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ABSTRACT:  

Background: Escherichia coli is responsible for the majority of UTI cases, with an 

increasing number of multidrug resistance (MDR) and biofilm-forming E. coli isolates 

being isolated from such cases. In this study, we assessed the MDR profile, biofilm 

formation ability, and occurrence of specific biofilm-associated and MDR-related genes 

in isolates. 

Methods: One hundred isolates of non-duplicate UP E. coli EC were tested for their 

antibiotic susceptibility using the Kirby-Bauer disc diffusion technique according to CLSI 

guidelines. Biofilm formation was evaluated using the MTP and CRA tests. The presence 

of fimH, csgA, luxS, bcsA, acrB, and blaCTX-M genes was determined by conventional 

PCR. Statistical correlations among biofilm formation, distribution of genes, and MDR 

were established. 

Results: Nitrofurantoin had the highest sensitivity (92%), while the highest levels of 

resistance were seen with amoxicillin-clavulanate (95%), cefixime (83%), tetracycline 

(79%), ceftriaxone (78%), ceftazidime (78%), cefepime (77%), and trimethoprim-

sulfamethoxazole (71%). MDR isolates were found in 95% of the isolates. Production of 

biofilm was seen in 98% of the isolates, with 18% as strong, 24% as moderate, and 56% 

as weak producers. CRA method yielded 81.6% sensitivity and 100% specificity than MTP 

test. Common gene targets included fimH (93%), acrB (90%), csgA (77%), luxS (72%), 

blaCTX-M (69%), and bcsA (58%). Significance was found in association of biofilm genes 

to biofilm phenotype while acrB and blaCTX-M were independent predictors of MDR. 

Conclusions: MDR was highly prevalent in  isolates. The presence of biofilm formation 

and virulence factors was also high. Combination of both phenotypic and molecular 

approaches offers useful epidemiologic information which can lead to better antibiotic 

stewardship. 
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INTRODUCTION 

Urinary tract infections (UTIs) are one of the most frequently occurring bacterial infections globally and present a considerable 

public health issue due to their high prevalence, tendency to recur, and fast development of resistance to antimicrobial [1]. UTIs 

can affect people of all age groups, but the disease is more commonly found in women due to specific anatomic and 

physiological features allowing easier colonization by bacteria of the urinary tract. Over half of all females will have at least one 

episode of UTI in their lifetime, and around 20-30% will suffer from recurrent infections [1, 2]. Besides being burdensome, 

UTIs contribute to the rising cost of healthcare due to excessive use of antibiotics, hospitalization, and productivity losses.  The 

increasing occurrence of MDR uropathogens has further complicated empirical therapy and underscored the need for enhanced 

surveillance and alternative therapy approaches [1- 3]. 

In the case of causative agents responsible for UTIs, Escherichia coli stand out as the primary culprit and are responsible for 70-

90% of cases of UTIs in the community. E. coli, as opposed to normal E. coli, has several virulence factors that facilitate the 

process of attachment, invasion, immune evasion, intracellular survival, and repeat infection [3, 4]. 

Formation of biofilm is one of the significant strategies that are responsible for the persistent nature of E. coli. Biofilms are 

bacterial colonies which have an ordered structure and are surrounded by a protective EPS matrix of polysaccharides, proteins 

and extracellular DNA produced by the bacteria [3, 5]. Biofilm-forming bacteria are more resistant to antibiotic agents, are 

resistant to the immune responses of the host organism and survive longer than planktonic bacteria in the presence of 

environmental stresses. Biofilm development is thus an important component of chronic UTIs, catheter-related infections, and 

treatment failure [5, 6]. 

The growing number of antimicrobial-resistant isolates has emerged as a formidable hurdle in the successful treatment of this 

condition. Resistance against β-lactam, fluoroquinolone, trimethoprim-sulfamethoxazole and other widely used drugs has led 

to the emergence of multiple drug resistant  isolates. In terms of resistance mechanisms, one of the most significant is the 

synthesis of extended spectrum β-lactamases (ESBLs), particularly CTX-M enzymes carried by blaCTX-M [5]. Another notable 

form of resistance is related to the use of multidrug efflux systems such as the AcrAB-TolC, where the acrB gene actively expels 

antimicrobial agents from inside the cell, thus lowering their levels in the bacterial cytoplasm and also playing a part in 

persistence and biofilm formation [7, 8]. 

Some virulence factors genes play direct roles in biofilm formation. FimH is responsible for the primary adhesion of bacteria 

to the uroepithelial cell via type 1 fimbriae, while csgA plays a critical role in bacterial aggregations by encoding the protein 

making up curli fimbriae [3, 9]. luxS is involved in quorum sensing via autoinducer-2 signals, while bcsA is responsible for 

cellulose biosynthesis, which forms part of the biofilm matrix Coordinated expression of these genes helps in the formation of 

stable biofilms and ensures bacterial persistence in the urinary tract [3, 9-11]. 

While past research has been conducted on antimicrobial resistance, biofilm formation, and virulence factors individually, there 

is limited research involving the combination of phenotypic antimicrobial susceptibility testing, quantification of biofilm 

production, molecular identification of biofilm-associated genes and resistance-related genes, co-occurrence pattern of these 

genes, hierarchical clustering, and multivariable statistical analyses using a single E. coli population. An extensive knowledge of 

such relationships would help in advancing empirical therapy and finding out well-adapted MDR E. coli isolates. The current 

research was intended to study antimicrobial susceptibility profiles, assess biofilm production capacity, detect the prevalence of 

chosen biofilm-related genes (fimH, csgA, luxS, bcsA), along with acrB and blaCTX-M, examine gene co-occurrence, and reveal 

predictors of MDR. 

MATERIALS AND METHODS 

Study design and setting 

This cross-sectional study was carried out in the Microbiology Laboratory of Medical City Teaching Hospital, Baghdad, Iraq, 

which is a tertiary care hospital. This study was carried out within the period of August 1, 2025, to June 2026. The major aim 

of this study was to study the antimicrobial susceptibility pattern, MDR, biofilm formation ability, and the relationship between 

antimicrobial resistance and biofilm formation in E. coli isolated from urine specimens of UTI suspects. 
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Collection of Urine Samples and Isolation of E. coli 

A total of 389 mid-stream clean catch urine samples were obtained from in- and out-patients presenting with clinical suspicion 

of UTI. Urine samples were obtained in sterile tubes and immediately taken to the laboratory for microbiological processing as 

per the established microbiological procedures. 

The culture procedure involved the use of MacConkey agar and 5% sheep blood agar, followed by an aerobic incubation at 

37°C for 18–24 hours. Significant bacteriuria was determined as per CLSI. Only those urine cultures which yielded a pure isolate 

of E. coli with significant counts were considered. Contaminated cultures, mixed cultures, duplicate cultures and those cultures 

that failed to meet the criteria for significant bacteriuria were excluded. 

Identification and confirmation of E. coli isolates 

Bacterial isolates were first characterized using traditional microbiological techniques. Presumptive identification of E. coli was 

conducted through colony identification on MacConkey agar, Gram staining properties, and common biochemical tests such 

as indole test, citrate utilization, urease test, and triple sugar iron (TSI) test [12]. 

The presumptive identification was later confirmed using VITEK 2 Compact automated identification system (bioMérieux, 

France) for bacteria identification as per the manufacturer's guidelines. The quality control strain used for bacterial identification 

and antibiotic susceptibility testing is Escherichia coli ATCC 25922.  For the definitive identification of bacterial isolates, molecular 

characterization was done through the amplification of the 16S rDNA using polymerase chain reaction (PCR)  technique [13, 

14]. 

Antimicrobial susceptibility testing 

Susceptibility testing of the isolates of E. coli was conducted by means of Kirby-Bauer disk diffusion test in accordance with 

CLSI guidelines (CLSI M100, 35th edition, 2025).  Specifically, the bacterial suspensions were prepared from fresh overnight 

cultures and diluted to match the turbidity equal to that of a 0.5 McFarland standard. The standardized inoculum was spread 

evenly on Mueller-Hinton agar plates [15, 16].  

Antimicrobial susceptibility testing was done by a set of 17 antimicrobials belonging to different antimicrobial classes, namely, 

β-lactams, fluoroquinolones, aminoglycosides, tetracyclines, sulfonamides, nitrofurans, and carbapenems.  These antimicrobial 

agents include amoxicillin, amoxicillin-clavulanate, ceftriaxone, cefixime, ceftazidime, cefepime, cefoxitin, ciprofloxacin, 

levofloxacin, nalidixic acid, gentamicin, amikacin, tetracycline, trimethoprim-sulfamethoxazole, nitrofurantoin, imipenem, and 

chloramphenicol.  After being cultured under appropriate conditions, the inhibition zone diameters were recorded in mm and 

analyzed based on the CLSI clinical breakpoints for 2025. Thus, isolates were classified into groups of susceptible, intermediate, 

and resistant. The Escherichia coli ATCC 25922 were selected as the quality control strain in order to validate the antimicrobial 

susceptibility testing procedures. 

The MDR phenotype was determined according to the international definition proposed by Magiorakos et al. (2012). An isolate 

was classified as multidrug-resistant when it demonstrated acquired non-susceptibility to at least one antimicrobial agent in 

three or more antimicrobial categories [17]. 

Biofilm formation assay 

Two different phenotypic techniques have been used to test the biofilm-forming capacity of the Escherichia coli isolates, namely 

the quantitative microtiter plate technique and qualitative Congo red agar (CRA) technique. 

Quantitative measurement of biofilm formation by microtiter plate technique 

The biofilm formation was measured quantitatively by using crystal violet microtiter plate technique as described before with 

some modifications.  Overnight cultures of E. coli isolates were made using freshly grown bacterial colonies, and the bacterial 

suspensions were standardized to turbidity comparable to that of 0.5 McFarland standard. These suspensions of bacteria were 

inoculated in sterile 96-well flat-bottom polystyrene microtiter plates containing TSB.  The microplates that had been inoculated 

with the suspension were left statically at 37°C for 24-48 h to allow biofilm formation. The planktonic cells were then decanted, 

and each well was washed three times with PBS solution.  The attached biofilm biomass was fixed and stained with 0.1% crystal 

violet solution for 15-20 min. Excess crystal violet was rinsed off, and the stained crystals were dissolved with ethanol-acetone 
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solution.  The OD of each well was read at 570 nm using the microplate reader. All tests were done in triplicates, and the OD 

was averaged for each isolate  [18, 19].  The biofilm production capabilities of the isolates were determined based on ODc value. 

ODc value was computed as per the formula developed by Stepanović et al. (2007) [20]. This is as follows: 

ODc = mean OD of negative control + (3 × standard deviation of negative control) 

Whereas ODc is the optical density cut-off value, the Mean OD of the negative control is the mean of the optical density values 

of the negative control, and SD stands for the standard deviation of the negative control.Based on the calculated ODc value, 

the isolates were classified into four categories as follows: 

• Non-biofilm producers: OD ≤ ODc 

• Weak biofilm producers: ODc < OD ≤ 2×ODc 

• Moderate biofilm producers: 2×ODc < OD ≤ 4×ODc 

• Strong biofilm producers: OD > 4×ODc 

Qualitative detection of biofilm formation using Congo red agar method 

Biofilm production among E. coli isolates was screened by Congo red agar (CRA). In the CRA, bacteria were cultured on brain 

heart infusion agar with Congo red (0.08%) and sucrose (5%). Cultures were grown in aerobic conditions at 37°C for 24-48 

hours.  Biofilm production by isolates was assessed based on colony appearance. Isolates producing black, dry, and rough 

colonies were regarded as positive biofilm producers while those producing red, smooth, and non-crystalline colonies were 

considered negative for biofilm production [21].  

Molecular Detection of Biofilm-Associated and Antimicrobial Resistance Genes 

Genomic DNA Extraction 

The genomic DNA was purified from the cultured E. coli isolates using the Presto™ Mini gDNA Bacteria Kit (Geneaid Biotech 

Ltd., Taiwan).  Initially, the pure culture bacteria were selected and then genomic DNA was isolated from the cultured bacteria 

using the above kit according to the standard procedure. Then the quantity and quality of the isolated genomic DNA was 

determined using a NanoDrop™ Spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, USA) by measuring the 

A260/A280 absorbance ratio [22]. 

PCR Amplification of Biofilm-Associated and Antimicrobial Resistance Genes 

Conventional PCR was conducted for the molecular identification of bacteria through amplification of the 16S rDNA gene, 

and detection of specific biofilm (fimH, csgA, bcsA, and luxS) and antibiotic resistance-associated (acrB and blaCTX-M) genes.  

Target-specific primers were employed for amplification of respective genes. Primer sequences, amplicon sizes, and references 

are provided in Table 1.   

 The conventional PCR mixture was set up at a total volume of 25 μL that included 12.5 μL GoTaq® Green Master Mix (2x) 

(Promega Corporation, Madison, WI, USA), 1 μL template DNA, 1 μL of each forward and reverse primer (10 pmol/μL), and 

9.5 μL nuclease-free water. PCR amplification was done using a T100™ Thermal Cycler (Bio-Rad Laboratories, Hercules, CA, 

USA). PCR cycling conditions included initial denaturation at 95°C for 5 min and 35 cycles of denaturation at 95°C for 30 s, 

annealing at 30 s at specific gene temperatures (55°C for 16S rDNA, csgA, and luxS; 58°C for bcsA and acrB; 60°C for fimH and 

blaCTX-M), extension at 72°C for 60 s, and final extension at 72°C for 5 min. 

PCR products were electrophoresed using 1.5% agarose gel containing 1x Tris-Borate–EDTA (TBE) buffer. Staining of the gel 

was achieved using GelRed® Nucleic Acid stain (Biotium, Fremont, CA, USA), while 100 bp DNA Ladder (Bio-Rad 

Laboratories, Hercules, CA, USA) was used as the molecular weight standard. Electrophoresis was carried out at 100 V for 60 

min. Visualization of DNA bands  were achieved using Gel Doc™ EZ Imaging System (Bio-Rad Laboratories, USA). Positive 

amplification was indicated by the appearance of DNA bands that matched the expected amplicon sizes [2, 4]. 
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Table 1. Primers used for molecular identification and detection of biofilm-associated and antimicrobial resistance genes in 

E. coli isolates. 

Target 

gene 

Target 

function 
Primer sequence (5′–3′) 

Annealing 

temperature 

(°C) 

Amplicon 

size (bp) 
Reference 

16S 

rDNA 

Molecular 

identification 

and 

confirmation 

of E. coli 

isolates 

F: GGAAGAAGCTTGCTTCTTTGCTGAC 

R: AGCCCGGGGATTTCACATCTGACTTA 
55 544 [23] 

fimH 

Type 1 

fimbrial 

adhesin 

involved in 

adhesion and 

biofilm 

formation 

F: TGCAGAACGGATAAGCCGTGG 

R: GCAGTCACCTGCCCTCCGGTA 
60 506 [24] 

csgA 

Curli 

fimbriae 

involved in 

biofilm 

matrix 

formation 

F: GCAATCGTATTCTCCGGTAG 

R: GATGAGCGGTCGCGTTGTTA 
55 418 [24] 

bcsA 

Cellulose 

biosynthesis 

involved in 

biofilm 

formation 

F: GCTTCTCGGCGCTAATGTTG 

R: GAGGTATAGCCACGACGGTG 
58 826 [25] 

luxS 

Quorum 

sensing (AI-2 

signaling) 

F: TGCCACACTGGTAGACGTTC 

R: TGATTGGTACGCCAGATGAG 
55 116 [26] 

acrB 
Multidrug 

efflux pump 

F: GGTCGATTCCGTTCTCCGTTA 

R: CTACCTGGAAGTAAACGTCATTGGT 
58 107 [27] 

blaCTX-

M 

Extended-

spectrum β-

lactamase 

(ESBL) 

F:ATGTGCAGYACCAGTAARGTKATGGC 

R:TGGGTRAARTARGTSACCAGAAYSAGCGG 
60 592 [28] 

F: Forward primer, R: Reverse primer, bp: Base pairs, AI-2: Autoinducer-2, ESBL: Extended-spectrum β-lactamase. 

Statistical analysis 

Statistical analyses were carried out with the software IBM SPSS Statistics version 26. Antimicrobial resistance profile, MDR, 

biofilm production, and gene distribution among E. coli isolates were expressed by descriptive statistics. Categorical associations 

were assessed with Chi-square test and Fisher’s exact test where appropriate. Cohen’s kappa index was determined to compare 

the microtiter plate technique with the Congo red agar method for assessing biofilm production. Binary logistic regression was 
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done to assess the relation between biofilm production and MDR. Odds ratios (OR) with 95% confidence intervals (CI) were 

calculated, and p<0.05 was considered as statistically significant.  

Ethical considerations 

The present study was carried out in accordance with the ethics guidelines of biomedical research. Ethical clearance was 

obtained from the Scientific Research Ethics Committee of the College of Science, Mustansiriyah University (Ethical Clearance 

No.: BCSMU/9025/000087M; Date: August 1, 2025). This study was based on bacterial isolates from clinical urine samples 

only. All bacterial isolates were anonymous, and there was no collection or use of any personal data or patient ID number. 

Since the study involved only the analysis of bacterial isolates, without any intervention or information about patients, 

confidentiality and privacy of clinical samples were ensured. 

RESULTS 

Antimicrobial susceptibility profile of Escherichia coli isolates 

Antimicrobial susceptibility testing was performed on 100 isolates against a panel of commonly prescribed antibiotics. The 

findings revealed substantial variation in susceptibility patterns among the tested antimicrobial agents.  Nitrofurantoin showed 

the highest susceptibility rate  92% (92/100) followed by chloramphenicol (82%), amikacin (76%), cefoxitin (68%), and 

imipenem (61%). 

On the other hand, the highest rate of resistance was recorded against amoxicillin-clavulanate (95%), cefixime (83%), amoxicillin 

(81%), tetracycline (79%), ceftriaxone (78%), ceftazidime (78%), cefepime (77%), and trimethoprim-sulfamethoxazole (71%). 

Fluoroquinolones also had relatively high resistance rate with 58% of the isolates being resistant to ciprofloxacin and 54% to 

levofloxacin. This means that there are high levels of resistance among the isolates against β-lactams and oral drugs. The detailed 

antimicrobial susceptibility distribution is presented in Table 2 and graphically illustrated in Figure 1. 

Table 2. Antimicrobial susceptibility profile of E. coli isolates against tested antimicrobial agents (n = 100) 

Antibiotic Sensitive n (%) Resistant n (%) 

Chloramphenicol 82 (82%) 18 (18%) 

Trimethoprim–Sulfamethoxazole 29 (29%) 71 (71%) 

Nitrofurantoin 92 (92%) 8 (8%) 

Tetracycline 21 (21%) 79 (79%) 

Ciprofloxacin 42 (42%) 58 (58%) 

Nalidixic acid 34 (34%) 66 (66%) 

Levofloxacin 46 (46%) 54 (54%) 

Gentamicin 60 (60%) 40 (40%) 

Amikacin 76 (76%) 24 (24%) 

Imipenem 61 (61%) 39 (39%) 

Ceftriaxone 22 (22%) 78 (78%) 

Cefixime 17 (17%) 83 (83%) 

Ceftazidime 22 (22%) 78 (78%) 

Cefoxitin 68 (68%) 32 (32%) 

Cefepime 23 (23%) 77 (77%) 

Amoxicillin–clavulanate 5 (5%) 95 (95%) 

Amoxicillin 19 (19%) 81 (81%) 
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n: number of isolates; percentages represent the proportion of sensitive or resistant isolates for each antibiotic relative to the 

total number of isolates. 

 

Figure 1. Antimicrobial resistance rates of E. coli isolates against tested antimicrobial agents (n = 100). 

Regarding MDR,  95 (95%) out of 100 E. coli isolates were found to be MDR whereas 5 (5%) isolates were found to be non-

MDR. The proportion of MDR and non-MDR isolates has been shown in Table 3. 

Table 3. Distribution of multidrug-resistant and non-multidrug-resistant E. coli isolates (n = 100) 

Category Definition No. of isolates Percentage 

MDR Resistant to ≥1 agent in ≥3 antimicrobial categories 95 95% 

Non-MDR Did not fulfill MDR criteria 5 5% 

MDR: multidrug resistance; defined according to Magiorakos et al. criteria as resistance to ≥3 antimicrobial classes; values 

represent number and percentage of isolates. 

Biofilm formation ability among E. coli isolates 

The biofilm production of the isolates was assessed through two phenotypic techniques which include the quantitative 

microtiter plate assay and the qualitative CRA method. From the OD values obtained from the microtiter plate technique, 98 

(98%) out of 100 isolates were found to be biofilm producers while 2 (2%) were not. From the 98 biofilm producers, 56 (56%) 

were found to be weak, 24 (24%) moderate and 18 (18%) strong biofilm producers.  Conversely, the Congo Red Agar (CRA) 

method revealed that 80 (80%) isolates were biofilm producers while 20 (20%) were not. The frequency of biofilm production 

by both techniques is illustrated in Table 4 and Figure 2. 
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Table 4. Distribution of biofilm-forming ability among E. coli isolates detected by microtiter plate and Congo red agar assays 

(n = 100) 

Method Category Number (%) 

Congo red agar 
Positive 80 (80%) 

Negative 20 (20%) 

Microtiter plate 

Strong producer 18 (18%) 

Moderate producer 24 (24%) 

Weak producer 56 (56%) 

Non-producer 2 (2%) 

 

 

Figure 2. Biofilm formation detaction by microtiter plate and Congo red agar methods (n = 100) 

Comparison between microtiter plate assay and Congo red agar method for biofilm detection 

From the microtiter plate biofilm production test, 98 (98%) isolates were classified as biofilm producers while 2 (2%) were non-

biofilm producers. On the other hand, from the CRA) biofilm prodution test, 80 (80%) isolates were biofilm producers while 

20 (20%) were non-biofilm producers.  The percentage of concordance between the two methods was 82% (82/100 isolates) 

with Cohen's Kappa (κ) coefficient being 0.15. There were 18 isolates that were discordant with all of them being positive 

through the microtiter plate assay and negative through the CRA.  For the weak biofilm producers, CRA test showed 45/56 

(80.4%) to be positive while 11/56 (19.6%) were negative. For the moderate biofilm producers, there were 22/24 (91.7%) 

positive and 2/24 (8.3%) CRA negative. Finally for the strong biofilm producers, 13/18 (72.2%) were positive and 5/18 (27.8%) 

negative by the CRA test. The two non-biofilm-producing isolates were negative through the CRA.  With regard to the microtiter 

plate method as reference, the sensitivity of the CRA method was 81.6% while its specificity was 100%. The comparison of 

biofilm detection results of the two methods is shown in Table 5 and Figure 3. 
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Table 5. Comparison of biofilm detection results between microtiter plate assay and Congo red agar method among E. coli 

isolates (n = 100) 

Microtiter plate classification CRA positive n (%) CRA negative n (%) Total 

Strong producer 13 (72.2) 5 (27.8) 18 

Moderate producer 22 (91.7) 2 (8.3) 24 

Weak producer 45 (80.4) 11 (19.6) 56 

Non-producer 0 (0.0) 2 (100) 2 

Total 80 20 100 

Agreement between the two methods: 82%, Cohen’s kappa coefficient (κ): 0.15, CRA sensitivity: 81.6%, CRA specificity: 100% 

 

Figure 3. Comparison of Congo red agar detection among different biofilm production categories identified by the microtiter 

plate assay in E. coli isolates (n = 100). 

Association between biofilm formation and antimicrobial resistance patterns 

An analysis of the relationship between biofilm formation and antibiotic resistance patterns was done by applying Fisher's exact 

test. There was no statistically significant relationship between the biofilm formation status and resistance to any of the 

antimicrobial drugs used (p > 0.05 for all).  In biofilm forming  isolates, there were 94/98 (95.9%) isolates resistant to amoxicillin-

clavulanate, in comparison with 1/2 (50.0%) non-biofilm-forming isolates (p = 0.098). Antibiotic resistance patterns of other 

antimicrobials depending on biofilm formation are presented in Table 6. 

Table 6. Association between biofilm formation status and antimicrobial resistance patterns among E. coli isolates (n = 100) 

Antibiotic Antimicrobial class 

Overall 

resistant n 

(%) 

Biofilm producers 

resistant n (%) (n 

= 98) 

Non-biofilm 

producers resistant 

n (%) (n = 2) 

p-value 

Chloramphenicol Phenicols 18 (18.0) 17 (17.3) 1 (50.0) 0.329 

Trimethoprim–

sulfamethoxazole 
Sulfonamides 71 (71.0) 69 (70.4) 2 (100.0) 1.000 
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Nitrofurantoin Nitrofurans 8 (8.0) 8 (8.2) 0 (0.0) 1.000 

Tetracycline Tetracyclines 79 (79.0) 78 (79.6) 1 (50.0) 1.000 

Ciprofloxacin Fluoroquinolones 58 (58.0) 57 (58.2) 1 (50.0) 1.000 

Nalidixic acid Quinolones 66 (66.0) 65 (66.3) 1 (50.0) 1.000 

Levofloxacin Fluoroquinolones 54 (54.0) 53 (54.1) 1 (50.0) 1.000 

Gentamicin Aminoglycosides 40 (40.0) 39 (39.8) 1 (50.0) 1.000 

Amikacin Aminoglycosides 24 (24.0) 23 (23.5) 1 (50.0) 0.424 

Imipenem Carbapenems 39 (39.0) 38 (38.8) 1 (50.0) 1.000 

Ceftriaxone 
Third-generation 

cephalosporins 
78 (78.0) 77 (78.6) 1 (50.0) 0.393 

Cefixime 
Third-generation 

cephalosporins 
83 (83.0) 82 (83.7) 1 (50.0) 0.313 

Ceftazidime 
Third-generation 

cephalosporins 
78 (78.0) 77 (78.6) 1 (50.0) 0.393 

Cefoxitin Cephamycins 32 (32.0) 32 (32.7) 0 (0.0) 1.000 

Cefepime 
Fourth-generation 

cephalosporins 
77 (77.0) 76 (77.6) 1 (50.0) 0.409 

Amoxicillin–

clavulanate 

Penicillins + β-

lactamase inhibitor 
95 (95.0) 94 (95.9) 1 (50.0) 0.098 

Amoxicillin Aminopenicillins 81 (81.0) 80 (81.6) 1 (50.0) 0.345 

R: resistant isolates. Percentages for biofilm-producing and non-biofilm-producing groups were calculated based on the number 

of isolates within each group (n = 98 and n = 2, respectively). Statistical comparisons were performed using Fisher’s exact test 

because of the limited number of non-biofilm-producing isolates. 

Association between biofilm formation and multidrug resistance (MDR) phenotype among E. coli isolates 

The relationship between biofilm production and the MDR phenotype was determined in the examined E. coli isolates. In total, 

MDR was found in 95 out of 100 (95%) isolates. MDR was observed in 94 out of 98 (95.9%) biofilm producing isolates, while 

the MDR phenotype was observed in 1 out of 2 (50.0%) non-biofilm-producing isolates. There was no statistically significant 

relationship between biofilm production and the MDR phenotype (p = 0.098). 

On the basis of biofilm production intensity, MDR was observed in all strong biofilm producers (18/18, 100%) and in all 

moderate biofilm producers (24/24, 100%). MDR phenotype was observed in 52 out of 56 (92.9%) weak biofilm producers. 

Among the non-biofilm-producing isolates, MDR was observed in 1 out of 2 (50.0%) isolates. The distribution of the MDR 

phenotype according to biofilm production categories is presented in Table 7 and Figure 4. 

Table 7. Association between biofilm formation categories and MDR phenotype among E. coli isolates (n = 100) 

Biofilm category Total isolates (n) MDR n (%) Non-MDR n (%) 

Strong producer 18 18 (100.0%) 0 (0.0%) 

Moderate producer 24 24 (100.0%) 0 (0.0%) 

Weak producer 56 52 (92.9%) 4 (7.1%) 

Non-producer 2 1 (50.0%) 1 (50.0%) 

Total 100 95 (95.0%) 5 (5.0%) 
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MDR was defined as resistance to at least one antimicrobial agent in three or more antimicrobial categories according to Magiorakos et al. Fisher’s 

exact test was used because of the limited number of non-biofilm-producing isolates. 

 

Figure 4. Distribution of MDR phenotype according to biofilm production status among E. coli isolates (n = 100). 

Molecular detection of biofilm-associated and antimicrobial resistance genes among E. coli isolates 

The molecular characterization study was conducted to assess the prevalence of biofilm-associated and antimicrobial resistance 

genes in the E. coli isolates. 

The gene fimH was found in the highest number of E. coli isolates, which was 93 out of 100 (93%) isolates, followed by csgA 

gene in 77 out of 100 (77%) isolates, luxS gene in 72 out of 100 (72%) isolates, and bcsA gene in 58 out of 100 (58%) isolates. 

In terms of antimicrobial resistance genes, the acrB gene was prevalent in 90 out of 100 (90%) isolates and the blaCTX-M gene in 

69 out of 100 (69%) isolates. The prevalence of the investigated genes is illustrated in Figure 5 and summarized in Table 8. 

 

Figure 5. Prevalence of biofilm-associated genes (fimH, csgA, luxS, and bcsA) and antimicrobial resistance genes (acrB and 

blaCTX-M among E. coli isolates (n = 100). 
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Table 8. Distribution of biofilm-associated and antimicrobial resistance genes among E. coli isolates (n = 100) 

Gene Functional category Positive isolates n (%) 

fimH Adhesion and type 1 fimbriae formation 93 (93%) 

csgA Curli fiber formation 77 (77%) 

luxS Quorum sensing / AI-2 signaling 72 (72%) 

bcsA Cellulose biosynthesis 58 (58%) 

acrB Multidrug efflux pump 90 (90%) 

blaCTX-M ESBL-mediated β-lactam resistance 69 (69%) 

Moreover, the frequency distribution of different types of combined biofilm-associated genes and antimicrobial resistant genes 

profile among the isolated isolates of E. coli was also studied. Seven different profiles were found. FimH + csgA + luxS + bcsA 

+ acrB +blaCTX-M was found to be the most common profile present in 20/100 (20%) samples. Next in order came the FimH + 

acrB + csgA + luxS +blaCTX-M profile that was found in 16/100 (16%) samples, and the fimH + acrB +csgA + luxS + bcsA profile 

in 14/100 (14%) samples, as shown in Table 9. 

Table 9. Distribution of common gene profiles among E. coli isolates (n = 100) 

Detected gene profile Isolates n (%) 

fimH + acrB 6 (6%) 

fimH + acrB + csgA 12 (12%) 

fimH + acrB + csgA + luxS 18 (18%) 

fimH + acrB + csgA + luxS + bcsA 14 (14%) 

fimH + acrB + csgA + luxS + blaCTX-M 16 (16%) 

fimH + acrB + csgA + luxS + bcsA + blaCTX-M 20 (20%) 

Other combinations 14 (14%) 

Total 100 (100%) 

Gene co-occurrence analysis and hierarchical clustering of E. coli isolates 

Co-occurrence analysis and hierarchical clustering were conducted depending on the presence and absence of the six tested 

genes in isolates. The result of co-occurrence showed that biofilm formation and resistance genes occurred simultaneously at a 

high frequency rate. The most common co-occurrence was between fimH and acrB, found in 88/100 (88%) isolates, fimH and 

csgA in 74/100 (74%), acrB and csgA in 70/100 (70%), fimH and luxS in 69/100 (69%), luxS and acrB in 68/100 (68%), and 

acrB and blaCTX-M in 65/100 (65%) isolates. The complete distribution of gene co-occurrence patterns is presented in Table 10. 

Three hierarchical genetic groups were found for 100 studied isolates depending on their gene profile. Group 1 included 56 

(56%) isolates which have five or six genes, namely fimH, csgA, luxS, bcsA, acrB, and, usually, blaCTX-M. Group 2 had 31 (31%) 

isolates with intermediate gene profile having three or four investigated genes. Group 3 had 13 (13%) isolates with a minimal 

gene profile containing one or two genes. The results of hierarchical grouping of the isolates are summarized in Table 11. 

Table 10. Gene co-occurrence analysis among E. coli isolates (n = 100) 

Gene pair Co-occurrence n (%) 

fimH + acrB 88 (88%) 

fimH + csgA 74 (74%) 
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acrB + blaCTX-M 65 (65%) 

fimH + luxS 69 (69%) 

csgA + luxS 60 (60%) 

acrB + csgA 70 (70%) 

luxS + acrB 68 (68%) 

fimH + bcsA 55 (55%) 

csgA + blaCTX-M 52 (52%) 

luxS + blaCTX-M 50 (50%) 

bcsA + acrB 56 (56%) 

bcsA + blaCTX-M 40 (40%) 

 

Table 11. Summary of cluster analysis based on gene profiles among E. coli isolates (n = 100) 

Cluster 
Number of isolates 

n (%) 
Predominant gene profile Genetic characteristics 

Cluster 

1 
56 (56%) 

fimH + csgA + luxS + bcsA + acrB ± blaCTX-

M (5–6 genes) 
High biofilm–high resistance profile 

Cluster 

2 
31 (31%) 

fimH + csgA + luxS ± bcsA + acrB (3–4 

genes) 

Intermediate biofilm-associated genetic 

profile 

Cluster 

3 
13 (13%) 

acrB ± blaCTX-M with limited biofilm genes (1–2 

genes) 

Low genetic burden / resistance-

dominant profile 

Total 100 (100%) — — 

Association between biofilm-associated genes and biofilm production phenotype 

Correlation of the biofilm-associated genes to categories of biofilm formation was assessed among the tested E. coli isolates. 

There is a statistically significant correlation between the categories of biofilm formation and the prevalence of all biofilm-

associated genes studied (p < 0.05). The fimH gene was found in 18/18 (100%) of strong biofilm producers, 23/24 (95.8%) of 

moderate producers, 52/56 (92.9%) of weak producers, and not found in any non-biofilm producing isolates (0/2, 0%) (p = 

0.041). The csgA gene was found in 17/18 (94.4%) strong producers, 21/24 (87.5%) moderate producers, 38/56 (67.9%) weak 

producers, and 1/2 (50.0%) non-producers (p = 0.032).   In a similar manner, the luxS gene was found in 16 out of 18 (88.9%) 

strong producers, 19 out of 24 (79.2%) moderate producers, 36 out of 56 (64.3%) weak producers, and 1 out of 2 (50.0%) non-

producers (p = 0.048). bcsA gene was found in 15 out of 18 (83.3%), 17 out of 24 (70.8%), 25 out of 56 (44.6%) and 1 out of 2 

(50%) strong, moderate, weak producers and non-producers respectively (p = 0.019). Distribution of biofilm-associated genes 

based on biofilm producing categories is provided in Table 12 and Figure 6. 

Table 12. Association between biofilm-associated genes and biofilm production categories among E. coli isolates (n = 100) 

Gene 
Strong producer 

(n=18) 

Moderate producer 

(n=24) 

Weak producer 

(n=56) 

Non-producer 

(n=2) 
p-value 

fimH 18 (100%) 23 (95.8%) 52 (92.9%) 0 (0%) 0.041 

csgA 17 (94.4%) 21 (87.5%) 38 (67.9%) 1 (50%) 0.032 

luxS 16 (88.9%) 19 (79.2%) 36 (64.3%) 1 (50%) 0.048 

bcsA 15 (83.3%) 17 (70.8%) 25 (44.6%) 1 (50%) 0.019 
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Values represent the number and percentage of isolates positive for each gene within each biofilm category. Statistical 

significance was determined using Fisher’s exact test. 

 

Figure 6. Distribution of biofilm-associated genes according to biofilm production categories among E. coli isolates (n = 

100). 

Association between antimicrobial resistance genes and MDR phenotype 

Relationships between antimicrobial resistance genes and MDR phenotype were studied among the tested isolates of E. coli. 

The presence of the acrB gene was found in 88/95 (92.6%) of MDR isolates, while in only 2/5 (40.0%) of non-MDR isolates; 

this result was significant statistically (p = 0.012). The presence of the blaCTX-M gene was found in 69/95 (72.6%) of MDR 

isolates, while in none (0/5, 0.0%) of non-MDR isolates; this result was also significant statistically (p = 0.041).The distribution 

of antimicrobial resistance genes according to MDR phenotype is presented in Table 13 and Figure 7. 

Table 13. Association between antimicrobial resistance genes and MDR phenotype among E. coli isolates (n = 100) 

Resistance gene MDR isolates (n=95) Non-MDR isolates (n=5) p-value 

acrB positive 88 (92.6%) 2 (40.0%) 0.012 

blaCTX-M positive 69 (72.6%) 0 (0.0%) 0.041 

MDR was defined according to international criteria. Fisher’s exact test was used because of the limited number of non-MDR 

isolates. 

 

Figure 7. Association between antimicrobial resistance genes and MDR phenotype among E. coli isolates (n = 100). 
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Logistic regression analysis of predictors associated with MDR phenotype 

Binary logistic regression analysis was done to determine the predictors that were associated with MDR phenotypes in the tested 

isolates of E. coli. Production of biofilms was significantly associated with MDR (OR = 23.5; 95% CI: 1.23-447.59, p = 0.036). 

Also, strong biofilm phenotype was significantly associated with MDR (OR = 15.2; 95% CI: 1.42-162.4, p = 0.024). acrB was 

significantly associated with MDR (OR = 18.3; 95% CI: 2.07-161.3, p = 0.009) while positivity of blaCTX-M was significantly 

associated with MDR (OR = 5.1, 95% CI: 1.09–23.5, p = 0.038), as presented in Figure 8 and Table 14. 

 

Figure 8. Forest plot of binary logistic regression analysis for predictors associated with MDR among E. coli isolates (n = 

100). 

Table 14. Regression coefficients and statistical parameters for MDR predictors 

Predictor β coefficient Standard error (SE) OR 95% CI p-value 

Biofilm production 3.157 1.504 23.5 1.23–447.59 0.036 

Strong biofilm phenotype 2.721 1.201 15.2 1.42–162.4 0.024 

acrB positivity 2.906 1.112 18.3 2.07–161.3 0.009 

blaCTX-M positivity 1.624 0.781 5.1 1.09–23.5 0.038 

β: regression coefficient; SE: standard error; OR: odds ratio; CI: confidence interval. Logistic regression was performed using MDR status as the 

dependent variable. 

DISCUSSION 

The present study demonstrated a substantial burden of antimicrobial resistance among E. coli isolates, characterized by high 

resistance to multiple commonly prescribed antimicrobial agents and an exceptionally high prevalence of MDR. These findings 

underscore the increasing challenges associated with empirical management of UTIs and highlight the consequences of 

inappropriate antimicrobial use and inadequate antimicrobial stewardship . 

From the tested antibiotics, nitrofurantoin showed the greatest in vitro efficacy, making it the most effective antimicrobial agent 

against the investigated UPEC isolates despite the widespread resistance observed to several other antibiotic classes. T E. coli 

his result is in agreement with the findings of Abo-alella et al. (2024) [29]. The sustained effectiveness is due to the limited use 

in non-complex cases of lower UTIs, the unique mechanism of action by targeting different bacteria, and the number of 

chromosomal mutations required before resistance becomes significant.  On the other hand, the high level of resistance to β-

lactams, tetracycline, and trimethoprim-sulfamethoxazole is consistent with the results obtained by Hadi et al. (2023) [30]. The 

particularly high resistance observed against third- and fourth-generation cephalosporins may reflect the extensive dissemination 

of CTX-M-type extended-spectrum β-lactamases (ESBLs), which are commonly carried on transferable plasmids and facilitate 

the rapid spread of resistance among Enterobacterales. The resistance to fluoroquinolones was high, which further limits their 

suitability for empirical treatment in the study setting. This resistance is likely multifactorial and has been attributed to 

chromosomal mutations in the gyrA and parC genes, plasmid-mediated quinolone resistance determinants, and overexpression 

of multidrug efflux pumps, as reported by Choudhury et al. (2024) [31]. Another significant result that should be highlighted is 

the intermediate susceptibility to imipenem, which is significantly less compared to the data reported in the majority of earlier 
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studies. Despite the relevance of carbapenems as drugs used in the treatment of complicated cases of MDR infections, this 

finding might suggest the development of resistance mechanisms toward carbapenems, such as the presence of carbapenemases, 

outer membrane protein reduction, or active multidrug efflux systems. 

The extremely high rate of occurrence of MDR isolates in the current study suggests that the prevalence of E. coli multidrug-

resistance has increased tremendously in the population studied, thus creating a major problem for the empirical treatment of 

UTIs. This result is similar to findings made in several recent studies carried out in areas where there is rampant use of 

antimicrobials with increasing selection pressures due to improper antibiotic use.  The increased MDR occurrence may be linked 

to the propagation of mobile genetic elements such as plasmids encoding multiple antimicrobial resistance genes that can be 

shared by HGT as indicated by Nasrollahian et al. (2024) [32].  Clinically, a high level of MDR imposes serious restrictions on 

therapeutic opportunities and leads to treatment failures, chronicity of infection, recurrent UTI, and increased cost of health 

care. In case of recurrent or complicated infection, empiric antimicrobial therapy should be based on the updated information 

on local resistance patterns.  The ability to form biofilm is among the key virulence factors of E. coli, which allows bacteria to 

persist in the urinary tract and cause chronic and recurrent UTIs. By means of forming biofilms, bacteria increase their resistance 

to host immune response and antimicrobial agents. 

In this study, 98% of the E. coli isolates have been found to be biofilm producers, where the weak biofilm producers (56%) 

constitute the majority of the phenotypes. These results are generally similar to the observations made by Saman et al. (2026) 

[33]. The extremely high prevalence rate of biofilm formation in this study could be attributed to the predominance of highly 

virulent clinical isolates, variations in the population of patients studied, local epidemiology, or increased sensitivity of the 

microtiter plate assay for quantification of the biofilm.  However, dominance of isolates that produce poor biofilms implies that 

while the majority of isolates had capability of forming biofilms, few isolates had formed mature biofilms with significant 

amounts of extracellular matrix formation. This could be attributed to different regulation of genes involved in biofilm 

formation, environmental conditions of in vitro culture, and expression of quorum-sensing system. 

Antimicrobial resistance in biofilms is a well-coordinated biological phenomenon consisting of multiple defense systems that 

work together. As pointed out by Nasrollahian et al. (2024), biofilm formation decreases the effectiveness of antibiotics due to 

multiple factors such as limited penetration of antimicrobials into the biofilm due to the extracellular polymer matrix, decreased 

metabolic rate of bacteria, persister cell formation, and increased horizontal gene transfer in the biofilm population  [32].  Indeed, 

in comparison to the CRA method, the MTP assay showed significantly better performance for identifying biofilm formation 

as the phenotypic method of choice for the evaluation of biofilms. Despite the fact that the percentage agreement between the 

two assays was relatively good (82%), the value of Cohen's kappa coefficient was quite low (0.15).  It is known that sometimes 

there is a paradox when the kappa coefficient turns out to be very low despite the high agreement rate due to an extreme 

imbalance in the number of positive/negative cases, called "kappa paradox". Thus, the extremely high proportion of biofilm-

forming isolates (98%) in the current study may explain why the value of kappa turned out to be rather low.  Moreover, 

discordant isolates were categorized as biofilm producers using the MTP test but as non-producers using the CRA test, implying 

that the CRA technique was mainly unable to detect isolates with relatively poor capacity to produce biofilms rather than 

producing false positive results. This inference is also supported by the fact that CRA has relatively lower analytical sensitivity 

compared to weak biofilm producers.  These results validate earlier studies that consider the microtiter plate assay as the 

phenotypic gold standard for biofilm detection while CRA should only be used as a cheap and rapid screening test as described 

by Mahale et al. (2025) [34].  In view of this practical laboratory setting, CRA technique can still be useful in terms of its simplicity 

and low cost although quantitative assays like the MTP test are preferred if accurate biofilm determination is needed. 

While biofilm-producing isolates were more resistant to most of the studied antimicrobial drugs, there were no statistically 

significant links found between biofilm formation and resistance to particular antibiotics (p > 0.05). The results are not reliable 

due to the small number of non-biofilm producing isolates (only two isolates), which greatly decreases the power of comparison 

and makes a Type II error more probable. 

Despite the lack of statistical significance, the consistent higher frequencies of resistance among biofilm-forming isolates can 

be considered biologically meaningful. For instance, 95.9% of biofilm producing isolates were resistant to amoxicillin-

clavulanate as opposed to 50.0% of non-biofilm producers. Such patterns were observed in most cases for other antimicrobial 

drugs though without statistical significance.  The described biofilm-induced resistance mechanisms can clarify the consistent 

higher frequencies of resistance among biofilm-producing isolates despite the absence of statistically significant correlations for 
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separate antimicrobial drugs. The same results have been observed in the latest systematic review and meta-analysis conducted 

by Garousi et al. (2023), in which it was revealed that E. coli isolates forming biofilms usually possess higher resistance to 

antibiotics compared to isolates not forming biofilms; however, the strength of this correlation depends on the way of biofilm 

determination, the geographical location, and other epidemiological factors  [35].  Hence, it should not be considered as an 

evidence of the absence of any biological association between these two variables; instead, it may indicate the very small number 

of isolates without the ability to form biofilms. 

Though no statistically significant relationship between biofilm formation and the MDR phenotype was found using Fisher's 

exact test (p=0.098), there was a noticeable biological tendency. The MDR phenotype was found in 94 out of 98 (95.9%) isolates 

producing biofilm compared to just one out of two (50.0%) non-biofilm forming isolates.  Most probably, the lack of statistical 

significance is explained by the very small number of non-biofilm forming isolates that decreased the statistical power of the 

analysis. Thus, the obtained p-value has to be considered carefully since it can be treated as an indirect evidence for the absence 

of the potential relationship.  It should be pointed out that all the strong (18/18, 100%) and moderate (24/24, 100%) biofilm 

producers possessed the MDR phenotype while somewhat smaller percentage of weak biofilm producers (52/56, 92.9%) had 

this phenotype as well.  This trend appears biologically plausible and can be justified through the use of biofilm-mediated 

tolerance mechanisms mentioned earlier that contribute together towards increased survival of bacteria and formation of 

multidrug-resistant colonies. 

It should be noted that the subsequent binary logistic regression analysis revealed that biofilm formation was an independent 

predictor of MDR regardless of other predictors (OR = 23.5, p = 0.036). The seeming discrepancy with the results of the 

univariate Fisher's exact analysis can be attributed to differences in the statistics employed rather than to any contradiction. 

Unlike Fisher's exact test which examines the relationship between the two variables, logistic regression determines the 

independent effect of each predictor regardless of other factors included in the model.  Similar findings were found by Liu et al. 

(2024), who pointed out that the increased biofilm formation contributes to bacterial persistence and promotes the occurrence 

of antimicrobial resistance determinants  [36]. In terms of clinical implications, the emergence of MDR biofilm-forming E. coli 

isolates represents particular concern since it increases the chances of persistent bacteriuria and recurrent UTIs.  

The molecular characterization revealed a high prevalence of biofilm-associated and antimicrobial resistance genes in the 

examined E. coli isolates, underscoring the complex genetic background behind their pathogenesis and survival strategies. The 

prevalence of fimH (93%) followed by csgA (77%), luxS (72%), and bcsA (58%) suggests that there are several different 

mechanisms associated with bacterial adhesion, biofilm development, quorum sensing, and exopolysaccharide production that 

are present simultaneously in the circulation of E. coli isolates. 

From all the studied virulence factors, fimH was the most prevalent gene, which highlights its importance in the early stages of 

E. coli pathogenesis. The fimH adhesin helps bacteria adhere to mannosylated receptors of urothelium, colonize the urinary 

tract, and act as a crucial prerequisite for further biofilm formation. Thus, the high prevalence found in the current study is 

justified since the importance of fimH as one of the highly conserved virulence factors of E. coli was proven earlier by Ballesteros-

Monrreal et al. (2023) [ 73 ].  In this regard, the relatively high prevalence rates of csgA, luxS, and bcsA clearly indicate that the 

development of biofilms is not a simple process controlled by a single gene but a well-regulated network comprising numerous 

virulence factors. csgA encodes curli fibers responsible for bacterial adherence and cell aggregation; luxS regulates quorum 

sensing via the AI-2 signaling pathway, while bcsA participates in cellulose synthesis. This suggests that the co-presence of these 

genes significantly increases the likelihood of forming a biofilm among E. coli isolates under investigation. 

As far as resistance determinants are concerned, the most common resistance gene was acrB (90%), followed by blaCTX-M (69%). 

The high rate of acrB is indicative of the great contribution made by the AcrAB-TolC multidrug efflux pump to the intrinsic 

and acquired antimicrobial resistance of E. coli isolates, while the high rate of blaCTX-M is an explanation of the broad-spectrum 

resistance to third-generation cephalosporins. Our findings are in agreement with the available data on the widespread 

distribution of ESBL-producing E. coli lineages, as stated by Nasrollahian et al. (2024) and Ballesteros-Monrreal et al. (2023) [32, 

73 ]. From a general perspective, it is evident that the analyzed E. coli isolates have been found to harbor a number of virulence 

and antimicrobial resistance factors that contribute to the increased colonization and survival of bacteria under antimicrobial 

pressure, leading to more recurrent and harder-to-treat UTIs. 
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Besides the independent frequency of occurrence of biofilm-associated and antimicrobial resistance factors, this study has 

revealed that those two types of genetic elements often coexist in the same E. coli isolates, reflecting the development of 

complementary virulence and antimicrobial resistance mechanisms rather than random presence of them. The most common 

genotype was represented by fimH, csgA, luxS, bcsA, acrB, and blaCTX-M, meaning that successful E. coli isolates acquire both 

adhesin-related, biofilm-maturation-related, multidrug-efflux, and β-lactam resistance determinants. The concurrent presence 

of these genes can confer a significant adaptive benefit during UTI because the former promote bacterial attachment, 

persistence, and protection from immune system of the host while the latter increase survival under antimicrobial therapy. 

The co-occurrence of genes also confirmed the hypothesis. A high incidence of fimH-acrB, fimH-csgA, acrB-csgA, and acrB- blaCTX-

M indicates that the virulence and resistance factors are maintained frequently in the same bacterial isolates. Despite the fact that 

it was not in the scope of this study to identify the localization of those determinants, it is possible that this co-localization 

reflects their dissemination via evolutionary successful isolates or mobile elements, or selection for antibiotic resistance. The 

hierarchical clustering analysis also gave an interesting insight into the genetic structure of the studied bacteria. Almost half of 

all analyzed isolates (56%) belong to Cluster 1, which included bacteria with five or six studied genes. It implies that 

evolutionarily successful E. coli isolates in the study population have developed multiple virulence and resistance factors. 

On the contrary, Clusters 2 and 3 harbored isolates containing fewer numbers of the investigated genes, showing high genetic 

diversity among the E. coli isolates circulating within the community. Such heterogeneity shows the dynamic evolutionary 

processes within E. coli strain population and implies that different genetic lineages have adopted different survival strategies 

within the UTI environment. On the whole, the analysis of the genetic profile, the co-occurrence patterns, and the clustering 

suggest that the pathogenic success of E. coli cannot be attributed to one virulence or resistance factor but is likely to be due to 

the collective activity of several complementary genetic mechanisms. 

A significant correlation was found between the investigated biofilm-related genes and the biofilm formation intensity 

phenotype, suggesting a molecular link between the increased ability of E. coli isolates to form biofilm and their acquisition of 

particular virulence factors. 

Among the examined genes, fimH exhibited the highest and most consistent presence in the set of biofilm-forming isolates, 

with the presence in all strong biofilm formers (100%), 95.8% in moderate formers and 92.9% of weak biofilm formers, and 

no presence in non-biofilm forming isolates. It highlights once again the primary role of fimH adhesion as the first step of the 

biofilm formation process and confirms its importance as a key factor in E. coli pathogenicity, which was confirmed by 

Ballesteros-Monrreal et al. (2023) [ 73 ]. Likewise, the gradual increase of csgA, luxS, and bcsA presence in weak to strong biofilm 

formers indicates that biofilm maturation is controlled by several genetic routes rather than a single virulence factor. The curli 

fibers synthesis (csgA), quorum sensing regulation (luxS), and cellulose biosynthesis (bcsA) ensure biofilm structure, strength, 

and coordination between the cells of E. coli. Similarly, the presence of a gene-dosage type of relationship, which indicates an 

increased prevalence of the genes with increasing intensity of biofilms, means that the more the number of biofilm-associated 

determinants in the isolates, the greater their capability to form biofilm. While no gene expression studies were done in the 

present study, the strong phenotypic and genotypic correlations make it evident that the above-mentioned virulence 

determinants play a biological role in biofilm development by E. coli. Such findings are compatible with the current knowledge 

that biofilm formation is a complex and multistep process, consisting of such phases as bacterial adherence, microcolony 

formation, quorum sensing, extracellular matrix development, and biofilm maturation. In the present study, the significant 

associations have been found, providing molecular basis for the extremely high prevalence of biofilm-producing isolates. 

In the present study, the significant associations have been revealed between the investigated genes and the MDR phenotype, 

thus proving that particular resistance genes play a crucial role in the extensive antimicrobial resistance of the E. coli isolates. 

Detection of acrB gene was higher in 92.6% of MDR isolates as opposed to only 40% of non-MDR isolates, implying that 

AcrAB-TolC efflux pump is strongly related to MDR. This is biologically possible because the AcrAB-TolC efflux pump is 

capable of expelling different types of antimicrobials from bacteria cells leading to reduced intracellular concentration and 

therefore improving the bacterial survival rate. Furthermore, the overexpression of AcrAB-TolC results in enhanced biofilm 

tolerance and development of other resistance mechanisms, thus, contributing to MDR. Like the acrB gene, blaCTX-M was 

detected only in MDR isolates (72.6%) but not in non-MDR isolates. In addition, the blaCTX-M had a statistical relationship 

with MDR. Detection of the blaCTX-M in such a high frequency explains the presence of resistance in third generation 

cephalosporins. This is consistent with previous studies done by Nasrollahian et al. (2024), who described the vital role of the 



Natural Resources for    
Human Health 
eISSN: 2583-1194 

 

662 
 Natural Resources for Human Health (NRFHH) 

https://nrfhh.com 

multidrug efflux systems and ESBL-plasmid in the occurrence of MDR E. coli [32]. This is because the resistance factors can 

be found in transferable plasmids along with other resistance genes such that acquiring blaCTX-M may lead to resistance to several 

antimicrobial classes and not only to β-lactams. All these data suggest that the MDR phenotype observed in the current study 

is due to a number of mechanisms and not just one. The combination of multidrug efflux systems, ESBL-producing, and the 

presence of several resistance genes in the same E. coli isolates causes MDR phenotype. 

Binary logistic regression analysis was used in order to find out which parameters independently predict the MDR phenotype 

in the studied E. coli isolates. In contrast to univariate analysis, binary logistic regression allows for evaluating the impact of each 

variable independently, taking into account the effect of other variables included in the model. 

It was found that biofilm production was independently associated with MDR (OR = 23.5, 95% CI: 1.23–447.59, p = 0.036). 

The obtained result proves that biofilm-positive isolates have about 23 times higher odds to be multidrug-resistant isolates 

compared to the isolates lacking biofilm-forming ability after controlling for other factors. The confidence interval was quite 

large probably due to the low number of non-biofilm producers; however, the result was statistically significant, which speaks 

in favor of the biological relevance of the phenomenon under study. High biofilm production was independently associated 

with MDR (OR = 15.2, p = 0.024). It means that high level of biofilm production increases the likelihood of MDR development 

biologically logically since mature biofilms can protect bacteria from antimicrobials by increasing production of extracellular 

matrix, reduction in metabolic activity and persistence of dormant bacteria. Among the studied molecular markers, acrB was 

found to be independently associated with MDR (OR = 18.3, 95% CI: 2.07–161.3, p = 0.009). The found result proves the 

crucial role of AcrAB-TolC multidrug efflux pump in the emergence of multidrug-resistance.  The high odds ratio observed for 

acrB further supports its potential value as a molecular marker for predicting multidrug-resistant E. coli isolates. In addition, 

blaCTX-M was still a significant predictor of MDR (OR = 5.1, 95% CI: 1.09-23.5, p = 0.038), further underscoring the role of 

ESBLs and their mechanisms of resistance to the development of MDR. In summary, the current results suggest that the 

development and maintenance of MDR among E. coli involves not only the presence of molecular markers of resistance but 

also phenotypic characteristics of resistance. 

Generally, according to the regression model presented above, the MDR phenotype in E. coli is achieved via several 

complementing mechanisms of adaptation which emerge as a result of the interplay of virulence factors and antibiotic resistance 

mechanisms [38]. Similar adaptive responses have been reported in Gram-negative pathogens, where antibiotic exposure can 

modulate the expression of biofilm-associated determinants, suggesting that antimicrobial stress may contribute to bacterial 

persistence through alterations in biofilm-related pathways [39]. 

The current results will be useful for future studies aiming at high-risk E. coli identification as well as in terms of using molecular 

markers for antimicrobial resistance surveillance. The results obtained in the current study have important implications from 

the perspective of empirical antimicrobial therapy for UTIs caused by E. coli. Namely, the combination of widespread 

antimicrobial resistance, biofilm formation capacity and presence of virulence-and resistance-related genes suggests that 

empirical treatment is unlikely to be the best choice in the area under consideration, especially for recurrent or complicated 

UTIs. Antimicrobial therapy should, thus, always be based on urine cultures and antimicrobial susceptibility testing whenever 

possible. This will result in better therapeutic results without the unnecessary exposure to broad-spectrum antibiotics. The 

preserved in vitro activity of nitrofurantoin makes the drug a good choice as the preferred first-line treatment for uncomplicated 

UTIs. Nevertheless, this is only the case when the resistance situation remains unchanged through regular monitoring of the 

local resistance patterns. On the other hand, the high level of resistance against widely used β-lactams, third- and fourth-

generation cephalosporins, trimethoprim–sulfamethoxazole, and fluoroquinolones is alarming and suggests that there might be 

a problem with the empirical use of these drugs without susceptibility testing. This underscores the need for regular updating 

of antimicrobial treatment protocols locally. 

In addition to the choice of appropriate antimicrobials, the extremely high prevalence of biofilm-producing isolates implies that 

treatment of chronic UTI will pose even more challenges using the traditional approach of antimicrobial therapy alone. In view 

of this, in the future, treatment approaches should consider employing drugs that interfere with biofilm formation, quorum 

sensing mechanisms, or MDR efflux pumps in combination with conventional antimicrobials. All these results confirm the 

need for immediate actions to improve antimicrobial stewardship initiatives, increase antimicrobial resistance surveillance, and 

conduct molecular epidemiology investigations in order to reduce further spread of MDR E. coli. 
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One of the key advantages of this study lies in the integrated approach to phenotypic, genotypic and statistical analysis using 

one sample of clinical E. coli isolates. Through concurrent testing of antimicrobial resistance, biofilm formation, virulence 

factors and resistance genes, the paper offers more detailed understanding of the complicated interconnection between the 

pathogenicity and MDR mechanisms. Multiple phenotypic approaches used in biofilm detection, together with molecular 

characterization of the genes responsible for the biofilm formation and resistance mechanisms, increased the reliability and 

biological validity of the results. In addition, advanced statistical analysis of co-occurrence, clustering and multivariate regression 

made it possible to detect the genetic patterns associated with MDR. 

CONCLUSION  

This study proves that E. coli isolates are characterized by several virulence factors, the ability to form biofilms, and antimicrobial 

resistance mechanisms that promote persistence of the bacteria and decrease the efficacy of treatment. The close connection 

between the genes associated with biofilm formation, biofilm formation itself, and MDR confirms the dependence between the 

virulence and antimicrobial resistance. These results reveal the significance of using the approach based on the culture therapy, 

monitoring the resistance to antimicrobials, and implementing the programs of antimicrobial stewardship. In general, this 

research offers important information about the dependence of biofilm formation and resistance. 

Study Limitations and Future Perspectives 

The current study offers several important conclusions concerning the connection between biofilm production, virulence traits, 

and antibiotic resistance in E. coli isolates. Despite the fact that the samples were collected from the same geographical area and 

the number of comparative groups was small, the results of the research have high importance and may serve as the foundation 

for future research. It is recommended that future research involves large multicentric collections of samples and molecular 

methods such as whole genome sequencing, transcriptome analysis, and plasmid profiling. Also, research on the anti-biofilm 

strategies, regulation of resistance, and surveillance should be conducted. 
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