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 Background:Neonatal sepsis is a significant cause of neonatal mortality, 

particularly in developing countries, and Klebsiella pneumoniae is a significant 

contributor to this problem in some Egyptian hospitals. The aim of this study 

was to investigate the association between CTXM-15 and Klebsiella 

pneumoniae resistance in neonates. 

Results:Five hundred and nine positive samples were collected from newborns 

at some Egyptian hospitals between March 2019 and March 2021, and 101 

isolates of Klebsiella pneumoniae were tested for antimicrobial susceptibility 

using VITEK® 2. The majority of the isolates were from late-onset infections 

and showed high levels of resistance to several antibiotics, including 

Ampicillin, Ampicillin/sulbactam, Ceftazidime, and Cefotaxime. The blaCTX-

M-15 gene was found to be highly expressed in 66% of the multidrug-resistant 

Klebsiella pneumoniae isolates, indicating the high level of resistance 

conferred by this gene. Double combination therapy was evaluated, and the 

combination of cefotaxime and amikacin showed the most promising results, 

with synergistic effects against the tested isolates. The addition of magnesium 

was suggested to enhance cell wall integrity, allowing cefotaxime to diffuse 

more easily into the cells, and the Cefotaxime- Ethylenediaminetetraacetic acid 

combined disc and double disc synergy test confirmed the absence of metallo-

beta-lactamase CTXM-15. 

Conclusion:The study highlights the high prevalence of antibiotic resistance 

in K. pneumoniae isolates in neonatal sepsis in Egypt and demonstrates that the 

combination of cefotaxime and amikacin may be an effective treatment option 

for multidrug-resistant isolates with high CTXM-15 expression. 
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INTRODUCTION 

 In recent years, there has been a 

marked increase in the prevalence of 

Klebsiella pneumoniae in hospital settings, 

which has been attributed to the bacterium's 

ability to disrupt the hospital microbiota and 

develop drug resistance (Mohsen et al., 

2017). This resistance has led to Klebsiella 

becoming the bacterium most frequently 

associated with hospital-acquired infections 

(Martin & Bachman, 2018). 

             Of particular concern is neonatal 

sepsis caused by Klebsiella, which is often 

resistant to penicillin derivatives and third-

generation cephalosporins, which are 

commonly used as first-line treatments 

(Hammoud et al., 2017; Hassuna et al., 2020). 

This resistance has been linked to the 

presence of the blaCTX-M-15 gene, which 

encodes for an extended-spectrum beta-

lactamase, on a plasmid found in all 

Klebsiella species (Ramdani Bouguessa et al., 

2006; Chong et al., 2013; Hassan & 

Abdalhamid, 2014; Awosile et al., 2022). 

Recent studies have also highlighted the 

expanding range of detection for extended-

spectrum beta-lactamases through real-time 

PCR (Yang et al., 2021; Harbaoui et al., 2022; 

Hasan & Swedberg, 2022). 

            In a study conducted by Sands et al. 

(2021), 258 Klebsiella pneumoniae isolates 

from seven low- and middle-income countries 

were found to cause neonatal sepsis and were 

resistant to several antibiotics, including 

ampicillin, cefotaxime, ceftriaxone, and 

ceftazidime. Bielicki et al. (2020) also found 

that third-generation cephalosporins were not 

more effective than benzylpenicillin and 

gentamicin in treating neonatal sepsis caused 

by Klebsiella. 

            Given the widespread resistance of 

Klebsiella to commonly used antibiotics, the 

identification of suitable combination 

therapies is crucial to improve treatment 

outcomes. Studies have shown that the 

combination of amikacin and cefotaxime, as 

well as piperacillin/tazobactam and 

cefotaxime, can significantly increase 

Klebsiella susceptibility, particularly the 

amikacin combination (Hrbacek et al., 2021). 

These combinations work by chelating 

calcium and magnesium, which are essential 

for cell wall integrity, thereby enhancing the 

action of third-generation cephalosporins 

(Pot, M. et al. (2021); Rocha et al., 2022). 

            Therefore, the objectives of this study 

are: 1) to evaluate the expression of the 

blaCTX-M-15 gene in multidrug-resistant 

Klebsiella pneumoniae in Egyptian neonatal 

intensive care units, where it is the primary 

cause of newborn sepsis, and 2) to identify 

suitable combination therapies to overcome 

the resistance acquired by Klebsiella towards 

cefotaxime and other commonly used 

antibiotics. By identifying effective 

combination therapies, additional clinical 

research can be conducted to address bacterial 

resistance and improve treatment outcomes, 

ultimately reducing infant mortality. 

MATERIALS AND METHODS 

Study Design and Clinical Specimen 

Collection: 

           The study was designed to identify 

neonates exhibiting clinical signs and 

symptoms of sepsis at the time of admission 

or those who were diagnosed with sepsis 

during their hospital stay. A sepsis screening 

tool developed by the Egyptian Neonatal 

Network (EGNN) was utilized to identify 

eligible participants. The study period 

covered a span of two years, from 2019 to 

2021, during which 509 clinical specimens 

were collected from neonates admitted to Al 

Demerdash and Ain-Shams Specialized 

Hospital in Egypt. The specimens were 

submitted for bacteriological investigation, 

and infants were categorized into two groups 

based on when they were diagnosed with 

sepsis. Early onset sepsis (EOS) was 

diagnosed within the first 72 hours of life, 

while late-onset sepsis (LOS) was detected 

after the first 72 hours of life. A blood culture 

was performed for all clinical samples before 

the initiation of antibiotic therapy. A volume 

of 1 milliliter of blood sample was plated on 

a culture medium for 72 hours and was 

considered sterile if no growth was detected. 

In addition, BACTEC was used to detect 
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bacterial growth at a concentration of 1-2 

CFU/ml within 12-24 hours. 

Bacterial Culture and Growth: 

             In order to isolate and identify 

bacterial strains, various culture media were 

used, including nutrient agar, MacConkey's 

agar, MacConkey's Broth, and Brain Heart 

infusion agar. Blood samples collected from 

neonates suspected of having sepsis were 

cultured on these media, and the plates and 

slants were then incubated at 37 ºC for a 

period of 24-48 hours. During this time, the 

bacterial colonies that developed on the media 

were monitored, as well as the growth 

turbidity of the bacterial cultures. The aim of 

this process was to identify the bacterial 

strains present in the clinical specimens 

submitted for investigation and to determine 

their susceptibility to antimicrobial agents. 

Furthermore, all bacterial cultures were 

performed in accordance with standard 

microbiological techniques, which have been 

previously described in the literature (Forbes 

et al., 2019; Winn et al., 2006). Specifically, 

the samples were processed in a sterile 

environment, and all laboratory personnel 

followed strict aseptic techniques to prevent 

contamination. The bacterial colonies were 

then identified based on their morphological 

characteristics, as well as their biochemical 

and metabolic properties, using standard 

methods such as the Gram stain and various 

biochemical tests (Murray et al., 2020). The 

susceptibility of the bacterial strains to 

antimicrobial agents was determined using 

the Kirby-Bauer disk diffusion method, as 

described by the Clinical and Laboratory 

Standards Institute (CLSI, 2020). 

Bacterial Identification Using VITEK 2: 

              For bacterial identification, 5 ml of 

positive bacterial culture was pelleted by 

centrifugation at 6,000 xg for 5 minutes. The 

bacterial suspension was then adjusted to the 

McFarland 0.5 standard in a 0.45% sodium 

chloride solution using VITEK Densichek 

bioMe'rieux to achieve the desired turbidity. 

Next, the VITEK 2 ID-GN card, the AST-GN 

ID card, and the bacterial solution were 

manually loaded into the VITEK 2 system. 

With software release 2.01, the VITEK 2 

system automatically reported the results, 

allowing for efficient and accurate bacterial 

identification. The VITEK 2 system has been 

shown to have high sensitivity and specificity 

in identifying a broad range of bacterial 

species, making it a reliable tool for bacterial 

identification in clinical settings (García-

Sánchez et al., 2017; Kim et al., 2017). 

Antimicrobial Susceptibility Testing:  

              In this study, the susceptibility of 

Klebsiella pneumoniae isolates to various 

antibiotics was evaluated using the VITEK 2 

system. To ensure the accuracy and reliability 

of results, a reference strain, K. pneumoniae 

ATCC 13883, was used. Antibiotic 

susceptibility testing was performed using the 

VITEK 2 direct susceptibility technique in 

accordance with NCCLS recommendations. 

The results obtained from the VITEK 2 

system were compared to those obtained 

using the broth microdilution method (MIC-

2000 System; Dynatech, McLean, VA) using 

pure cultures. A total of 16 antibiotics were 

examined, including ampicillin, 

ampicillin/sulbactam, meropenem, cefepime, 

ceftazidime, ciprofloxacin, gentamicin, 

trimethoprim/sulfamethoxazole, piperacillin-

tazobactam, tobramycin, levofloxacin, and 

nitrofurantoin. Discrepancies in susceptibility 

were classified as either extremely large 

disparities or minor discrepancies. Extremely 

large disparities were recorded when the 

VITEK 2 system was resistant, but the 

reference method was sensitive. Minor 

discrepancies occurred when the VITEK 2 

system was susceptible or resistant, but the 

reference test was intermediate, or vice versa. 

In case of any inconsistencies, pure cultures 

were retested using the reference procedures 

to confirm the results. 

Detection of blaCTX-M-15 gene Using Real-

time RT-PCR:  

RNA Isolation: 

            Total RNA was extracted using the 

RNeasy Mini Kit (Qiagen, Germany, GmbH, 

Cat. no. 74104), following the manufacturer's 

instructions with minor modifications. 

Briefly, an overnight culture of bacteria was 

subcultured in Mueller Hinton broth (10 mL), 

and grown to an optical density (OD600) of 
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0.5-0.6 in the mid-log phase. To avoid RNA 

degradation, one volume of the broth was 

mixed with one volume of RNAprotect 

Bacteria Reagent (Qiagen, Germany, GmbH), 

and centrifuged at 8000 rpm for 10 minutes. 

The supernatant was decanted, and the pellets 

were resuspended in 200 µL of TE buffer 

containing 1 mg/mL Lysozyme (Biochemica, 

Applichem). The lysates were cleared by 

centrifugation at 14,000 rpm for 1 minute, and 

the supernatant was transferred to RNeasy 

spin columns set in 2 mL collection tubes. 

The columns were spun at 14,000 rpm for 1 

minute, and the flow-through was discarded. 

Next, 700 µL of RW1 buffer was added to the 

columns, which were spun at 10,000 rpm for 

1 minute. The flow-through was discarded, 

and the columns were filled with 500 µL of 

RPE buffer and spun at 10,000 rpm for 1 

minute. The flow-through was discarded, and 

the RNA was eluted by centrifuging the 

columns at 10,000 rpm for 1 minute after 

adding 50 µL of RNase-free water. To 

eliminate any DNA contamination in the 

RNA, TURBO DNase (4 U) was added to the 

mixture, which was then incubated at 37°C 

for 30 minutes. 

Quantitative Real-Time Reverse 

Transcriptase PCR QRT-PCR: 

              Quantitative real-time PCR (QRT-

PCR) was used to amplify a 281-bp fragment 

of the 16S-23S ITS and blaCTX-M-15 genes 

using specific primers. The primers were 

synthesized commercially at Willow Fort 

Birmingham Research and Development 

Park, Birmingham. Table 3 provides the 

sequences of the primers used in this study. 

The 16S-23S ITS gene is widely used as a 

marker for bacterial identification and 

phylogenetic analysis, while blaCTX-M-15 is a 

plasmid-mediated extended-spectrum β-

lactamase gene commonly found in K. 

pneumoniae strains. qRT-PCR was 

performed using a CFX96 Touch Real-Time 

PCR Detection System (Bio-Rad, USA) 

following the manufacturer's instructions. 

The PCR reaction mixture contained 1 μL of 

template cDNA, 5 μL of SYBR Green Master 

Mix (Bio-Rad, USA),  and  0.5 μM  of   each  

primer in a total volume of 10 μL. The 

thermal cycling conditions were as follows: 

initial denaturation at 95°C for 5 min, 

followed by 40 cycles of denaturation at 95°C 

for 10 s, annealing at 60°C for 20 s, and 

extension at 72°C for 20 s. A melting curve 

analysis was performed at the end of the 

amplification to confirm the specificity of the 

PCR products. Standard curves were 

generated using known quantities of plasmid 

DNA containing the target genes. The relative 

gene expression levels were calculated using 

the 2^-ΔΔCt method, with the 16S rRNA 

gene used as an internal control for 

normalization. 

MIC Testing: 

               In this study, the antimicrobial 

susceptibility of K. pneumonia isolates was 

assessed using the broth microdilution 

technique. The antibiotics used namely, CTX, 

SAM, TZP, GEN, and AN, were derived from 

European pharmacopeia reference standards. 

The experiment involved twofold serial 

dilutions of the antibiotics in Mueller-Hinton 

broth using 96-well microtiter plates. The 

final antibiotic doses ranged from 2048 to 0.5 

mg/l, and the final inoculum of each 

experimental isolate was around 1 x 106 

cfu/ml. The total volume per well was 200 µl, 

with negative and positive controls consisting 

of wells holding 200 µl of uninoculated and 

inoculated MHB, respectively. The plates 

were then incubated at 37 °C overnight. For 

CTX's MIC, the agar dilution technique was 

used. Mueller-Hinton agar (MHA) plates 

were prepared and inoculated with 2 µl/spot 

of each isolate inoculum (1x106 cfu/ml) using 

twofold successive dilutions of CTX (2048-1 

mg/l). The inoculation plates were allowed to 

dry at room temperature before being 

incubated at 37 °C overnight. The antibiotic's 

MIC was determined as the lowest antibiotic 

concentration at which no growth was 

detected following an overnight incubation at 

37 °C, according to the method described by 

White et al. in 1996. This technique ensured 

accurate and reliable determination of the 

minimum inhibitory concentration of the 

antibiotics against K. pneumonia isolates. 
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Synergy Testing: 

            The checkerboard microdilution 

method was used to evaluate the synergistic 

activity of four different combinations of 

antibiotics (CTX/SAM, CTX/TZP, 

CTX/GEN, CTX/AN) against selected K. 

pneumonia isolates. The experiment involved 

inoculating twofold serial dilutions of the 

antibiotics in Mueller-Hinton broth (MHB) 

using 96-well microtiter plates, with final 

antibiotic concentrations ranging from 64-

2048 mg/l and a final inoculum of 

approximately 1×106 cfu/ml. Negative and 

positive controls were included to ensure 

accuracy. The fractional inhibitory 

concentration (FIC) index of the antibiotic 

combinations was calculated, and the results 

were interpreted as synergistic (∑FIC<1), 

indifferent (∑FIC=1), or antagonistic 

(∑FIC>1). Only combinations where the 

MICs of each antibiotic met the susceptible 

levels defined by EUCAST and CLSI were 

considered valid. The use of this standardized 

method allowed for an accurate assessment of 

the synergistic activity of the antibiotic 

combinations against K. pneumonia isolates, 

providing valuable insights for the 

development of effective treatment strategies. 

Cefotaxime (CTX)-EDTA Combined disc 

Test: 

              The CTX-EDTA combined disc test 

was performed following the methodology 

outlined by Yong et al in 2002. In accordance 

with the Clinical and Laboratory Standards 

Institute (CLSI) recommendations, the test 

organisms were inoculated onto Mueller 

Hinton agar (MHA) plates. Two 30 g 

cefotaxime discs from Becton Dickinson 

were inserted onto the plate, and 10 L of 

EDTA solution was added to one of the discs 

to attain a final concentration of 750 μg of 

EDTA. The plates were then incubated at 35 

°C for 16-18 hours, after which the inhibition 

zones surrounding the cefotaxime and 

cefotaxime-EDTA discs were assessed. A 

positive result for MBL was recorded when 

the increase in the inhibition zone 

surrounding the cefotaxime and EDTA disc 

was greater than or equal to 7 mm compared 

to that observed for the cefotaxime disc alone. 

This criterion was adopted from previous 

studies by Berges et al., (2007), Behera et al., 

(2008), Omair et al., (2012), and Anwar et al., 

(2016). 

Cefotaxime -EDTA Double Disc Synergy 

Test (DDST):  

              The double disk synergy test using 

CTX and EDTA was conducted following the 

procedure outlined by Lee et al. (2003). The 

CLSI's recommended method for inoculating 

test organisms on Mueller Hinton agar plates 

was followed. A blank disc containing 10 μL 

of 0.5 M EDTA (750 μg) was placed 20 mm 

from center to center from the cefotaxime (10 

μg) disc. A positive result was determined by 

an increase in the zone of inhibition between 

the cefotaxime and EDTA discs, as compared 

to the zone of inhibition on the opposite side 

of the drug. Similar to other studies (Bergès et 

al., 2007; Omair et al., 2012), this 

interpretation was used to classify an isolate 

as MBL-positive. 

Statistical Analysis: 

              The statistical software package used 

for data analysis was SPSS Inc., version 16, 

based in Chicago, Illinois, USA. Descriptive 

statistics were presented as mean ± standard 

deviation for quantitative data and as numbers 

and percentages for qualitative data. The 

distribution differences were assessed using 

T-tests and Regression analysis. Statistical 

significance was considered when the P-value 

was ≤ 0.05. The significance level was 

defined as p < 0.05, and highly significant 

differences were defined as P < 0.01 and P < 

0.001. 

RESULTS 

Study Design & Specimen Collections: 

            A total of 509 blood samples were 

collected from newborns with sepsis in some 

Egyptian hospitals, with 39.8% of the cases 

being male and 60.25% female. Out of the 

total positive cases, 26 were identified as 

early-onset EOS and 483 as late-onset LOS, 

as indicated in Table 1. The occurrence of 

infection did not differ significantly between 

males and females at p ≤0.05. The peak 

infection days were observed in two distinct 

ranges, namely 16-22 days and 55-60 days. 
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Table 1: Characteristics of newborns with positive sepsis cases in collected blood samples. 

 
 

 
Fig. 1: Frequency of positive sepsis cases based on age early to classify the onset of infections. 

The x-axis represents the age of the newborns, while the y-axis shows the frequency of positive 

cases. 

 
Antibiotic susceptibility test (AST) 

               The antibiotic susceptibility of drug-

resistant bacteria isolated from positive cases 

was determined using the AST-GN73 card 

BioMérieux VITEK 2. Sixteen commonly 

used antibiotics, including Ampicillin, 

Ampicillin/Sulbactam, 

Piperacillin/Tazobactam, Cefazolin, 

Cefoxitin, Ceftazidime, Cefotaxime, 

Cefepime, Meropenem, Amikacin, 

Gentamicin, Tobramycin, Ciprofloxacin, 

Levofloxacin, Nitrofurantoin, and 

Trimethoprim + Sulfamethoxazole, were 

tested. The results showed high resistance 

rates of K. pneumoniae isolates, with 99% 

resistance to Ampicillin, 90% to 

Ampicillin/sulbactam, and 91% to 

Ceftazidime and Cefotaxime (Fig. 2). 

Furthermore, the majority of K. pneumoniae 

isolates (66/101, 65%) were found to be 

multidrug-resistant.  AMP=Ampicillin, 

SAM=Ampicillin/Sulbactam, 

TZP=Piperacillin/Tazobactam, CZ= 

Cefazolin, FOX=Cefoxitin, 

CAZ=Ceftazidime, CTX=Cefotaxime, 

FEP=Cefepime, MEM=Meropenem, 

AN=Amikacin, GEN=Gentamicin, 

TOB=Tobramycin, CIP=Ciprofloxacin, 

LEV=Levofloxacin, NIT=Nitrofurantoin, 

SXT= Sulfamethoxazole/Trimethoprim. 
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Fig. 2. Antibiotic susceptibilities of Klebsiella pneumoniae isolates isolated from neonatal 

sepsis cases as determined by the VITEK 2 system. 

 

RT-PCR Amplification: 

               RT-PCR amplification was 

performed on K. pneumoniae isolates to 

analyze the target gene blaCTX-M-15 and the 

reference gene 16S-23S ITS rDNA. Prior to 

the Real-time PCR assays, the primers for the 

selected genes were validated using 

conventional PCR followed by agarose gel 

electrophoresis to ensure amplification 

specificity. Table 2, presents the PCR primer 

sequences and amplicon sizes for the selected 

candidate genes that were amplified from K. 

pneumoniae isolates. 

 

Table 2. Primers used for the specific amplification of K. pneumoniae and the amplicon sizes. 

 
 

qRT-PCR:  

              The real-time PCR assay 

demonstrated a high degree of confidence in 

quantification with PCR efficiencies ranging 

from 95.0% for blaCTX-M-15 to 98.00% for the 

16S-23S ITS sequence. The standard curves 

exhibited an acceptable correlation 

coefficient R2, validating the accuracy of the 

primer pairs in the RT-qPCR assay. The ΔΔCt 

method was used to determine the fold change 

(Fig. 3), which provided a relative estimate of 

the expression of blaCTX-M-15 copies in each 

sample compared to the housekeeping gene 

16S-23S ITS, as described in the materials 

and methods section. The results revealed that 

gene expression levels of the blaCTX-M-15 gene 

were significantly higher in resistant K. 

pneumoniae isolates (KR1-KR23) than in 

susceptible ones (K2-K10) with a mean fold 

change of 10.0349 vs 1.8646. 
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Fig. 3: The outcomes of real-time PCR, including the Ct values and fold changes of blaCTX-M-

15 in both sensitive and resistant K. pneumoniae strains. The fold change was calculated using 

the ΔΔCt method, which provided a relative assessment of blaCTX-M-15 expression levels in each 

sample compared to the housekeeping gene 16S-23S ITS, as outlined in the materials and 

methods. The gene expression levels of blaCTX-M-15 were significantly higher in resistant K. 

pneumoniae isolates (KR1-KR23) compared to susceptible ones (K2-K10), with a mean fold 

change of 10.0349 versus 1.8646. Control Isolate= K1, Sensitive Group to cefotaxime 

represented within K2: K10, Resistant Group to Cefotaxime represented within KR1:KR23. 

Mean of Sensitive Group CTXM-15-fold change = 1.8646, Mean of Resistant Group CTXM-

15-fold change = 10.0349. 

Antibiotics MIC and CTX-M15 fold 

change of Klebsiella:  

              The study revealed that Klebsiella 

resistance to Cefotaxime and Ceftazidime 

was associated with a significant increase in 

the expression levels of the blaCTX-M-15 gene, 

resulting in a rise in the minimum inhibitory 

concentration (MIC) of the antibiotics. The 

fold change of blaCTX-M-15 ranged from 3.0314 

to 21.5557, and the MIC of Cefotaxime 

increased to <2048 µg/ml. Piperacillin/ 

tazobactam showed a slower rate of resistance 

development, with a gradual increase in the 

fold change of blaCTX-M15. The results also 

demonstrated a positive correlation between 

the fold change of blaCTX-M-15 and the MIC 

score of Cefotaxime towards Klebsiella. The 

findings suggest that even a minor change in 

the fold change could lead to a significant 

increase in the MIC score, as depicted in 

Table 3 and Figure 4. 
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Table (3): Antibiotic susceptibility of Klebsiella isolates towards AMP= Ampicillin, SAM= 

Ampicillin/Sulbactam, TZP= Piperacillin/Tazobactam, CTX= Cefotaxime, CAZ = 

Ceftazidime Minimum Inhibitory Concentrations (MICs) versus the fold change 

expression of CTXM-15. 

 

Fig. 4: The correlation between the fold change in expression of blaCTX-M 15 gene and the 

minimum inhibitory concentration (MIC) of cefotaxime against Klebsiella isolates. The graph 

demonstrates a positive correlation between the fold change of blaCTX-M 15 and the MIC 

score of cefotaxime towards Klebsiella, indicating that a minor change in the fold change is 

associated with a significant change in the MIC score.  
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MIC Testing of K. Pneumonia Isolates: 

              A total of 66 Klebsiella pneumonia 

isolates were randomly selected using a 

simple random sampling technique, from 

which 22 multi-drug resistant isolates were 

identified. Figure 3 shows that all 22 isolates 

were resistant to AMP, CTX, NIF, and SXT, 

while 95% were resistant to CAZ and CIP, 

and 91% were resistant to SAM, CZ, FOX, 

TOB, and LVX. Moreover, 68% were 

resistant to FEP and GEN, and 59% were 

resistant to TZP, whereas 55% were resistant 

to MEM and AN. Notably, 12 isolates (55%) 

exhibited resistance to all antibiotics tested, 

including BKS-1, BKS-5, BKS-7, BKS-23, 

BKS-27, BKS-33, BKS-36, BKS-45, BKS-

53, BKS-59, BKS-66, and BKS-73, and were 

chosen for further analysis.  Table (4) 

summarizes the MIC results of five antibiotics 

individually and in combination against 

twelve selected K. pneumonia isolates. The 

findings indicate that all twelve isolates were 

resistant to SAM, TZP, CTX, GEN, and AN, 

with MICs ranging from 32-2048 mg/l. 

However, the double combinations of 

TZP/CTX and AN/CTX exhibited synergistic 

effects (FIC index <1), leading to a decrease 

in MICs of CTX, AN, and TZP. This 

synergism achieved the susceptible 

breakpoints of CLSI (2021). Conversely, the 

combination of SAM with CTX and GEN 

with CTX did not show any synergistic effect 

(FIC index >1), and their MICs remained 

above the susceptible breakpoints of CLSI 

(2021). Checkerboard experiments further 

validate these findings (Table 5). 

 

Table 4: Shows the percentage of resistance of each Klebsiella isolates toward the tested 

antibiotics. 
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Table (5): FIC index calculation of each antibiotic MIC in considering the MIC of each 

antibiotic in combination with another antibiotic.  

 
SAM=Ampicillin/Sulbactam, TZP=Piperacillin/Tazobactam, CTX=Cefotaxime, AN=Amikacin, GEN=Gentamicin. 

 
Cefotaxime (CTX)-EDTA Combined Disc 

and Double Disc Synergy Test: 

              The presence of Metallo-beta-

lactamase (MBL) activity was determined 

using EDTA with the Combined Disk Test 

(CDT) and double disc synergy test (DDST). 

The results showed that all twelve MDR 

Klebsiella pneumonia isolates tested negative 

for MBL production, as demonstrated in 

Figures (5 A & B). Figure (5 B) illustrates that 

the use of the cefotaxime-EDTA disk did not 

result in an increase in the zone of inhibition 

≥7 mm compared to the cefotaxime disk 

alone. The mean zone of inhibition for CTX-

EDTA was 12 ± 2 mm, while the mean zone 

of inhibition for CTX alone was 12±3 mm 

(95% confidence interval). Furthermore, 

there was no enhancement of the inhibition 

zone between the cefotaxime disc and EDTA 

disc, confirming the absence of MBL enzyme 

deficiency as depicted in Figure (5 A). 

 
Fig. 5: (A) illustrates that the addition of EDTA to cefotaxime does not result in an increase in the 

inhibition zone by more than 7 mm, with the extension of the zone of inhibition of cefotaxime being 

shown. (B) depicts the double disc synergy test (DDST) results of cefotaxime and EDTA, indicating 

no amplification in the area of inhibition between the zones of inhibition of cefotaxime and EDTA.   
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DISCUSSION 
             Neonatal sepsis is a serious and life-

threatening condition that affects newborn 

babies, particularly those born prematurely or 

with low birth weight. It is a major cause of 

morbidity and mortality worldwide, and early 

detection and treatment are critical for 

improving outcomes. The NICU of some 

Egyptian Hospitals has seen a significant 

number of cases suspected of neonatal sepsis 

in the past two years, with 1,500 cases 

identified. Out of these, 509 cases were 

clinically diagnosed with neonatal sepsis, 

indicating that the condition is prevalent in 

this population. The gender of admitted cases 

did not show a significant difference, but it 

was relative to the incidence of the gender of 

born babies during the study period. This 

highlights the need for further research to 

better understand the risk factors associated 

with neonatal sepsis, including the role of 

gender and immunity in disease development 

and progression. 

          The findings of this study also suggest 

that females may be more susceptible to 

neonatal sepsis, with 60% of the total 

confirmed cases being female. This is 

contrary to what was reported by Saleem et al. 

(2013), which found that males were more 

susceptible to the condition. However, it is 

important to note that other factors, such as 

the immune system of the baby, may also play 

a critical role in determining disease 

incidence and severity. Further research is 

needed to determine the underlying 

mechanisms that contribute to the gender 

differences observed in this study. 

            Additionally, the study highlights the 

importance of early detection and treatment of 

neonatal sepsis. Early Onset Sepsis (EOS) 

and Late-Onset Sepsis (LOS) are the two 

categories of neonatal sepsis, with LOS being 

the more prevalent category, accounting for 

95% of confirmed cases. The dominance of 

LOS may be attributed to the fact that it can 

occur up to 90 days after labor, providing 

more time for the infection to develop. 

Therefore, early screening and diagnosis are 

critical to identifying and treating neonatal 

sepsis before it progresses to a more severe 

stage. 

             In conclusion, neonatal sepsis is a 

significant health issue that requires further 

research and attention to improve outcomes 

for affected newborns. The findings of this 

study suggest that gender and immunity may 

play an important role in disease incidence 

and severity. The prevalence of LOS also 

highlights the need for early detection and 

treatment to prevent the progression of the 

disease. Ongoing efforts to better understand 

the underlying mechanisms of neonatal sepsis 

and to develop effective prevention and 

treatment strategies are critical to improving 

outcomes for newborns affected by this 

condition. 

              Klebsiella pneumoniae, a bacterium 

that causes various infections, has been found 

to be resistant to Ampicillin, a commonly 

used antibiotic, due to its intrinsic resistance 

reported by Bernardini et al. (2019). Even 

when beta-lactamase inhibitors are added, the 

resistance pattern of Ampicillin and 

Sulbactam remains the same, while 

Piperacillin and Tazobactam show a decrease 

in resistance by 26%, with a resistance pattern 

of 74%. Cephalosporins exhibit a resistance 

pattern ranging from 79% to 90%, with 

Cefazolin and Cefepime at 79% and 

Cefotaxime and Ceftazidime at 90%. 

Meropenem, a carbapenem antibiotic, 

showed the lowest resistance pattern of 30%. 

On the other hand, Aminoglycosides such as 

Gentamicin, Amikacin, and Tobramycin, 

exhibit resistance patterns ranging from 75% 

to 80%. Fluoroquinolones exhibit a resistance 

pattern of 64% to 78% for Levofloxacin and 

Ciprofloxacin, respectively. Nitrofurantoin 

and Trimethoprim-Sulfamethoxazole 

exhibited a resistance pattern of 66% and 

67%, respectively, as reported by Shehab El-

Din et al. (2015), who found that Klebsiella 

isolates were 100% resistant to Ampicillin, 

with a resistance pattern of 90% or more for 

Cefotaxime and Ceftazidime. These findings 

indicate the high level of antibiotic resistance 

that Klebsiella pneumoniae has developed, 
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making the treatment of infections caused by 

this bacterium more challenging. 

            The study found a high prevalence of 

multi-drug resistant Klebsiella pneumoniae 

isolates among newborns diagnosed with 

sepsis. Most of the isolates showed significant 

resistance to various antibiotics, including 

Ampicillin, Ampicillin/Sulbactam, 

Piperacillin/Tazobactam, Cefazolin, 

Cefoxitin, Ceftazidime, Cefotaxime, 

Cefepime, Meropenem, Amikacin, 

Gentamicin, Tobramycin, Ciprofloxacin, 

Levofloxacin, Nitrofurantoin, and 

Trimethoprim + Sulfamethoxazole, as 

determined by the AST-VITEK 2. The 

blaCTX-M-15 gene was detected in 66 out of 101 

isolates, consistent with previous studies 

conducted in Greece and China. Fursova et al. 

(2021) also reported the detection of MDR 

Klebsiella pneumoniae isolates with the 

blaCTX-M-15 gene in a neuro-ICU. The findings 

of this study highlight the urgent need for 

effective antimicrobial stewardship programs 

to prevent the spread of antibiotic-resistant 

Klebsiella pneumoniae infections in neonatal 

intensive care units. 

              The limitations of blood cultures in 

terms of processing times and sensitivity 

necessitate the development of a novel, quick, 

and accurate approach for detecting and 

identifying K. pneumoniae in blood samples 

from neonates with suspected sepsis. This 

study highlights the potential of real-time 

polymerase chain reaction (QRT-PCR) in 

quantifying the blaCTX-M-15 gene in (23/33, 

69%) K. pneumoniae isolated from neonates 

with confirmed sepsis. Our PCR results were 

similar to those of Jordan et al. (2000), who 

employed a pre-culturing technique to 

increase the bacterial quantity in clinical 

samples from septic newborns and facilitate 

bacterial identification, resulting in PCR 

investigation with satisfactory sensitivity. 

             The findings of this investigation 

highlight that the blaCTX-M-15 gene is 

commonly present in K. pneumoniae clinical 

isolates causing neonatal sepsis and is 

associated with multi-drug resistance. The use 

of quantitative real-time polymerase chain 

reaction (qRT-PCR) revealed a higher 

expression level of the blaCTX-M-15 gene in 

MDR K. pneumoniae isolates compared to 

susceptible strains. These results are 

consistent with previous studies from Riyadh, 

Moghaddam et al., and Eskandari-Nasab et 

al. (2018), which have identified the blaCTX-

M gene as a common genetic marker of 

ESBL-producing strains of K. pneumoniae. 

The observed variation in the prevalence of 

blaCTX-M gene expression among different 

regions in Iran highlights the need for 

continued monitoring of antimicrobial 

resistance patterns in clinical isolates of K. 

pneumoniae. 

             In this study, the expression of the 

blaCTX-M-15 gene in MDR K. pneumoniae 

isolates was assessed using a two-step 

quantitative reverse transcription-PCR 

method. The data were normalized to the 

expression level of the 16S-23S ITS rRNA 

gene that is constitutively expressed in K. 

pneumoniae. The results indicated a 

significantly higher level of blaCTX-M-15 gene 

expression in K. pneumoniae isolates (KR1-

KR23) compared to susceptible isolates (p < 

0.01). The findings were supported by 

Ghonaim et al. (2021), who reported a 

significant difference in the presence of the 

CTX-M gene between ESβL-producing and 

non-ESβL-producing K. pneumoniae isolates. 

Calibration curves for each gene were 

produced using serially diluted cDNA 

prepared from in vitro-obtained RNA 

standards. 

             The aim of this study was to 

investigate the potential impact of CTX-M 15 

gene expression on antibiotic resistance 

patterns in neonatal sepsis caused by 

Klebsiella pneumoniae. Specifically, we 

evaluated the minimum inhibitory 

concentrations (MIC) of selected antibiotics 

commonly used for treatment, including 

Ampicillin, Ampicillin/Sulbactam, 

Piperacillin/Tazobactam, Cefotaxime, and 

Ceftazidime as mentioned by Abdul-Jabar et 

al. (2020). Our results showed that there was 

no significant change in the resistance of 

Klebsiella towards Ampicillin, as it is 

intrinsically resistant to this antibiotic. 

However, we did observe changes in the 
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MICs of other antibiotics tested in relation to 

the fold change in CTX-M 15 gene 

expression. This suggests that the acquisition 

of CTX-M 15 resistance may have an impact 

on the efficacy of certain antibiotics used for 

treatment. Overall, our findings highlight the 

potential significance of CTX-M 15 gene 

expression in Klebsiella antibiotic resistance 

and can inform the selection of appropriate 

treatment options for neonatal sepsis caused 

by this pathogen. 

              In an effort to understand the extent 

of interference of acquired CTX-M 15 

resistance on antibiotics resistance patterns in 

Klebsiella, the minimum inhibitory 

concentrations (MIC) of various antibiotics 

were tested in relation to fold changes in 

CTX-M 15 gene expression. It was found that 

Klebsiella is intrinsically resistant to 

Ampicillin, and the addition of sulbactam as 

a beta-lactamase inhibitor did not affect 

resistance levels. With regards to piperacillin 

and tazobactam, Klebsiella isolates showed a 

range of sensitivity, with some being 

completely sensitive and others showing 

intermediate sensitivity with a fold change of 

up to 7. Resistance began to appear at a fold 

change of 8.2249 and above, with 40% of the 

total Klebsiella isolates demonstrating 

resistance within a range of 8.2249 to 

21.5557. These findings suggest that the 

acquired CTX-M 15 resistance gene can 

interfere with antibiotics resistance patterns, 

particularly for piperacillin and tazobactam, 

in Klebsiella. 

             The results of testing Cefotaxime and 

Ceftazidime against Klebsiella showed that 

only a small percentage of isolates were 

sensitive to these antibiotics, with only five 

isolates out of thirty-two exhibiting 

sensitivities within a certain range of CTX-M 

15 gene expression. Intermediate sensitivity 

was observed in three isolates within a two-

fold change range of the gene expression, but 

the resistance increased gradually as the fold 

change of CTX-M 15 expression increased 

above three. Minimum inhibitory 

concentrations of cefotaxime also increased 

rapidly within six Klebsiella isolates, ranging 

from 128 µg/ml to above 2048 µg/ml as the 

fold of expression changed from 12.5533 to 

21.5557. These findings suggest that 

Klebsiella resistance to these antibiotics is 

largely dependent on the level of CTX-M 15 

gene expression. 

             The findings indicate that even a 

minor change in the fold change of CTX-M 

15 expression significantly affects the 

resistance of Klebsiella isolates towards 

cefotaxime. Ceftazidime also shows 

susceptibility towards CTX-M 15 expression, 

but the impact is less compared to cefotaxime. 

The evaluation of minimum inhibitory 

concentrations suggests that for each level of 

inhibition, there is a gradual increase in the 

score assigned. The results show that a change 

in the fold change of CTX-M 15 expression 

leads to a double change in the minimum 

inhibitory concentration score for cefotaxime 

and a single change for ceftazidime. 

              The statistical analysis conducted 

revealed a significant correlation between the 

fold change of CTXM-15 expression and the 

resistance level of the targeted antibiotics. 

The findings confirm the extended action of 

CTXM-15, as evidenced by the statistical 

results. It was observed that Ampicillin 

resistance in Klebsiella is not affected by 

CTXM-15 since the bacterium is intrinsically 

resistant to Ampicillin. However, the 

statistical analysis showed a strong positive 

correlation (0.836) between Piperacillin, 

particularly in combination with Tazobactam, 

and the fold change expression of CTXM-15. 

This correlation indicates that 69.8% of the 

variance in the minimum inhibitory 

concentration of Piperacillin can be predicted 

from the fold change of CTXM-15. 

             The Analysis of Variance (ANOVA) 

testing analysis was used to evaluate the 

relationship between the fold change of 

CTXM 15 and the minimum inhibitory 

concentration of piperacillin/tazobactam and 

ceftazidime. The model was found to be 

statistically significant at p-value < 0.05, 

indicating that the fold change of CTXM 15 

is a good predictor of the minimum inhibitory 

concentrations of piperacillin/tazobactam and 

ceftazidime.For piperacillin/tazobactam, each 

point change in the fold expression of 
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blaCTXM 15 is associated with a 1.607-point 

change in the minimum inhibitory 

concentration, while for ceftazidime, each 

one-point change in blaCTXM 15 is linked 

with a 1.493 point change in the minimum 

inhibitory concentration. This suggests that a 

strong or moderate change in the fold 

expression of CTXM 15 is required to affect 

the resistance of Klebsiella towards 

piperacillin/tazobactam and ceftazidime, 

respectively. These findings suggest that 

CTXM 15 is a good contributor to the 

resistance of Klebsiella toward these 

antibiotics. 

           The acquisition of the CTXM 15 

plasmid in Klebsiella leads to acquired 

resistance towards cefotaxime. Our analysis 

of the correlation between cefotaxime 

minimum inhibitory concentrations and 

CTXM 15 expression fold change revealed a 

strong positive correlation of 0.809, with a 

65.5% variance in cefotaxime minimum 

inhibitory concentrations attributed to 

changes in CTXM 15 expression. The 

ANOVA testing of this model was 

statistically significant at p-value < 0.05, 

indicating that CTXM 15 expression fold 

change is a good predictor of changes in 

cefotaxime minimum inhibitory 

concentrations. Specifically, every one-point 

change in CTXM 15 expression fold change 

is accompanied by 1.296 points of change in 

minimum inhibitory concentrations greater 

than or equal to 4 µg/ml, indicating a rapid 

response to changes in CTXM 15 expression 

fold change. 

MIC Testing and Synergy Testing of K. 

Pneumonia MDR Isolates:  

              In order to determine the antibiotic 

sensitivity of Klebsiella, a total of 101 isolates 

were tested with sixteen different antibiotics. 

Out of these, 66 isolates were found to be 

multi-drug resistant as they exhibited 

resistance to at least one agent from three 

different classes of antibiotics. To determine 

the potential for antibiotic combination 

therapy, the minimum inhibitory 

concentration of the targeted antibiotics must 

be assessed to determine whether the 

combination leads to synergistic or 

antagonistic effects. To conduct further 

analysis, a sample of 22 multi-drug resistant 

Klebsiella isolates was selected using simple 

random sampling techniques. The results 

showed that all 22 isolates were resistant to 

AMP, CTX, NIF, and SXT, with 95% 

resistance to CAZ and CIP, and 91% 

resistance to SAM, CZ, FOX, TOB, and 

LVX. 68% of isolates were found to be 

resistant to FEP and GEN, while 59% were 

resistant to TZP. Only 12 (55%) of the 

isolates exhibited resistance to all of the 

antibiotics tested. These 12 isolates were 

selected for further study as they represent the 

most severe cases of multi-drug resistance, 

exhibiting complete resistance to all 

antibiotics used in the study. 

              The minimum inhibitory 

concentrations of 22 selected klebsiella 

isolates were determined for 

ampicillin/sulbactam, piperacillin/ 

tazobactam, cefotaxime, gentamicin, and 

amikacin. The ranges of minimum inhibitory 

concentrations were found to be 1024-2048 

mg/l, 128-512 mg/l, 1024-2048 mg/l, 1024-

2048 mg/l, and 32-64 mg/l, respectively. The 

susceptible ranges for minimum inhibitory 

concentrations were determined to be ≤ 8/4 

µg/ml for ampicillin/sulbactam, ≤ 16/4 µg/ml 

for piperacillin/tazobactam, ≤ 1 µg/ml for 

cefotaxime, ≤ 4 µg/ml for gentamicin, and ≤ 

16 µg/ml for amikacin. 

             To overcome the acquired resistance 

towards cefotaxime, it is crucial to determine 

which antibiotic combination can be used 

effectively. The checkerboard synergy testing 

analysis aims to identify the synergistic or 

additive effect of antibiotic combinations. 

The goal of a positive combination is to 

reduce the minimum inhibitory concentration 

and reach the susceptible breakpoint range of 

both antibiotics, according to CLSI 2021. By 

considering the minimum inhibitory 

concentration of each antibiotic alone and in 

combination, the fractional inhibitory 

concentration index value (FIC) can be 

determined using the following equation: 

A/MICA + B/MICB = FICA + FICB = FIC 

Index. This approach has been used in 
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previous studies (Orhan et al., 2005; Costa et 

al., 2019). 

             The calculation of the FIC Index 

determines whether a combination of 

antibiotics has a synergistic or antagonistic 

effect. An FIC Index value of >1 indicates 

antagonism, meaning that the combination 

does not result in a potent effect. Conversely, 

an FIC Index value of <1 indicates synergism, 

which produces a potent action when used 

with another antibiotic. However, the 

synergism may not be effective enough to 

reduce the minimum inhibitory concentration 

to the sensitive breakpoint according to CLSI 

2021. Therefore, the ideal combination 

should have a synergistic effect with an FIC 

Index value <1 and reduce the minimum 

inhibitory concentration to the sensitive 

breakpoint as per CLSI 2021 guidelines. 

              For instance, the ampicillin/ 

sulbactam (SAM) minimum inhibitory 

concentration against the chosen Klebsiella 

isolates ranges from 1024-2048 mg/L. Upon 

addition of ampicillin/sulbactam to 

cefotaxime, there was no change in the 

minimum inhibitory concentration of both 

antibiotics, and the FIC index value was 2, 

indicating antagonism. This observation can 

be attributed to klebsiella's inherent resistance 

to ampicillin, and the action of sulbactam with 

cefotaxime is insufficient to overcome the 

resistance of CTXM 15 towards cefotaxime. 

            The minimum inhibitory 

concentration of piperacillin/tazobactam 

alone ranges from 128-512 mg/l, while for 

cefotaxime alone, it ranges from 1024-2048 

mg/l. When both antibiotics are combined, the 

FIC index suggests a synergistic effect, but in 

practical terms, piperacillin/tazobactam does 

not reach the susceptible breakpoints, and 

cefotaxime's decline in minimum inhibitory 

concentration is not sufficient to be 

beneficial, as it is still above the sensitive 

breakpoint. However, the addition of 

tazobactam to the combination has a 

detectable benefit as it improves the effect of 

cefotaxime, which is particularly important in 

cases of neonatal sepsis. The most commonly 

used combination for neonatal sepsis is 

ampicillin with gentamicin, but this is not 

effective against Klebsiella due to its intrinsic 

resistance to ampicillin. Therefore, a better 

combination for Klebsiella would be with 

cefotaxime to overcome CTXM15 resistance. 

              The combination of gentamicin with 

cefotaxime did not show any significant 

difference in the minimum inhibitory 

concentration of either antibiotic, as the FIC 

index was greater than 1. However, the 

synthetic aminoglycoside, amikacin, may 

produce different results compared to other 

aminoglycosides in the same class. In the case 

of Klebsiella, amikacin showed a lower FIC 

index than gentamicin, indicating synergism 

El-Demerdash and Bakry (2020). To 

determine the productivity and usefulness of 

this combination, minimum inhibitory 

concentration values were examined. The 

combination of amikacin with cefotaxime 

resulted in a decline in the minimum 

inhibitory concentration of amikacin to a level 

below the susceptible breakpoint of ≤ 16 

µg/ml, and a decline in the minimum 

inhibitory concentration of cefotaxime to the 

susceptible breakpoint of ≤ 1 µg/ml. This 

suggests that the combination of amikacin 

with cefotaxime could be a productive and 

beneficial combination, effective in 

bypassing the resistance of Klebsiella towards 

cefotaxime, particularly in cases where 

resistance is acquired through the CTXM 15 

plasmid, as previously mentioned by 

Klastersky et al. (1980) and Martino et al. 

(1985). 

Cefotaxime (CTX)-EDTA Combined Disc 

and Double Disc Synergy Test: 

            Among the tested combinations, the 

amikacin and cefotaxime combination was 

found to be the most effective against 

Klebsiella. This was due to the fact that 

piperacillin/tazobactam and cefotaxime had a 

common target of cell wall inhibition, 

rendering them competitors and producing no 

additional benefit when used together. The 

gentamicin and cefotaxime combination was 

also ineffective due to the natural source of 

gentamicin, which limited its capability to 

assist cefotaxime in killing Klebsiella. In 

contrast, amikacin, as a fully synthetic 

aminoglycoside, was found to overcome the 
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resistance towards cefotaxime, as it is less 

susceptible to bacterial resistance. Amikacin's 

ability to weaken the cell wall and facilitate 

the action of cell wall inhibitors like 

cefotaxime was attributed to its chelation of 

magnesium ions. A combined disc test and 

double disk synergy test were conducted with 

cefotaxime and EDTA to rule out the 

possibility of Klebsiella producing the 

Metallo-beta-lactamase enzyme, which is 

inhibited by amikacin. Twelve MDR 

Klebsiella pneumonia samples were tested, 

and the absence of a significant increase in the 

inhibition zone between the cefotaxime disc 

and the EDTA disc confirmed the absence of 

the Metallo-beta-lactamase enzyme. 

Conclusions 

            In this study, it was found that  

neonates with sepsis in some Egyptian 

hospitals were infected with CTX-M-15-

positive K. pneumoniae isolates, which 

exhibited high-level resistance to a range of 

antibiotics commonly used for treatment. The 

high level of antibiotic resistance observed is 

alarming and highlights the urgent need for 

the appropriate use of antibiotics to improve 

treatment outcomes. The expression of CTX-

M-15 was found to be closely associated with 

K. pneumoniae, which is a major contributor 

to neonatal mortality. Combinations of 

antibiotics are necessary to overcome the 

resistance caused by CTX-M-15, and the 

results suggest that amikacin and cefotaxime 

may be the best combination for further in-

vivo studies in neonates to prevent mortality 

from MDR Klebsiella infections. 

 

                List of Abbreviations 
Abbreviation Definition 

NICU Neonatal intensive care unit 

CTXM Extended-spectrum β-lactamases 

EDTA Ethylenediaminetetraacetic acid 

RT-PCR Reverse transcription polymerase chain reaction 

qPCR Real-time polymerase chain reaction 

EGNN Egyptian Neonatal Network 

EOS Early onset sepsis 

LOS late-onset sepsis 

CTX Cefotaxime 

SAM, Ampicillin/Sulbactam 

TZP Piperacillin/Tazobactam 

GEN Gentamicin 

AN Amikacin 

ANOVA Analysis of Variance 

FIC Fractional inhibitory concentration 

MIC minimum inhibitory concentration 

MDR Multidrug Resistance 

MBL Metallo-beta-lactamase 

CDT Combined Disk Test 

DDST double disc synergy test 
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