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Abstract

:

Community-acquired urinary tract infections (UTIs) represent a significant public health issue, primarily due to the increasing antibiotic resistance among uropathogens. This study assesses the resistance status of uropathogenic community Enterobacterales to various antibiotics, particularly aminoglycosides, and determines the prevalence of aminoglycoside-modifying enzyme (AME) genes, while investigating the coexistence of 16S rRNA methylating enzymes. We analyzed 628 clinical isolates of Enterobacterales obtained from 4282 cytobacteriological urine examinations at the Pasteur Institute Casablanca, Morocco, collected from October 2018 to December 2021. Identification and antibiotic susceptibility testing were conducted using the VITEK 2® COMPACT system, following CA-SFM guidelines. DNA extraction utilized the heat shock method, and subsequent PCR was performed. Gram-negative bacteria accounted for 85% of isolates, with Enterobacterales representing 91% of this group. E. coli (73%) and Klebsiella pneumoniae (20%) were the most common species among Enterobacterales. Resistance was particularly high for ampicillin (76.7%) and amoxicillin-clavulanate (58%). Among aminoglycosides, gentamicin and tobramycin resistance rates were 33.5% and 35%, respectively, while amikacin resistance was observed in 21.3% of isolates. High frequencies of AME genes were detected, with AAC(3′)-IIa (27.7%) and AAC(6′)-Ib (25.9%) being the most prevalent. Notably, no 16S rRNA methylation genes (rmtA, rmtB, rmtC, rmtD) were found. All tested strains exhibited biofilm-forming capacity, with K. pneumoniae demonstrating intense biofilm production. The study highlights a concerning trend of antibiotic resistance among uropathogenic Enterobacterales in the community setting, correlating genotype with resistance phenotype and emphasizing the need for enhanced surveillance and targeted treatment strategies.
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1. Introduction


Urinary tract infections (UTIs) are among the most prevalent bacterial infections worldwide, affecting individuals in both community and hospital settings [1]. With an estimated 150 million cases reported annually, UTIs represent the second most common site of infection worldwide [2]. The rise of antibiotic resistance among UTI-causing bacteria complicates treatment strategies, underscoring the critical need for appropriate antibiotic therapy [3]. Members of the Enterobacterales family, particularly Escherichia coli and Klebsiella pneumoniae, are leading causes of both nosocomial and community-acquired bacterial infections [4,5]. Moreover, these bacteria exhibit a strong tendency to develop antibiotic resistance, a global concern that has been escalating at an alarming rate [6,7]. Biofilm formation by these pathogens adds an additional layer of complexity, as it significantly enhances resistance transmission and complicates treatment, often leading to persistent infections and promoting the spread of resistance genes [8]. This phenomenon is not uniformly distributed across countries, but where it occurs, it significantly impacts treatment outcomes and increases morbidity, mortality, and healthcare costs [9,10].



Aminoglycosides are a class of antibiotics with broad-spectrum activity against various Gram-negative and Gram-positive bacteria. However, their clinical use has been increasingly restricted due to the emergence of resistance [11]. Resistance to aminoglycosides can arise through several mechanisms, including defects in membrane penetration, enzymatic inactivation by aminoglycoside-modifying enzymes (AMEs), active efflux, mutations in 16S ribosomal RNA, and methylation of 16S rRNA. Among these mechanisms, AMEs are the predominant cause of resistance in E. coli, K. pneumoniae, and other Gram-negative bacteria [12]. The genes encoding these AMEs are often carried by mobile genetic elements such as plasmids and transposons, which facilitates their spread [13]. AMEs are categorized into three main classes based on their modifying activities: acetyltransferases (AAC), nucleotidyltransferases (ANT), and phosphotransferases (APH). The diversity and variability of these enzymes, coupled with the presence of multiple types within a single organism, complicate the interpretation of phenotypic resistance data. Additionally, several 16S rRNA methylases, including armA, rmtB, and rmtC, have been identified in Enterobacterales from diverse geographical regions [14].



The Casablanca–Settat region, located in west central Morocco, is the most densely populated and economically dynamic regions in the country [15]. Thus, it provides a representative sample of the Moroccan population. While extensive research has focused on hospital strains of Enterobacterales in Morocco, there are limited data on community-acquired isolates, particularly regarding their prevalence and resistance mechanisms. To address this gap, our study aims to investigate the prevalence of uropathogenic Enterobacterales and their antimicrobial susceptibility in Casablanca. Specifically, we will focus on isolates resistant or sensitive to high doses of aminoglycosides (Gentamicin, Tobramycin, and Amikacin), characterize the genes encoding AMEs, and explore the presence of AME methylation genes. This research represents one of the first comprehensive analyses of its kind in Morocco and has significant implications for public health and antimicrobial stewardship.




2. Materials and Methods


2.1. Sample Collection and Isolates


Urine samples were collected at the Pasteur Institute of Casablanca, Morocco, between October 2018 and December 2021. The confirmation criteria for urinary infections adhered to the REMIC 2018 guidelines [16]. The biological inclusion criterion for this study was a pure bacterial culture with a colony-forming unit (CFU) count of >1 × 105 CFU/mL and a leukocyte count of >1 × 104 cells/mL. The samples analyzed were from uncomplicated community-acquired UTIs. The culture media included cystine–lactose–electrolyte-deficient agar (CLED) (Biokar Diagnostics, Beauvais, France) and UriSelect chromogenic agar (Bio-Rad, Hercules, CA, USA). A 10 µL aliquot of urine was inoculated onto the media using standard medical microbiology techniques. After aerobic incubation at 35 ± 2 °C overnight, cultures were classified as negative if bacterial growth was <1 × 103 CFU/mL or positive if monomorphic bacterial growth exceeded 1 × 105 CFU/mL, accompanied by symptoms of urinary tract infection. Isolates were preserved in brain and heart infusion broth (BHI; Biokar Diagnostics, Beauvais, France) with 15% glycerol at −80 °C until further use.




2.2. Bacterial Identification


Identification and antibiotic susceptibility testing were conducted using the VITEK 2® COMPACT 15 system (BioMérieux, Marcy-l’Étoile, France) according to the manufacturer’s protocols. The results were interpreted in accordance with the guidelines of the French Society of Microbiology (CA-SFM). Escherichia coli ATCC 25922 served as the reference strain for quality control.




2.3. Antimicrobial Susceptibility Testing and Determination of Inhibitory Concentrations (MIC)


Antimicrobial susceptibility tests were performed using on the automated VITEK 2® COMPACT 15 system featuring Advanced Expert System™ (AES) technology. Each strain was classified as sensitive (S), intermediate (I) or resistant (R) based on the recognition of resistance phenotypes by the expert system, following Société Française de Microbiologie (CA-SFM 2021) guidelines. The antibiotics tested included ampicillin (10 µg), amoxicillin (20 µg), amoxicillin-clavulanate (20–10 µg), tazobactam-piperacillin (30–6 µg), ticarcillin (75 µg), cefoxitin (30 µg), cefalexin (30 µg), cephalothin (30 µg), cefotaxime (30 µg), ceftriaxone (5 µg), cefixime (5 µg), ceftazidime (10 µg), gentamicin (10 µg), tobramycin (10 µg), amikacin (30 µg), ciprofloxacin (5 µg), ofloxacin (5 µg), imipenem (10 µg), and trimethoprim-sulfamethoxazole (1.25–23.75 µg). Colistin susceptibility was interpreted based on CA-SFM 2021 recommendations [17]. The MIC of aminoglycosides (Gentamicin, Amikacin, Tobramycin) was determined using the VITEK 2® COMPACT 15 system, with concentrations set at 0.5 µg/mL, 1 µg/mL, 2 µg/mL, 4 µg/mL, 8 µg/mL, ≥16 µg/mL, and ≥32 µg/mL.




2.4. Detection of Aminoglycoside-Modifying Enzymes (AMEs)


Isolates demonstrating resistance or intermediate sensitivity to aminoglycosides (Amikacin, Gentamicin, Tobramycin) were screened for the presence of aminoglycoside-modifying enzymes (AMEs) using PCR. The AME genes examined included AAC(6′)-Ib, AAC(3′)-Ila, AAC(6′)-lc, AAC (2′)-Ia, AAC(6′)-Ia, AAC(3′)-Ia, APH(3′)-Ia, and Ant(2″)-Ia as described by Miro et al. (2013) [12]. Isolates positive for at least one AME gene were further analyzed for the coexistence of 16S rRNA methylase genes (rmtA, rmtB, rmtC, and rmtD) as outlined by Ghotaslou et al. (2018) [18] and Zhang et al. (2023) [19].




2.5. DNA Extraction and Polymerase Chain Reaction (PCR)


Bacterial DNA was extracted using a heat shock method from fresh cultures grown for 18 to 24 h at 37 °C on plate count agar (PCA). A 2 µL aliquot of DNA was added to a reaction mixture containing 1× PCR buffer, 1.5 mM MgCl2, 200 µM deoxynucleoside triphosphates, 0.5 µM of each primer, and 1 U of Taq DNA Polymerase (Thermo Scientific, Waltham, MA, USA). PCR conditions included an initial denaturation at 94 °C for 5 min followed by 30 cycles of denaturation at 94 °C for 30 s, annealing at 55 °C for 30 s, and elongation at 72 °C for 1 min, with a final elongation step at 72 °C for 10 min. PCR products were analyzed on 1.5% (w/v) agarose gels stained with ethidium bromide [12]. For the detection of rmtB, rmtC, rmtA, and rmtD genes, the thermal cycling conditions included an initial denaturation at 96 °C for 5 min, followed by 30 cycles of denaturation at 96 °C for 30 s, annealing at 55 °C for 30 s, and elongation at 72 °C for 1 min, with a final extension at 72 °C for 5 min [20].




2.6. Biofilm Formation Assay


Isolates carrying AME genes were assessed for biofilm formation using two methods: the Congo Red Agar method and a quantitative microplate assay.



2.6.1. Congo Red Agar Method


Biofilm formation was evaluated using the method described previously [21]. Strains were cultured on Congo Red Agar, which consists of 37 g/L brain heart infusion broth, 50 g/L sucrose, 10 g/L agar, and 0.8 g/L Congo Red dye. The medium was autoclaved as an aqueous solution at 121 °C for 15 min, and other components were added when the agar cooled to 55 °C. Cultures were incubated for 24 h at 37 °C under aerobic conditions. Biofilm formation was indicated by the presence of black colonies with a dry, crystalline consistency [21].




2.6.2. Quantification Method on Microplates (96 Wells)


The ability to form biofilms was assessed qualitatively as previously described [21,22]. Biofilm formation was monitored at various time points (2 h, 4 h, 6 h, 8 h, 16 h, 18 h, 20 h, 22 h, and 24 h). Quantitative analysis was performed by measuring absorbance at 490 nm using a microplate reader (ELx800, Biotek, Santa Clara, CA, USA). The results were visually assessed by the appearance of a purple ring in the wells, which indicated biofilm formation [21,22].






3. Results


3.1. Sample Distribution and Bacterial Isolates


During the study period, a total of 4282 cytobacteriological urine examinations (CBEU) were performed, of which 806 samples met the inclusion criteria, representing 19% of the total CBEU. The sex distribution showed a female-to-male ratio of 2:1. Gram-negative bacteria (GNB) predominated, comprising 690 out of 806 isolates (85%), while Gram-positive cocci (GPC) accounted for the remaining 116 isolates (15%). Among the GNB, the Enterobacterales order was the most prevalent, representing 628 out of 690 isolates (91%). Escherichia coli was the most frequently identified species, accounting for 454 (73%) of the Enterobacterales isolates, followed by Klebsiella spp. (127 isolates, 20%), Enterobacter cloacae (25 isolates, 4%), and Proteus mirabilis (13 isolates, 2%).




3.2. Antibiotic Susceptibility Profiles


The susceptibility profiles of uropathogenic Enterobacterales isolates revealed diverse resistance patterns (Figure 1). High resistance rates were observed for ampicillin and amoxicillin, with 76.7% (482/628) of isolates exhibiting resistance to both antibiotics. Resistance to amoxicillin-clavulanate was also notable, affecting 58% (364/628) of the isolates. Ticarcillin showed a resistance rate of 67.5% (424/628). Among aminoglycosides, gentamicin and tobramycin demonstrated significant resistance, with rates of 33.5% (210/628) and 35% (224/628), respectively; gentamicin also exhibited 10% intermediate resistance, while tobramycin had 26% intermediate resistance. Amikacin resistance was observed in 21.3% (134/628) of the isolates, with 18.3% (115/628) showing intermediate susceptibility. Conversely, imipenem and colistin had the lowest resistance rates, with only 7% and 1% of isolates, respectively, displaying resistance (Figure 1).



To further address interspecies variability, we analyzed the resistance profiles separately for E. coli, K. pneumoniae, and Enterobacter spp., as shown in Figure 2. The data reveal distinct resistance patterns across these species. E. coli isolates demonstrated a high resistance to ampicillin (65%) and moderate resistance to ticarcillin (54%) and amoxicillin-clavulanate (49%). In contrast, K. pneumoniae isolates exhibited even higher resistance rates, particularly for ampicillin (99%) and ticarcillin (89%), and resistance to amoxicillin-clavulanate was observed in 68% of K. pneumoniae isolates. Enterobacter spp. showed elevated resistance against cefoxitin (68%) and ceftriaxone (64%), along with significant resistance to gentamicin (44%) and amikacin (20%) (Figure 2).




3.3. Aminoglycoside Resistance Patterns


A total of 112 strains, including Escherichia coli (n = 64), Klebsiella pneumoniae (n = 46), and Enterobacter cloacae (n = 2), were found to be resistant to aminoglycosides and were selected for further analysis. Among the Escherichia coli isolates, 47 strains (73.43%) exhibited resistance to gentamicin with MICs ≥ 16 µg/mL, and the same number of strains (73.43%) demonstrated resistance to amikacin at MICs of 8 µg/mL or higher. In Klebsiella pneumoniae, 39 strains (84.78%) were resistant to gentamicin at MICs ≥ 16 µg/mL, while 41 strains (89.13%) showed resistance to tobramycin at MICs ≥ 16 µg/mL. Furthermore, 23 strains (50%) of Klebsiella pneumoniae exhibited resistance to amikacin at MICs of 2 µg/mL. In Enterobacter cloacae (n = 2), both strains (100%) were resistant to gentamicin at MICs ≥16 µg/mL and tobramycin at MICs of 2 µg/mL (Table 1).




3.4. Resistance Gene Frequencies and Combinations


The selected 112 aminoglycoside-resistant strains were screened for aminoglycoside resistance genes, and 55 isolates (49.1%) were found to carry at least one resistance gene. The AAC(3′)-IIa gene was the most prevalent, detected in 31 isolates (27.7%), followed closely by the AAC(6′)-Ib gene, which was present in 29 isolates (25.9%). The AAC(6′)-Ic and AAC(2′)-Ia genes were identified in seven (6.3%) and eight (7.1%) isolates, respectively. The APH(3′)-Ia gene was detected in 10 isolates (8.9%) and the Ant(2″)-Ia gene in 4 isolates (3.6%). Notably, neither AAC(6′)-Ia nor AAC(3)-Ia were detected in any of the isolates. No genes coding for 16S rRNA methylation, such as rmtA, rmtB, rmtC, or rmtD, were detected in any of the strains studied (Table 2).



We investigated the coexistence of multiple aminoglycoside-modifying enzyme (AME) genes in selected strains. The most frequent combination identified was AAC(6′)-Ib + AAC(3′)-Ila, found in all three species. In E. coli, 5 out of 9 isolates harbored this combination, along with other two-gene combinations such as AAC(6′)-Ib + APH(3′)-Ia and AAC(6′)-Ic + Ant(2″)-Ia. In K. pneumoniae, 7 of 16 isolates exhibited the AAC(6′)-Ib + AAC(3′)-Ila combination, with some strains showing more complex patterns involving up to three or four genes, including AAC(6′)-Ib + AAC(3′)-Ila + AAC(6′)-lc + APH(3′)-Ia. One Enterobacter cloacae isolate also harbored the AAC(6′)-Ib + AAC(3′)-Ila combination (Table 3).




3.5. Biofilm-Forming Capacity


The biofilm production ability of the isolates was assessed using two complementary methods: the Congo Red Agar (CRA) method and a quantitative microplate assay. In the CRA assay, all tested strains demonstrated biofilm formation, indicated by the presence of black colonies with a dry, crystalline appearance. This characteristic is associated with the synthesis of exopolysaccharides, which interact with Congo Red dye.



To further quantify biofilm formation, a 96-well polystyrene microplate assay was employed. The biofilm-forming ability of the strains was classified as intense, moderate, weak, or negative. Initial assessments between 2 and 8 h of incubation revealed that 52% of the strains exhibited weak biofilm formation. By 18 to 22 h, Klebsiella pneumoniae strains displayed intense biofilm-forming activity, in contrast to Escherichia coli, which showed moderate biofilm formation. However, after 24 h of incubation, a decline in biofilm formation was observed in both species, with K. pneumoniae maintaining a higher biofilm-forming capacity compared to E. coli (Figure 3).





4. Discussion


Community-acquired urinary tract infections (UTIs) remain a prominent public health concern, accounting for 19% (806/4282) of cytobacteriological urine examinations (CBEU) in our study. The higher prevalence in females, with a female-to-male ratio of 2:1, aligns with the established literature. This gender disparity can be attributed to anatomical and physiological factors, including the shorter urethra in females, pregnancy, catheter use, and conditions such as diabetes [23]. It is also known that premenopausal women are 20–40 times more likely to develop a UTI than men of the same age [24]. In our study, Escherichia coli (E. coli) was the most frequently isolated pathogen, followed by Klebsiella pneumoniae, which aligns with the pathophysiology of ascending UTIs. Emerging research suggests that UTIs caused by Enterobacterales, including E. coli and K. pneumoniae, may have origins in the gastrointestinal tract through pelvic cross-organ sensitization, as observed in inflammatory bowel disease [25]. The colonization of the perineal region by enterobacteria, particularly E. coli, facilitates the infection process. E. coli possesses virulence factors, such as type 1 fimbriae, that enable it to adhere to uroepithelial cells, preventing elimination during micturition. Meanwhile, Klebsiella pneumoniae secretes urease, which alkalinizes the urine, counteracting its natural acidity and promoting bacterial proliferation.



Antibiotic resistance rates in our study were high, with 77% resistance to ampicillin and amoxicillin, 68% to ticarcillin, and 59% to amoxicillin-clavulanate. These findings are consistent with those from other regions in Morocco, such as Rabat (Sekhsokh et al., 2008) [26] and Oujda (Kettani Halabi et al., 2021; Ben Lahlou et al., 2020) [27,28]. This consistency across different regions supports the hypothesis that the resistance patterns observed in Casablanca reflect broader national trends. Furthermore, β-lactam antibiotics, particularly amoxicillin and ampicillin, are among the most commonly prescribed antibiotics in Morocco [29], and their widespread availability has also led to significant self-medication practices [30,31], contributing to the selective pressure favoring resistant strains.



In terms of aminoglycoside resistance, we analyzed 112 aminoglycoside-resistant strains, including Escherichia coli (n = 64), Klebsiella pneumoniae (n = 46), and Enterobacter cloacae (n = 2). Among the E. coli isolates, 73.43% were resistant to both gentamicin (MICs ≥ 16 µg/mL) and amikacin (MICs ≥ 8 µg/mL). In K. pneumoniae, 84.78% exhibited resistance to gentamicin, and 89.13% to tobramycin (MICs ≥ 16 µg/mL), with 50% resistant to amikacin at a lower MIC threshold of 2 µg/mL. Both E. cloacae isolates were fully resistant to gentamicin and tobramycin. In terms of multidrug resistance (MDR), 35.7% of the isolates in our database were categorized as MDR, with 29.7% of E. coli and 41.3% of K. pneumoniae demonstrating MDR profiles. These results highlight a diverse resistance profile, with amikacin retaining relatively higher efficacy, though resistance rates are rising. Our findings align with a similar study from a hospital setting in Casablanca, which also reported amikacin as the most effective agent against uropathogenic strains [32]. The resistance patterns observed are likely driven by the presence of aminoglycoside-modifying enzymes (AMEs).



We identified several AME genes in the resistant isolates, including AAC(3)-IIa (27.68%), AAC(6′)-Ib (25.89%), APH(3′)-Ia (8.30%), AAC(2′)-Ia (7.14%), AAC(6′)-Ic (6.25%), and ANT(2″)-Ia (3.70%) [11]. Various combinations of these genes were detected, including AAC(6′)-Ib + AAC(3′)-IIa (13 isolates), AAC(6′)-Ib + AAC(6′)-Ic + APH(3′)-Ia (2 isolates), and other combinations found in fewer isolates. The high prevalence of AAC(6′)-Ib is particularly concerning, as it has been associated with multi-drug resistance, as demonstrated by Zhang et al. (2023) [19]. The presence of multiple AME genes suggests resistance to a broad spectrum of antibiotics, including beta-lactams and quinolones. Our results align with studies such as Nayme et al. (2017), who reported the presence of three AME genes, AAC(3)-II (12%), AAC(6′)-Ib (7%) and AAC(2ʹ)-Ia (5%), in aminoglycoside-resistant E. coli isolates from chicken meat [33]. Furthermore, Lotfollahi et al. (2015) reported relatively high frequencies of AAC(6′)-Ib and AAC(3′)-IIa genes in aminoglycoside-resistant K. pneumoniae [34]. In another study conducted in Egypt in 2017, AAC(6′)-Ib was identified as the most common AME gene among K. pneumoniae clinical isolates, underscoring the significant risk posed by the spread of these resistance genes [35]. Additionally, studies from Saudi Arabia have identified the widespread presence of AAC(6′)-Ib in Pseudomonas aeruginosa, with a prevalence of 94.4% [36]. The detection of APH(3′)-Ia in 8.30% of our strains, particularly in E. coli and K. pneumoniae resistant to imipenem, is also alarming. This gene’s presence on plasmids and transposons, as reported by Miro et al. (2012), facilitates its spread among Gram-negative bacteria [12]. Bacteria acquire antibiotic resistance genes through genetic mutations, often under the selection pressure imposed by antibiotics. The transmission of antibiotic resistance genes, either horizontally (e.g., via conjugation, transduction, or natural transformation) or vertically, is a major factor in the dissemination of resistance. Techniques like DNA sequencing, metagenomics, and phylogenetic are essential to understanding the dynamics of ARGs [19].



The search for rmtA, rmtB, rmtC, and rmtD genes yielded negative results in our study, contrasting with the findings of Reza Ghotaslou et al. (2018), who reported higher frequencies of these genes. This discrepancy may stem from differences in minimum inhibitory concentrations (MICs); our study did not observe MICs exceeding 64 µg/mL, while Ghotaslou et al. reported values as high as 512 µg/mL for amikacin and 128 µg/mL for gentamicin and tobramycin [18]. Future studies should investigate the implications of varying MIC thresholds and their potential impact on the prevalence of AME genes. Additionally, for the isolates that tested negative for AME genes (37.5%), resistance may be attributed to undetected enzymes, reduced permeability, or active efflux mechanisms. Whole-genome sequencing could provide deeper insights into these resistance mechanisms, paving the way for novel therapeutic approaches.



Biofilm formation was also observed in the aminoglycoside-resistant strains with positive AME genes, particularly in K. pneumoniae, which exhibited high intensity. Biofilms enhance bacterial colonization of the urinary tract, complicating treatment efforts. Virulence factors such as fimbriae, siderophores, and exopolysaccharides enable K. pneumoniae to evade host immune responses and resist antibiotic action [37]. E. coli also forms biofilm-like structures within bladder epithelial cells and on kidney stones, limiting antibiotic penetration and contributing to treatment failure [38]. This persistence of infections highlights the critical need to target biofilm-forming bacteria in the management of urinary tract infections (UTIs). Future research should focus on strategies to disrupt biofilm formation and improve the efficacy of existing antibiotics, ultimately enhancing patient outcomes in recurrent UTIs. With increasing interest in non-antibiotic therapies, the use of nutraceuticals, such as Hericium erinaceus, may represent a promising complementary approach. Known for its immunomodulatory and antimicrobial properties, this nutraceutical has shown potential for managing urinary tract symptoms and may help reduce the development of resistance by decreasing the need for antibiotics [39].



Our study has some limitations. First, it focused primarily on the bacterial analysis and characterization of aminoglycoside-modifying enzymes, without detailed patient information (e.g., hospitalization status, comorbidities), which may limit the applicability of the findings to more complex cases. Additionally, as a single-center study conducted in Casablanca, we hypothesized that the Casablanca region is representative of the broader population; however, data from other regions would be necessary to confirm this hypothesis. Finally, our reliance on culture-based methods may have missed non-culturable pathogens or strains present in low quantities. Future studies should integrate broader clinical data, involve multiple regions, and use advanced molecular techniques to deepen the understanding of resistance mechanisms in uropathogenic bacteria.




5. Conclusions


Our study reveals a significant prevalence of aminoglycoside-modifying enzyme (AME) genes, particularly AAC(3)-IIa and AAC(6′)-Ib, among resistant Enterobacteria strains in Morocco. This highlights the critical role these genes play in the rising antibiotic resistance observed in community-acquired urinary tract infections. The increasing resistance rates significantly limit the efficacy of commonly used antibiotics, underscoring the need for a reassessment of current therapeutic strategies.



From an epidemiological perspective, our results emphasize the urgent need for comprehensive studies on community-origin Enterobacteria, not only in Morocco but also across Africa and globally. Continuous, systematic monitoring of antibiotic resistance is essential to guide both therapeutic decisions and prophylactic measures. Proactively addressing this challenge is crucial for mitigating the impact of antibiotic resistance and ensuring the continued effectiveness of treatment options.
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Figure 1. Distribution of antibiotic susceptibility among uropathogenic Enterobacterales isolates (n = 628). 
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Figure 2. Antibiotic resistance profiles for E. coli, K. pneumoniae, and Enterobacter spp. uropathogenic isolates. 
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Figure 3. Biofilm-forming capacity of Escherichia coli and Kebsiella Pneumoniae isolates. 






Figure 3. Biofilm-forming capacity of Escherichia coli and Kebsiella Pneumoniae isolates.



[image: Amh 69 00028 g003]







 





Table 1. Distribution of minimum inhibitory concentrations for aminoglycosides among selected resistant isolates (N = 112).
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Escherichia coli (n = 64)

	
Klebsiella pneumoniae (n = 46)

	
Enterobacter cloacae (n = 2)




	
MIC

	
Gentamicin

	
Tobramycin

	
Amikacin

	
Gentamicin

	
Tobramycin

	
Amikacin

	
Gentamicin

	
Tobramycin

	
Amikacin






	
0.5

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
1

	
0

	
1 (1.56%)

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
2

	
1 (1.56%)

	
3 (4.68%)

	
0

	
2 (4.34%)

	
3 (6.52%)

	
23 (50%)

	
0

	
2 (100%)

	
1 (50%)




	
4

	
9 (14.06%)

	
1 (1.56%)

	
15 (23.43%)

	
5 (10.86%)

	
1 (2.17%)

	
21 (45.65%)

	
0

	
0

	
1 (50%)




	
8

	
15 (23.43%)

	
12 (18.75%)

	
47 (73.43%)

	
5 (10.86%)

	
1 (2.17%)

	
1 (2.17%)

	
0

	
0

	
0




	
≥16

	
47 (73.43%)

	
7 (10.93%)

	
1 (1.56%)

	
39 (84.78%)

	
41 (89.13%)

	
1 (2.17%)

	
2 (100%)

	
0

	
0




	
≥32

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0








MIC: Minimum Inhibitory Concentration.













 





Table 2. Distribution of AMEs genes by species among 112 aminoglycoside-resistant isolates in Casablanca.
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	Genes
	Positive Isolates *
	AAC(6′)-Ib
	AAC(3′)-Ila
	AAC(6′)-lc
	AAC(2′)-Ia
	AAC(6′)-Ia
	AAC(3)-Ia
	APH(3′)-Ia
	Ant(2″)-Ia
	rmtA
	rmtB
	rmtC
	rmtD





	E. coli (n = 64)
	31 (48.4%)
	16 (25.0%)
	13 (20.3%)
	3 (4.7%)
	5 (7.8%)
	0
	0
	2 (3.1%)
	3 (4.7%)
	0
	0
	0
	0



	K. pneu (n = 46)
	22 (47.8%)
	11 (23.9%)
	17 (37.0%)
	4 (8.7%)
	3 (6.5%)
	0
	0
	8 (17.4%)
	1 (2.2%)
	0
	0
	0
	0



	E. cloacae (n = 2)
	2 (100.0%)
	2 (100.0%)
	1 (50.0%)
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0



	Total
	55 (49.1%)
	29 (25.9%)
	31 (27.7%)
	7 (6.3%)
	8 (7.1%)
	0 (0.0%)
	0 (0.0%)
	10 (8.9%)
	4 (3.6%)
	0
	0
	0
	0







* Isolates with at least one resistance gene.













 





Table 3. Coexistence of aminoglycoside-modifying enzyme genes in aminoglycoside-resistant isolates from Casablanca.
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	Combinations
	E. coli (n = 9)
	K. pneumoniae (n = 16)
	Enterobacter cloacae (n = 1)





	Two Genes
	AAC(6′)-Ib + AAC(3′)-Ila (n = 5)

AAC(6′)-Ib + APH(3′)-Ia (n = 1)

AAC(6′)-Ic + ANT(2”)-Ia (n = 1)
	AAC(6′)-Ib + AAC(3′)-Ila (n = 7)

AAC(3′)-Ila + APH(3′)-Ia (n = 2)

AAC(6′)-Ib + AAC(2′)-Ia (n = 1)
	AAC(6′)-Ib + AAC(3′)-Ila (n = 1)



	Three Genes
	AAC(6′)-Ib + AAC(6′)-lc + APH(3′)-Ia (n = 1)

AAC(6′)-Ib + AAC(3′)-Ila + AAC(2′)-Ia (n = 1)
	AAC(6′)-Ib + AAC(6′)-lc + APH(3′)-Ia (n = 1)

AAC(6′)-Ib + AAC(3′)-Ila + ANT(2”)-Ia (n = 1)

AAC(3′)-Ila + AAC(6′)-lc + APH(3′)-Ia (n = 2)
	-



	Four Genes
	-
	AAC(6′)-Ib + AAC(3′)-Ila + AAC(6′)-lc + APH(3′)-Ia (n = 1)
	-
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