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Background: In resource-constrained settings, limited antibiotic options make treating carbapenem-resistant bacterial infections difficult for healthcare providers. This study aimed to assess carbapenemase expression in Gram-negative bacteria isolated from clinical samples in Jimma, Ethiopia.

Methods: A cross-sectional study was conducted to assess carbapenemase expression in Gram-negative bacteria isolated from patients attending Jimma Medical Center. Totally, 846 Gram-negative bacteria were isolated and identified using matrix-assisted laser desorption ionization-time of flight mass spectrometry (MALDI-TOF MS). Phenotypic antibiotic resistance patterns were determined using the Kirby-Bauer disk diffusion method and Etest strips. Extended-spectrum β-lactamase phenotype was determined using MAST disks, and carbapenemases were characterized using multiplex polymerase chain reactions (PCR).

Results: Among the isolates, 19% (157/846) showed phenotypic resistance to carbapenem antibiotics. PCR analysis revealed that at least one carbapenemase gene was detected in 69% (107/155) of these strains. The most frequently detected acquired genes were blaNDM in 35% (37/107), blaVIM in 24% (26/107), and blaKPC42 in 13% (14/107) of the isolates. Coexistence of two or more acquired genes was observed in 31% (33/107) of the isolates. The most common coexisting acquired genes were blaNDM + blaOXA-23, detected in 24% (8/33) of these isolates. No carbapenemase-encoding genes could be detected in 31% (48/155) of carbapenem-resistant isolates, with P. aeruginosa accounting for 85% (41/48) thereof.

Conclusion: This study revealed high and incremental rates of carbapenem-resistant bacteria in clinical samples with various carbapenemase-encoding genes. This imposes a severe challenge to effective patient care in the context of already limited treatment options against Gram-negative bacterial infections in resource-constrained settings.
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Introduction

Gram-negative bacteria (GNB), such as Escherichia coli, Klebsiella pneumoniae, Acinetobacter baumannii, and Pseudomonas aeruginosa, are common culprits in healthcare-associated infections (Sikora and Zahra, 2020). Carbapenem resistance is increasing at alarming rates in these organisms (Beshah et al., 2023). The resistance can arise from various mechanisms, including the production of carbapenemase enzymes, decreased permeability of the bacterial cell wall, increased efflux pump activity, alterations in outer membrane porins, and target site mutations that reduce affinity to carbapenems (Aurilio et al., 2022). These mechanisms can act individually or in combination, leading to the development of multidrug-resistant strains that pose significant challenges in treating infections caused by these bacteria (Das, 2023). GNB have the ability to acquire and express a variety of carbapenemase genes (Dwomoh et al., 2022; Tenover et al., 2022; Tilahun et al., 2022). These genes can spread within or between different bacterial species through horizontal transfer of plasmids, conjugative transposons, or integrons (Hammoudi Halat and Ayoub Moubareck, 2020). As a result, carbapenem resistance in GNB is a major public-health concern worldwide. The most common carbapenemases identified in GNB include oxacillinases (OXA), Klebsiella pneumoniae carbapenemase (KPCs), and metallo-beta-lactamases (MBLs), including New Delhi metallo-β-lactamase (NDM) and Verona integron-encoded metallo-beta-lactamase imipenemase (VIM) (Rabaan et al., 2022). These enzymes can break down carbapenem antibiotics, and develop resistance not only to carbapenems, but also to many other beta-lactam antibiotics, such as penicillins, cephalosporins, and monobactams (Jean et al., 2022).

Infections with these pathogens are associated with high rates of mortality and morbidity since treatment options are limited to a few last-resort antibiotics that often come with many side effects (Caston et al., 2022). Furthermore, infections with carbapenem-resistant GNBs increase healthcare cost and the length of hospital stays (Van Duin, 2017). Such infections are major concerns for critically ill patients, immunocompromised individuals, and those with comorbidities (Aleidan et al., 2021; Di Carlo et al., 2021). In resource-constrained countries, including Ethiopia, the public health impact is even worse due to the lack of reserve treatment options (Alemayehu et al., 2023; Beshah et al., 2023).

Rapid and reliable detection of carbapenem-resistant GNB is critical for appropriate laboratory-guided patient management, for surveillance, and for applying effective evidence-based infection prevention and control practices (Nordmann and Poirel, 2019; Shanmugakani et al., 2020). A combination of phenotypic detection and genotypic confirmation of carbapenemase-expressing genes by polymerase chain reaction (PCR) is recommended (Rabaan et al., 2022).

However, due to lack of technical expertise, specialized equipment, and reagents, detecting and tracking the molecular epidemiology of carbapenem-resistant bacterial isolates is difficult in low-income countries (Nordmann and Poirel, 2019; Shanmugakani et al., 2020). As a result, data on the burden of infections with carbapenem-resistant bacterial species and associated outcomes is scarce in Sub-Saharan African countries, including Ethiopia (Stewardson et al., 2019). Therefore, this study aimed to determine the extent of carbapenemases among GNBs obtained from clinical samples using both phenotypic and genotypic techniques.



Materials and methods


Study setting, design, and time

A cross-sectional study was conducted to detect the carbapenemase genes in carbapenem-resistant GNB obtained from patients treated at Jimma Medical Center (JMC). JMC is an 800-bed teaching hospital in southwest Ethiopia with a catchment population of over 20 million. All patients from whom samples were sent for culture and antibiotic susceptibility test as part of routine clinical care were recruited prospectively for the study.



Clinical sample collection

Clinical samples (blood, cerebrospinal fluid [CSF], wound swabs, ascitic fluid, pleural fluid, abscess, peritoneal fluid, and synovial fluid) were collected aseptically by the clinicians, nurses or laboratory professionals. Other clinical samples such as urine, stool, and sputum were collected by the patients themselves after proper instruction was provided. Samples were then transported within 1 h after collection to the JMC microbiology laboratory for analysis.



Bacterial isolation and identification

All clinical specimens, except for blood, were inoculated on 5% Colombia Sheep Blood, Chocolate, and MacConkey agars and incubated aerobically at 35–37°C for 18–22 h. Blood samples were collected and added to BD BACTEC bottles (Becton Dickinson, Sparks, MD, USA) and then incubated for 5 days at 35–37°C in the BD BACTEC™ FX40 (Becton Dickinson, Sparks, MD, USA) automated culture machine. If growth was observed, it was sub-cultured on 5% Colombia Sheep Blood, Chocolate, and MacConkey agars in similar environmental conditions for further analysis. Subsequently, all positive pure cultures were tested for antimicrobial susceptibility. Isolates were picked off the plates and kept at −80°C in storage media containing skimmed milk, tryptone soya, glucose, glycerol, and distilled water until they were transported to Max von Pettenkofer Institute, Hospital Hygiene, and Medical Microbiology Laboratory in Munich, Germany. There, the isolates were re-identified using matrix-assisted laser desorption ionization-time of flight mass spectrometry (MALDI-TOF MS, Bruker, Germany).



Antimicrobial susceptibility testing

Antimicrobial susceptibility testing was carried out according to the Kirby-Bauer disk diffusion technique using 16 antibiotics (Bio-Rad, France) (Supplementary Table S1). Reading of the results was done using the ADAGIO 93400 automated system (Bio-Rad, France) and interpreted as resistant (R), intermediate (I), and susceptible (S) based on the respective breakpoints for specific organisms in the European Committee on Antimicrobial Susceptibility Testing (EUCAST, 2021).



Phenotypic detection of ESBLs

ESBL phenotype identification was carried out using MAST disks (Mast Group, UK) on all isolates (n = 648) that were non-susceptible to beta-lactam antibiotics such as cefotaxime, cefoxitin, cefepime, piperacillin/tazobactam, or meropenem in the Kirby-Bauer disk diffusion technique. The results were interpreted using the Mast Disks Combi D68C ESBL/AmpC calculator spreadsheet (Mast Group, UK) and reported as negative, positive, or inconclusive for ESBL or/and AmpC. Isolates with reports of “Further work required” or “Equivocal” or that grew toward all disks with below 9 mm of inhibition zone were grouped together as “inconclusive.”



Detection of carbapenem resistance using Etest strips

All bacterial isolates that were intermediate or resistant to meropenem in the Kirby-Bauer disk diffusion method were tested with ertapenem Etest strips for Enterobacterales and meropenem Etest strips (both BioMérieux Deutschland GmbH) for non-lactose fermenting Gram-negative rods. According to EUCAST’s breakpoints for meropenem, an isolate was considered intermediate if the MIC value was between 2 and 8 mg/L and resistant when the MIC was greater than 8 mg/L. Bacterial isolates with MIC values greater than 0.5 mg/L were interpreted as resistant to ertapenem. Otherwise, all the remaining strains were considered susceptible to meropenem or ertapenem, respectively (EUCAST, 2021).



Detection of carbapenemase encoding genes using PCR

The DNA was extracted from 3 to 5 fresh pure colonies of the respective bacterial isolate and extracted using High Pure PCR template preparation kit (Roche, Germany) following the manufacturer’s instruction. The quantity, purity, and concentration of the extracted DNA were measured by Nano-Drop ND-100 (Thermo Fisher Scientific, Wilmington, USA). Excluding the intrinsic carbapenem-resistant S. maltophilia, all the remaining isolates (n = 155) that were resistant to carbapenem antibiotics and/or showed inconclusive results in ESBL phenotypes by Mast disks (Mast Group, UK) were characterized by multiplex PCR to detect the carbapenemase encoding genes using specific primers and probes (Supplementary Table S2) used in previous studies (Kruttgen et al., 2011; Huang et al., 2012) and kindly provided by the molecular diagnostics of the Max von Pettenkofer Institute by Schubert S. and Gross B. Reference strains carrying blaOXA-48 (K. pneumoniae ATCC-BAA-2524), blaKPC (E. coli ATCC-1101362), and blaNDM (K. pneumoniae ATCC-BAA-2146) were used as positive controls.



Statistical analysis

The data was entered and analyzed using Microsoft Office 2016 excel sheets and GraphPad Prism version 8.4.3. Tables and graphs were used to display the frequency of phenotypic antibiotic resistance patterns and the distribution of carbapenemase encoding genes among phenotypically carbapenem-resistant bacterial pathogens.



Ethical considerations

The study was carried out with the approval of both Jimma University Institute of Health Institutional Review Board, Ethiopia (protocol numbers: IHRPGO/495/2018 & IHRPGO/1087/21) and the Ethics Committee of the Medical Faculty of Ludwig-Maximilians-Universität of Munich, Germany (Opinion No: 21–0157). Written informed consent was obtained from study participants and parents or guardians in case of neonates, infants, and children before enrollment in the study. All the information was kept confidential and recorded anonymously. The culture results were sent back timely to the treating physicians to provide the recommended medical attention to the respective patients.




Results


Frequency of Gram-negative bacterial isolates

A total of 1,794 clinical specimens were processed during the study period. Of these, 953 specimens collected from 894 patients were positive resulting in the isolation of 1,010 bacterial strains. The majority of isolates (846/1,010) were GNB, which were the only one included in the current study. A single bacterial pathogen was identified in 896 specimens, while two and three isolates were detected in the remaining 55 and 2 clinical samples, respectively. Overall, more than 30 different species of GNB were identified. The most commonly identified bacterial pathogen was E. coli accounting for 27% (231/846) of the GNB isolates, followed by K. pneumoniae 19% (163/846), A. baumannii complex 15% (126/846), and E. cloacae complex 13% (108/846) (Supplementary Table S3). More than 75% (643/846) of the GNB were isolated from admitted patients. Of these, 32% (206/643) were from the neonatal intensive care unit (NICU), 27% (184/643) from surgical, 27% (173/643) from pediatric, and 12% (80/643) from medical wards.



Antimicrobial resistant pattern of Gram-negative bacteria

In Kirby-Bauer disk diffusion technique, a remarkable prevalence of non-susceptibility was observed against cefuroxime, ampicillin, and piperacillin, with rates reaching 100% (846/846), 92% (763/827), and 91% (655/720) respectively. Among the tested antibiotics, meropenem and amikacin showed the least resistance, 18% (149/846) and 12% (97/846), respectively. The isolates also exhibited a high rate of resistance to trimethoprim-sulfamethoxazole (60%), aminoglycosides (11–57.4%), and fluoroquinolones (55.3–61.1%) (Figure 1).
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FIGURE 1
 Antibiotic resistance patterns for Gram-negative bacteria (n = 846). AMP, ampicillin; PIP, piperacillin; AMC, amoxicillin-clavulanic acid; TZP, piperacillin-tazobactam; CXM, cefuroxime; CTX, cefotaxime; CAZ, ceftazidime; FEP, cefepime; FOX, cefoxitin; MEM, meropenem; GM, gentamicin; TM, tobramycin; AN, amikacin; MXF, moxifloxacin; CIP, ciprofloxacin; SXT, Trimethoprim- sulfamethoxazole; R, resistant; I, intermediate; S, susceptible, IE: insufficient evidence; and “–” No breakpoints.




Prevalence of ESBL phenotypes

All 648 bacterial isolates that were non-susceptible (tested intermediate or resistant) to one of the β-lactam antibiotics were further analyzed for ESBL phenotypes using Mast disks (MAST group UK). The analysis revealed that 66% (425/648) of the isolates produced extended-spectrum beta-lactamases (ESBL), 7% (47/648) had both ESBL and AmpC phenotypes, and 3% (19/648) showed only an AmpC phenotype (Figure 2). The remaining 24% (157/648) of the isolates showed inconclusive results when read with Mast disks combi D68C ESBL/AmpC calculator spreadsheets (Mast group, UK).

[image: Figure 2]

FIGURE 2
 Flow diagram of the laboratory analysis to detect carbapenem-resistant Gram-negative bacteria. ⁎The antibiotic susceptibility test result to selected beta-lactam antibiotics such as cefotaxime, cefoxitin, cefepime, piperacillin/tazobactam, or meropenem; intrinsic resistances according to EUCAST are considered as expected; values with insufficient evidence according to EUCAST were not taken into account (EUCAST, 2021).


More than 75% (491/648) of the isolates that showed resistance to β-lactam antibiotics in the disk diffusion technique were confirmed as ESBL and/or AmpC phenotypes by Mast disks (Mast group, UK). As shown in Table 1, all Citrobacter species, K. oxytoca, Proteus species, S. marcescens, M. morganii, C. sakazakii, L. adecarboxylata, M. odoratimimus, and P. stuartii were confirmed as ESBL producers. Furthermore, the prevalence of ESBL production was observed in 93% (127/137) of K. pneumoniae, 94% (134/142) of E. coli, and 97% (98/101) of Enterobacter isolates. The remaining 24% (157/648) of the isolates showed inconclusive results, primarily A. baumannii complex, and P. aeruginosa which accounted for 71% (87/122) and 98% (42/43) of the respective isolates as shown in Table 1.



TABLE 1 Proportion of ESBL phenotypes in Gram-negative bacteria (n = 648).
[image: Table1]



Carbapenem minimum inhibitory concentrations

The minimum inhibitory concentrations (MIC) of carbapenem antibiotics, specifically ertapenem for Enterobacterales and meropenem for non-lactose fermenting GNB, was determined using Etest strips. This was done for all isolates (n = 155) that were tested carbapenem-resistant in the Kirby-Bauer disk diffusion method and/or showed inconclusive results in the Mast disk analysis. Accordingly, 79% (105/133) of non-lactose fermenting isolates and 100% (24/24) of the lactose fermenting isolates showed intermediate or resistant phenotypes against meropenem or ertapenem Etest strip, respectively (Figure 3).

[image: Figure 3]

FIGURE 3
 The frequency of carbapenem minimum inhibitory concentrations of all strains tested resistant in Kirby-Bauer disk diffusion or having inconclusive results in the Mast Disk assay. The MICs of meropenem ranging from (0–2 mg/L), (2–8 mg/L), and > 8 mg/L were interpreted as sensitive, intermediate, and resistant; ertapenem MIC values ≤0.5 mg/L and > 0.5 mg/L were interpreted as sensitive and resistant, respectively, as indicated in the broken lines according to EUCAST breakpoints (EUCAST, 2021).




Molecular epidemiology of carbapenemase-expression in Gram-negative bacteria

The PCR analysis revealed that 69% (107/155) of the carbapenem non-susceptible isolates carried at least one carbapenemase-encoding gene, including both inherent and acquired genes. Among the acquired carbapenemase genes, the most frequently identified gene was blaNDM, constituting 21% (37/179) of the total detected genes. This was followed by blaVIM and blaKPC42, accounting for 15% (26/179), and 8% (14/179) respectively (Figure 4A). Regarding the distribution of carbapenemase-encoding genes, blaNDM was detected in various strains including A. baumannii (24), E. coli (6), K. pneumoniae (3), K. variicola (1), P. aeruginosa (1), P. mendocina (1) and A. haemolyticus (1). On the other hand, due to its intrinsic presence in A. baumannii, the blaOXA-51-like gene was exclusively found in A. baumannii strains (79) (Figure 4B). Conversely, no carbapenemase-encoding genes could be detected in 31% (48/155) of carbapenem-resistant isolates. P. aeruginosa was the most common, accounting for 85% (41/48) of them (Figure 4B).

[image: Figure 4]

FIGURE 4
 Distribution of carbapenemase encoding genes in various Gram-negative bacterial isolates with phenotypic resistance against carbapenems, as determined by PCR analysis. (A) The relative proportion of carbapenemase encoding genes (n = 179) as indicated in the pie chart. (B) The distribution of carbapenemase determinants in carbapenem-resistant isolates (n = 155). The PCR analysis revealed the presence of several types of carbapenemase determinants in many of the bacterial species. As a result, more than one carbapenemase determinant or mechanism of resistance was identified in 49 of the isolates.


Co-harboring of two or more acquired genes was observed in 31% (33/107) of the isolates, with A. baumannii being the predominant strain, accounting for 70% (23/33) of those isolates. Multiple gene coexistence was also detected in A. haemolyticus (1), E. coli (1), K. pneumoniae (5), and K. variicola (3) strains. The most common acquired coexisting genes were blaNDM + blaOXA-23, observed in 24% (8/33) of the isolates (Table 2).



TABLE 2 Frequency and distribution of carbapenemase-coding genes among Gram-negative bacteria (n = 107).
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Discussion

Our study revealed high proportions of ESBL and carbapenemase producing Gram-negative pathogens, primarily E. coli, K. pneumoniae, E. cloacae complex, A. baumannii complex, and P. aeruginosa in comparison to previous studies conducted worldwide (Chen et al., 2021; Jean et al., 2022). In most low-income countries, carbapenems are considered the last-resort antibiotics, as other antibiotics like colistin and polymyxin B are not available. Carbapenem-resistant infections are increasing at alarming rates worldwide (Hammoudi Halat and Ayoub Moubareck, 2020), and this trend is even worse in low-income countries (Stewardson et al., 2019) including Ethiopia (Sewunet et al., 2022; Tilahun et al., 2022). Inadequate infection prevention and control measures, lack of proper hand hygiene, insufficient isolation precautions, and limited regular AMR surveillance (Ali et al., 2018; Eshetu et al., 2019) contribute to this problem.

More than three-fourths (76.6%, 648) of the isolates were tested resistant to one or more beta-lactam antibiotics such as cefotaxime, cefoxitin, cefepime, piperacillin/tazobactam, or meropenem. Among all isolates, 59% (499/846) showed ESBL phenotypes, and 19% (157/846) were carbapenem-resistant phenotypically. Our findings indicate an increase in ESBL phenotypes in Jimma compared to previous reports of 50–51% in 2016 (Gashaw et al., 2018; Zeynudin et al., 2018). The observed high prevalence of ESBL-producing isolates could be explained by the high rate of nosocomial infections among hospitalized patients (Ali et al., 2018). The lack of proper infection prevention and control practices (Sastry et al., 2017; Maki and Zervos, 2021), along with horizontal gene transfer (Da Silva and Domingues, 2016) and the spread of resistant genes within local microbial populations may contribute to the high rate of beta-lactam resistance. Additionally, the high rates of Acinetobacter and Pseudomonas species which are intrinsically resistant to many beta-lactam antibiotics could explain this increase.

In previous studies conducted in Ethiopia, the rate of carbapenem resistance among Gram-negative rods was low ranging 1.7–15.1% (Misha et al., 2021; Tekele et al., 2021; Seman et al., 2022; Tilahun et al., 2022; Alemayehu et al., 2023). However, our findings showed an increase in resistance to carbapenems (18.6%). Our current study revealed high rates of phenotypic carbapenem resistance among Acinetobacter (71.3%) and Pseudomonas species (97.7%, 42/43), compared to a previous study conducted in the same area in 2016, where resistance rates were 56.4 and 7.3% for Acinetobacter and Pseudomonas isolates, respectively (Sewunet et al., 2022). This increase in resistance may be attributed to the increasing use of carbapenems at the hospital and poor infection control measures. Infections caused by such resistant isolates greatly limit the treatment options. Therefore, addressing the rising threat of carbapenemase-producing Acinetobacter and Pseudomonas species requires a multifaceted approach including the implementation of effective infection prevention and control measures, promotion of antimicrobial stewardship programs to ensure appropriate antibiotics use, and development of new antibiotics effective against these resistant strains (Mulani et al., 2019; Jean et al., 2022).

Additionally, it is important to identify the determinants of carbapenem resistance in bacterial pathogens. While many isolates express a carbapenemase, others may develop resistance due to other mechanisms such as porin loss (Atrissi et al., 2021). In our study, we investigated both the phenotypic resistance and the presence of carbapenemase genes. In A. baumannii, we found the presence of intrinsically encoded blaOXA-51-like genes, as well as the acquired blaNDM and blaKPC encoding genes. We did not investigate any regulatory phenotypes involved in increased expression of blaOXA-51-like enzymes, so we can only speculate on their role in the phenotypically resistant isolates, possibly in combination with permeability issues or efflux pumps. Nevertheless, in the case of P. aeruginosa, the observed carbapenem resistance could not be linked to the carbapenemases tested in the study. Instead, it is more likely that the resistance is due to porin loss as suggested by a previous study (Atrissi et al., 2021).

Similar to previous studies conducted in Egypt (Abouelfetouh et al., 2019) and South Africa (Anane et al., 2020), PCR analysis revealed that all A. baumannii isolates carried the blaOXA-51-like genes. In 13.6% (11/82) and 9.9% (8/82) of Acinetobacter strains, blaOXA-23-like and blaOXA-58-like genes were detected, respectively. The prevalence of blaOXA-51-like gene in our study was higher than reported in a previous study in Jimma (63.1%) (Sewunet et al., 2022). This can be explained by the higher proportion of A. baumannii strains that currently dominate nosocomial infections as compared to previous studies. All 79 A. baumannii isolates carried the intrinsic blaOXA-51-like gene, but 22 of them were phenotypically susceptible to meropenem according to the MIC values. This can be explained by the intrinsic low efficiency of blaOXA-51, which is not easily detected by phenotypic methods, as reported in previous studies (Hu et al., 2007; Nigro and Hall, 2018).

The New Delhi metallo-beta-lactamase (NDM), classified as group B in the Ambler classification, is an enzyme that can break down a wide range of beta-lactam antibiotics, including carbapenems. It was first reported in Ethiopia in 2017 in A. baumannii strains (Pritsch et al., 2017). Back then, it could only be detected in some isolates of Acinetobacter baumannii, with no evidence of its presence in other isolates. However, NDM is no longer limited to Acinetobacter species and has been found in various GNB, such as K. pneumoniae, K. variicola, E. coli, P. aeruginosa, and P. mendocina (Legese et al., 2022; Seman et al., 2022; Sewunet et al., 2022; Tufa et al., 2022). This enzyme is particularly concerning because it can rapidly spread between different bacterial species through horizontal gene transfer, leading to the emergence of extensively drug-resistant infections (Da Silva and Domingues, 2016). It is also frequently associated with other antibiotic resistance determinants and may be transferred alongside them. Our study detected the blaNDM gene in 34.6% of carbapenemase positive isolates, which is comparable to a study conducted in Kenya where 30% of the isolates carried the NDM gene (Villinger et al., 2022). The other commonly acquired carbapenemase gene identified in our study was blaKPC42, which was found in all carbapenem-resistant K. pneumoniae (10) and two of the three carbapenem resistant K. variicola strains. It has not been previously reported in Ethiopia but has been frequently reported in other parts of the world (Miranda et al., 2018).

Most of the A. baumannii isolates in our study harbored two (19) or three (21) carbapenemase genes. Moreover, five K. pneumoniae and three K. variicola isolates carried two carbapenemase genes. In total, 50 of the isolates carried multiple carbapenemase genes (blaOXA-51, blaNDM, blaVIM, blaOXA-23, blaOXA-58, blaKPC42, blaOXA-48, and blaKPCu), which is consistent with other studies conducted in Ethiopia where multiple carbapenemase determinants have been reported (Legese et al., 2022; Sewunet et al., 2022). In general, the prevalence of NDM in Acinetobacter and other GNB has been increasing globally in recent years (Sands et al., 2021; Awoke et al., 2022; Seman et al., 2022).

There are certain limitations to our study that should be considered when interpreting the results. First, the study was conducted in a single tertiary level facility, which may not fully represent the diversity of antimicrobial resistance patterns in the broader community or other healthcare settings in the region. Second, the PCR analysis was performed on isolates that were phenotypically resistant to carbapenems in the disk diffusion method and/or showed inconclusive results in the Mast disk analysis. This approach may have excluded some isolates with reduced carbapenem susceptibility that were not detected by the phenotypic resistance, potentially underestimating the true burden of carbapenem resistance in the study area. Third, we did not investigate if the resistance against carbapenems observed in some A. baumannii strains was due to overexpression of OXA-51 or other metabolic or regulatory changes such as loss of permeability or increased efflux.



Conclusion

Our study demonstrated a high rate of carbapenem resistance among GNB, primarily in Acinetobacter species. The majority of this resistance was attributed to carbapenemases, probably along with other factors. Consequently, treating infections caused by these pathogens in this region may prove challenging due to limited treatment options. To address this issue, it is essential to revise treatment strategies in order to effectively manage infections caused by resistant strains. Moreover, it is imperative to uphold diligent surveillance, apply optimal infection prevention and control strategies, and promote antimicrobial stewardship practices to effectively manage and combat the dissemination of carbapenem-resistant bacteria.
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