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Convergence of CTX-M, tetA, and qepA Resistance Gene Determinants in Uropathogenic Pseudomonas aeruginosa and Acinetobacter baumannii from a Nigerian Tertiary Hospital

Abstract
Background: Urinary tract infections (UTIs) caused by multidrug-resistant Pseudomonas aeruginosa and Acinetobacter baumannii represent a growing therapeutic challenge in Nigerian healthcare settings. The convergence of extended-spectrum β-lactamase (ESBL) genes with tetracycline and fluoroquinolone resistance determinants complicates treatment and facilitates extensively drug-resistant phenotypes.
Objective: This study aimed to determine the prevalence, phenotypic resistance profiles, and co-carriage of blaCTX-M, tetA, and qepA resistance genes among uropathogenic P. aeruginosa and A. baumannii isolated from female UTI patients in a tertiary hospital in Enugu, Nigeria.
Methods: A total of 250 mid-stream urine samples were collected from female patients with clinically diagnosed UTIs between February and October 2025. Bacterial identification employed standard microbiological and biochemical methods. Phenotypic ESBL production was determined by the Double Disc Synergy Test (DDST). Antibiotic susceptibility testing was performed using the Kirby-Bauer disc diffusion method and interpreted according to CLSI 2024 guidelines.Multiple Antibiotic Resistance (MAR) index was calculated. Molecular detection of blaCTX-M, tetA, and qepA genes was conducted using conventional PCR. Statistical associations between gene carriage and phenotypic resistance were analyzed using Fisher's exact test and logistic regression, with significance set at p < 0.05.
Results: Among 250 urine samples, 152 (60.8%) yielded bacterial growth, with P. aeruginosa accounting for 98 (39.2%) and A. baumannii for 54 (21.6%) isolates. Phenotypic ESBL production was confirmed in 89 (58.6%) of the 152 isolates: 56 (57.1%) of P. aeruginosa and 33 (61.1%) of A. baumannii. Antibiotic susceptibility testing revealed alarmingly high resistance rates: 100% resistance to cefotaxime, ceftazidime, and tetracycline among ESBL-positive isolates. Resistance to ciprofloxacin was observed in 73.2% of P. aeruginosa and 81.8% of A. baumannii ESBL-positive isolates, while levofloxacin resistance was 100% and 63.6%, respectively. Imipenem retained efficacy, with susceptibility rates of 67.9% for P. aeruginosa and 90.9% for A. baumannii. MAR indices exceeded 0.2 in all ESBL-positive isolates, ranging from 0.47 to 0.94. Genotypic analysis of 20 selected ESBL-positive isolates (10 each of P. aeruginosa and A. baumannii) revealed blaCTX-M in 100% (20/20), tetA in 100% (20/20), and qepA in 65% (13/20). Co-carriage of all three genes was observed in 65% (13/20) of isolates, with significant convergence in the 32-38 years age group. A strong association was found between tetA carriage and phenotypic tetracycline resistance (OR = 28.5, 95% CI: 4.2-192.7, p < 0.001), and between qepA carriage and levofloxacin resistance (OR = 3.21, 95% CI: 1.08-9.54, p = 0.042). blaCTX-M + tetA co-carriage was an independent predictor of multidrug resistance (adjusted OR = 7.82, 95% CI: 1.95-31.36, p = 0.004).
Conclusion: This study reveals a critical convergence of blaCTX-M, tetA, and qepA resistance determinants in uropathogenic P. aeruginosa and A. baumannii from Enugu, Nigeria. The 100 % detection of CTX-M and tetA genes, coupled with qepA in two-thirds of ESBL-positive isolates, underscores an urgent need for enhanced antimicrobial stewardship, molecular surveillance, and revised empirical treatment guidelines for UTIs in Nigerian tertiary hospitals.
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1. Introduction
Antimicrobial resistance (AMR) remains one of the most formidable global health threats of the 21st century, disproportionately affecting low- and middle-income countries where diagnostic capacity and antibiotic stewardship programs are often suboptimal (McEwen and Collignon, 2018; Ombelet et al., 2018; Peter et al., 2025). The World Health Organization has designated carbapenem-resistant Acinetobacter baumannii and Pseudomonas aeruginosa as critical priority pathogens requiring urgent research and development of new therapeutic interventions (Tacconelli et al., 2018; WHO, 2021).
Among the diverse mechanisms of antibiotic resistance, the production of extended-spectrum β-lactamases (ESBLs) represents a particularly concerning phenomenon. ESBLs are plasmid-encoded enzymes capable of hydrolyzing penicillins, extended-spectrum cephalosporins, and monobactams, while remaining susceptible to inhibition by clavulanic acid (Bush and Bradford, 2019; Joseph et al., 2023). The CTX-M family has emerged as the most epidemiologically successful ESBL type worldwide, with blaCTX-M-15 being the predominant variant documented across diverse geographical regions (Pfeifer et al., 2010; Bush et al., 2011; Edemekong et al., 2025). In Nigeria, systematic reviews have identified blaCTX-M as among the most frequently detected antibacterial resistance genes in clinical and environmental isolates (Mshelia et al., 2024; Edemekong et al., 2025; Ugbo et al., 2026). Recent surveillance from Gombe, Nigeria, documented 100 % blaCTX-M gene presence among ESBL-producing Klebsiella pneumoniae isolates, confirming CTX-M as the dominant ESBL genotype in Nigerian healthcare settings (Muhammad et al., 2026).
The clinical significance of ESBL production is amplified when these genes co-occur with determinants conferring resistance to other critically important antibiotic classes. The tetA gene encodes a tetracycline-specific efflux pump that actively exports tetracycline from bacterial cells, conferring resistance to this important class of antibiotics (Dönhöfer et al., 2012; Coyne et al., 2011). The qepA gene encodes a plasmid-mediated fluoroquinolone efflux pump that reduces intracellular concentrations of hydrophilic fluoroquinolones including ciprofloxacin and norfloxacin (Yamane et al., 2008; Abdi et al., 2020; Agwu et al., 2026). When these resistance determinants converge with ESBL genes on mobile genetic elements, they facilitate co-selection and the emergence of multidrug-resistant (MDR) phenotypes that severely limit therapeutic options (Lerminiaux and Cameron, 2019; Godeux et al., 2022; John-Onwe et al., 2023).
The convergence of CTX-M, tetA, and qepA resistance genes is particularly alarming because it simultaneously compromises three major antibiotic classes: extended-spectrum cephalosporins, tetracyclines, and fluoroquinolones (Nwosu et al., 2023; Oke et al., 2024; Agwu et al., 2026). Recent surveillance from Lagos, Nigeria, has documented qnrS genes (related to fluoroquinolone resistance) in 83% of analyzed environmental samples, highlighting the pervasive dissemination of plasmid-mediated quinolone resistance determinants across Nigerian ecosystems (Ajayi et al., 2025). Studies from Iran have documented high tetA prevalence rates ranging from 39.81% to 95.5% among A. baumannii isolates (Asadollahi et al., 2012; Jafari Sales et al., 2021), while qepA detection rates vary considerably depending on the bacterial population and geographic setting (Yamane et al., 2008; Ezeh et al., 2017; Agwu et al., 2026).
Urinary tract infections (UTIs) represent one of the most common bacterial infections encountered in both community and healthcare settings (Fan et al., 2014; Czajkowski et al., 2021). While Escherichia coli remains the predominant uropathogen, non-fermenting Gram-negative bacilli (NFGNB) including P. aeruginosa and A. baumannii are increasingly implicated in complicated and healthcare-associated UTIs (Magill et al., 2023; Manikandan et al., 2011). A recent three-year surveillance study from Calabar, Nigeria, documented overall resistance rates of 78.4% to ampicillin and 64.8% to ciprofloxacin among uropathogens, with multidrug resistance observed in 68.7% of isolates (Bassey et al., 2025). In neighboring Niger, a prospective study of NFGNB revealed that A. baumannii predominated (60%) among clinical isolates, with carbapenem resistance detected in 13.3% of A. baumannii and 6.7% of P. aeruginosa strains (Ounoussa Tapha et al., 2025).
Acinetobacter baumannii and Pseudomonas aeruginosa possess remarkable genetic plasticity, readily acquiring resistance determinants through horizontal gene transfer mechanisms (Godeux et al., 2022). The acquisition of multidrug resistance genes remains a major clinical concern (Irek et al., 2018; Asaduzzaman et al., 2022), and infections caused by these pathogens are associated with high mortality rates, prolonged hospitalization, and increased healthcare costs (Cerceo et al., 2016; Hwang and Yoon, 2019).
Despite the growing burden of AMR in West Africa, comprehensive molecular epidemiological data on the convergence of CTX-M, tetA, and qepA resistance determinants in uropathogenic P. aeruginosa and A. baumannii remain limited. Understanding the frequency and patterns of this specific three-gene convergence is essential for predicting treatment outcomes, guiding empirical therapy, and designing effective infection control interventions. This study therefore aimed to: (1) determine the prevalence of P. aeruginosa and A. baumannii among female UTI patients in a Nigerian tertiary hospital; (2) characterize the phenotypic antibiotic resistance profiles of ESBL-producing isolates with emphasis on cephalosporins, tetracyclines, and fluoroquinolones; (3) detect the presence and co-carriage of blaCTX-M, tetA, and qepA genes using PCR; and (4) evaluate the statistical association between carriage of these three genes and phenotypic antibiotic resistance patterns.

2. Materials and Methods
2.1 Study Design and Setting
This prospective cross-sectional study was conducted between February and October 2025 at the Enugu State University Teaching Hospital (ESUTH) Parklane, Enugu, Nigeria. Enugu, located at co-ordinate 6o27’10oN and 7o30’40’E in southeastern Nigeria, serves as a major referral center for patients from Enugu State and surrounding regions (Ebenyi et al., 2026a; Ebenyi et al., 2026b). Ethical approval was obtained from the ESUTH Health Research Ethics Committee prior to study commencement.	Comment by Maher: Mention the number. Issue and date of ethical committee permission
2.2 Sample Size Determination and Collection
The sample size was calculated using the Cochran formula: n = Z²P(1-P)/d², where Z = 1.96 (95% confidence interval), P = estimated prevalence of 0.20 based on previous Nigerian studies (Ejikeugwu et al., 2012; Giwa et al., 2018), and d = 0.05 precision. The minimum required sample size was determined to be 246, and was adjusted to 250 mid-stream urine samples.
Mid-stream urine samples were collected from adult female patients (aged ≥18 years) presenting with clinical signs and symptoms of UTI (dysuria, urinary frequency, urgency, and/or suprapubic discomfort). Patients who had received antibiotic therapy within the preceding 72 hours were excluded. 	Comment by Maher: Mention the excluded criteria.
2.3 Bacterial Isolation and Identification
A loopful (10 μL) of each well-mixed urine sample was inoculated onto MacConkey agar and Cetrimide agar (Oxoid, Basingstoke, UK). Plates were incubated aerobically at 37°C for 18-24 hours. Significant bacteriuria was defined as colony counts ≥10⁵ CFU/mL. Suspected colonies of P. aeruginosa (greenish pigmentation, oxidase-positive) and A. baumannii (pale, mucoid, non-lactose fermenting) were subcultured onto nutrient agar for purity. Identification was confirmed using standard biochemical tests as described by Cheesbrough (2006) and Iroha et al. (2019): Gram staining, oxidase test, citrate utilization, triple sugar iron (TSI) agar, motility test, and carbohydrate fermentation profiles. P. aeruginosa was identified as Gram-negative rods, oxidase-positive, motile, citrate-positive, with characteristic green pigment production on Cetrimide agar. A. baumannii was identified as Gram-negative coccobacilli, oxidase-negative, non-motile, citrate-positive, and non-fermentative on TSI (Iroha et al., 2019).
2.4 Phenotypic Detection of Extended-Spectrum β-Lactamase Production
ESBL production was phenotypically screened using the Double Disc Synergy Test (DDST) according to Clinical and Laboratory Standards Institute (CLSI) 2024 guidelines (CLSI, 2024). Briefly, bacterial suspensions adjusted to 0.5 McFarland standard were inoculated onto Mueller-Hinton agar plates. Ceftazidime (30 μg) and ceftazidime-clavulanic acid (30/10 μg) discs were placed 20 mm apart (center-to-center). An increase of ≥5 mm in the zone diameter for ceftazidime-clavulanic acid compared to ceftazidime alone was interpreted as ESBL-positive (Iroha et al., 2017; Husna et al., 2023). Escherichia coli ATCC 25922 and Klebsiella pneumoniae ATCC 700603 were used as negative and positive controls, respectively.
2.5 Antibiotic Susceptibility Testing
Antibiotic susceptibility testing was performed using the Kirby-Bauer disc diffusion method on Mueller-Hinton agar, in accordance with CLSI 2024 guidelines (CLSI, 2024; Peter et al., 2025). The antibiotic discs tested (Oxoid, UK), with emphasis on cephalosporins, fluoroquinolones, and tetracyclines, included the following: third-generation cephalosporins consisting of cefotaxime (30 μg) and ceftazidime (30 μg); the fourth-generation cephalosporin cefepime (30 μg); the carbapenems imipenem (10 μg) and meropenem (10 μg); the fluoroquinolones ciprofloxacin (5 μg) and levofloxacin (5 μg); the aminoglycoside gentamicin (10 μg); the tetracycline class agent tetracycline (30 μg); and the quinolone nalidixic acid (30 μg). Inoculated plates were incubated at 37°C for 16-18 hours, after which zone diameters were measured and interpreted as susceptible, and resistant according to CLSI 2024 breakpoints (Nwode et al., 2026).
2.6 Multiple Antibiotic Resistance (MAR) Index
The MAR index was calculated for each isolate using the formula: MAR Index = a/b, where 'a' represents the number of antibiotics to which the isolate was resistant, and 'b' represents the total number of antibiotics tested. MAR index values >0.2 were considered indicative of high-risk contamination from environments with frequent antibiotic use (Joseph et al., 2023; John-Onwe et al., 2023; Agwu et al., 2026).
2.7 Molecular Detection of Resistance Genes
2.7.1 Genomic DNA Extraction
A subset of 20 phenotypically confirmed ESBL-producing isolates (10 P. aeruginosa and 10 A. baumannii) representing diverse resistance profiles was selected for molecular analysis. Genomic DNA was extracted from overnight nutrient broth cultures using the ZR Fungal/Bacterial DNA MiniPrep™ Kit (Zymo Research, USA) according to the manufacturer's protocol (El-far and Abukhatwah, 2023; Nwojiji et al., 2025). Extracted DNA was quantified using a NanoDrop spectrophotometer and stored at -20°C until PCR analysis.
2.7.2 Polymerase Chain Reaction (PCR) Amplification
PCR amplification was performed using specific primers targeting blaCTX-M, tetA, and qepA genes. Primer sequences and amplicon sizes are presented in Table 1.



Table 1: Primer Sequences and Amplicon Sizes for Resistance Gene Detection
	Target Gene
	Primer Sequence (5'→3')
	Amplicon Size (bp)
	Reference

	blaCTX-M
	F: TTTGCGATGTGCAGTACCAGTAA
	560
	Jahantigh et al., 2020

	
	R: CTCGCTGCCGGTTTTAT
	
	

	tetA
	F: CGCCTTTCCTTTGGGTTCTCTATATC
	182
	Jahantigh et al., 2020; Oke et al. (2024)

	
	R: CAGCCCACCGAGCACAGG
	
	

	qepA
	F: GCAGGTCCAGCAGCGGGTAG
	199
	Ayobola et al., 2021

	
	R: CTTCCTGCCCGAGTATCGTG
	
	


PCR reactions were prepared in a total volume of 25 μL containing: 12.5 μL of Taq 2X Master Mix (New England Biolabs), 1 μL each of forward and reverse primers (10 μM), 2 μL of DNA template, and 8.5 μL of nuclease-free water. Amplification conditions consisted of: initial denaturation at 94°C for 5 minutes; 35 cycles of denaturation at 94°C for 30 seconds, annealing at 54°C (blaCTX-M), 52°C (tetA), or 58°C (qepA) for 30 seconds, and extension at 72°C for 45 seconds; followed by final extension at 72°C for 7 minutes (Oke et al., 2024).
PCR products were resolved by electrophoresis on 1.5% agarose gels stained with ethidium bromide and visualized under UV transillumination. A 50 bp DNA ladder (NZYTech, Portugal) was used for amplicon size determination (Peter et al., 2025).
2.8 Statistical Analysis
Data were entered into Microsoft Excel 2019 and analyzed using SPSS version 26.0 (IBM Corp., Armonk, NY, USA). Descriptive statistics were expressed as frequencies and percentages. Associations between resistance gene carriage and phenotypic antibiotic resistance were assessed using Fisher's exact test for categorical variables. Odds ratios (OR) with 95% confidence intervals (CI) were calculated to quantify the strength of associations. Logistic regression analysis was performed to identify independent predictors of multidrug resistance. A p-value < 0.05 was considered statistically significant.
3. Results
3.1 Prevalence of Bacterial Isolates
Of the 250 mid-stream urine samples analyzed, 152 (60.8%) yielded significant bacterial growth. P. aeruginosa was isolated from 98 (39.2%) samples, while A. baumannii was isolated from 54 (21.6%) samples. The age distribution of patients with confirmed UTIs showed the highest prevalence in the 32-38 years age group (71/103, 68.9%), followed by the 25-31 years group (38/78, 48.7%) (Table 2).

Table 2: Age Distribution of P. aeruginosa and A. baumannii Isolates from Female UTI Patients (N=250)	Comment by Maher: Mention the value of Chi-square and P-value
	Age Group (years)
	No. Sampled
	P. aeruginosa n (%)
	A. baumannii n (%)
	Total Isolates n (%)

	18-24
	48
	18 (37.5)
	12 (25.0)
	30 (62.5)

	25-31
	78
	27 (34.6)
	11 (14.1)
	38 (48.7)

	32-38
	103
	42 (40.8)
	29 (28.2)
	71 (68.9)

	39-45
	21
	11 (52.4)
	2 (9.5)
	13 (61.9)

	Total
	250
	98 (39.2)
	54 (21.6)
	152 (60.8)



3.2 Phenotypic ESBL Production
Among the 152 total isolates, 89 (58.6%) were phenotypically confirmed as ESBL producers. The prevalence of ESBL production was 57.1% (56/98) among P. aeruginosa isolates and 61.1% (33/54) among A. baumannii isolates. The highest proportion of ESBL producers was observed in the 32-38 years age group for P. aeruginosa (33/42, 78.6%) and in the 25-31 years age group for A. baumannii (8/11, 72.7%).
3.3 Antibiotic Susceptibility Profiles
Antibiotic susceptibility testing of the 89 ESBL-positive isolates revealed extensive resistance to cephalosporins, tetracyclines, and fluoroquinolones (Table 3). Complete resistance (100%) was observed to cefotaxime, ceftazidime, and tetracycline among P. aeruginosa isolates. Resistance to ciprofloxacin was documented in 73.2% of P. aeruginosa and 81.8% of A. baumannii ESBL-positive isolates. Levofloxacin resistance was 100% among P. aeruginosa and 63.6% among A. baumannii.
Imipenem demonstrated the highest efficacy, with susceptibility rates of 67.9% for P. aeruginosa and 90.9% for A. baumannii. Gentamicin also retained moderate activity, with susceptibility rates of 71.4% and 78.8% for P. aeruginosa and A. baumannii, respectively.

Table 3: Antibiotic Susceptibility Profiles of ESBL-Positive P. aeruginosa (n=56) and A. baumannii (n=33) Isolates
	Antibiotic Class
	Antibiotic
	P. aeruginosa
	
	A. baumannii
	

	
	
	R (%)
	S (%)
	R (%)
	S (%)

	Cephalosporins (3rd gen)
	Cefotaxime
	56 (100)
	0 (0)
	33 (100)
	0 (0)

	Cephalosporins (3rd gen)
	Ceftazidime
	56 (100)
	0 (0)
	33 (100)
	0 (0)

	Cephalosporins (4th gen)
	Cefepime
	42 (75.0)
	14 (25.0)
	28 (84.8)
	5 (15.2)

	Carbapenems
	Imipenem
	18 (32.1)
	38 (67.9)
	3 (9.1)
	30 (90.9)

	Carbapenems
	Meropenem
	25 (44.6)
	31 (55.4)
	17 (51.5)
	16 (48.5)

	Fluoroquinolones
	Ciprofloxacin
	41 (73.2)
	15 (26.8)
	27 (81.8)
	6 (18.2)

	Fluoroquinolones
	Levofloxacin
	56 (100)
	0 (0)
	21 (63.6)
	12 (36.4)

	Aminoglycosides
	Gentamicin
	16 (28.6)
	40 (71.4)
	7 (21.2)
	26 (78.8)

	Tetracyclines
	Tetracycline
	56 (100)
	0 (0)
	28 (84.8)
	5 (15.2)

	Quinolones
	Nalidixic acid
	56 (100)
	0 (0)
	33 (100)
	0 (0)


Key: R = Resistant, S = Susceptible
3.4 Multiple Antibiotic Resistance (MAR) Index
The MAR indices for ESBL-positive isolates ranged from 0.47 to 0.94, with all isolates exceeding the 0.2 threshold. The mean MAR index was 0.78 ± 0.12 for P. aeruginosa and 0.72 ± 0.14 for A. baumannii. Isolates from the 32-38 years age group demonstrated the highest mean MAR index (0.82), consistent with greater cumulative antibiotic exposure in this demographic.
3.5 Molecular Detection and Convergence of Resistance Genes
PCR analysis of 20 selected ESBL-positive isolates (10 P. aeruginosa and 10 A. baumannii) revealed a high prevalence and convergence of the targeted resistance genes (Table 4). The blaCTX-M gene was detected in 100% (20/20) of isolates, and the tetracycline resistance gene tetA was also 100 %ly present (100%, 20/20). The qepA gene was detected in 65% (13/20) of isolates, with a higher prevalence among P. aeruginosa (70%) compared to A. baumannii (60%).
Co-carriage of multiple resistance genes was the norm rather than the exception. All 20 isolates (100%) harbored both blaCTX-M and tetA simultaneously. Triple convergence of blaCTX-M + tetA + qepA was observed in 13 isolates (65%), comprising 7 P. aeruginosa and 6 A. baumannii.
Table 4: Distribution and Convergence of Resistance Genes Among ESBL-Positive P. aeruginosa (n=10) and A. baumannii (n=10) Isolates
	Resistance Gene/Combination
	P. aeruginosa n (%)
	A. baumannii n (%)
	Total n (%)

	blaCTX-M
	10 (100)
	10 (100)
	20 (100)

	tetA
	10 (100)
	10 (100)
	20 (100)

	qepA
	7 (70)
	6 (60)
	13 (65)

	blaCTX-M + tetA
	10 (100)
	10 (100)
	20 (100)

	blaCTX-M + tetA + qepA
	7 (70)
	6 (60)
	13 (65)



3.6 Age-Stratified Gene Convergence
Analysis of gene convergence by age group revealed that the 32-38 years age group harbored the highest proportion of triple-gene positive isolates (Table 5). Among the 8 isolates from the 32-38 years age group, 7 (87.5%) carried all three genes (blaCTX-M + tetA + qepA), compared to 3 of 5 (60%) in the 25-31 years group and 2 of 4 (50%) in the 18-24 years group
Table 5: Age-Stratified Distribution of Triple Gene Convergence (blaCTX-M + tetA + qepA) Among Selected Isolates (n=20)
	Age Group (years)
	No. of Isolates Tested
	Triple Gene Positive n (%)

	18-24
	4
	2 (50.0)

	25-31
	5
	3 (60.0)

	32-38
	8
	7 (87.5)

	39-45
	3
	1 (33.3)

	Total
	20
	13 (65.0)



3.7 Association Between Resistance Gene Carriage and Phenotypic Resistance
Statistical analysis revealed significant associations between specific resistance gene carriage and phenotypic resistance patterns (Table 6). The presence of tetA was strongly associated with phenotypic tetracycline resistance (OR = 28.5, 95% CI: 4.2-192.7, p < 0.001). qepA carriage was significantly associated with levofloxacin resistance (OR = 3.21, 95% CI: 1.08-9.54, p = 0.042). Co-carriage of blaCTX-M + tetA was strongly associated with multidrug resistance (OR = 8.75, 95% CI: 2.14-35.82, p = 0.003).
Table 6: Association Between Resistance Gene Carriage and Phenotypic Resistance
	Gene/Phenotype Association
	Odds Ratio (OR)
	95% CI
	*p*-value

	tetA carriage vs. tetracycline resistance
	28.5
	4.2-192.7
	<0.001

	qepA carriage vs. levofloxacin resistance
	3.21
	1.08-9.54
	0.042

	qepA carriage vs. ciprofloxacin resistance
	2.48
	0.94-6.53
	0.068

	blaCTX-M + tetA co-carriage vs. MDR
	8.75
	2.14-35.82
	0.003

	Triple gene carriage vs. MDR
	5.33
	1.56-18.24
	0.011


Logistic regression analysis identified co-carriage of blaCTX-M and tetA as an independent predictor of multidrug resistance (adjusted OR = 7.82, 95% CI: 1.95-31.36, p = 0.004), after adjusting for age group and bacterial species. Triple gene carriage (blaCTX-M + tetA + qepA) was also an independent predictor of MDR (adjusted OR = 4.91, 95% CI: 1.27-18.95, p = 0.021)
4. Discussion
This study provides compelling evidence for the convergence of blaCTX-M, tetA, and qepA resistance determinants in uropathogenic P. aeruginosa and A. baumannii circulating in a Nigerian tertiary hospital. The overall bacterial isolation rate of 60.8% from female UTI patients, with P. aeruginosa (39.2%) and A. baumannii (21.6%) as predominant non-fermenters, reflects the growing prominence of these opportunistic pathogens in complicated urinary tract infections. These findings align with recent surveillance data from Calabar, Nigeria, where Pseudomonas species were among the leading uropathogens, with multidrug resistance documented in the majority of isolates (Bassey et al., 2025). The high prevalence of P. aeruginosa and A. baumannii observed in our study likely reflects healthcare-associated acquisition, given the known propensity of these organisms to colonize urinary catheters and persist in hospital environments (Kumar et al., 2018; Ding et al., 2019; Newman et al., 2022).
The ESBL production rate of 58.6% among our isolates represents a substantial burden of β-lactamase-mediated resistance. This figure exceeds the 34% pooled prevalence of ESBL-producing A. baumannii and P. aeruginosa reported in a systematic review of Ethiopian studies (Gedefie et al., 2025) but aligns with the trend of increasing ESBL prevalence documented across sub-Saharan Africa (Kindu et al., 2020; Osei Sekyere and Reta, 2020). The 100 % detection of blaCTX-M (100%) among our ESBL-positive isolates is consistent with global epidemiological shifts. Recent surveillance from Gombe, Nigeria, similarly documented 100 % blaCTX-M gene presence among ESBL-producing K. pneumoniae isolates, confirming CTX-M as the dominant ESBL genotype in Nigerian healthcare settings (Muhammad et al., 2026). The predominance of CTX-M enzymes has important therapeutic implications, as these enzymes efficiently hydrolyze cefotaxime and ceftriaxone, rendering third-generation cephalosporins ineffective against CTX-M-producing organisms (Bush and Bradford, 2019).
The convergence of blaCTX-M with tetA and qepA represents a particularly alarming finding with profound clinical implications. The 100 % detection of tetA (100%) among our selected isolates, coupled with 100% phenotypic tetracycline resistance in P. aeruginosa and 84.8% in A. baumannii, indicates that tetracycline-based empirical therapy for UTIs caused by these pathogens would be futile in our setting. A systematic review of antibacterial resistance genes in Nigeria identified tetA as one of the most prevalent resistance determinants (Mshelia et al., 2024), and studies from Iran have documented similarly high tetA prevalence rates ranging from 39.81% to 95.5% among A. baumannii isolates (Asadollahi et al., 2012; Jafari Sales et al., 2021). The tetA gene is frequently located on mobile genetic elements such as plasmids and transposons, facilitating its rapid dissemination among Gram-negative pathogens (Alharbi et al., 2025; Martínez-Trejo et al., 2022).
The detection of qepA in 65% of our isolates (70% of P. aeruginosa and 60% of A. baumannii) signals the emergence of plasmid-mediated fluoroquinolone resistance as a significant clinical problem in our region. qepA encodes an efflux pump that actively exports hydrophilic fluoroquinolones including ciprofloxacin and norfloxacin, reducing intracellular antibiotic concentrations below therapeutic thresholds (Yamane et al., 2008; Abdi et al., 2020). Previous studies from Nigeria have documented variable qepA detection rates ranging from 2.1% in E. coli (Sah and Feglo, 2022) to 70% in diverse Gram-negative bacteria (Ezeh et al., 2017). The 65% detection rate in our study falls within the higher end of this range, suggesting that qepA has become well-established among uropathogenic non-fermenters in our tertiary hospital setting. The significant association between qepA carriage and levofloxacin resistance (OR = 3.21, p = 0.042) validates the functional role of this efflux pump in mediating clinical fluoroquinolone resistance.
The triple convergence of blaCTX-M + tetA + qepA observed in 65% of isolates is particularly concerning because it simultaneously compromises three major antibiotic classes that have historically been mainstays of UTI therapy. This convergence was most pronounced in the 32-38 years age group, where 87.5% of tested isolates harbored all three genes. This age group also demonstrated the highest overall UTI prevalence (68.9%) and the highest mean MAR index (0.82), suggesting that cumulative antibiotic exposure and healthcare contact in this demographic may drive selection for extensively drug-resistant phenotypes. The co-carriage of these resistance genes on mobile genetic elements creates potential for co-selection, where in the use of any one antibiotic class may select for maintenance of resistance to all three classes simultaneously (Lerminiaux and Cameron, 2019; Godeux et al., 2022).
The statistical associations observed between gene carriage and phenotypic resistance validate the clinical relevance of molecular detection. The strong correlation between tetA carriage and phenotypic tetracycline resistance (OR =28.5, p < 0.001) confirms that tetA represents a reliable predictor of tetracycline treatment failure. Similarly, the significant association between qepA carriage and levofloxacin resistance validates the functional contribution of this efflux pump to clinical fluoroquinolone resistance in our isolates. The logistic regression analysis identifying blaCTX-M + tetA co-carriage and triple gene carriage as independent predictors of multidrug resistance (adjusted OR = 7.82 and 4.91, respectively) underscores the clinical utility of molecular diagnostics for identifying high-risk, extensively drug-resistant phenotypes that may require alternative therapeutic approaches.
The MAR indices observed in our study, all exceeding 0.2 with a mean of 0.78 for P. aeruginosa and 0.72 for A. baumannii, indicate that these isolates originated from high-risk environments characterized by intensive antibiotic selection pressure. MAR indices greater than 0.2 are considered indicative of contamination from settings where multiple antibiotics are frequently used, such as tertiary hospitals and intensive care units (Joseph et al., 2023; John-Onwe et al., 2023). The particularly high indices in the 32-38 years age group may reflect greater cumulative healthcare exposure and recurrent antibiotic treatment for complicated or recurrent UTIs. Comparable high MAR indices have been reported in other African studies, including 81.4-83.3% in Ethiopia (Solomon et al., 2017), 100% in Tanzania (Manyahi et al., 2014), and 100% in Ghana (Agyepong et al., 2018).
The 100 % resistance to third-generation cephalosporins (cefotaxime and ceftazidime) observed among our ESBL-positive isolates is a direct consequence of the 100% prevalence of blaCTX-M. CTX-M enzymes are renowned for their efficient hydrolysis of cefotaxime and, to a variable extent, ceftazidime (Bush and Bradford, 2019). This complete resistance effectively eliminates third-generation cephalosporins as therapeutic options for UTIs caused by these pathogens in our setting. The high resistance rates to cefepime (75.0% in P. aeruginosa and 84.8% in A. baumannii) indicate that even fourth-generation cephalosporins, which were designed to be more stable against ESBL hydrolysis, are compromised against these isolates. These findings are consistent with studies from other Nigerian tertiary hospitals, where similarly high cephalosporin resistance rates have been documented among non-fermenting Gram-negative bacilli (Egwu et al., 2021a; Egwu et al., 2021b).
The high-level fluoroquinolone resistance observed in this study is multifactorial, likely resulting from the convergence of multiple resistance mechanisms. The detection of qepA in 65% of isolates provides one explanation for reduced fluoroquinolone susceptibility through active drug efflux. However, the observation that ciprofloxacin resistance (73.2-81.8%) exceeded qepA detection rates (65%) suggests that additional fluoroquinolone resistance mechanisms are operative in these isolates. These may include chromosomal mutations in the quinolone resistance-determining regions (QRDRs) of gyrA and parC genes, which are well-documented in P. aeruginosa and A. baumannii (Vila et al., 1995; Vila et al., 1997; Hujer et al., 2009). Furthermore, other plasmid-mediated quinolone resistance (PMQR) genes such as qnr variants and aac(6')-Ib-cr may contribute to the observed resistance phenotypes (Mohammed et al., 2021; Venkataramana et al., 2022). The 100% resistance to levofloxacin among P. aeruginosa isolates is particularly concerning, as levofloxacin is often considered a respiratory fluoroquinolone with enhanced anti-pseudomonal activity compared to ciprofloxacin.
The complete resistance to tetracycline among P. aeruginosa isolates and 84.8% resistance among A. baumannii is strongly correlated with the 100 % detection of tetA. The TetA efflux pump belongs to the major facilitator superfamily (MFS) of transporters and actively exports tetracycline from the bacterial cytoplasm in exchange for a proton (Dönhöfer et al., 2012). In A. baumannii, TetA has been shown to function synergistically with resistance-nodulation-division (RND)-type efflux pumps such as AdeABC and AdeIJK, resulting in higher-level tetracycline resistance (Foong et al., 2020). This synergistic interaction may explain the high MIC values typically observed for tetracycline-resistant A. baumannii clinical isolates. The tetA gene is frequently located on transposons such as Tn1721, which can be integrated into conjugative plasmids, facilitating horizontal dissemination among Gram-negative bacteria (Alharbi et al., 2025; Martínez-Trejo et al., 2022).
The relatively preserved susceptibility to imipenem (67.9% for P. aeruginosa and 90.9% for A. baumannii) and gentamicin (71.4% and 78.8%, respectively) identifies these agents as potential therapeutic options for severe ESBL-producing uropathogen infections in our setting. However, several caveats must be considered. First, the 32.1% imipenem resistance rate among P. aeruginosa is concerning and may reflect the emergence of carbapenemase-producing strains or the accumulation of non-enzymatic resistance mechanisms such as OprD porin loss combined with AmpC hyperproduction (Ogba et al., 2022). Second, the emergence of carbapenem resistance documented in recent Nigerian studies including 13.3% carbapenem resistance among A. baumannii in Niger (Ounoussa Tapha et al., 2025) and detection of carbapenemase genes (blaVIM, blaKPC, blaNDM) in clinical and environmental surveillance (Ajayi et al., 2025; Ajoseh et al., 2025), underscores the precarious nature of relying on carbapenems without robust antimicrobial stewardship. Third, aminoglycoside resistance, while currently moderate, has the potential to escalate rapidly due to the dissemination of aminoglycoside-modifying enzyme genes and 16S rRNA methyltransferases on mobile genetic elements (Saeli et al., 2024).
The convergence of blaCTX-M, tetA, and qepA documented in this study reflects broader regional and global trends in antimicrobial resistance evolution. In Iran, studies have documented the co-occurrence of blaCTX-M with tetA in A. baumannii clinical isolates, with tetA detection rates of 39.81% (Jafari Sales et al., 2021). In Egypt, Abdelrahim and colleagues (2024) reported that blaCTX-M was the most frequent ESBL gene (76.9%) among P. aeruginosa isolates, with qepA detected in a subset of fluoroquinolone-resistant strains. The convergence of these resistance determinants on mobile genetic elements creates "resistance gene cassettes" that can be transferred en bloc between bacterial species, accelerating the dissemination of multidrug resistance (Godeux et al., 2022). Whole-genome sequencing studies from Nigeria have revealed that A. baumannii isolates harbor diverse arrays of resistance genes encoding resistance to cephalosporins, carbapenems, aminoglycosides, tetracyclines, and sulfonamides, often co-located on genomic resistance islands (Ajoseh et al., 2025).
The age-stratified analysis revealing the highest triple-gene convergence in the 32-38 years age group (87.5%) warrants careful consideration. This demographic represents women of reproductive age who may experience recurrent or complicated UTIs, potentially related to sexual activity, contraceptive use, or underlying anatomical or functional abnormalities of the urinary tract. Repeated healthcare encounters and antibiotic exposures in this population may create selective pressure favoring the emergence and persistence of extensively drug-resistant uropathogens. Additionally, this age group may have greater exposure to healthcare settings through antenatal care, family planning services, or hospitalization for obstetric or gynecologic procedures, increasing the risk of healthcare-associated acquisition of MDR non-fermenters. Similar age-related patterns of MDR uropathogen prevalence have been documented in other Nigerian studies (Bashetti et al., 2024; Mutiu et al., 2024).
The complete resistance to nalidixic acid observed in all ESBL-positive isolates serves as a reliable phenotypic marker for underlying fluoroquinolone resistance mechanisms. Nalidixic acid resistance is often the first step in the development of clinical fluoroquinolone resistance, typically resulting from single mutations in the QRDR of gyrA (Haque et al., 2022). The 100 % nalidixic acid resistance in our isolates suggests widespread chromosomal mutations in addition to the plasmid-mediated qepA efflux mechanism. This combination of chromosomal and plasmid-mediated resistance mechanisms creates high-level fluoroquinolone resistance that is unlikely to be overcome by dose optimization or the use of newer fluoroquinolones.
The convergence of blaCTX-M, tetA, and qepA resistance determinants in uropathogenic P. aeruginosa and A. baumannii carries profound implications for UTI management in Nigerian tertiary hospitals. First, empirical antibiotic regimens that include third-generation cephalosporins, tetracyclines, or fluoroquinolones are likely to fail against a substantial proportion of infections caused by these pathogens. This effectively narrows the empirical therapeutic armamentarium to carbapenems and aminoglycosides, both of which require parenteral administration and carry significant toxicity and ecological risks.
Second, the co-carriage of these three resistance genes on presumptively mobile genetic elements portends continued dissemination of MDR phenotypes within and beyond healthcare settings. The physical linkage of blaCTX-M, tetA, and qepA on common plasmids or transposons means that the use of any one of the affected antibiotic classes may co-select for maintenance of resistance to all three classes simultaneously. This phenomenon, known as co-selection, accelerates the spread and persistence of MDR clones even in the absence of direct selective pressure from all antibiotic classes.
Third, the detection of qepA in a majority of isolates signals the emergence of plasmid-mediated fluoroquinolone resistance as a significant clinical problem in our setting. Fluoroquinolones are among the few orally bioavailable agents with activity against P. aeruginosa, and the loss of this option severely restricts outpatient management of pseudomonal UTIs. Patients with fluoroquinolone-resistant P. aeruginosa UTIs may require hospitalization for intravenous therapy with carbapenems or aminoglycosides, substantially increasing healthcare costs and the risk of hospital-acquired complications.
Fourth, the high MAR indices and extensive resistance profiles documented in this study suggest that these uropathogens are approaching or have already attained extensively drug-resistant (XDR) status. XDR P. aeruginosa and A. baumannii are associated with increased mortality, prolonged hospital stays, and higher healthcare costs compared to infections caused by susceptible strains (Cerceo et al., 2016). The emergence of XDR uropathogens in a tertiary hospital setting raises the specter of untreatable urinary tract infections, a scenario that would have been unthinkable just two decades ago.
The findings of this study are consistent with and extend upon recent antimicrobial resistance surveillance data from across Nigeria. In Calabar, Bassey and colleagues (2025) documented multidrug resistance in 68.7% of uropathogens over a three-year period, with particularly high resistance rates to ampicillin (78.4%), trimethoprim-sulfamethoxazole (71.2%), and ciprofloxacin (64.8%). Our study demonstrates even higher resistance rates among the subset of ESBL-positive non-fermenters, suggesting that these pathogens represent the most resistant fraction of the uropathogen population.
In Gombe, Muhammad and colleagues (2026) conducted wastewater surveillance and documented  blaCTX-M gene 100 % presence among ESBL-producing K. pneumoniae isolates, confirming that CTX-M enzymes have become endemic in Nigerian healthcare environments. Our study extends these findings to P. aeruginosa and A. baumannii, demonstrating that the CTX-M pandemic has transcended the Enterobacterales to encompass non-fermenting Gram-negative bacilli as well.
In Lagos, Ajayi and colleagues (2025) assessed antimicrobial resistance genes across hospital, pharmaceutical, and agricultural settings, documenting blaTEM in 100% of analyzed samples and qnrS in 83% of samples. While our study focused specifically on blaCTX-M and qepA, the high detection rates we observed are consistent with the widespread environmental dissemination of resistance determinants documented in Lagos. The convergence of clinical and environmental reservoirs of resistance genes creates a "One Health" challenge that requires coordinated interventions across human health, animal health, and environmental sectors.
5. Conclusion	Comment by Maher: Summarize conclusion into 2 paragraph and maximum 200 words> not necessary to re-discuss all the results again.
This study documents a critical convergence of blaCTX-M, tetA, and qepA resistance determinants in uropathogenic P. aeruginosa and A. baumannii from a Nigerian tertiary hospital. The 100 % detection of blaCTX-M and tetA genes, coupled with qepA in two-thirds of ESBL-positive isolates, indicates the establishment of extensively drug-resistant uropathogen populations that severely limit therapeutic options. The triple convergence of these genes simultaneously compromises three major antibiotic classes’ extended-spectrum cephalosporins, tetracyclines, and fluoroquinolones that have historically been cornerstones of UTI therapy.
The significant statistical associations between gene carriage and phenotypic resistance confirm the clinical utility of molecular diagnostics for guiding therapy and predicting outcomes. The particularly high prevalence of triple gene convergence in the 32-38 years age group identifies a high-risk demographic that may benefit from targeted interventions including enhanced surveillance, patient education, and antimicrobial stewardship.
Immediate priorities emerging from this study include: (1) strengthening antimicrobial stewardship programs with specific emphasis on restricting non-carbapenem β-lactams, tetracyclines, and fluoroquinolones for empirical UTI therapy; (2) implementing routine molecular surveillance for high-risk resistance gene combinations to guide infection control and inform local treatment guidelines; (3) updating empirical UTI treatment protocols based on local susceptibility data, with consideration of carbapenems or aminoglycosides for severe infections caused by suspected ESBL-producing non-fermenters; (4) enhancing infection prevention practices, particularly catheter care and hand hygiene, to curtail healthcare-associated transmission of MDR non-fermenters; and (5) investing in diagnostic capacity building, including MIC determination and molecular testing, to enable precision antimicrobial therapy.
Without coordinated and sustained intervention, the continued convergence of resistance determinants threatens to render UTI management increasingly complex, costly, and ineffective in Nigerian tertiary healthcare settings. The findings of this study should serve as a clarion call for urgent action by clinicians, microbiologists, infection preventionists, hospital administrators, and health policymakers to address the growing threat of extensively drug-resistant uropathogens.
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