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Multidrug efflux pumps play a major role in the emergence of antibiotic resistance. AcrAB is particularly important among them, as it is the main RND pump in Escherichia coli and other Enterobacteriaceae. In addition to contributing to multidrug resistance, AcrAB also plays a significant role in the virulence of several pathogens. Here, we report that AcrAB contributes to both adhesion to host cells and biofilm formation in EAEC, an enteropathogenic group of E. coli known to cause both acute and persistent diarrhea. EAEC is an emerging pathotype of E. coli characterized by its ability to adhere extensively to epithelial cells in an aggregative manner and to form voluminous biofilms, which favor infection persistence. We found that the deletion of acrB prevents biofilm formation and reduces the export of extracellular DNA (eDNA). By using a specific inhibitor of AcrB, we confirmed the requirement of AcrB transporter activity for biofilm biogenesis. The characteristic aggregative pattern of EAEC is also strongly impaired in the absence of AcrB or in the presence of an efflux-defective AcrB D408A transporter, while it is restored in the ΔacrB strain complemented with acrB. Finally, we show that the EAEC 17-2 ΔacrB derivative is significantly less lethal than the wild type in Caenorhabditis elegans. Complementation with the acrB gene, but not with the acrBD408A allele, fully restores the virulence phenotype after infection. Overall, our results confirm the relevance of the AcrAB efflux pump as a virulence determinant and contribute to understanding the mechanisms adopted by EAEC to form thick biofilms and copious adherence to the epithelial cells, both features enhancing persistence during infections.
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1 Introduction

Antibiotic-resistant infections pose a serious concern to global public health. In particular, ESKAPE organisms, together with pathogenic Escherichia coli (collectively referred to as ESKAPEE), are responsible for the large majority of global deaths attributable to resistant pathogens (World Health Organization, 2017). A critical role in the emergence of drug resistance is played by multidrug resistance (MDR) efflux pumps (EPs) - membrane protein complexes capable of exporting all clinically relevant classes of antibiotics used to treat infections (Nikaido and Pagès, 2012; Blair et al., 2015; Li et al., 2015). Several studies have highlighted the ability of the MDR efflux pumps to also transport a variety of structurally diverse compounds, such as endogenous bacterial metabolites, quorum-sensing molecules, and fatty acids, conferring them other important roles in the physiology of the bacterial cell. These include stress response, interactions with plant and animal hosts, maintenance of cellular homeostasis, interbacterial communication, and biofilm formation (Alcalde-Rico et al., 2016; Alav et al., 2018; Henderson et al., 2021; Pasqua et al., 2021). Based on their structure, energy source, and type of exported substrate, MDR EPs are classified into seven major families (Alav et al., 2021). Among these, the resistance-nodulation-division (RND) family is of particular interest for antimicrobial resistance due to its unusually large spectrum of substrates (Du et al., 2018; Zwama and Nishino, 2021). RND efflux pumps share a conserved tripartite architecture, comprising an active proton antiporter in the inner membrane, a channel protein spanning the outer membrane and periplasm, and a periplasmic adaptor protein that connects the transporter to the channel protein. AcrAB-TolC is regarded as the most relevant RND MDR EPs in many bacteria, including Enterobacteriaceae, due to its high abundance and capability to export a wide variety of compounds, including bile salts (Piddock, 2006; Du et al., 2018; Alav et al., 2021). The crystal structures of all three components of AcrAB-TolC EP have been resolved, supporting the model that these proteins assemble into a channel that expels substrates from the cytoplasm into the external environment (Murakami et al., 2002; Du et al., 2014). The AcrB transporter is a homotrimeric protein associated with six periplasmic AcrA proteins. During active substrate transport, AcrB cycles through three distinct conformations: Loose, Tight, and Open. Each AcrB monomer features two distinct drug-binding pockets i.e. a deep distal binding pocket (DBP) and a proximal binding pocket (PBP), separated by a switch loop (Du et al., 2014; Zwama and Nishino, 2021). The AcrA adaptor extends into the periplasm while remaining anchored to the cytoplasmic membrane via an N-terminal lipid domain. It plays a crucial role in maintaining the stability of the entire EP and transmits conformational changes from AcrB to the TolC outer membrane channel, facilitating its opening (Alav et al., 2021; Zwama and Nishino, 2021).

AcrAB also contributes to the pathogenesis and virulence of several human and plant pathogens (Piddock, 2006; Blanco et al., 2016; Du et al., 2018; Henderson et al., 2021). In Salmonella typhimurium, the absence of a functional AcrB transporter impairs the invasion of intestinal epithelial cells and murine macrophages and attenuates virulence in a mouse infection model (Buckley et al., 2006; Webber et al., 2009; Wang-Kan et al., 2017). Similarly, the loss of AcrAB in Klebsiella pneumoniae reduces its ability to cause pneumonia in mice (Padilla et al., 2010), while in Enterobacter cloacae, it compromises the capacity to induce systemic infections (Pérez et al., 2012). It has been reported that in Moraxella catarrhalis, a functional AcrAB-OprM is required for the invasion of human nasopharyngeal cells (Spaniol et al., 2015). More recently, it has been shown that in Shigella flexneri, the etiological agent of bacillary dysentery, the deletion of both acrA and acrB reduces survival within epithelial cells and prevents spreading to adjacent cells (Coluccia et al., 2023). Similarly, in Adherent-Invasive Escherichia coli (AIEC), a group of pathogenic E. coli highly abundant in the ileal mucosa of Crohn’s disease patients, the AcrAB pump strongly influences the pathogenicity process by contributing to bacterial viability inside macrophages (Fanelli et al., 2023).

Enteroaggregative E. coli (EAEC) is an emerging group of pathogenic E. coli, strongly involved in gastrointestinal infections and responsible for severe diarrheal disease in developing and developed countries (Nataro, 2005; Pokharel et al., 2023). EAEC strains are known for their ability to form voluminous biofilms, embedded in a thick mucus layer, on the surface of enterocytes (Estrada-Garcia et al., 2014). Indeed, EAECs adhere to each other as well as to the cell surface, forming an aggregative adherence pattern (AA) (known as “stacked bricks”), where bacteria are elongated and sometimes line up in a single layer on the cell surface. This characteristic phenotype is mediated by several genes located on a large virulence plasmid (pAA plasmid), which encodes factors involved in the biogenesis of aggregative adhesion fimbriae (AAFs), the key proteins responsible for cell adhesion during EAEC infection (Berry et al., 2014; Ellis et al., 2020). In addition to forming the characteristic mucoid biofilm adherent to the intestinal mucosa, EAEC causes diarrheal disease by inducing cytotoxic effects on the enterocyte brush border, through the release of toxins, which induce the host’s inflammatory response (Ellis et al., 2020; Petro et al., 2020).

As discussed above, AcrAB has been demonstrated to significantly contribute to the virulence of several pathogens belonging to the Enterobacteriaceae family, such as Salmonella, Shigella and AIECs, as well as to be involved in biofilm formation. Unlike previously studied E. coli pathotypes, which invade epithelial cells and adopt an intracellular lifestyle, EAEC is non-invasive but gives rise to a unique aggregative adherence pattern sustained by a robust biofilm. In light of these key traits of EAEC pathogenesis, this study aimed to investigate the potential contribution of the AcrAB efflux system to its virulence phenotype. To this end, we analyzed biofilm formation and the ability to adhere to epithelial cells of the EAEC strain 17–2 mutants deleted of acrA or acrB. Moreover, the infection capability of these mutants was evaluated in the Caenorhabditis elegans in vivo model. Our results clearly indicate that a functional AcrAB is required for the full expression of the EAEC pathogenicity in the colonization of the host cells.




2 Materials and methods



2.1 Construction of bacterial strains and plasmids

Bacterial strains and plasmids used in this study are described in Supplementary Tables S1, S2. Strain 17–2 is a clinical isolate of EAEC. Cloning was performed using E. coli DH10b as the host strain. The deletion mutants, 17-2 ΔacrA and 17-2 ΔacrB, were obtained using the one-step method of gene inactivation (Datsenko and Wanner, 2000). Specifically, the kanamycin resistance gene was amplified from the pKD4 or pKD13 plasmids using the oligo pairs AFW/ARV and BFW/BRV for acrA and acrB deletion, respectively. The resulting amplicons were electroporated into the 17–2 pKD46 strain, which expresses the Red recombinase. The obtained mutants were then deprived of Km resistance by transformation with the pCP20 plasmid, which encodes a flippase that facilitates flippase/flippase recognition target (Flp/FRT) recombination (Datsenko and Wanner, 2000). The pEAacrB plasmid was constructed by cloning the acrB gene under the control of the tac promoter from the pGIP7 plasmid, using the oligo pair pEAacrBFW/pEAacrBRV. Plasmid pEAacrB served as the template for site-directed mutagenesis. As previously described (Fanelli et al., 2023), GeneArt™ Site-Directed Mutagenesis System (GeneArt™ Invitrogen-Thermo Fisher Scientific, Waltham, MA, USA), was employed along with the oligo pair pEAacrBD408AFW/pEAacrBD408ARV to introduce a codon change from GAC to GCC (D408A), replacing the A at position 1223 (relative to the ATG of acrB gene) with a C.




2.2 General procedures and growth conditions

All bacterial strains were grown aerobically in Luria-Bertani (LB) (Sigma-Aldrich, St. Louis, MO, USA) medium at 37°C with shaking at 200 rpm, unless otherwise specified. Solid media contained 1.6% agar. Antibiotics (Sigma-Aldrich, St. Louis, MO, USA) and inhibitors were used at the following concentrations: kanamycin at 30 μg/mL, chloramphenicol at 25 μg/mL, ampicillin at 50 μg/mL and 1-(1-naphthyl-methyl)-piperazine (NMP) at 100 μg/mL. Growth kinetics of 17–2 and its derivatives in different media (LB and DMEM) were measured using a CLARIOstar plate reader (BMG LABTECH, Offenburg, Germany).

The mutations and constructs obtained in this study were confirmed using PCR reactions, routinely performed with DreamTaq DNA polymerase (Thermo Fisher Scientific, Waltham, MA, USA), and verified by DNA sequencing (Biofab, Rome, Italy). For amplifying coding sequences necessary for cloning, Pfu Taq DNA polymerase (Thermo Fisher Scientific, Waltham, MA, USA) was used. The sequences of the oligonucleotides, designed based on the 17–2 genome, are listed in Supplementary Table S3. DNA and protein sequence comparisons were conducted using the NCBI BLAST tool (http://blast.ncbi.nlm.nih.gov/Blast.cgi).




2.3 Antimicrobial susceptibility testing

Minimum inhibitory concentrations (MICs) were determined using a broth microdilution method in 96-well microplates (Euroclone S.P.A., Milan, Italy – 96 well flat bottom). EAEC 17–2 wt strain and its derivatives 17-2 ΔacrA, 17-2 ΔacrB, 17-2 ΔacrB_pEAacrB and 17-2 ΔacrB_pEAacrBD408A were grown in LB until an OD600 of 0.5-0.7, corresponding to the exponential phase of growth. Each bacterial suspension was then diluted to OD600 0.02 in LB and 100 µL aliquots were inoculated in each micro-well into 100 μL of 2-fold serial dilutions of each antibiotic (erythromycin 0.5 µg/mL to 256 µg/mL, tetracycline 0.0313 µg/mL to 16 µg/mL). 1-(1-naphthyl-methyl)-piperazine (NMP) (Sigma-Aldrich, St. Louis, MO, USA) was dissolved in DMSO and tested from 1.25 µg/mL to 1280 µg/mL in BHI (Becton Dickinson, USA) medium (Supplementary Figure S3). Bile salts (B8756, Sigma-Aldrich, St. Louis, MO, USA), consisting of an approximate 1:1 mixture of cholate and deoxycholate, were used at 0.16% (w/v). After an incubation of 18 h at 37°C, results were collected by measuring OD at 600 nm using a CLARIOstar plate reader (BMG LABTECH, Offenburg, Germany). The MIC value considered was the lowest drug concentration that exhibited complete inhibition of microbial growth. A 2-fold or greater decrease in MIC values was considered significant. The results are averages of at least three independent experiments.




2.4 Biofilm quantification and characterization

Biofilm formation was assessed in E. coli strains using crystal violet (CV) staining, CFU quantification, and extracellular DNA (eDNA) measurement, as previously described (Sivori et al., 2024). 100 µL of bacterial suspension (105 CFU/mL) were cultured in 96-well polystyrene plates at 37°C under static conditions for 24 h. Biofilm biomass was quantified by staining with 0.1% CV or 0.01% CV when combined with NMP, ethanol-acetone (4:1) solubilization, and absorbance measurement at 570 nm (Multiskan SkyHigh, Thermo Fisher Scientific, USA). Viable cell counts were determined by plating serial dilutions on MacConkey agar (BioMérieux, France). After biofilm formation, wells were washed, resuspended in sterile water, and scraped for CFU enumeration. eDNA quantification was performed by adding Tris-EDTA buffer (Sigma-Aldrich, St. Louis, MO, USA) and freshly prepared PicoGreen solution (Thermo Fisher Scientific, Waltham, MA, USA), followed by fluorescence measurement (excitation: 485 nm; emission: 535 nm; Wallace Victor 3, PerkinElmer). A lambda DNA (Thermo Fisher Scientific, Waltham, MA, USA) standard curve was used for quantification. Experiments were conducted in triplicate and repeated three times (Sivori et al., 2022).

For biofilm metabolic activity, bacterial suspensions were allowed to adhere for 5 h before removal of non-adherent cells. Resazurin solution (Promega, USA) was then added, and plates were incubated for an additional 20 h. Absorbance was measured at 570 nm using the Multiskan SkyHigh reader, with absorbance readings taken every 20 min (Sivori et al., 2022).

To characterize the protein component of the biofilm matrix, biofilms formed in BHI under static conditions for 20 h were stained with 100 µL of FilmTracer SYPRO Ruby (Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA) for 30 min at room temperature. After two washes with sterile distilled water, fluorescence intensity was measured (excitation: 485 nm; emission: 625 nm; Wallace Victor 3, PerkinElmer) (Ravaioli et al., 2020). Amyloid fiber content was quantified using EbbaBiolight (Ebba Biotech AB, Sweden). 200 µL of bacterial cultures were incubated under static conditions at 37°C in BHI supplemented with 1,000-fold diluted dye. After 24 h, fluorescence was measured (excitation: 535 nm; emission: 660 nm) using the Wallace Victor 3 plate reader (Choong et al., 2016).




2.5 Cell cultures and HEp-2 adherence assays

The HEp-2 cell line (CCL-23, American Type Culture Collection, Manassas, VA, USA) was grown in Dulbecco’s Modified Eagle Medium (DMEM) (Gibco, Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% heat-inactivated fetal bovine serum (FBS) (Gibco, Thermo Fisher Scientific, Waltham, MA, USA), 0.05 I.U./mL penicillin and 0.05 I.U./mL streptomycin (Sigma-Aldrich, St. Louis, MO, USA). Cells were maintained at 37°C in a humidified atmosphere with 5% CO2.

The adherence assay protocol was adapted from that of Cravioto et al., 1979. Briefly, HEp-2 cells at a concentration of 2 x 105 cells/mL were seeded into 30 x 10 mm sterile plastic tissue culture Petri dishes (Nunc) into which a sterile rectangular coverslip had been placed. Cells were then incubated overnight and grown to 60% confluency. Two hours before bacterial infection, the culture medium was replaced with fresh DMEM. At the time of infection, HEp-2 cell monolayers were washed three times with 1X PBS and then overlaid with exponential cultures of EAEC strains diluted in DMEM containing 1% D-mannose, which was added to inhibit adhesion due to type I pili. This resulted in a final multiplicity of infection of 100. The infected cells were incubated for 24 h, after which they were carefully washed twice with 1X PBS and fixed with 4% paraformaldehyde for 20 min. Following fixation, the samples were washed three times with 1X PBS and permeabilized in 0.5% Triton X-100 for 10 min, then washed twice again. The samples were stained with 4’,6-diamino-2-phenylindole (DAPI, 0.5 µg/mL) for 5 min and washed twice. Finally, samples were stained with Evans Blue (0.01%) for 30 sec and then carefully washed with 1X PBS. Coverslips were mounted using 10 µL of a 1:1 PBS-glycerol solution. Images were acquired at the IBPM imaging platform https://www.imagingplatformibpmcnr.it with a Nikon Ti2 confocal spinning disk microscope (implemented with Crest X-Light V3 module from CrestOptics) equipped with the Kinetix sCMOS camera (Teledyne Photometrics), a 60× (immersion oil, NA 1.4) objective and CELESTA lasers (Lumencor). Image acquisition and analyses were performed using NIS-Elements AR software modules (Nikon). 2D image projections from z-stacks were created using the Maximum Intensity Projection (MIP) function. 3D reconstructions were created using the 3D Volume View function.

For quantitative adherence assays, after infection and 24 h incubation, HEp-2 monolayers were washed three times with 1X PBS. Each well was treated with 1% Triton X-100 for 20 min and serial dilutions of lysed sample were plated out for viable counting on LB, with antibiotics added where necessary. At least three independent assays were performed.




2.6 C. elegans killing assay

For C. elegans infection, bacterial lawns were prepared by spreading 30 μL of each overnight bacterial culture, corresponding to 1 × 108 cells, onto Nematode Growth Medium (NGM) agar plates (35 mm). The plates were incubated at 37°C for 24 h to allow bacterial growth before being seeded with young adult nematodes grown at 16°C from a synchronized culture (Schifano et al., 2019). Plates seeded with the standard food bacterium E. coli OP50 served as controls. Each day, 80 worms per condition were transferred to new plates, plated with fresh bacterial cultures, and monitored under a stereomicroscope (Olympus SZ30, Olympus Optical Co. Ltd., Tokyo, Japan). The infections were performed at 25°C and the number of dead worms was recorded daily. A worm was considered dead if it failed to respond to touch with a platinum wire; dead worms stuck to the wall of the plate were excluded from the analysis. Mortality data from duplicate plates were pooled and subjected to survival analysis. The results shown are representative of repeated independent assays.

For intestinal lumen diameter analysis in C. elegans, 10 synchronized worms per condition, after 72 h of infection, were washed in M9 buffer, mounted onto 3% agarose pads containing 20 mM sodium azide and observed with a Zeiss Axiovert 25 microscope. Intestinal lumen diameter was measured by using Zeiss ZEN Microscopy Software 2011.




2.7 Statistical analysis

The statistical differences were assessed using GraphPad Prism 9.0, which calculated p-values using a one-way ANOVA or, when appropriate, a two-tailed student’s t-test. For C. elegans tests, survival data were analyzed using the Kaplan-Meier method. Survival curves were generated using GraphPad Prism 9.0, and statistical differences between groups were assessed using the log-rank (Mantel-Cox) test. Data from duplicate plates were pooled for analysis, and results are representative of at least three independent experiments. Statistical significance was set at p < 0.05.





3 Results



3.1 Silencing of acrA and acrB affects resistance to antibiotics and bile salts in EAEC 17-2

Comparative in silico analysis revealed the presence of genetic loci encoding the 20 most relevant EPs associated with multidrug resistance in the EAEC 17–2 genome. The E. coli MG1655 genome was used as a reference (Nishino and Yamaguchi, 2001; Teelucksingh et al., 2022). Unlike other genera, such as Shigella, which underwent a strong gene decay in the evolutionary process from commensal to pathogen (Feng et al., 2011), we found that EAEC 17–2 retained the genes coding for all MDR EPs, including AcrAB. This analysis also highlighted the conservation of a high degree of sequence homology (Table 1).


Table 1 | Analysis of MDR EP encoding genes present in the 17–2 genome.
	Efflux pump family
	ABC
	MFS
	RND
	SMR
	MATE



	EPs in
E. coli MG1655
	macAB
	bcr
	emrAB
	emrKY
	mdtG
	mdtH
	mdtL
	emrD
	fsr
	mdfA
	mdtM
	acrAB
	acrD
	acrEF
	cusB
	mdtABC
	mdtEF
	emrE
	mdtJI
	mdtK


	EPs in EAEC 17-2
	+
99.97%
	+
100%
	+
99.92%
	+
95.54%
	+
100%
	+
99.97%
	+
99.98%
	+
98.12%
	+
99.38%
	+
99.91%
	+
91.89%
	+
100%
	+
100%





The genomes of E. coli MG1655 and EAEC 17–2 strain were compared using NCBI BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi). To obtain the nucleotide sequences of each MDR EP encoding gene, EcoCyc was used as a reference database (https://ecocyc.org). (+) MDR EP encoding genes present in the 17–2 genome. Sequence homology is specified as a percentage. Efflux pumps families’ acronyms: ATP-binding cassette (ABC) superfamily, major facilitator superfamily (MFS), resistance-nodulation-cell division (RND) superfamily, small multidrug resistance (SMR) family, and multidrug and toxin extrusion (MATE) family.



A set of EAEC 17–2 derivative mutants was generated to study the role of AcrAB in the physiology and infection process of EAEC. These include deletion mutants lacking the periplasmic adaptor protein AcrA or the inner membrane transporter AcrB (Figure 1A), as well as complemented strains such as the ΔacrB_pEAacrB, expressing the wt transporter, or the ΔacrB_pEAacrBD408A, expressing an AcrB protein harbouring the aminoacidic substitution (D408A) that abolishes the efflux activity of the protein (Supplementary Tables S1, S2) (Wang-Kan et al., 2017). Since AcrB is a very abundant inner membrane protein, the use of this latter 17–2 derivative allowed us to analyse the AcrB efflux function without altering the membrane protein composition (Wang-Kan et al., 2017).

[image: Diagram labeled as panels A, B, and C. Panel A illustrates the AcrAB-TolC efflux pump spanning bacterial outer and inner membranes with components AcrA, AcrB, and TolC, involving proton transport. Panel B displays a growth curve of various bacterial strains under 0.16% bile salts, with absorbance measured over nine hours. Panel C is a table showing the minimum inhibitory concentrations (MIC) in micrograms per milliliter for erythromycin and tetracycline across different strains, indicating varied resistance levels.]
Figure 1 | Susceptibility of 17–2 wt and its derivatives to bile salts and antibiotics. (A) Schematic representation of the AcrAB-TolC efflux pump and its encoding genes. Created in https://BioRender.com. (B) The impact of bile salts was examined on the growth of EAEC 17–2 wt and its derivatives: ΔacrA, ΔacrB, ΔacrB_pEAacrBD408A and ΔacrB_pEAacrB. Bacterial growth was monitored in LB medium with 0.16% (w/v) of a mixture of two bile salts (cholate and deoxycholate) for up to 9 h. The growth curves shown derive from one of three independent experiments, which gave similar results. Error bars represent SD. (C) MICs of erythromycin (ERY) and tetracycline (TET) for 17–2 strain and its derivatives. A MIC value that decreases at least 2-fold compared to the wt is considered significant. The results derive from an average of at least three independent experiments.

Growth behaviour of EAEC 17–2 wt strain and its derivatives was assessed in different culture conditions. As shown in Supplementary Figure S1, the lack of either one of the acrAB genes does not affect the growth of 17–2 in LB or DMEM medium. In contrast, when growth was assessed in the presence of bile salts (cholate and deoxycholate) at physiological concentration (0.16% w/v) (Figure 1B), measurement of optical density over time showed that both the deletion of acrA and acrB significantly affected the resistance of 17–2 to bile salts, flattening its growth curve. This phenotype is fully restored in the 17-2 ΔacrB mutant transformed with a functional acrB gene. Complementation of the ΔacrB mutant with the plasmid containing the acrBD408A allele produced a phenotype comparable to that of the ΔacrB mutant, confirming that the efflux activity and not the simple absence of an abundant inner membrane transporter is responsible for the hypersusceptibility to bile salts. Furthermore, in the 17-2 ΔacrB_pEAacrBD408A strain, the growth curve appeared even more flattened than in 17–2 strains with ΔacrA and ΔacrB mutations. Considering the infidelity of the components forming the tripartite efflux pumps (Yamasaki et al., 2011), we can speculate that the AcrA protein produced in 17-2 ΔacrB_pEAacrBD408A is sequestered by the mutated AcrB transporter to form a non-functional pump, thus preventing it from acting as a periplasmic adaptor for other efflux pumps that may provide partial resistance to bile salts (as in 17-2 ΔacrA and 17-2 ΔacrB). As expected, considering the role of AcrAB in MDR, we observed that the functionality of this MDR EP is relevant for resistance to erythromycin and tetracycline, two known substrates of AcrAB (Figure 1C).




3.2 AcrB transporter contributes to biofilm production

Since the ability of EAEC 17–2 to form thick biofilm layers on the intestinal epithelium is a crucial part of its pathogenicity process (Estrada-Garcia et al., 2014), we evaluated the influence of AcrAB on various parameters characterizing bacterial biofilms.

An initial assessment of biofilm production was performed by counting viable cells (Figures 2A, B). The loss of the AcrB transporter caused a significant reduction in the biofilm component compared to the wt strain (Figure 2A), despite the total number of bacteria remaining unchanged after 24 h (Figure 2B). Consistent with these results, biomass production measured by the crystal violet assay was significantly lower in the ΔacrB mutant than in the wt strain (Figure 2C). Interestingly, ΔacrB biofilms contain less extracellular DNA (eDNA), a key structural component of the biofilm matrix (Figure 2D). The composition of the biofilm in terms of protein and amyloid fibres is comparable between wt and defective strains, as well as the metabolic activity, which is not affected at all by the lack of efflux via AcrAB (Supplementary Figure S2). Silencing acrA had no significant impact on the biofilm parameters analysed, except for eDNA export, reinforcing the hypothesis that this adaptor protein can be easily replaced in the tripartite AcrAB-TolC pump assembly.

[image: Bar graphs illustrating various microbial metrics. (A) CFU/mL for biofilm across different strains shows a significant decrease in ΔacrB. (B) CFU/mL for planktonic plus biofilm with no significant differences. (C) Biomass measured by OD570, with ΔacrB significantly lower. (D) eDNA concentration showing significant reductions in ΔacrA and ΔacrB. (E) Biomass at different NMP concentrations, with a significant decrease at 100 µg/mL. Error bars represent standard deviation, and significance is marked by asterisks.]
Figure 2 | The formation of a mature biofilm in 17–2 is drastically reduced in the absence of AcrB function. The influence of the AcrAB efflux pump on several biofilm parameters was evaluated after 24 h. (A, B) The assays were performed with 17–2 wt and its derivatives ΔacrA and ΔacrB. By enumeration of viable cells, the colony-forming units per millilitre (CFU/mL) of planktonic or biofilm culture were calculated and represented in log10 scale. (C, D) Biomass and amount of eDNA of the biofilm were studied. (E) The effect of NMP on biofilm biomass was assessed by treating 17–2 wt strain with 100 µg/mL of NMP. The non-treated (NT) biofilm of 17–2 wt strain was used as a control. The results shown are the average of three independent experiments. Error bars represent SD. Statistical significance was determined by a one-tailed ANOVA or a two tailed student’s t-test and p values are as follows: * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

To confirm that the role of AcrB in biofilm production is closely linked to the extrusion mediated by this transporter protein, we used 1-(1-naphthyl-methyl)-piperazine (NMP), an AcrB efflux pump inhibitor that acts by mimicking the action of an EP substrate, thus preventing normal substrate extrusion (Bohnert and Kern, 2005). NMP treatment was carried out for 24 hours at 100 µg/mL, a concentration that does not affect the growth of EAEC 17-2 (Supplementary Figure S3). Biomass measurement revealed that the inhibition of efflux via AcrB by NMP caused a drastic reduction of the biofilm formation (Figure 2E). Consistent with the results obtained with the ΔacrB mutant (Figures 2A-D), this strongly indicates that the efflux activity associated with AcrB is required to form a thick biofilm layer.




3.3 Mutations of the acrB gene result in a disorganized aggregative adherence pattern

EAECs are recognized for their characteristic aggregative adherence pattern on HEp-2 cells. This pattern depends on both the self-agglutination of the bacterial cells with each other and their interaction with the epithelial cells (Nataro, 2005; Croxen and Finlay, 2010; Estrada-Garcia et al., 2014). To test whether AcrAB contributed to this phenotype, we performed cell adherence assays on the human epithelial cell line HEp-2. After 24 hours of infection with the 17–2 wt strain, its derivatives ΔacrA and ΔacrB, and the complemented strains ΔacrB_pEAacrB and ΔacrB_pEAacrBD408A, samples were fixed and stained with DAPI to label bacterial and cellular DNA, and Evans Blue to stain the cell cytoplasm.

Confocal microscopy images presented in Figure 3A show 3D reconstructions of HEp-2 cells infected with strains 17–2 wt and ΔacrB. The wt strain exhibits the “stacked brick” adhesion pattern, with the bacterial cells massively adhering to each other as well as to the cell surface (left panel). Interestingly, the mutant lacking AcrB exhibits a completely different pattern (right panel). Indeed, compared to the wt strain, it appears incapable of forming large aggregates with each other and on the epithelial cell, with an increased dispersion in small clusters over the entire surface of the slide, clearly appreciable in the corresponding 2D panel shown in Figure 3B. The aggregative pattern is correctly restored in the complemented strain with a functional AcrB transporter (Figure 3B, lower left panel). Conversely, the expression of the AcrB D408A mutated form was unable to functionally complement the defective adherence phenotype shown by ΔacrB (Figure 3B, lower mid panel). In agreement with previous results, the strain lacking AcrA exhibits an adhesion phenotype similar to that of wt (Figure 3B, lower right panel), indicating that this MDR EP may also function in the absence of this component, perhaps utilising other periplasmic adaptors.

[image: Fluorescence microscopy images and a bar graph displaying bacterial adherence to a surface. Panel A shows DAPI (blue) and Evans Blue (red) stained bacteria in wild-type and ΔacrB strains. Panel B presents additional strain comparisons with DAPI and Evans Blue staining. Panel C is a bar graph indicating increased bacterial adherence in ΔacrB and other strains, with statistical significance noted by asterisks.]
Figure 3 | The AcrB transporter is crucial for EAEC aggregative adherence to HEp-2 cells. (A) Confocal spinning disk fluorescence microscopy images reconstructed in 3D, showing single HEp-2 cells infected with strains 17–2 and ΔacrB. The 3D volume view function of NIS Elements (see Methods) was used to obtain a top-to-bottom view and the x-y-z cube superimposed on top left indicates the three-dimensionality of the sample. Scale bar: 20 µm. (B) 2D field images of the aggregative adherence assay of 17–2 wt and its derivatives (ΔacrB, ΔacrB_pEAacrB, ΔacrB_pEAacrBD408A and ΔacrA) to HEp-2 cells. Scale bar: 20 µm. Framed cells correspond to those in panel (A) For both panel A and B samples were fixed 24 h post-infection and stained with 4’,6-diamino-2-phenylindole (DAPI, blue) to visualise DNA of both cells and bacteria, and with Evans Blue (red) to visualise cellular cytoplasm. Representative images of at least three experiments are shown. (C) Quantitative adherence assays. HEp-2 cells were infected with 17–2 wt and its derivatives and after 24 h, adherent bacteria were detached by Triton 1% treatment and plated to count viable bacteria (CFU/mL). The results derive from an average of at least three independent experiments. Error bars represent SD. Statistical significance was determined by a one-way ANOVA and p values are as follows: * p < 0.05, ** p < 0.01.

Following 24 hours of infection, adherent bacteria were also quantified by viable counts (Figure 3C). The results demonstrated that the ΔacrB and ΔacrB_pEAacrBD408A strains are drastically incapable of adherence, suggesting that a functional AcrB transporter is essential for the aggregative adhesion of EAEC.




3.4 Efflux via the AcrAB pump affects the in vivo virulence of EAEC 17-2

Using the nematode C. elegans as a model to quantitatively evaluate differences in EAEC virulence (Hwang et al., 2010), we assessed the role of the AcrAB efflux pump in the virulence of EAEC 17–2 in vivo. Specifically, we fed a synchronous population of worms with either the wild-type strain 17–2 or its derivatives, compared to nematodes fed with a commensal E. coli strain (OP50), the standard diet. The number of dead worms was then recorded daily. In line with previous observations (Hwang et al., 2010; Bojer et al., 2012), we found that 17–2 wt is significantly more lethal to worms than OP50 (Figure 4A). However, the loss of AcrB transporter caused a significant reduction in pathogenicity for the nematode (p = 0.001), with a median lethal time (LT50) of 5 days for 17-2 ΔacrB compared to 3 days for 17–2 wt. In contrast, the 17-2 ΔacrA mutant appeared just as lethal as the wt strain. Notably, the 17–2 strain harbouring an efflux-defective AcrB protein (AcrB D408A) is even less virulent than the ΔacrB strain, with an LT50 similar to that of animals fed with OP50, likely due to its ability to sequester AcrA, making it unavailable for other transporters (Figure 4B).

[image: Panel A shows a Kaplan-Meier survival graph comparing four groups: E. coli OP50, 17-2 wild type, 17-2 ΔacrA, and 17-2 ΔacrB. Panel B depicts another survival chart with E. coli OP50, 17-2 wild type, ΔacrB_pEAacrB D408A, and ΔacrB_pEAacrB groups. Panel C displays microscopic images of worms with red arrowheads indicating intestinal sections for E. coli OP50, 17-2 WT, 17-2 ΔacrA, and 17-2 ΔacrB. A box plot on the right compares intestinal lumen diameters for each strain, showing significant differences.]
Figure 4 | Lack of AcrB makes EAEC less virulent in C. elegans. (A, B) Kaplan-Meier survival plots were used to compare the survival of worms fed on E. coli OP50 (control, cyan) and EAEC strains 17–2 wt (red), 17–2 acrA (green), 17-2 ΔacrB (blue), ΔacrB ΔacrB_pEAacrBD408A (purple) and ΔacrB_pEAacrB (bright green). Each experiment involved 80 worms for each strain. Results are representative of at least three independent experiments. Statistical differences between groups were assessed using the log-rank (Mantel-Cox) test. Cyan symbols refer to comparisons with E. coli OP50, red symbols refer to comparisons with 17–2 wt (*** p < 0.001; ns = non-significant). (C) Representative images of individual fixed nematodes were acquired in bright field 3 days after the start of the diet with E. coli 0P50 (control) or 17–2 and its derivatives. The diameter of the lumen region immediately after the pharynx is indicated with red arrows and measured on 10 different worms as shown in the graph on the right. Results are the average of at least three independent experiments. Error bars represent SD. Statistical significance was determined by a one-way ANOVA (*** p < 0.001).

The relevance of AcrB in the infection efficiency of C. elegans is evident from the evaluation of the worm gut colonization after three days of feeding with 17–2 wt, ΔacrA or ΔacrB strains (Figure 4C), by measuring the enlargement of the intestinal lumen, a classic marker of nematode stress due to infection by pathogenic bacteria. Indeed, the right panel of Figure 4C shows that the lumen diameter ranges between 25 and 35 µm when the worm is fed with the wt strain or its ΔacrA derivative. On the contrary, the lumen of the nematode fed with the ΔacrB strain appears quite comparable to that colonised by the non-pathogenic E. coli OP50, with a diameter of less than 10 µm. Altogether, these data confirm the previous observations on the role of AcrAB and highlight the relevance of the AcrB transporter in the pathogenicity in vivo.





4 Discussion

The importance of the multidrug-resistant AcrAB efflux pump in the lifestyle of gut pathogens is becoming increasingly evident, as it plays a crucial role in antibiotic resistance, stress adaptation, and host colonization (Buckley et al., 2006; Wang-Kan et al., 2017; Coluccia et al., 2023; Fanelli et al., 2023). In this study, we revealed a novel facet of AcrAB’s role influencing the virulence of the enteroaggregative Escherichia coli strain 17-2. Indeed, the data we present demonstrate that AcrAB contributes to the bacterial aggregative phenotype and impacts biofilm formation, both key features of EAEC pathogenesis, thereby shaping the EAEC 17–2 virulence in the C. elegans in vivo model. Moreover, here we highlight a specific requirement for the AcrB transporter in the full expression of EAEC 17–2 pathogenicity.

The pathogenesis of EAEC is characterized by the adhesion and aggregation of EAEC to intestinal epithelium with the formation of a dense biofilm followed by mucosal damage, the latter exacerbated by the secretion of one or more cytotoxins (Flores and Okhuysen, 2009). Among the several roles experimentally attributed to AcrAB-TolC EP there is that played in biofilm formation (Alav et al., 2018). Actually, by using the EAEC 17–2 strain deleted of acrA or acrB component we observed an alteration of the various biofilm parameters evaluated, compared to the wt strain, although with different contributions of the two EP components. In particular, we found that the lack of either AcrA or AcrB significantly affects the accumulation of eDNA in the 17–2 biofilm matrix, a polyvalent molecule in the biofilms of many bacterial species, used for communication, nutrition, genetic exchange and as a structural element that promotes cell-cell adhesion and biofilm stability (Ibáñez de Aldecoa et al., 2017; Campoccia et al., 2021). It is therefore possible to speculate that the observed loss of aggregation in the ΔacrB mutant may reflect a failure to accumulate sufficient eDNA to sustain the typical “stacked-brick” architecture of EAEC biofilms. Although this study did not investigate the specific substrate exported by AcrAB in EAEC, the results regarding the reduction of eDNA in the strain defective for AcrA or AcrB components raises the possibility that eDNA, or molecules involved in its release or stabilization, could be exported through the AcrAB efflux pump. Alternatively, AcrAB may influence eDNA accumulation indirectly, by modulating membrane stress responses, cell envelope composition, or the production of outer membrane vesicles (OMVs), which are known vehicles for eDNA in other Gram-negative species (Allesen-Holm et al., 2006; Potapova et al., 2024). Notably, only the loss of the AcrB transporter leads to a significant reduction of biofilm biomass. We were able to replicate this result simply by interfering with the efflux activity of AcrB through the treatment of the wild-type EAEC 17–2 strain with the specific inhibitor NMP (Bohnert and Kern, 2005), suggesting a more prominent role of the inner membrane transporter in biofilm formation.

The AcrB implication in biofilm formation prompted us to study this interesting phenotype in human epithelial cell infection experiments. The fluorescence images obtained following the infection of HEp-2 cells further highlighted the cruciality of AcrB efflux activity in EAEC to ensure the aggregative adherence pattern. Indeed, we found that, even after 24 hours of infection, the mutant defective in the AcrB component had a reduced ability to aggregate, both with each other and with epithelial cells. Additionally, in line with the results obtained with the NMP inhibitor, the mutant expressing the unfunctional AcrB showed a pattern of aggregative adhesion comparable to that of the deletion mutant, further underlining the relevance of the AcrB transporter in the early stage of EAEC pathogenesis.

The impact of AcrB in EAEC virulence was further demonstrated in vivo by using the nematode C. elegans as a model, which allowed us to mimic the physiological condition of the gastrointestinal tract infection. The C. elegans worm population was colonised and killed within five days when fed with 17–2 or with the strain deleted of the periplasmic adaptor protein AcrA (17-2 ΔacrA). Conversely, when fed with the strain lacking the AcrB transporter (17-2 ΔacrB), their life cycle was extended by one day, and more than 50% of the worms survived until day five. Remarkably, feeding the worm with an AcrB D408A loss-of-efflux-function mutant further prolonged the C. elegans life, leading to hypothesize a dominant negative function of the AcrB mutated version, at least in this specific assay, and further strengthening the pivotal role of the AcrB transporter.

AcrAB belongs to the RND superfamily and consists of an inner membrane transporter, AcrB, and a periplasmic adaptor protein (PAP), AcrA. To expel substrates into the extracellular environment, it also requires an outer membrane channel. Like many other tripartite EPs, including members of the RND family, AcrAB utilizes TolC to perform its efflux function. Previous data already suggested an involvement of the efflux network in the EAEC pathogenicity. In fact, Imuta and co-workers demonstrated that TolC plays an important role in the aggregation and adhesion phenotype of the EAEC 042 strain, as well as in biofilm formation, possibly releasing diffusible compounds (Imuta et al., 2008). Tempting to identify a specific EP, the authors also investigated the role of AcrA, finding it dispensable for the aggregation of EAEC. We obtained very similar results, as we proved that AcrA is unnecessary also for biofilm formation and, more importantly, for EAEC pathogenicity in vivo. Although the periplasmic protein AcrA is shared by other EPs, i.e. AcrAD, it can be substituted in tripartite pump assembly, as in the case of AcrAB-TolC (Yamasaki et al., 2011), thus explaining the phenotype of the acrA deletion mutant described (Imuta et al., 2008; present work). However, the ΔacrA mutant shows an increased sensitivity to erythromycin, tetracycline and bile salts. This can be explained considering that the accumulation of toxic substrates in the ΔacrA mutant may impact the susceptibility to antibiotic stress and bile salts, but not interfere severely with virulence processes. The data reported here support a specific role for the AcrB transporter, whose activity is as essential for EAEC virulence as that of TolC, making it, reasonably, the specific partner of TolC in determining the full pathogenicity of EAEC.

Enteroaggregative E. coli is increasingly recognized as a leading cause of acute diarrhea in children, as well as a major agent of traveler’s diarrhea worldwide. Moreover, it is also capable of provoking extraintestinal infections, including systemic infections (Estrada-Garcia and Navarro-Garcia, 2012; Hebbelstrup Jensen et al., 2014). This, together with the growing prevalence of antimicrobial resistance, particularly multidrug resistance, among EAEC isolates, poses an increasing public health concern (Joffré and Iñiguez Rojas, 2020). Therefore, it becomes increasingly necessary to develop alternative strategies for the treatment of these pathogens. Drugs that interfere with bacterial virulence represent a viable alternative to antibiotic therapy (Dickey et al., 2017). Our results support the hypothesis that MDR EP components, in particular AcrB, may represent valuable targets for this type of strategy. Inhibiting AcrB affects not only antibiotic resistance but also key virulence traits such as aggregation and biofilm formation. By linking efflux pump activity to key pathogenic mechanisms, our study highlights the potential of AcrAB as a dual-function therapeutic target and opens the way to new strategies for managing drug resistant EAEC infections.
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