 50 years. Susceptibility to most 
studied antibiotics was almost equally low among the two 
collections. Yet on an individual isolate level, although 
MDR rates decreased in 2021, this was accompanied with 
an almost doubling in XDR rates. These high levels of 
XDR K. pneumoniae agree with other studies carried out 
in Egypt by Hassuna et al. [37]. who reported an alarming 
prevalence of XDR K. pneumoniae of 83.3% and Al-Baz 

et al. [38]. who showed that the majority (60.6%) of the 
isolates were XDR while 30.3% were multidrug-resistant 
(MDR) and only 9.2% were susceptible with CR isolates 
accounting for roughly a quarter. Others described resis-
tance rates among clinical K. pneumoniae isolates to 
be 42.5%, 35% and 5% for MDR, XDR and PDR pheno-
types, respectively [13]. This study was also comparable 
to another that looked at changes in drugs susceptibil-
ity patterns over a four-year period in Klebsiella pneu-
moniae isolates from patients in intensive care units that 
were mechanically ventilated in North India. As the over-
all rate of resistant K. pneumoniae increased from 7.5% 
in 2018 to 21.4% in 2022, while XDR Klebsiella pneu-
moniae among the mechanically ventilated ICU patients 
significantly increased from 62.5% in 2018 to 71% in 2022 
[39].This could be explained by the massive antibiotic 
use during the COVID-19 pandemic. It is estimated that 
although < 10% of COVID-19 patients were diagnosed 
with a secondary bacterial infection, about 75% received 
an antibiotic prescription [40].

We performed successful WGS for 27 isolates (n = 7 
from 2019 and n = 20 from 2021). With a few exceptions, 
the genomic prediction of resistance genes was almost 
equally high in both collections. In most cases, the car-
riage of a larger number of resistance genes was linked 
to a more resistant phenotype (higher resistance score). 
β-lactam resistance, including to 3rd and 4th genera-
tion cephalosporins and the carbapenems, was high in 
both collections. Yet, significantly higher MIC values of 
amikacin (p = 0.042), ampicillin/sulbactam (p = 0.001), 
cefepime (p = 0.041), ceftriaxone (p = 0.036)and ertape-
nem (p = 0.022) were recorded in 2021 versus 2019. The 
higher carbapenem resistance levels were confirmed 
by the prediction of higher carriage levels of blaKPC and 
blaNDM among the 2021 collection which also agreed 
with Bulman et al [41]. The genomic evidence supports 
the usefulness of MIC to assess the degree of suscepti-
bility to various antibiotics used in the hospital for the 
implementation of antibiotic stewardship programs, 
whereupon antibiotics with MIC90 close to the break-
point could be labelled “medications with limited access 
in empirical therapy”, unless absolutely needed [42].

Resistance is multifactorial, meaning that the resis-
tance phenotype is influenced by mutations in several 
genes. However, this can’t be proven in our study as only 
mutations of only four genes were detected but weren’t 
affecting MIC level so switching to XDR strains can be 
explained by acquisition of resistance genes or mutation 
of other genes not detected by the database used.

In this study, K. pneumoniae isolates displayed a high 
genetic variability with 15 sequence types (ST), four 
unique to the 2019 collection and 9 to the 2021 collec-
tion (including two novel STs) and two STs common 
between 2019 and 2021. ST-101 and ST-147 that were 
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Antibiotic class Antibiotic resistance gene N(% of total ) FEp
2019
(total n = 7)

2021
(total n = 20)

Aminoglycosides aph(3’) – Ia 2 (28.6%) 17(85%) 0.011*

aac(6’) - Ib-cr7 5 (71.4%) 13 (65%) 1.000
aac(6’)-Ib7 1 (14.3%) 0(0%) 0.259
aac(3)-IIa 0(0%) 3(15%) 0.545
aph(3’)-VI 3 (42.9%) 17 (85%) 0.049*

aph(3’’) – Ib/ aph(6) - Id 3 (42.9%) 11(55%) 0.678
aadA 3 (42.9%) 14 (70%) 0.365
aadA2 2 (28.6%) 5(25%) 1.000
crcB 1 (14.3%) 0(0%) 0.259
armA 1 (14.3%) 11(55%) 0.091
rmtB 0(0%) 2(10%) 1.000
rmtF 2 (28.6%) 1(5%) 0.156
rrsB+ 6 (85.7%) 15(75%) 1.000

β-lactams blaSHV−16 4 (57.1%) 13 (65%) 1.000
blaCTX−M−15 5 (71.4%) 16(80%) 0.633
blaCTX−M−2 0 (0%) 8(40%) 0.068
lap 0 (0%) 1(5%) 1.000
blaLEN−1 4 (57.1%) 7(35%) 0.391
blaOXA−20/blaOXA−24 / blaOXA−42
/porin ompC

0 (0%) 0 (0%) –

blaOXA−9 /blaKPC 0 (0%) 3(15%) 0.545
blaOXA−48 0 (0%) 5(25%) 0.283
blaOXA−1 3 (42.9%) 5(25%) 0.633
blaNDM−1 3 (42.9%) 11(55%) 0.678
blaTEM 4 (57.1%) 12 (60%) 1.000
Klebsiella pneumoniae ompK35 7 (100%) 19 (95%) 1.000
Klebsiella pneumoniae ompK36/ ompK37
lptD / ompA

7 (100%) 20 (100%) –

ESBL 3 (42.9%) 2 (10%) 0.091
Fosfomycin fosA1 0 (0%) 3(15%) 0.545

fosA5 7 (100%) 19 (95%) 1.000
Fluoroquinolones qnrB 2 (28.6%) 6 (30%) 1.000

qnrS11 3 (42.9%) 16(80%) 0.145
oqxA 7 (100%) 20 (100%) –
oqxB 7 (100%) 19 (95%) 1.000
acrR 7 (100%) 20 (100%) –

Macrolide mphA 2 (28.6%) 17(85%) 0.011*

mphB 0 (0%) 1(5%) 1.000
mphE 1 (14.3%) 12 (60%) 0.077
msrE 1 (14.3%) 11(55%) 0.091

Trimethoprim dfrA-1 2 (28.6%) 12 (60%) 0.209
dfrA12 2 (28.6%) 5(25%) 1.000
dfrA14 4 (57.1%) 4 (20%) 0.145

Sulfonamide sul1 4 (57.1%) 17 (85%) 0.290
sul2 4 (57.1%) 16(80%) 0.328
sul3 0(0%) 1(5%) 1.000

Tetracycline tetA 2 (28.6%) 8(40%) 0.678
tetD 2 (28.6%) 0(0%) 0.060

Table 3 Prevalence of the most common resistance genes in the two collections
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most prevalent among the 2019 and 2021 collections, 
respectively have been previously detected as the most 
prevalent STs among a collection of Egyptian K. pneu-
moniae obtained from nine hospitals in 2018 [14].The 
two STs common between the 2019 and 2021 collec-
tion were ST-101 (n = 2 in each collection) and ST-383 
(n = 1 in 2019 and n = 3 in 2021). Of these, only one iso-
late among the 2019 collection was CAZ-AVI resis-
tant, whereas three isolates from 2021 were CAZ-AVI 
resistant which could reflect the fact that CAZ-AVI had 
not been available in clinical practice in 2019. The resis-
tance phenotype was linked to the isolates’ carriage of 
the blaNDM−1 gene [43]as predicted from genomic data. 
Adding aztreonam to the CAZ-AVI combination is one 
of the recommended options to treat such resistant infec-
tions [44]. The increased resistance trend among ST-101 
and ST-383 was also true for the carbapenems where 
resistance to meropenem and imipenem increased from 
33.33% in 2019 to 83.33% in 2021. In case of ertapenem, 
although resistance was already at 100% among the 2019 
isolates belonging to ST-101 and ST-383 and decreased 
to 83.33%, MIC values were higher in 2021 which shows 
increased resistance levels. The same pattern was also 
seen with trimethoprim/sulfamethoxazole and Azithro-
mycin where there was a noticeable increase in carriage 
of resistance genes in the 2021 collection. For the fluo-
roquinolones and tetracyclines, 100% of the 2019 ST-101 
and ST-383 isolates were already resistant, yet there is 
a distinct increase in carriage of some genes mediating 
resistance to these classes.

From an epidemiological point of view, it is often nec-
essary to determine the clonality of the strains to improve 
the management of endemic and epidemic nosocomial 
outbreaks of Klebsiella infections [5]. According to the 

eBURST diagram, isolates within each group had shared 
resistance gene content and showed similar resistance 
phenotypes to two and three antibiotic classes, respec-
tively. The SNP-based phylogenetic tree supported the 
clonal nature of the isolates within ST101, ST383 and 
ST147.

The only two STs common between 2019 and 2021 
isolates: 101 and 383 were TLVs of each other.ST-101 
isolates showed 81.8% level of agreement between the 
isolates concerning presence of certain resistance genes 
and 72.7% level of agreement concerning resistance 
pattern( phenotypic resistance ). De Koster et al. [45]. 
described high resistance levels among clinical K. pneu-
moniae ST-101 isolates. Yet within the ST-101 2019 col-
lection, the intra-collection isolate agreement level was 
90.9% in resistance pattern and 97.3% in presence of 
genes, whereas within the 2021 collection the level of the 
intra-collection agreement was 90.9% in resistance pat-
tern and 91.9% in presence of genes. This shows some 
diversity within the same ST decreasing the overall level 
of agreement to 72.7% (resistance pattern) and 81.8% 
(resistance genes presence). That was exemplified by 2021 
ST-101 isolates being resistant to meropenem, imipenem, 
CAZ/AVI and Fosfomycin while 2019 isolates were sen-
sitive. A similar pattern was seen with ST-383 isolates 
between the 2019 and 2021 collections where 2021 iso-
lates were resistant to Fosfomycin whereas 2019 isolates 
were sensitive. Guo et al. [46]. reported ST-383 to be one 
of two predominant clones responsible for a hospital out-
break of K. pneumoniae in a Chinese hospital.

Osman et al. [47]. described the MLSTs of 86 K. pneu-
moniae clinical isolates obtained from Sudan between 
2016 and 2020 and found ST-101 and ST-383 to be 
the 4th and 7th most prevalent STs, respectively. In 

Antibiotic class Antibiotic resistance gene N(% of total ) FEp
2019
(total n = 7)

2021
(total n = 20)

Multidrug K. pneumoniae KpnE/ KpnF/ KpnG/
Escherichia coli 23 S

7 (100%) 20(100%) –

K. pneumoniae KpnH+ 0(0%) 0(0%) –
adeK / adeG 0(0%) 1(5%) 1.000
ramR 1 1 (14.3%) 0(0%) 0.259
acrA 7 (100%) 19 (95%) 1.000

Polymyxin eptB / arnT 7 (100%) 20(100%) –
Chloramphenicol catI 1 (14.3%) 5(25%) 1.000

catII 0(0%) 5(25%) 0.283
catB3/ floR+ 0(0%) 2(10%) 1.000
catB8 0(0%) 1(5%) 1.000

Antiseptics qacE 4 (57.1%) 18(90%) 0.091
Rifamycin arr 2 (28.6%) 3(15%) 0.580
Bleomycin bleMBL 3 (42.9%) 11(55%) 0.678
FEp: p value for Fisher Exact test for comparing between 2019 and 2021

*: Statistically significant at p ≤ 0.05

Table 3 (continued) 
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Antibiotic class Antibiotic resistance gene N (% of total ) MCp
BAL
(total n = 7)

URINE
(total n = 11)

BLOOD
(total n = 6 )

PUS
(total n = 3)

Aminoglycosides aph(3’) – Ia 6 (85.7%) 5(45.5%) 6 (100%) 2 (66.7%) 0.086
aac(6’) - Ib-cr7 5(71.4%) 7(63.6%) 3 (50%) 3(100%) 0.618
aph(3’)-VI 5(71.4%) 5(45.5%) 4(66.7%) 2 (66.7%) 0.768
aph(3’’) – Ib/ aph(6) - Id 4(57%) 6(54.5%) 4(66.7%) 0(0%) 0.387
aac(6’)-Ib7/ crcB 0(0%) 1(9.1%) 0(0%) 0(0%) 1.000
aac(3)-IIa 2(28.6%) 1(9.1%) 0(0%) 0(0%) 0.602
aadA2 3(43%) 3(27.3%) 1(16.7%) 0(0%) 0.662
rmtB 1(14.3%) 1(9.1%) 0(0%) 0(0%) 1.000
rmtF 1(14.3%) 2(18.2%) 0(0%) 0(0%) 0.844
aadA 5(71.4%) 6(54.5%) 4(66.7%) 2 (66.7%) 0.940
armA 4(57%) 3(27.3%) 3 (50%) 2 (66.7%) 0.562
rrsB+ 5(71.4%) 9(81.8%) 4(66.7%) 3(100%) 0.791

β-lactams blaSHV−16 3(43%) 9(81.8%) 3 (50%) 2 (66.7%) 0.342
blaCTX−M−15 5(71.4%) 8(72.8%) 5(83.3%) 3(100%) 1.000
blaCTX−M−2 2(28.6%) 2(18.2%) 4(66.7%) 0(0%) 0.175
blaLEN−1 4(57%) 2(18.2%) 3 (50%) 2 (66.7%) 0.239
lap 0(0%) 0(0%) 1(16.7%) 0(0%) 0.345
blaOXA−20/ blaOXA−24 / blaOXA−42 0(0%) 0(0%) 0(0%) 0(0%) –
blaOXA−9 1(14.3%) 1(9.1%) 1(16.7%) 0(0%) 1.000
blaOXA−48 1(14.3%) 1(9.1%) 3 (50%) 0(0%) 0.201
blaOXA−1 2(28.6%) 4(36.4%) 1(16.7%) 1(33.3%) 0.933
blaNDM−1 5(71.4%) 5(45.5%) 2(33.3%) 2 (66.7%) 0.565
blaTEM 4(57%) 6(54.5%) 3 (50%) 3(100%) 0.616
blaKPC 1(14.3%) 1(9.1%) 1(16.7%) 0(0%) 1.000
porin ompC 0(0%) 0(0%) 0(0%) 0(0%) –
Klebsiella pneumoniae ompK35 7(100%) 10(91%) 6 (100%) 3(100%) 1.000
Klebsiella pneumoniae ompK36/ Klebsiella 
pneumoniae ompK37 /lptD / ompA

7(100%) 11(100%) 6 (100%) 3(100%) –
–

ESBL 1(14.3%) 2(18.2%) 1(16.7%) 1(33.3%) 1.000
Fosfomycin fosA1 1(14.3%) 1(9.1%) 1(16.7%) 0(0%) 1.000

fosA5 7(100%) 10(91%) 6 (100%) 3(100%) 1.000
Fluoroquinolones qnrB 4(57%) 2(18.2%) 2(33.3%) 0(0%) 0.250

qnrS11 5(71.4%) 7(63.6%) 5(83.3%) 2 (66.7%) 0.928
oqxA 7(100%) 11(100%) 6 (100%) 3(100%) –
oqxB 7(100%) 11(100%) 5(83.3%) 3(100%) 0.333
acrR 7(100%) 11(100%) 6 (100%) 3(100%) –

Macrolide mphA 7(100%) 6(54.5%) 5(83.3%) 1(33.3%) 0.154
mphB 0(0%) 1(9.1%) 0(0%) 0(0%) 1.000
mphE 4(57%) 4(36.4%) 3 (50%) 2 (66.7%) 0.711
msrE 4(57%) 3(27.3%) 3 (50%) 2 (66.7%) 0.572

Trimethoprim dfrA-1 5(71.4%) 3(27.3%) 4(66.7%) 2 (66.7%) 0.232
dfrA12 2(28.6%) 4(36.4%) 1(16.7%) 0(0%) 0.751
dfrA14 3(43%) 4(36.4%) 0(0%) 1(33.3%) 0.322

Sulfonamide sul1 7(100%) 7(63.6%) 5(83.3%) 2 (66.7%) 0.318
sul2 6 (85.7%) 8(72.8%) 4(66.7%) 2 (66.7%) 0.931
sul3 0(0%) 0(0%) 0(0%) 1(33.3%) 0.105

Tetracycline tetA / tetD 5(71.4%) 2(18.2%) 3 (50%) 0(0%) 0.076
Multidrug K. pneumoniae KpnE/ KpnF/ KpnG/

Escherichia coli 23 S
7(100%) 11(100%) 6 (100%) 3(100%) –

adeK / adeG 1(14.3%) 0(0%) 0(0%) 0(0%) 0.588
ramR 1 0(0%) 0(0%) 0(0%) 1(33.3%) 0.105
acrA 7(100%) 11(100%) 5(83.3%) 3(100%) 0.333

Table 4 Prevalence of representative resistance genes relative to specimen types
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agreement with our findings, the Sudanese ST-101 and 
ST-383 isolates were MDR including carbapenem resis-
tant with presence of one or more variant of blaCTX−M 
and blaNDM genes. ST-11, ST-38, ST-39, ST-147 and 
ST-231were other STs also detected here and among 
the Sudanese isolates which could be explained by geo-
graphical proximity and traffic between the two countries 
leading to isolate exchange. ST-101, ST-147, ST-231and 
ST-383 are considered emerging high-risk clones that 
have been identified in different parts of the world with 
the potential to become a global, persistent public health 
threat [48–51].

Conclusions
Levels of antibiotic resistance are increasing in K. pneu-
moniae in Egypt. Between 2019 and 2021, we detected a 
wide range of genotypes circulating within AMUH with 
ST-101 and ST-383 persisting from 2019 to 2021 which 
could be a risk factor for nosocomial outbreaks. This is 
particularly concerning because of the MDR and some-
times XDR status of some of the isolates in these two 
genotypes and their cargo of resistance genes. We rec-
ommend continuous surveillance of resistance levels 
and genotypes among K. pneumoniae isolates to bet-
ter inform infection control plans, in addition to a strict 
implementation of antimicrobial stewardship guidelines 
to avoid further resistance development.

Fig. 1 A SNP-based phylogenetic tree annotated by year of isolation, MLST, resistance score and number of carried resistance genes (colored bands from 
left to right, respectively). Median resistance score and median number of resistance genes were used as cutoffs to categorize the isolates

 

Antibiotic class Antibiotic resistance gene N (% of total ) MCp
BAL
(total n = 7)

URINE
(total n = 11)

BLOOD
(total n = 6 )

PUS
(total n = 3)

Polymyxin eptB / arnT 7(100%) 11(100%) 6 (100%) 3(100%) –
Chloramphenicol catI 3(43%) 1(9.1%) 2(33.3%) 0(0%) 0.289

catII 1(14.3%) 3(27.3%) 1(16.7%) 0(0%) 1.000
catB3 0(0%) 1(9.1%) 1(16.7%) 0(0%) 0.785
catB8 1(14.3%) 0(0%) 0(0%) 0(0%) 0.588
floR+ 0(0%) 0(0%) 1(16.7%) 1(33.3%) 0.102

Antiseptics qacE 7(100%) 8(72.8%) 5(83.3%) 2 (66.7%) 0.402
Rifamycin arr- 2(28.6%) 2(18.2%) 1(16.7%) 0(0%) 1.000
Bleomycin bleMBL 5(71.4%) 5(45.5%) 2(33.3%) 2 (66.7%) 0.562
MCp: p value for Monte Carlo test for comparing between 2019 and 2021

Table 4 (continued) 
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Abbreviations
AMR  Anti-microbial resistance
MDR  Multi-drug resistance
XDR  Extensive drug resistance
PDR  Pan drug resistance
ESBL  Extended-spectrumβ-Lactamase
KP  Klebsiella pneumoniae
KPC  Klebsiella pneumoniae carbapenemase
MICs  Minimum inhibitory concentrations
MLST  Multilocus sequence typing
STs  Sequence types
SLV  Single locus variant
DLV  Double locus variant
TLV  Triple locus variant
BAL  Broncho-alveolar lavage CSF  Cerebrospinal fluid

Table 5 Analysis of the MLST data
Sequence type 2019 (n = 7)

N (%of total)
2021(n = 20)
N (%of total)

383 1(14.3%) 3(15%)
101 2(28.6%) 2(10%)
458 1(14.3%)
1128 1(5%)
38 1(14.3%)
39 1(14.3%)
1087 1(14.3%)
6118* 1(5%)
1777 1(5%)
231 2(10%)
11 1 (5%)
515 1 (5%)
751 2(10%)
147 5(25%)
6119* 1(5%)
*: novel MLST types identified in the current study

Table 6 Resistance pattern and gene carriage inter and intra-
collection agreement
MLST Year of 

isolation
Isolate number Percentage 

of agree-
ment (%)

101 K5 vs. K14
2019 Resistance pattern 90.9

Genes 97.3
231 2021 K26 vs. K49

Resistance pattern 100
Genes 98

751 2021 K39 vs. K56
Resistance pattern 86.4
Genes 100

101 2021 K51 vs. K55
Resistance pattern 90.9
Genes 91.9

383 2021 K36 vs. K38 vs. K46
Resistance pattern 63.6
Genes 69.6

147 2021 K34 vs. K35 vs. K44 vs. K45 
vs. K47
Resistance pattern 27.3
Genes 78.4

101 2019 + 2021 K5 vs. K14 vs. K 51 vs. K55
Resistance pattern 72.7
Genes 81.8

383 2019 + 2021 K4 vs. K36 vs. K38 vs. K46
Resistance pattern 63.6
Genes 64.2

Fig. 2 Evolutionary relationships and relatedness of MLST types using the eBURST algorithm in the PHYLOViZ software (http://www.phyloviz.net/). The 
identified MLST types belonged to two groups “profiles match 3 loci to any other member of the group“ of STs (group 1: ST383, ST101, ST231, ST6118 and 
group 2: ST515, ST11, ST751, ST1087, ST6119, ST458, ST1128, ST38) and three singleton STs (ST1777, ST147, ST39). The lengths of connecting branches 
between the STs are arbitrary. The dashed lines divide the diagram in groups as the STs are divided into 2 groups and 3 singletons. The darker shade of the 
ST indicates the ancestor STs of the tree. The strains were divided into two groups according to the relatedness to each other, whether they were within 
SLV, DLV or TLV of other STs

 

http://www.phyloviz.net/
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MIN  Minimum
MAX  Maximum
SD  Standard deviation
SDD  Susceptible dose dependent
S  Sensitive
I  Intermediate
R  Resistant
WGS  Whole genome sequencing
CIP  Ciprofloxacin
NOR  Norfloxacin
DOX  Doxycycline
NTF  Nitrofurantoin
AMP  Ampicillin
SAM  Ampicillin/sulbactam
TZP  Piperacillin/tazobactam
AMC  Amoxicillin/clavulanic acid
CAZ  Ceftazidime
FEP  Cefepime
CRO  Ceftriaxone
CTX  Cefotaxime
SCF  Cefoperazone-sulbactam
ETP  Ertapenem
AZM  Azithromycin
AK  Amikacin
GMN  Gentamicin
MEM  meropenem
IMP  Imipenem
CZA  Ceftazidime-avibactam
SXT  Trimethoprim/sulfamethoxazole
AMUH  Alexandria Main University Hospital
ATCC  American type culture collection
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