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Correlation Between Antimicrobial Resistance, Virulence Determinants and Biofilm Formation Ability Among Extraintestinal Pathogenic Escherichia coli Strains Isolated in Catalonia, Spain












	 
	ORIGINAL RESEARCH
published: 11 January 2022
doi: 10.3389/fmicb.2021.803862





[image: image]

Correlation Between Antimicrobial Resistance, Virulence Determinants and Biofilm Formation Ability Among Extraintestinal Pathogenic Escherichia coli Strains Isolated in Catalonia, Spain

Victoria Ballén, Yaiza Gabasa, Carlos Ratia, Melany Sánchez and Sara Soto*

ISGlobal, Hospital Clínic—Universitat de Barcelona, Barcelona, Spain

Edited by:
Jana Seifert, University of Hohenheim, Germany

Reviewed by:
Amal Awad, Mansoura University, Egypt
Veronica Maria Jarocki, University of Technology Sydney, Australia

*Correspondence: Sara Soto, sara.soto@isglobal.org

Specialty section: This article was submitted to Infectious Agents and Disease, a section of the journal Frontiers in Microbiology

Received: 28 October 2021
Accepted: 09 December 2021
Published: 11 January 2022

Citation: Ballén V, Gabasa Y, Ratia C, Sánchez M and Soto S (2022) Correlation Between Antimicrobial Resistance, Virulence Determinants and Biofilm Formation Ability Among Extraintestinal Pathogenic Escherichia coli Strains Isolated in Catalonia, Spain. Front. Microbiol. 12:803862. doi: 10.3389/fmicb.2021.803862

Escherichia coli is a well-characterized bacterium highly prevalent in the human intestinal tract and the cause of many important infections. The aim of this study was to characterize 376 extraintestinal pathogenic E. coli strains collected from four hospitals in Catalonia (Spain) between 2016 and 2017 in terms of antimicrobial resistance, siderophore production, phylogroup classification, and the presence of selected virulence and antimicrobial resistance genes. In addition, the association between these characteristics and the ability to form biofilms was also analyzed. The strains studied were classified into four groups according to their biofilm formation ability: non-biofilm formers (15.7%), weak (23.1%), moderate (35.6%), and strong biofilm formers (25.6%). The strains were highly resistant to ciprofloxacin (48.7%), trimethoprim-sulfamethoxazole (47.9%), and ampicillin (38%), showing a correlation between higher resistance to ciprofloxacin and lower biofilm production. Seventy-three strains (19.4%) were ESBL-producers. However, no relationship between the presence of ESBL and biofilm formation was found. The virulence factor genes fimH (92%), pgaA (84.6%), and irp1 (77.1%) were the most prevalent in all the studied strains. A statistically significant correlation was found between biofilm formation and the presence of iroN, papA, fimH, sfa, cnf, hlyA, iutA, and colibactin-encoding genes clbA, clbB, clbN, and clbQ. Interestingly, a high prevalence of colibactin-encoding genes (19.9%) was observed. Colibactin is a virulence factor, which interferes with the eukaryotic cell cycle and has been associated with colorectal cancer in humans. Most colibactin-encoding E. coli isolates belonged to phylogroup B2, exhibited low antimicrobial resistance but moderate or high biofilm-forming ability, and were significantly associated with most of the virulence factor genes tested. Additionally, the analysis of their clonal relatedness by PFGE showed 48 different clusters, indicating a high clonal diversity among the colibactin-positive strains. Several studies have correlated the pathogenicity of E. coli and the presence of virulence factor genes; however, colibactin and its relationship to biofilm formation have been scarcely investigated. The increasing prevalence of colibactin in E. coli and other Enterobacteriaceae and the recently described correlation with biofilm formation, makes colibactin a promising therapeutic target to prevent biofilm formation and its associated adverse effects.
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INTRODUCTION

Escherichia coli is a well-characterized bacterium which plays an essential role in the human microbiome. Nevertheless, some strains are responsible for intestinal and extraintestinal infections. Extraintestinal pathogenic E. coli (ExPEC) strains are commonly implicated in a variety of infectious diseases occurring in either the community or healthcare settings worldwide, resulting in high economic and social costs (Beloin et al., 2008; Blount, 2015; Manges et al., 2019).

Additionally, E. coli can form aggregates and attach to solid surfaces, forming complex structures called biofilms. Bacteria in biofilms secrete various components such as extracellular polymeric substances (EPS), which protect the bacterial community from host immunity and the effects of antibiotics, complicating the infection (Sharma et al., 2016).

In addition to the ability to form biofilms, the ExPEC group has many virulence factor genes (VFGs) encoding adhesins, toxins, siderophores, capsules, and invasins, which are often located into pathogenicity islands (PAIs), plasmids, and other mobile genetic elements (Sarowska et al., 2019). Some of these VFGs can promote biofilm formation. Among the well-characterized VFGs correlated with biofilm formation, type I fimbriae, curli fimbriae, and flagella are the most studied. The fimA gene encodes the major subunit of type I fimbriae, which are known to be involved in the first step of biofilm formation (Beloin et al., 2004). Curli fimbriae are encoded by curli-specific genes (csg) and are involved in adhesion to surfaces and invasion of eukaryotic host cells (Van Gerven et al., 2018). Flagella play an important role not only in cell motility but also in surface adhesion (Friedlander et al., 2015). Some studies suggest that deletion of some of these genes leads to a reduction in the ability to form biofilm (Guttenplan and Kearns, 2013; Smith et al., 2017).

One of the most recently studied VFGs is colibactin, a secondary metabolite encoded in the genomic island pks, which interferes with the eukaryotic cell cycle and has been linked to colorectal cancer in humans (Dziubańska-Kusibab et al., 2020). Interestingly, this PAI is commonly observed among E. coli strains belonging to phylogroup B2, including ExPEC, and has been found in isolates from the intestinal microbiota, septicemia, neonatal meningitis, and urinary tract infections (UTIs) (Faïs et al., 2018; Dziubańska-Kusibab et al., 2020).

The aim of this study was to characterize 376 ExPEC strains in terms of antimicrobial resistance, biofilm formation, siderophore production, phylogroup classification, and presence of selected virulence and antimicrobial resistance genes. The association between these features and the ability to form biofilm was also analyzed. Understanding the VFGs that correlate with biofilm production is needed, as these could be considered targets for developing new antimicrobial therapies.



MATERIALS AND METHODS


Bacterial Strains

A total of 376 ExPEC strains were collected from four hospitals in Catalonia, Spain, between 2016 and 2017. Of these, 132 were isolated from blood, 60 from respiratory samples (13 sputum, 12 bronchoalveolar aspirates, 4 tracheal samples, 2 pleural fluid, and 29 non-classified respiratory samples) and 184 from urine (1 from a urinary catheter and 183 from midstream urine). Strains were identified by matrix-assisted laser desorption ionization–time-of-flight mass spectrometry (MALDI-TOF) (Bruker Daltonik GmbH, Bremen, Germany). The modified score values suggested by the manufacturer were used: a score ≥ 2.3 meant species identification; a score between 2.0 and 2.299 meant genus identification and probable species identification; a score between 1.7 and 1.9 meant probable genus identification; and a score < 1.69 meant non-reliable identification. Only strains with a score ≥ 2.3 classified as E. coli were included in the study. After that, the strains were stored in Skim Milk (Becton Dickinson) at −80°C.



Biofilm Formation and Quantification

To determine biofilm formation, we performed a protocol previously developed by our group (Cepas et al., 2020). Briefly, strains were cultured in Luria Bertani (LB) agar (Miller’s LB AGAR, Condalab) for 18 – 24 h at 37°C. Then, the cell suspension was prepared in 10 mL LB broth and incubated for 18 – 24 h at 37°C with shaking (180 rpm). After incubation, each culture was diluted 1:100 in M63 medium [13.5 g/L KH2PO4, 2 g/L (NH4)2SO4, 5.0 × 10–4 g/L FeSO4, 1 mL 1 M MgSO4.7H2O], supplemented with 0.25% glucose and tested in 96-well flat-bottomed non-treated polystyrene microtiter plates with lids (Nunc® Edge 2.0, VWR International, Barcelona, Spain) at 30°C for 48 h under static conditions.

The supernatant was then removed and the biofilms were washed once with 1x PBS and dried at 65°C. The plates were stained with crystal violet 2% (CV) for 10 min, washed with 1x PBS, and dried at 65°C. The CV was resuspended with glacial acetic acid 33%, and the biomass was quantified by measuring the optical density at 580 nm using a microplate reader (EPOCH 2 microplate reader; BioTek, VT). The experiment was performed in three technical and biological replicates, and the results were interpreted according to the criteria of Stepanović et al. (2007). Thus, the strains were classified as non-biofilm formers (OD ≤ 0.150), weak biofilm formers (≥ 0.151 OD ≤ 0.300), moderate biofilm formers (≥ 0.301 OD ≤ 0.60), or strong biofilm formers (OD ≥ 0.601). Escherichia coli ATCC 25922 was used as positive control, and M63 broth without bacterial inoculum was used as negative control.



Antimicrobial Susceptibility Testing

Antimicrobial resistance profiling was performed using the most representative antimicrobial agents from the different antibiotic families, which are of great clinical and epidemiological relevance. Kirby-Bauer disk diffusion or broth microdilution methods (in the case of colistin) were done according to Clinical and Laboratory Standards Institute (CLSI) guidelines (CLSI, 2020). Escherichia coli ATCC 25922 was used as a control strain. The antimicrobials tested by disk diffusion were: amoxicillin/clavulanate (20/10 μg), ampicillin (10 μg), aztreonam (30 μg), cefepime (30 μg), cefotaxime (30 μg), ceftazidime (30 μg), chloramphenicol (30 μg), ciprofloxacin (5 μg), fosfomycin (200 μg/50 μg of glucose-6-phosphate), gentamicin (10 μg), imipenem (10 μg), meropenem (10 μg), and trimethoprim-sulfamethoxazole (1.25/23.75 μg) (Becton Dickinson). Extended-spectrum beta-lactamases were screened by the ESBL test following the CLSI guidelines (CLSI, 2020). Isolates were classified as susceptible, resistant to 1 or 2 antimicrobial categories, multidrug-resistant (MDR) if resistant to at least one agent in ≥ 3 antimicrobial categories; or extensively drug-resistant (XDR), if resistant to at least one agent in all but two or fewer antimicrobial categories (Magiorakos et al., 2012).



Identification of Antimicrobial Resistance Genes

Polymerase chain reaction (PCR) assays were performed using the supernatant of a boiled cell suspension of each isolate as DNA template. β-lactamase-encoding genes blaSHV–1, blaTEM–1 and the five major groups blaCTX–M: blaCTX–M–1, blaCTX–M–2, blaCTX–M–8, blaCTX–M–9, and blaCTX–M–25 were detected, as well as genes conferring resistance to sulfonamides (sul1 and sul2), quinolones [qnrB and aac(6’)-lb-cr] and colistin (mcr-1, mcr-2, mcr-3, mcr-4 and mcr-5). Previously characterized strains from our laboratory collection were used as positive controls of the different genes in the corresponding PCR experiments. Water was used as negative control. The PCR products from the strains were sequenced (Genewiz). The obtained sequences were compared with those of the corresponding genes available in the GenBank. Primer sequences (Condalab, Spain) used in the study of antimicrobial resistance genes are listed in Table 1.


TABLE 1. Primers to detect antimicrobial resistance genes.
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Virulence Determinants Detection

Virulence factor genes encoding for adhesins (fimH-1, sfa, papA, pgaA), siderophores (iroN, iutA, irp-1, iucA) and toxins (hlyA, cnf-1, clbA clbB, clbN and clbQ) were detected by PCR. To determine the presence of the complete pks genomic island, primers for the four most representative genes were used: clbA and clbQ as flanking primers, and clbB and clbN as internal primers (Johnson et al., 2008; Dubois et al., 2010; Suresh et al., 2018). The primer sequences (Condalab, Spain) used for the detection of the different VFGs are listed in Table 2. Previously characterized strains carrying the different VFGs were used as positive controls. Water was used as negative control.


TABLE 2. Primers to detect virulence factor genes.
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Siderophore Assay

Siderophores production was determined according to the protocol described by Schwyn and Neiland (Schwyn and Neilands, 1987). Briefly, bacterial strains were cultured on chrome azurol S (CAS) (VWR) and hexadecyltrimethylammonium bromide (HDTMA) plates (Fisher Scientific). If a bacterium excretes a siderophore that removes iron from the dye complex, the color of the agar changes from blue to orange. Acinetobacter baumannii ATCC19606 was used as positive control.



Phylogroup Assignment Method

Escherichia coli strains were classified into seven phylogroups (A, B1, B2, C, D, E, and F) according to the PCR method designed by Clermont et al. (2013). Strains belonging to our group and whose phylogroup was previously identified were used as controls.



Typing of Colibactin-Positive Strains by Pulsed-Field Gel Electrophoresis

Due to the high prevalence of colibactin among the studied strains, we decided to analyze their clonal relationship by pulsed-field gel electrophoresis (PFGE) of XbaI-digested DNA, following the protocol described by Durmaz et al. (2009). The profiles obtained were compared using the InfoQuestTM FPv.5.4 software (Bio-Rad Laboratories) and the unweighted pair group method with arithmetic mean to create dendrograms based on Dice’s similarity coefficient. Isolates were clustered together if their similarity index was ≥ 85%.



Statistical Analysis

Statistical analyses were performed using IBM SPSS Statistics for Windows software, version 21.0. The Chi-square test was used to evaluate correlations among variables. p-values < 0.05 were considered statistically significant.




RESULTS


Biofilm Formation and Quantification

Escherichia coli strains were analyzed for biofilm formation using M63 broth. Fifty-nine strains (15.7%) were classified as non-biofilm-forming isolates, 87 (23.1%) were classified as weakly biofilm-forming, 134 (35.6%) as moderately biofilm-forming, and 96 (25.6%) as strongly biofilm-forming strains.

Furthermore, the ability to form biofilm was investigated according to the origin of the isolates (urine, blood or respiratory tract) as shown in Figure 1; however, no correlation between strain source and biofilm formation ability was found (p > 0.05).
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FIGURE 1. Biofilm formation according to the origin of the isolates.




Antimicrobial Susceptibility Testing

The percentages of antimicrobial resistance are shown in Figure 2. Overall, the highest percentages of antibiotic resistance were observed with ciprofloxacin (48.7%), trimethoprim-sulfamethoxazole (47.9%), and ampicillin (38%). Only two strains were resistant to colistin (0.5%), and one to fosfomycin (0.3%). None was resistant to carbapenems (imipenem or meropenem). To determine whether biofilm formation correlates with antimicrobial resistance, the different categories of biofilm formation were compared with resistance profiles as shown in Figure 3. Non-biofilm-forming strains showed higher percentages of resistance to ciprofloxacin (74.6%) compared to biofilm-forming strains (Figure 3H). Thus, the higher the resistance to ciprofloxacin, the lower the biofilm production ability (p < 0.0001).
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FIGURE 2. Overall antimicrobial resistance rates expressed in percentage (%). AMC: Amoxicillin/clavulanic acid, AMP: Ampicillin, ATM: Aztreonam, CLO: Chloramphenicol, CAZ: Ceftazidime, CIP: Ciprofloxacin, CST: Colistin, CTX: Cefotaxime, FEP: Cefepime, FOS: Fosfomycin, GEN: Gentamicin, IMI: Imipenem, MER: Meropenem, SXT: Trimethoprim-sulfamethoxazole.
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FIGURE 3. Distribution of biofilm formation among the different antibiotic resistance profiles. (A) Ampicillin; (B) Amoxicillin/Clavulanic acid; (C) Aztreonam; (D) Cefepime; (E) Cefotaxime; (F) Ceftazidime; (G) Chloramphenicol; (H) Ciprofloxacin; (I) Colistin; (J) Fosfomycin; (K) Gentamicin; (L) Trimethoprim-sulfamethoxazole. The dotted lines indicate the cut-off points for each biofilm category [non-biofilm formers (OD ≤ 0.150), weak biofilm formers (≥ 0.151 OD ≤ 0.300), moderate biofilm formers (≥ 0.301 OD ≤ 0.60), or strong biofilm formers (OD ≥ 0.601)].


Regarding the antimicrobial resistance classification, 91 strains (24.2%) were susceptible to all the antimicrobial categories tested, 142 (37.8%) were resistant to one or two antimicrobial categories, 143 (38%) isolates were MDR, and none was XDR. The percentages for biofilm formation by antimicrobial resistance classification are shown in Figure 4. A direct relationship between antimicrobial susceptibility and ability to form biofilm was observed. However, no statistical relationship was found between biofilm formation ability and the antimicrobial resistance classification (p = 0.053).
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FIGURE 4. Biofilm formation according to the antimicrobial resistance classification. AMC: Antimicrobial categories; MDR: Multidrug-resistant.




Identification of Antimicrobial Resistance Genes

In total, 73 (19.4%) isolates were found to be ESBL-producing strains. The most common β-lactamase-encoding gene was blaCTX–M–15 (n = 43, 58.9%), followed by blaTEM–1 (n = 33, 45.2%), blaCTX–M–14 (n = 8, 12.3%), blaSHV–1 (n = 7, 9.6%), blaCTX–M–27 (n = 5, 6.8%) and blaCTX–M–28 (n = 3, 4.1%). None carried the blaCTX–M–2, blaCTX–M–8 or blaCTX–M–25 genes, but 27 strains (37%) harbored more than one β-lactamase-encoding gene.

Regarding biofilm formation, 17 of the ESBLs-producing strains (23.3%) were non-biofilm-formers, 15 (20.5%) were weak biofilm-formers, 25 (34.2%) were moderate biofilm-formers, and 16 (21.9%) were strong biofilm-formers. However, no relationship was found between ESBL production and biofilm formation.

Of the 190 strains resistant to trimethoprim-sulfamethoxazole, 78 (41.1%), 131 (68.9%), and 47 strains (24.7%) harbored sul1, sul2, or both genes, respectively.

Among the 188 quinolone-resistant strains, 6 (3.2%) qnrB and 40 (21.3%) aac (6’)-Ib-cr genes were detected. We observed a higher prevalence of the aac (6’)-Ib-cr gene among the non-biofilm-forming strains, being the correlation statistically significant (p = 0.008). We detected two colistin-resistant strains, one of which carried the mcr-1 gene.



Virulence Determinants Detection

The results about the prevalence of the different VFGs tested are shown in Figure 5. It was observed that the prevalence of siderophore-related genes was variable: irp1 (77.1%), iutA (66.8%), iucA (52.7%), and iroN (45.5%). A significant correlation was found between biofilm formation ability and the presence of iroN (p < 0.001) or iutA (p = 0.010) genes. However, iutA gene was more prevalent among non-biofilm-forming strains.
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FIGURE 5. Prevalence of the different VFGs tested according to the biofilm formation ability. Each bar shows the percentage of positivity of each gene within the total strains studied. Within each bar, the percentage according to the ability to form biofilms is shown. ***p < 0.001; **p = 0.01; ns: not significant (p > 0.05).


The adhesin-encoding genes fimH and pgaA were the most frequent genes among the strains, with a prevalence of 92% and 84.6%, respectively. The prevalence of the other adhesin-encoding genes, such as papA and sfa, was 43.1% and 21.8%, respectively. A statistically significant correlation was found between biofilm formation and the presence of the papA, fimH, and sfa genes (p < 0.001).

Among the genes encoding toxins, hlyA and cnf-1 showed a prevalence of 25% and 24.7%, respectively. The clbA, clbB, and clbN genes were present in 19.9% of the strains. clbQ gene was observed in 20.5% of the isolates. It is of note that a statistically significant correlation was confirmed between the presence of toxin-encoding genes and the ability to form biofilm: hlyA (p = 0.0002), cnf (p < 0.001), and colibactin-encoding genes (clbA, clbB, clbN and clbQ) (p < 0.001).



Siderophore Assay (Chrome Azurol S Test)

The 376 isolates were screened on CAS agar plates, a useful method for identifying siderophores in E. coli isolates and other Gram-negative bacteria. 199 (52.9%) siderophore-producing strains were found, as shown in Figure 5, but statistical analysis showed no relationship between CAS test positivity and biofilm formation (p = 0.132).

On the other hand, a statistically significant association between the positive CAS method and the presence of different siderophore-encoding genes irp1, iucA, iutA (p < 0.001) was found. The presence of the fimbriae H coding gene (fimH) was also correlated with the CAS test (p = 0.025). Contrarily, an association between the CAS test and the absence of the sfa gene (p = 0.024) was observed.

It is to note that strains resistant to antibiotics such as gentamicin (p = 0.032), ampicillin (p = 0.001), cefotaxime (p = 0.001), ceftazidime (p = 0.002), cefepime (p = 0.001) or aztreonam (p < 0.001) showed high siderophore production (positive CAS test). Likewise, ESBL-producing strains were statistically associated with a positive CAS test (p = 0.001). Finally, strains belonged to phylogroup B2 produced more siderophores than strains belonging to the other phylogroups (p < 0.001).



Phylogroup Assignment Method

In our study, the phylogenetic groups considered more virulent B2 and D, accounted for 72.9% of the E. coli isolates [B2: n = 235 (62.5%); D: n = 39 (10.4%)]. The less virulent groups were found in varying percentages [A: n = 18 (4.8%); B1: n = 31 (8.2%); C: n = 18 (4.8%); E: n = 4 (1.1%); F: n = 26 (6.9%); unknown: n = 5 (1.3%)].

According to biofilm classification, a great variety of phylogroups was observed in the non-biofilm-forming strains group. In contrast, a direct relationship between the ability to form biofilm and phylogroup B2 was observed, being this relationship statistically significant (p < 0.001) (Figure 6).
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FIGURE 6. Phylogroup assignment according to the biofilm formation. UNK: Unknown. (A) Non-Biofilm former strains. (B) Weak-Biofilm former strains. (C) Moderate-Biofilm former strains. (D) Strong-Biofilm former strains.




Characterization of Colibactin-Encoding Escherichia coli Strains

The presence of clbA, clbB, clbN, and clbQ genes confirmed the full presence of the pks-island in 75 strains. Among these, 74 presented the ability to form biofilm. We compared whether the presence of colibactin-encoding genes was related to biofilm formation ability and we found a statistically significant relationship between these two variables (p < 0.001).

As shown in Table 3, colibactin-producing strains showed a high prevalence of most of the VFGs tested (iroN, irp1, papA, fimH, cnf, hlyA, pgaA, and sfa) (p < 0.05), but had a low prevalence of the iucA and iutA genes. The relationship between susceptibility to most of the antimicrobials tested (amoxicillin/clavulanic acid, ampicillin, aztreonam, cefepime, cefotaxime, ceftazidime, chloramphenicol, ciprofloxacin, gentamicin, and trimethoprim-sulfamethoxazole) and the presence of colibactin genes was statistically significant (p < 0.05). Only two of the colibactin-encoding strains were ESBL-producers, showing an inverse correlation between colibactin genes and ESBL production (p < 0.001). Most colibactin-positive strains were isolated from urine (n = 45; 60%), followed by strains from blood (n = 22; 29.3%), and the respiratory tract (n = 8; 10.7%), but no correlation was found between the strain source and the presence of colibactin-encoding genes.


TABLE 3. Characterization of colibactin-encoding Escherichia coli strains.
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The majority of the colibactin-positive strains belonged to phylogroup B2, and the analysis of the clonal relatedness by PFGE of the colibactin-positive E. coli strains showed 48 different clusters with a Dice similarity index ≥ 85%. This indicates that the E. coli isolates harboring the colibactin toxin exhibit a high clonal diversity (Figure 7).
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FIGURE 7. Clonal relationship analysis of the colibactin strains assessed by PFGE using XbaI. PT: Pulsotype.





DISCUSSION

Extraintestinal pathogenic E. coli strains are a group of bacteria that can cause urinary tract, bloodstream and other non-intestinal infections, both in healthcare settings and in the community (Manges et al., 2019). Several studies have investigated the association between antimicrobial resistance and/or the presence of some VFGs and the ability to form biofilms (May and Okabe, 2011; Friedlander et al., 2015; Cepas et al., 2019). However, the virulence genes described in recent years need to be studied in more detail, as they may be related to biofilm formation. In this study, we characterized 376 strains to investigate the possible relationship between antimicrobial resistance and/or the presence of selected virulence determinants and the ability to form biofilms. Our results showed that almost all the isolates studied (84.3%) were able to form biofilms, and this high rate might be related to some of the genes and features observed among the strains studied.

In terms of antimicrobial resistance, we found high rates of resistance to ciprofloxacin (48.7%), trimethoprim-sulfamethoxazole (47.9%), and ampicillin (38%), and fully susceptible strains to carbapenems (imipenem and meropenem). Comparing our results with the SMART study (Cantón et al., 2021), which investigated Gram-negative bacilli isolated from intra-abdominal, urinary, bloodstream and lower respiratory tract infection from 2016 to 2018 in 11 participating Spanish Hospitals, we found similar resistance rates for cephalosporines, carbapenems and colistin but their antimicrobial resistance rates to ciprofloxacin were lower (32.3%). Besides, they found a lower rate of ESBL-producing strains (8.6%). According to the data from the 2017 European Antimicrobial Resistance Surveillance Network report (European Centre for Disease Prevention and Control [ECDC], 2017), which is based on antimicrobial resistance data from invasive isolates, we found similar percentages of fully susceptible strains but a higher rate of MDR in the collection under study. They also reported the highest average resistance percentage for aminopenicillins (58.7%), followed by fluoroquinolones (25.7%). These differences could be probably due to most of the strains in the present study were isolated from urine, and some of the most common antibiotics prescribed in UTIs are ciprofloxacin and trimethoprim-sulfamethoxazole. Previous studies conducted by our group showed no statistically significant relationship between biofilm formation ability and ciprofloxacin resistance among E. coli strains, but this association was found in Pseudomonas aeruginosa (Cepas et al., 2019). However, after analyzing whether this association existed in our study, a statistically significant association was found between non-biofilm-forming strains and resistance to ciprofloxacin. These variations among the data could be due to the greater number of strains analyzed in the present research. Several studies reported that quinolone-resistant strains were less virulent than quinolone-susceptible strains, observing that fimbriae genes, associated with biofilm formation, were less prevalent among nalidixic acid-resistant E. coli isolates (Vila et al., 2002; Horcajada et al., 2005). Moreover, the study by Fàbrega et al. (2014) showed that the acquisition of quinolone resistance was related to a decrease in biofilm formation in Salmonella enterica strains (Fàbrega et al., 2014) which may explain our results.

Regarding ESBL, these were highly prevalent in our study (19.4%) compared to the study conducted by Flament-Simon et al. (2020) in which only 13 of the strains (6.6%) isolated in Spain and France in 2016 produced ESBL enzymes (Flament-Simon et al., 2020). In agreement with our results, several epidemiological studies confirm that blaCTX–M–15 is one the most common ESBL among clinical isolates from Spain. However, blaCTX–M–14 and blaCTX–M–27 have also been found in this country (Dahbi et al., 2014; Merino et al., 2016, 2018). Interestingly, three strains carrying blaCTX–M–28 were found in our study, which is less prevalent than other blaCTX–M–1 enzymes (Livermore et al., 2007). When we analyzed the relation between biofilm formation and ESBL production, we did not find any correlation between these two variables. However, Shrestha et al. (2019) found a positive correlation between these two features (Shrestha et al., 2019). The differences between the two studies could be due to the higher percentage of beta-lactamases (50.9% vs. 19.4%) they found. These results showing a worrying situation, since having a high percentage of ESBL among biofilm-forming strains makes very difficult their eradication.

As for virulence, we found 14 (3.7%) strains carrying all the VFGs tested. However, most were associated with low antimicrobial resistance rates. We observed a statistically significant correlation between the presence of different siderophores, adhesins or toxins and the ability to form biofilms. Siderophores are small molecules with high affinity for iron (Holden and Bachman, 2015). They are considered an important virulence factor in most Gram-negative bacteria. In S. maltophilia, iron plays a significant role in biofilm formation and production of EPS (Kalidasan et al., 2018). In P. aeruginosa, siderophore-deficient clones showed reduced biofilm formation ability (Banin et al., 2005). In E. coli, studies by May and Okabe (2011) have shown that biofilm formation is favored in media with low iron concentrations (May and Okabe, 2011). In support of previous studies, we found a significant correlation between the presence of siderophore-encoding genes, such as iroN, and the ability to form biofilms. In addition, resistant strains produced more siderophores than their susceptible counterparts. Recently, it has been reported that the introduction of the mobile genetic element ICEKp from Klebsiella pneumoniae or a plasmid encoding YbtPQ (a siderophore importer encoded in the yersiniabactin cluster) reduced the susceptibility of E. coli to a wide range of antimicrobials (Farzand et al., 2021). Regarding adhesins, type 1 fimbriae are the best known adhesive organelles among Enterobacteriaceae (Abdelhalim et al., 2020) playing an important role in the initial steps of biofilm formation. As expected, we found a significant association between the presence of the fimH gene and biofilm formation. The adhesins sfa and papA also showed a significant association with biofilm formation. Although poly-β-1,6-N-acetyl-D-glucosamine polymer is associated with biofilm formation by mediating cell-to-cell adhesion and attachment to surfaces (Sharma et al., 2016), our results showed no statistical correlation between the presence of the pgaA gene and the capacity to form biofilms.

An important finding of the present work is the high presence of the toxin colibactin among the strains under study. Colibactin is a virulence determinant and a genotoxic enzyme synthesized by polyketide synthases and encoded by a 54-kb genomic island designated pks (Faïs et al., 2018). Colibactin may induce DNA damage in the host and has been correlated with colorectal cancer in humans (Wernke et al., 2020). Previous studies have confirmed the presence of pks-positive strains among ExPEC (Auvray et al., 2021). Interestingly, 75 of our isolates (19.9%) were colibactin-encoding strains, a higher percentage than this observed by Suresh et al. (2018). Analysis of the association between colibactin and other VFGs showed a significant correlation of this toxin with the siderophore-encoding genes iroN and irp1; the adhesin-encoding genes papA, fimH, pgaA, and sfa; and the toxin genes cnf-1 and hlyA. Iron is an essential element for the survival of E. coli. Previous studies confirm that the pks island is involved in the synthesis of siderophores such as yersiniabactin, enterobactin, and salmochelins via phosphopantetheinyl transferase ClbA (Martin et al., 2013). In addition, it has been suggested that E. coli strains carrying hemolysin and colibactin have advantages in colorectal colonization and subsequent cancer (Yoshikawa et al., 2020). As in our case, it has been previously reported that phylogenetic group B2 is predominant among colibactin-encoding E. coli strains (Sarshar et al., 2017). However, the high clonal diversity of PFGE analysis among colibactin-positive E. coli isolates studied suggests that colibactin may be distributed in a wide variety of strains and clones. Worryingly, Putze et al. (2009) detected colibactin-related genes associated with an ICE-like element in several enterobacteria, not only in E. coli, paving the way for the spread of this gene cluster among species (Putze et al., 2009). Furthermore, we observed low rates of resistance to antimicrobial agents among colibactin-positive isolates, which is consistent with previous studies (Sarshar et al., 2017; Morgan et al., 2019). Although colibactin-encoding genes may have a direct influence on other biosynthetic pathways, our findings support the hypothesis that the presence of colibactin-encoding genes may be related to biofilm formation. In this sense, several studies showed a high capacity for biofilm formation among the pks-carrying strains studied (Raisch et al., 2014; Suresh et al., 2018). Likewise, Dejea et al. (2014) conducted a study in two geographically distinct cohorts from the United States and Malaysia finding that 89% of cases of right-sided colorectal tumors presented biofilms in the biopsies samples, concluding that a significant association between the presence of biofilms and colorectal cancer exists (Dejea et al., 2014). In another study of patients with familial adenomatous polyposis, the bacterial biofilms found were composed predominantly by E. coli and Bacteroides fragilis. Genes encoding colibactin (clbB) were found at high levels in strains from these patients compared to strains isolated from healthy individuals (Dejea et al., 2018). Additionally, uropathogenic E. coli strains carrying the pks island have also been described. Chagneau et al. (2021) detected colibactin in 24.7% of urine samples from patients with community-acquired pyelonephritis, cystitis or asymptomatic bacteriuria (Chagneau et al., 2021). They also reported that colibactin was produced during UTIs and induced DNA damage in urothelial cells (Chagneau et al., 2021). Similarly, the study conducted by Morgan and collaborators in an in vivo model of ascending UTI in rats, showed that isolates carrying the cnf-1, clbA and clbQ genes induced severe UTIs within 48–72 h (Morgan et al., 2019). Thus, strains carrying colibactin-encoding genes can produce biofilms and cause severe disease not only in the intestine but also in the urinary tract, and probably in other less studied anatomic sites.



CONCLUSION

Ciprofloxacin resistance was associated with lower biofilm production ability among the E. coli strains under study. Furthermore, biofilm formation ability was correlated with the presence of some siderophores, adhesins, and toxins. The high percentage of strains harboring the colibactin-encoding genes and the significant correlation between this toxin and biofilm formation, suggest that colibactin could be a promising therapeutic target to prevent biofilm formation. Nevertheless, further studies are needed to confirm our hypothesis and to better understand the impact of colibactin production on human health.
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blagpy-1 —F ATGCGTTATATTCGCCTGTG 49 747 Wiegand et al., 2007
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blacrx-p-9 - F CAAAGAGAGTGCAACGGATG 52 205 Woodford et al., 2006
blactx-m-9 — R ATTGGAAAGCGTTCATCACC

blacrx-p-s — F TCGCGTTAAGCGGATGATGC 52 666 Woodford et al., 2006
blacrx-m-s — R AACCCACGATGTGGGTAG

blacrx-p-25 — F GCACGATGACATTCGGG 52 327 Woodford et al., 2006
blactx-m-25- R AACCCACGATGTGGGTAG

blacrx-m-15/28 —F ATAAAACCGGCAGCGGTG 55 483 Leflon-Guibout et al., 2004
blactx-m-15/28- R GAATTTTGACGATCGGGG

blacrx-m-14/27 = F CGCTTTATGCGCAGACGA 57 785 Pai et al., 2001
blactx-m-14/27- R GATTCTCGCCGCTGAAGC

sult -F CTTCGATGAGAGCCGGCGGC 63 436 Guerra et al., 2004
sult-R GCAAGGCGGAAACCCGCGCC

sul2 —F TCAACATAACCTCGGACAGT 55 707 Guerra et al., 2004
sul2 -R GATGAAGTCAGCTCCACCT

aac(6’)-Ib —cr -F TTGCGATGCTCTATGAGTGGCTA 60 482 Park et al., 2006
aac(6’)-lb-cr-R CTCGAATGCCTGGCGTGTTT

gnrB - F GATCGTGAAAGCCAGAAAGG 52 469 Robicsek et al., 2006
gnB -R ACGATGCCTGGTAGTTGTCC

mer-1-F ATGCCAGTTTCTTTCGCGTG 59 502 Lescat et al., 2018
mer-1-R TCGGCAAATTGCGCTTTTGGC

mer-2 -F GATGGCGGTCTATCCTGTAT 59 379 Lescat et al., 2018
mcr-2 -R AAGGCTGACACCCCATGTCAT

mcer-3 -F ACCAGTAAATCTGGTGGCGT 59 296 Lescat et al., 2018
mcer-3 -R AGGACAACCTCGTCATAGCA

mer-4 - F TTGCAGACGCCCATGGAATA 59 207 Lescat et al., 2018
mcr-4 - R GCCGCATGAGCTAGTATCGT

mer8~F GGACGCGACTCCCTAACTTC 59 608 Lescat et al., 2018

mcer-5 - R ACAACCAGTACGAGAGCACG
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HUBS561 Urine B2 Moderate
HUB562 Urine B2 Moderate
HUB564 Urine B2 Weak
HUB569 Urine B2 Strong
HCB0012 Blood B2 Moderate
HMT142 Blood B2 Strong
HCBO0015 Blood B2 Strong
HMT0019 | Urine | B2 | Moderate T
HCB0029 Blood B2 Moderate
HCBO0031 Blood B2 Moderate
HCBO0035 Blood B2 Strong
HCBSS1 Blood | B2 Strong
HCB0038 | Blood | B2 Weak T ]
HCB0039 |  Blood | B2 | Moderate T
HCB0042 |  Urine | B2 Strong T ]
HCB0044 | Urine | B2 | Moderate 1T
HCBO0045 Urine B2 Moderate T T
HCB0047 Ukine B2 Strong
HCBSS3 Urine | B2 Strong T
HCB196 Blood B2 Weak
HCBO113 | Respirato B2 Moderate T
HCB197 Respiratory B2 Strong ]
HCBI198 | Respiratos B2 Strong
HCBS889 Urine B2 Moderate
HCB143 Urine | B2 Strong T T
HCBI150 Urine B2 Strong
HCB154 Urine | B2 Weak T T
HUBS576 Urine B2 Strong
HUB582 Blood | B2 | Moderate T T
HMT372 Urine B2 Moderate
HMT378 Urine | B2 | Moderate T
HMT379 Blood B2 Moderate T
HMT385 Urine | B2 Weak T T
HMT386 Urine | B2 Strong T ]
HUB605 Blood | B2 Strong T
HMT389 Urine | B2 Weak T ]
HMT396 Urine B2 Moderate
HMT399 Urine B2 Moderate T ]
HUB610 Blood B2 Weak
HUB647 Urine | B2 Strong T
HCB207 Urine B2 Strong
HCB210 Blood | B2 Strong T T
HCB214 Blood B2 Strong
HUB648 Urine | B2 | Moderate T
HCB218 Urine B2 Moderate
HUB649 Urine | B2 Strong T
HUB650 Urine B2 Strong
HUB652 Urine | B2 Strong T
HUB653 Urine B2 Moderate
HUB655 Urine | B2 Strong T
HUB665 Urine B2 Moderate
HUB666 Urine B2 Moderate
HCB221 | Respiratory | B2 Moderate
HCB224 Blood B2 Strong
HCB226 Blood B2 Strong
HCB227 Blood B2 Moderate
HCB231 Urine UN Weak
HCB232 Urine B2 | Non producer
HCB233 Urine B2 Weak
HMT400 Urine B2 Weak
HMT410 Urine B2 Moderate
HMT415 Urine B2 Strong
HMT418 Blood B2 Weak
HMT426 Urine B2 Moderate
HUB809 | Respirato: B2 Strong
HUBS10 | Respiratory | B2 Weak
HCB477 Urine B2 Moderate
HCB476 | Respirato B2 Moderate
HCB475 | Respiratory | B2 Weak
HCB473 Urine B2 Weak
HCB469 Blood B2 Moderate
HCB463 Urine B2 Strong
HCB457 inie B2 Weak
HCB458 Blood B2 Moderate
HCB455 Urine B2 Moderate

Colored squares denote the presence of the gene or positivity of the test.
ARGs: antimicrobial resistance genes. UN: Unknown.
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iroN - F AAGTCAAAGCAGGGGTTGCCCG 56 827 Siderophore uptake Johnson et al., 2000
transmembrane transporter
activity

iroN - R GACGCCGACATTAAGACGCAG

i1 -F GGCGTCTCCTCCTTTGGTATT 60 1729 Gene encoding for an iron Xu et al., 2000
regulatory protein

i1 -R GTGATTCCCGCTGTTGATGTT

iucA-F AGTCTGCATCTTAACCTTCA 56 1100 Gene encoding for an aerobactin Guerrieri et al., 2019

iucA - R CTCGTTATGATCGTTCAGAT

papA - F ATGGCAGTGGTGTCTTTTGGTG 62 717 Fimbrial major pilin protein Johnson and Stell,
precursor 2000

papA -R CGTCCCACCATACGTGCTCTTC

fimH - F CAGCGATGATTTCCAGTTTGTGTG 59 461 Type 1 fimbrin D-mannose Séez-Lopez et al.,
specific adhesin precursor 2017

fimH - R TGCGTACCAGCATTAGCAATGTCC

sfa-F CTCCGGAGAACTGGGTGCATCTTAC 65 410 S fimbriae Houdouin et al., 2006

sfa-R CGGAGGAGTAATTACAAACCTGGCA

cnf-1-F AAGATGGAGTTTCCTATGCAGGAG 56 498 Cytotoxic necrotizing factor Takahashi et al., 2006

cnf-1-R CATTCAGAGTCCTGCCCTCATTATT

hiyA - F AACAAGGATAAGCACTGTTCTGGC 59 177 Hemolysin Johnson and Stell,

2000

hiyA-R ACCATATAAGCGGTCATTCCCGTCA

iutA - F GGCTGGACATCATGGGAACTGG 60 300 Ferric aerobactin receptor Johnson and Stell,
precursor 2000

iutA - R CGTCGGGAACGGGTAGAATCG

pgaA - F GGCTTTGAAACTTCTTACTGC 60 209 Poly-beta-1,6-N-acetyl-D- Shrestha et al., 2019
glucosamine export
protein

pgaA - R CCTGTTTATCTTGCCCGGCC

chQ-F CTTGTATAGTTACACAACTATTTC 54 821 Colibactin biosynthesis Morgan et al., 2019
thioesterase ClbQ

clbQ-R TTATCCTGTTAGCTTTCGTTC

ClbA-F CTAGATTATCCGTGGCGATTC 54 1002 Colibactin biosynthesis Morgan et al., 2019
phosphopantetheinyl transferase
CIbA

clbA -R CAGATACACAGATACCATTCA

clbB-F GATTTGGATACTGGCGATAACCG 54 579 Colibactin hybrid non-ribosomal Johnson et al., 2008
peptide synthetase/type |
polyketide synthase ClbB

clbB-R CCATTTCCCGTTTGAGCACAC

clbN -F GTTTTGCTCGCCAGATAGTCATTC 54 733 Colibactin non-ribosomal peptide  Johnson et al., 2008

clbN -R

CAGTTCGGGTATGTGTGGAAGG

synthetase CIbN






OPS/images/cover.jpg
’ frontiers
in Microbiology

Correlation Between
Antimicrobial Resistance,
Virulence Determinants
and Biofilm Formation Ability
Among Extraintestinal
Pathogenic Escherichia coli
Strains Isolated in Catalonia,
Spain






OPS/images/fmicb-12-803862-g007.jpg
Dice (opt.1.00%) (Tol 1.0%-1.0%) (H>0.0% S$=0.0%) [ 0.0%-100.0% ]
Ecoli-Xbal Ecoli-Xbal

................................................

73.3]
1

I THETET
56.8 2
' IEZEER &
; . &5
659
85.7
62.1 |
77.4f
L
882
194
6.4 |
867
64 L
£0.9
729 87
60.4
§7.4 77 2|
_64 |
_m_*.I
so.1§
72
53
101
T8 ﬂ‘l
as l
79
83,9
73
624
K82
78.7
0.7,
s4.4
g2.4[
|
59 1 3 !I
65.1
£2.6
112
54.1 _62.7)
w.el
524
72.4[
2.7
59 9| |

£7.5]
1

Strain

HUBS561
HCB473
HCB233

HCB0029
HCBO0042






OPS/images/fmicb-12-803862-g006.jpg
A Non-Biofilm formers B Weak-Biofilm formers

. A 15.2% . A 5.7%
* Bl 10.2% = Bl 8.1%
«B2  289% “B2  59.8%
«C 11.9% «C 5.8%
«D 18.6% «D 10.3%
«E 0% «E 2.3%
«F 13.5% . E 6.9%
« UNK 1.7% » UNK 1.1%
C Moderate-Biofilm formers D Strong-Biofilm formers
A 22% e s
«B1 8.2% = Bl 7.3%
B2 - = B2 71.9%
«C  22% e o
D 82% =
- - «E 2.1%
e i n F 4.2%
» UNK 2.1%

= UNK 0.8%







OPS/images/fmicb-12-803862-g005.jpg
Percentage

100%

80% -

60% -

40% -

20% -

0%—

Virulence determinants

B Strong-Biofilm formers
B  Moderate-Biofilm formers
i Weak-Biofilm formers

~ Non-Biofilm formers






OPS/images/fmicb-12-803862-g004.jpg
Susceptible

1 or 2 AMC

MDR

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

® Non-Biofilm formers ™ Weak-Biofilm formers = Moderate-Biofilm formers # Strong-Biofilm formers





OPS/images/fmicb-12-803862-g003.jpg
Ampicillin

Amoxicillin/clavulanic acid

C

Azieronam

P =078

1.8+ ) p-07135 , 1.8- ' jr<lss ; 1.8 i ,
1.6 " 8.5 1.6 F .
1.4+ 1.4+ 1.4
e bk » o . — .
= ..’. £ a . ; ] &
Z 1.0- " Z 1.0 " Z 1.0 y .
Q 0.8 . gy 3 Q 0.8 : a 0.8
&) . N c sts » B -
= 0.6 ol enesernens . .E‘ ........... i .W ...... (NI EETTTET. v VNN 7 5 P i = 0.0 oy === eeerren S e :.; .........
.S & .:3 = agen
0.4- ::. z;é:% 0.4 . s 0.4+ ';g' ::i!
......... B L R, e RS R R PPPREPREIIE, 4 SR PRRRRES STTITTPE LXPCCITTRRLRS.o.f £ JPSTRORS
O.i— ......... A i O.i - ST RTTETPRLRRS sgdwgeeees O.i .......... ™ R
A T U T | - | |
Susceptible Imtermediate  Resistant Susceptible  Intermediate  Resistant Susceptible  Intermediate  Resistant
D Cefepime E Cefotaxime F Ceftazidime
1‘8_ ) p—0555 ' 18_ | p—0053 ) 1_8_ ) p-ndld 1
164 ) | 164 _ ' 164 . |
1.4+ 1.4+ 1.4
o B3 . = 12 . o g .
= . = . .:
Z 1.0- . § 1.0~ . 2z 1.0 . .
Q 0.3- " ) Q 0.8 v Q 0.8
il 7 NSRS e— .g.:..- ............ 5 - S, gl T SSEITY O T— FERTRSARRR. ::;g ........ il | T SRR RR—— P R— .E: .........
0.4+ eilie ot 0.4- .t "ifaie 0.4- ey
....... ...-'.'.......................... > ..""““‘=""““"-'-g:t;-:"“”“ ST ‘...................;=.........
029..... . ......... e Fpunts s o pamun a1 exmanns 0.2 . W ramn s nan s B gunassins 024.... .00 ........... - USR. gt iunnase
= l. . . & P :... :... = ...'. L]
v T T J T T Bl I I
Susceptible Imtermediate  Resistant Susceptible TIntermediate  Resistant Susceptible Intermediate  Resistant
G Chloramphenicol H Ciprofloxacin I Colistin
1 8- . P 0.082 . 1 8- . e 0,001 . 1 8- P 0083 .
1.6 . 1.6 2 i . 1.6 ”
1.4- 1.4 ~ . 1.4+
1 .. 4 " . ]
g B . - 1.2 ';z . - 1.2
g 1.0- : 2 1.0- o o - 7 1.0+
a 08 sif a 0.8 % £ a 08
C “is c . c
0.6 e PR st Amaibii S EEREPEED 0.6 %’ ......................... 5 DB seeeons s B iaat + +n e e sr st ssnnnasssasasnassssasass
0.4+ ::: 0.4- 0.4
-------------------------- ’.‘-.-....... seena ssnnsssssPesVanaannnnse S ]
0.2 a3lt 0.2 9%" ; 0.2 ,
e 2 RERRTTTRPRRRS e ol Piss s virvsiimaniviinogiaEliB v os 0 VL URIIRIRR . o iy s s s i o s n
0 T T 0.0 & T 0 T
Susceptible  Intermediate  Resistant Susceptible  Intermediate  Resistant Intermediate Resistant
Fostfomycin Gentamicin Trimethoprim-sultamethoxazole
1.8 . p 0613 . p—0353 ) 1.8 . p— 0087 ‘
1.6+ . 1.6 .
|.4- l.44 -
- B
o Bk . 1
E . 2
g 1.07 2 1.0
O 08- . : a 08- i
3 $e° c
[ B . | T o o D P PR 'E‘;"’" ....... 0.6—++eer T
o3
0.4" . .'I...i. 0’4—.
........................... Pesrnananns S;.!.i:‘
o B of————G R | L o S i S XEEREERERER . .!o:.g.:':o ..... 0.2.cc....29F............
0 T ! I f - 0
Susceptible Intermediate  Resistant Susceptible Intermediate  Resistant Susceptible Intermediate  Resistant





OPS/images/logo.jpg
, frontiers
in Microbiology





