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The plasma membrane acts as one of the first lines of defense by establishing a physical barrier against microbes. Nevertheless, bacteria have developed a range of strategies to invade the host tissues efficiently. In this chapter, we focus on this understudied area and describe how bacteria target or redirect host membrane

Introduction

The cellular membrane is responsible for cell compartmentalization that coordinates the transport of molecules, cell signaling, or pathogen recognition. Most of these mechanisms are dependent on intricate interactions between proteins and lipids. The most abundant lipids are glycerolipids, sphingolipids, and sterols in animals and plants. Glycerolipids and sphingolipids are categorized into different lipid classes based on the chemical structures of their head groups and each class varies in its fatty acid content due to the degree of unsaturation, chain length, and linkage [START_REF] Harayama | Understanding the diversity of membrane lipid composition[END_REF]. To add to this complexity, these molecules are not homogenously distributed across membranes, resulting in a spatial organization of the lipid landscape of the cell plasma membrane (PM). Sphingolipids have a specific physical location within plant and animal membranes. They are mainly located in the outer leaflet of the PM, whereas the glycerophospholipids like phosphatidylinositol (PI), phosphatidylserine (PS), and phosphatidylethanolamine (PE) occur mainly in the inner leaflet (van Meer and de Kroon 2011; [START_REF] Cacas | Revisiting plant plasma membrane lipids in tobacco: a focus on sphingolipids[END_REF]. Pathogenic bacteria can overcome and even exploit this diversity and complex organization by directly binding interactions to different lipid classes from different cell-surface expressed appendages.

Bacterial Adhesion

Bacteria adhere to many surfaces for successful colonization of hosts and as a survival mechanism in the environment. Macromolecules exposed on the bacterial surface involved in adhesion are referred to as adhesins: a generic designation describing various extracellular structures, ranging from outer membrane proteins to a variety of monomeric or polymeric proteinaceous surface appendages [START_REF] Kline | Bacterial adhesins in host-microbe interactions[END_REF]). The best-studied cell appendages, exclusively found in Gram-negative bacteria, are the chaperone-ushered fimbriae (also known as pili). Adhesins typically recognize specific targets thus enabling the bacterium to bind on a specific surface, which results in tropism towards particular tissue types. Many different types of fimbriae have been described but the prototypical fimbriae are Type 1 [START_REF] Ofek | Adherence of Escherichia coli to human mucosal cells mediated by mannose receptors[END_REF] in Escherichia coli and P fimbriae found in uropathogenic E. coli (UPEC) [START_REF] Dodson | Structural basis of the interaction of the pyelonephritic E. coli adhesin to its human kidney receptor[END_REF]) which mediate binding to specific receptors enriched in the bladder and upper urinary tract, respectively. Over the years, a large number of adhesive proteins have been identified and, for some of them, their affinity for PM lipidic molecules (Fig. 1).

Fimbriae

Fimbriae are adhesive hair-like organelles expressed on the surface of bacteria, generally with an adhesin at the tip [START_REF] Pizarro-Cerdá | Bacterial adhesion and entry into host cells[END_REF]. They are exported to the bacterial surface by either a chaperone-usher set of proteins [START_REF] Costa | Secretion systems in Gram-negative bacteria: structural and mechanistic insights[END_REF] or by a type IV or type V pili secretion (T4p or T5p) apparatus consisting each of several proteins [START_REF] Hospenthal | A comprehensive guide to pilus biogenesis in Gram-negative bacteria[END_REF]. Although bundle-forming pilus (BPF) of enteropathogenic E. coli (EPEC) has been shown to bind directly to PE [START_REF] Khursigara | Enteropathogenic Escherichia coli virulence factor bundle-forming pilus has a binding specificity for phosphatidylethanolamine[END_REF], most fimbriae have a lectinic adhesin that binds a carbohydrate component of glycolipids. For example, the PapG adhesin of pyelonephritisassociated (P) pilus binds to α-D-galactopyranosyl-(1-4)-β-D-galactopyranoside from a type of glycosphingolipid termed globoside, enriched in upper urinary tract cells [START_REF] Väisänen | Mannose-resistant haemagglutination and P antigen recognition are characteristic of Escherichia coli causing primary pyelonephritis[END_REF][START_REF] Dodson | Structural basis of the interaction of the pyelonephritic E. coli adhesin to its human kidney receptor[END_REF]. Several other bacterial species like Streptococcus pneumoniae, Klebsiella pneumoniae, Pseudomonas aeruginosa, Haemophilus influenzae, and Staphylococcus aureus have been identified to bind specifically to this carbohydrate harbored by glycosphingolipids ganglioside, fucosylasialo-GM1, asialoGM1, and asialo-GM2 [START_REF] Krivan | Many pulmonary pathogenic bacteria bind specifically to the carbohydrate sequence GalNAc 1-4Gal found in some glycolipids[END_REF]. Interestingly, candidate adhesins involved in glycosphingolipid recognition have not yet been identified for these species, implicating potentially uncharacterized fimbriae gene clusters. Until recently, P. aeruginosa T4p was described to bind the GalNAcβ1-4Gal moiety of the asialo-GM1 and asialo-GM2 via the adhesin PilA [START_REF] Lee | The binding of Pseudomonas aeruginosa pili to glycosphingolipids is a tip-associated event involving the C-terminal region of the structural pilin subunit[END_REF]). However, the interaction was shown to be context dependent since binding to glycosphingolipids only occurred with sheared T4p organelles, and not when they are expressed from the P. aeruginosa bacterial surface [START_REF] Emam | Laboratory and clinical Pseudomonas aeruginosa strains do not bind glycosphingolipids in vitro or during type IV pili-mediated initial host cell attachment[END_REF]. S-fimbriae found in E. coli adheres to galactosyl ceramide, lactosyl ceramide, and sulphated galactocerebroside (or sulphatide) via the SfaA adhesin protein [START_REF] Prasadarao | Adhesion of S-fimbriated Escherichia coli to brain glycolipids mediated by sfaA gene-encoded protein of S-fimbriae[END_REF]. Sulphatide can be found on different type of animal tissues and was first isolated from human brain meningeal tissue [START_REF] Eckhardt | The role and metabolism of sulfatide in the nervous system[END_REF], hence these bacteria are often associated with meningitis [START_REF] Parkkinen | Binding sites in the rat brain for Escherichia coli S fimbriae associated with neonatal meningitis[END_REF]. The lipid plays a role in bacterial adhesion for a number of bacterial species like Actinobacillus pleuropneumoniae, Bordetella pertussis, and Campylobacter jejuni [START_REF] Takahashi | Role of sulfatide in normal and pathological cells and tissues[END_REF]. For transmembrane glycoproteins, their surrounding lipidic environment is indirectly involved for adhesion and invasion of target cells. FimH encoded by Type 1 fimbriae binds to mannosylated proteins in the urinary tract and needs lipid rafts for E. coli penetration of bladder epithelium [START_REF] Duncan | Bacterial penetration of bladder epithelium through lipid rafts[END_REF]. In contrast, binding some FimH variants to plant tissue occurs via recognition of hemicellulosic β-(1-4) mannans or N-linked glycoproteins in plant cell walls [START_REF] Marshall | Alternate thermoregulation and functional binding of Escherichia coli type 1 fimbriae in environmental and animal isolates[END_REF]).

Bacterial Flagella

The flagellum is a major organelle present in the majority of bacterial species. This self-assembly protein machinery is mostly used for motility and chemotaxis [START_REF] Evans | Building a flagellum outside the bacterial cell[END_REF]. Flagellin, a globular protein forming the flagellum, is recognized by specialized host cell surface receptors such as Toll-like receptor 5 (TLR5) in animals or FLS2 in plants, and because of its virtual ubiquity in bacteria, it is a potent immunogen. Microbe perception occurs on flagellin binding to these receptors, triggering innate immunity activation [START_REF] Rossez | Bacterial flagella: twist and stick, or dodge across the kingdoms[END_REF]. However, the flagellum has also been identified as an adhesin. Flagella are capable of binding different surfaces including lipids, aided in reaching PM by their length [START_REF] Rossez | Bacterial flagella: twist and stick, or dodge across the kingdoms[END_REF]. Flagella from Salmonella enterica serovar Typhimurium have been shown to have an affinity for cholesterol from studies using cholesterol-coated surfaces. This surprising finding required verification that fimbrial adhesins, such as type 1 fimbriae, were not involved [START_REF] Crawford | Flagellated but not hyperfimbriated Salmonella enterica serovar typhimurium attaches to and forms biofilms on cholesterol-coated surfaces[END_REF]. Different E. coli flagella serotypes have been demonstrated to bind negatively charged membrane lipids (phospholipids and sulpholipids) in planta [START_REF] Rossez | Flagella interact with ionic plant lipids to mediate adherence of pathogenic Escherichia coli to fresh produce plants[END_REF], where it is thought that the length and flagellar rotation help to penetrate the plant cell wall to the underlying PM. P. aeruginosa flagellum preferentially adheres on the gangliosides GM1 and aGM1. However, binding is thought to occur as an early step in adhesion before fimbriae adhesion [START_REF] Feldman | Role of flagella in pathogenesis of Pseudomonas aeruginosa pulmonary infection[END_REF], which was supported by the finding that flagellar adhesion to ganglioside is a major factor for TLR activation [START_REF] Adamo | Pseudomonas aeruginosa flagella activate airway epithelial cells through asialoGM1 and toll-like receptor 2 as well as toll-like receptor 5[END_REF]). Cellular stress-induced changes have been shown to influence pathogen interactions with epithelial cells, where stress (e.g., oxidative stress) activates acid sphingomyelinase, which induces PM remodeling, and prevents non-motile bacterial Shigella flexneri binding to the cells. In contrast, flagellated bacteria (S. enterica) can overcome this lipid remodeling process by accumulating at the remaining sphingolipid rich domains [START_REF] Tawk | Stress-induced host membrane remodeling protects from infection by non-motile bacterial pathogens[END_REF]). Hydrophobicity has also been shown to play a role in how bacterial flagella adhere, such that flagella can bind loosely to hydrophilic surfaces, whereas on hydrophobic surfaces, initial attachment is loose but increases progressively. This occurs apparently through conformational changes to the flagella, which may "zip" onto the surface and form stronger bonds with the hydrophobic surface [START_REF] Friedlander | Role of flagella in adhesion of Escherichia coli to abiotic surfaces[END_REF]. This work gives some insight on how bacterial flagella could interact with PM but needs to be tempered by the fact that PM are charged and composed by amphiphilic molecules. Host lipids are not only used by bacteria to adhere on PM but can also serve to indicate the presence of the host cell to the pathogen via intermediate phospholipids like lysophospholipids. For example, in a form of host innate immunity regulation, secretion of S. enterica monomeric flagellin is induced by host-produced lysophospholipids to allow pathogen sensing, since only monomeric and polymerized flagellin trigger immune response via TLR-5 binding [START_REF] Subramanian | Lysophospholipid sensing triggers secretion of flagellin from pathogenic salmonella[END_REF]. For some species, secretion of non-flagellin proteins occurs via the flagella apparatus, similar to that of the non-flagellar type three-secretion system (T3SS). For example, in Yersinia enterocolitica, YplA, a non-flagellar protein has been shown to be secreted by the flagellar type III secretion system and is associated with a phospholipase activity [START_REF] Schmiel | Phospholipase A of Yersinia enterocolitica contributes to pathogenesis in a mouse model[END_REF][START_REF] Young | A new pathway for the secretion of virulence factors by bacteria: the flagellar export apparatus functions as a protein-secretion system[END_REF]). In Campylobacter jejuni, which lacks non-flagellar T3SS, flagella-mediated secretion has been demonstrated for FlaC, an adhesin that facilitates binding to human cells [START_REF] Song | FlaC, a protein of Campylobacter jejuni TGH9011 (ATCC43431) secreted through the flagellar apparatus, binds epithelial cells and influences cell invasion[END_REF]). This flagellin-like protein is secreted in order to specifically modulate host responses via TLR5 activation [START_REF] Faber | Novel immunomodulatory flagellin-like protein FlaC in Campylobacter jejuni and other Campylobacterales[END_REF]).

Other Adhesins and Bacterial Toxins

Besides appendages on bacterial surface, some outer membrane proteins can mediate adhesion to host surfaces. The outer membrane protein MAM7 (multivalent adhesion molecule) present in several Gram-negative bacteria has been shown to bind to fibronectin and phosphatidic acid (PA). Their adhesion can occur concurrently, although PA is fundamental to obtain a stable binding to the host and a basic residue (mce2 Lys-166) seems to be essential [START_REF] Krachler | Outer membrane adhesion factor multivalent adhesion molecule 7 initiates host cell binding during infection by Gram-negative pathogens[END_REF]). The rickettsial Outermembrane protein B (rOmpB) from the obligate intracellular tick-borne pathogen Rickettsia conorii facilitates both binding to and invasion of non-phagocytic mammalian cells, requiring complex regulation between several partners for internalization. rOmpB targets a 70 kDa protein, Ku70, found at the host PM and in association with cholesterol-enriched lipid rafts. For internalization, three other proteins are needed: E3 ubiquitin ligase (c-Cbl), clathrin, and caveolin-2 [START_REF] Martinez | Ku70, a component of DNA-dependent protein kinase, is a mammalian receptor for Rickettsia conorii[END_REF][START_REF] Chan | Rickettsial outer-membrane protein B (rOmpB) mediates bacterial invasion through Ku70 in an actin, c-Cbl, clathrin and caveolin 2-dependent manner[END_REF]).

There are significant evidences showing bacterial toxins bind to membrane lipid to form pores. Some toxins target specifically membrane lipid raft to penetrate the cell. The best described is the cholera toxin B-subunit (CTxB), the membranebinding subunit of cholera toxin, which is used as a marker of lipid raft [START_REF] Day | Functions of cholera toxin B-subunit as a raft cross-linker[END_REF]. This toxin secreted by Vibrio cholera has two subunits: The CTxA with an enzymatic activity to G protein which activates adenylate cyclase and a homopentameric CTxB which binds to GM1 gangliosides (van Heyningen 1974). For complete reviews on bacterial toxins and pore formation see [START_REF] Geny | Bacterial protein toxins and lipids: pore formation or toxin entry into cells[END_REF]; [START_REF] Tilley | The mechanism of pore formation by bacterial toxins[END_REF]; [START_REF] Los | Role of pore-forming toxins in bacterial infectious diseases[END_REF].

Bacterial Translocons and Effectors

To successfully colonize host tissues, many bacterial pathogens have evolved multiple protein secretion systems. Bacteria use 12 distinct classes of protein secretion systems to export proteins through their multilayered cell envelope [START_REF] Green | Bacterial secretion systems: an overview[END_REF]. Some of the secretion systems can translocate proteins, termed bacterial effectors, into host cells, which in some cases target PM lipids [START_REF] Geissler | Bacterial toxin effector-membrane targeting: outside in, then back again[END_REF]. For this, they need to target host PM to form a pore or to go through after structural contraction (Fig. 2). Of the systems described above that directly interact with host lipids, flagella are ancestrally related to the Type 3 secretion system (T3SS); and OMP are exported via Type 1 secretion systems (T1SS) [START_REF] Costa | Secretion systems in Gram-negative bacteria: structural and mechanistic insights[END_REF]. The T3SS, type IV secretion system (T4SS) and type VI secretion system (T6SS), found mainly in Gram-negative bacteria, interact directly with and/or cross the host PM [START_REF] Costa | Secretion systems in Gram-negative bacteria: structural and mechanistic insights[END_REF].

T3SS

The type 3 secretion system (T3SS) is used by both plant and animal pathogens to deliver effector proteins into host cells, via a molecular syringe, to promote host interactions, pathogenic, beneficial, or commensal. The T3SS needle complex encoded by animal pathogens is shorter than that of plant pathogens, with a length of 20-40 nm whereas more than 100 nm is required to penetrate the thick plant cell wall (CW) [START_REF] Ji | Key steps in type III secretion system (T3SS) towards translocon assembly with potential sensor at plant plasma membrane[END_REF]. The morphological and protein subunit similarities between the T3SS and the bacterial flagellar system components indicate that these systems are homologs, arising from a common evolutionary origin [START_REF] Macnab | The bacterial flagellum: reversible rotary propellor and type III export apparatus[END_REF][START_REF] Pallen | Bacterial flagella and type III secretion: case studies in the evolution of complexity[END_REF]. The flagellar apparatus is thought to be the evolutionary precursor of T3SS, which has diversified over a series of gene duplications, losses, and acquisitions and has evolved the ability to deliver effectors to eukaryotic cells [START_REF] Nguyen | Phylogenetic analyses of the constituents of type III protein secretion systems[END_REF][START_REF] Saier | Evolution of bacterial type III protein secretion systems[END_REF]; Abby and Rocha 2012). To inject T3SS effectors, a pore-forming multi-protein organelle, termed a translocon is inserted into host PM upon contact with host cell. Three types of protein tanslocons allow delivery of effectors: two are hydrophobic and one hydrophilic. The hydrophobic translocators are subdivided in two categories, one with only one transmembrane (TM) domain and the other with two TM domains. Due to their TM domains, these proteins insert in the host PM to form the translocon. The hydrophilic protein connects the membrane-inserted translocon and the tip of the T3SS needle [START_REF] Matteï | Membrane targeting and pore formation by the type III secretion system translocon[END_REF][START_REF] Deng | Assembly, structure, function and regulation of type III secretion systems[END_REF]. In animals cells, the pore formation process requires transmembrane protein CCR5 (chemokine [C-C motif] receptor 5) in order to modulate cytoskeletal activities and allow hydrophobic translocon assembly [START_REF] Sheahan | Identification of mammalian proteins that collaborate with type III secretion system function: involvement of a chemokine receptor in supporting translocon activity[END_REF]. In plants, T3SS accessories proteins are needed to degrade the CW and facilitate access for translocon to PM [START_REF] Charkowski | The Pseudomonas syringae pv. tomato HrpW protein has domains similar to harpins and pectate lyases and can elicit the plant hypersensitive response and bind to pectate[END_REF][START_REF] Kim | HrpW of Erwinia amylovora, a new harpin that contains a domain homologous to pectate lyases of a distinct class[END_REF]. IpaB, in Shigella, is one TM domain protein located on the tip of T3SS and binds to the hyaluronan receptor CD44. This interaction is impacted by depletion of cholesterol or sphingolipids from the epithelial cell PM [START_REF] Lafont | Initial steps of Shigella infection depend on the cholesterol/sphingolipid raftmediated CD44-IpaB interaction[END_REF][START_REF] Van Der Goot | Rafts can trigger contact-mediated secretion of bacterial effectors via a lipid-based mechanism[END_REF]. Enteropathogenic E. coli (EPEC) secrete their own receptor via the T3SS, the translocated intimin receptor (Tir). PM embedded Tir then binds to the EPEC adhesin intimin and induces intimate attachment between the bacterial and host cells [START_REF] Hartland | Binding of intimin from enteropathogenic Escherichia coli to Tir and to host cells[END_REF]). T3SS effectors can target host PM directly by degrading phospholipids like PI, to facilitate host manipulation or colonization. PI lipids are implicated in a multitude of role from actin cytoskeleton arrangements to vesicle trafficking and are the target of pathogenic bacteria; see [START_REF] Hilbi | Modulation of phosphoinositide metabolism by pathogenic bacteria[END_REF] for review. An effector from Shigella flexneri, the inositol phosphate phosphatase IpgD, hydrolyzes phosphatidylinositol-4,5bisphophate (PIP 2 ) to produce phosphatidylinositol 5-monophosphate (PI5P). This leads to actin reorganization promoting bacteria entry [START_REF] Konradt | The Shigella flexneri type three secretion system effector IpgD inhibits T cell migration by manipulating host phosphoinositide metabolism[END_REF]. Others effectors from a number of bacteria [START_REF] Ham | Manipulation of host membranes by bacterial effectors[END_REF]) such as Mycobacterium tuberculosis [START_REF] Beresford | MptpB, a virulence factor from Mycobacterium tuberculosis, exhibits triple-specificity phosphatase activity[END_REF]), S. enterica [START_REF] Norris | SopB, a protein required for virulence of Salmonella dublin, is an inositol phosphate phosphatase[END_REF][START_REF] Marcus | A synaptojanin-homologous region of Salmonella typhimurium SigD is essential for inositol phosphatase activity and Akt activation[END_REF], and V. parahaemolyticus [START_REF] Broberg | A Vibrio effector protein is an inositol phosphatase and disrupts host cell membrane integrity[END_REF]) are known to manipulate host membranes in comparable ways. Effectors from intracellular pathogens like S. enterica can modify phagosomes' membranes to prevent fusion with host lysosomes and then to replicate inside host cells. For example, SifA contains Cys-aliphatic-aliphatic-X (CAAX) motif in its last C-terminal residues. When translocated, this motif is isoprenylated and S-acylated by eukaryotic cells. S-prenylation covalently adds isoprene groups, mainly farnesyl (15-carbon) and geranylgeranyl (20-carbon), to cysteine residues. These modifications increase the effector hydrophobicity and anchors them at the membrane [START_REF] Boucrot | Salmonella typhimurium SifA effector protein requires its membrane-anchoring C-terminal hexapeptide for its biological function[END_REF][START_REF] Reinicke | A Salmonella typhimurium effector Protein SifA is modified by host cell prenylation and S-acylation machinery[END_REF].

T4SS

Like the T3SS, the type 4 secretion system (T4SS) can also reach host PM to transfer material proteins into the cytoplasm of eukaryotic cells and bacteria, although this includes DNA as well as proteins. The prototypical T4SS is from the phytopathogen, Agrobacterium tumefaciens [START_REF] Grohmann | Type IV secretion in Gram-negative and Gram-positive bacteria[END_REF]. This bacterium uses the T4SS to transfer oncogenic T-DNA and different effectors to plant cells in order to induce crown gall disease [START_REF] Salmond | Secretion of extracellular virulence factors by plant pathogenic bacterial[END_REF]. The T4SSs of Gram-negative bacteria appears to have evolved through consolidation of four functionally distinct structures. A hexameric ATPase, implicated in DNA/protein coupling and denominated type IV coupling protein (T4CP). Two membrane complexes needed for substrate passage across inner membrane or periplasm and outer membrane. They are named inner membrane complex (IMC) and outer membrane complex (OMC), respectively. The conjugative pilus is an example of the OMC and directly initiates contact with the host cell PM [START_REF] Christie | Mechanism and structure of the bacterial type IV secretion systems[END_REF]. Three proteins represent the pilus-assembly components: a transglycosylase (VirB1), a pilin (VirB2), and a pilus-tip (VirB5).

To date, only VirB2 and VirB5 have been shown to be responsible for T4SS pilus adhesion on plant cells. Three related plant proteins with putative transmembrane domains, VirB2-interacting protein (BTI)-1, BTI2, and BTI3 were identified together with a membrane-associated GTPase, AtRAB8 to interact with VirB2 [START_REF] Hwang | Plant proteins that interact with VirB2, the Agrobacterium tumefaciens pilin protein, mediate plant transformation[END_REF]. Likewise, VirB5 has been described to target the transzeatin biosynthetic protein (Tzs) exposed to the plant cell surface [START_REF] Aly | The type IV secretion system component VirV5 binds to the trans-zeatin biosynthetic enzyme Tzs and enables its translocation to the cell surface of Agrobacterium tumefaciens[END_REF]).

The human/animal pathogens, the best described T4SS is for Helicobacter pylori.

The H. pylori VirB5 ortholog CagL, which was the first formally recognized bacterial carcinogen, binds specifically to a TM receptor, integrin α5β1 [START_REF] Kwok | Helicobacter exploits integrin for type IV secretion and kinase activation[END_REF]). The H. pylori cytotoxin-associated gene A (CagA) interacts with PS on the host PM to promote CagA internalization [START_REF] Murata-Kamiya | Helicobacter pylori exploits host membrane phosphatidylserine for delivery, localization, and pathophysiological action of the CagA oncoprotein[END_REF]. Specific host transmembrane proteins act as receptors for the H pylori outer membrane protein HopQ. These proteins, called carcinoembryonic antigen-related cell adhesion molecules (CEACAMs), facilitate CagA translocation [START_REF] Zhao | Integrin but not CEACAM receptors are dispensable for Helicobacter pylori CagA translocation[END_REF]. When translocated, CagA dysregulates the homeostatic signal transduction of gastric epithelial cells by shifting cell behavior. Similar to the T3SS effector SifA in S. enterica, the intravacuolar pathogen Legionella pneumophila T4SS effectors, AnkB when translocated in to the host are prenylated [START_REF] Price | Host-mediated post-translational prenylation of novel Dot/Icm-translocated effectors of Legionella pneumophila[END_REF]). To replicate L. pneumophila needs to be intracellularly in an ER-associated compartment, the Legionella-containing vacuole (LCV). Approximately 300 effector proteins are translocated; some of the effectors anchor to membrane through PI4P or PI3P to promote the interaction of LCVs with host vesicles and organelles, to affect small GTPases or PImetabolizing enzymes see [START_REF] Steiner | Formation of the Legionella-containing vacuole: phosphoinositide conversion, GTPase modulation and ER dynamics[END_REF] for review.

T6SS

This versatile nanomachine was first described in 2006 in P. aeruginosa [START_REF] Mougous | A virulence locus of Pseudomonas aeruginosa encodes a protein secretion apparatus[END_REF]. It delivers a wide arsenal of effector proteins directly into prokaryotic and eukaryotic target cells. T6SS share a bacteriophage-related tail structure anchored to the cell envelope by a membrane complex [START_REF] Cherrak | Biogenesis and structure of a type VI secretion baseplate[END_REF][START_REF] Leiman | Type VI secretion apparatus and phage tailassociated protein complexes share a common evolutionary origin[END_REF]).

The T6SS tail tube is a structure made of different protein subunits that polymerize to form the contractile sheath. This tube wraps around the hemolysin co-regulated protein (Hcp) and dynamically propels a spike at its tip. This puncturing device is formed by Hcp and valine-glycine repeat protein G (VgrG). Then T6SS effectors are injected across bacterial membranes during this contraction mechanism [START_REF] Basler | Type VI secretion requires a dynamic contractile phage tail-like structure[END_REF]. Effectors propelled by T6SS can affect host PM. In B. thailandensis, Vgrg-5 induce membrane fusion, either by the recruitment of other factors or by direct participation [START_REF] Schwarz | VgrG-5 is a Burkholderia type VI secretion systemexported protein required for multinucleated giant cell formation and virulence[END_REF]. In Vibrio cholerae, VasX is a secreted, lipid-binding protein, which can disrupt bacterial and host cell signaling. This T6SS protein can both kill and protect bacterial cells [START_REF] Miyata | Vibrio cholerae requires the type VI secretion system virulence factor vasx to kill Dictyostelium discoideum[END_REF][START_REF] Miyata | Dual expression profile of type VI secretion system immunity genes protects pandemic Vibrio cholerae[END_REF]. Antibacterial T6SS effectors target bacterial membrane with phospholipase activity in P. aeruginosa, Burkholderia thailandensis, or entero-aggregative E. coli [START_REF] Russell | Diverse type VI secretion phospholipases are functionally plastic antibacterial effectors[END_REF][START_REF] Flaugnatti | A phospholipase A1antibacterial type VI secretion effector interacts directly with the C-terminal domain of the VgrG spike protein for delivery[END_REF]).

Biomimetic Membrane Models

Here we describe application of biomimetic models as tools for the detection and characterization of bacterial proteins or whole bacteria interactions with host cell membranes. Membrane-based biomimetic systems have been developed to reconstitute and investigate biological events occurring at the cell membrane interface under controlled conditions. The complexity of the biological membranes makes direct investigation of their interaction with bacterial cells or compounds at the molecular level very challenging. In an attempt to overcome the limitations, lipid bilayer systems have been introduced as models of biological membranes. These models have been successfully used to study the interaction and the insertion of peptides, proteins, or whole organisms.

The simplest and most commonly used biomimetic models are vesicles and liposomes. These spherical lipid bilayers form an internal aqueous cavity and are classified according to their diameters into: Small Unilamellar Vesicles (SUV), which exhibit a mean diameter inferior to 100 nm; Large Unilamellar Vesicles (LUV) have a diameter between 100 and 1000 nm; whereas Giant Unilamellar Vesicles (GUV) have a size range of 1-200 μm of diameter. Due to their size, GUVs are recognized as the best membrane model for mimicking the cell membrane curvature since animal and plant cells have a size ranging from 10 to 30 μm and from 10 to 100 μm, respectively.

A variety of biomimetic membrane systems on solid support have been developed and coupled to surface sensitive techniques such as Surface Plasmon Resonance (SPR), Atomic Force Microscopy (AFM), quartz crystal microbalance, or neutronreflectometry. Among all the existing models, solid supported membranes provide higher stability than freestanding lipid models (Fig. 3). In 1984, Brian et al. pioneered a simplified method for the construction of supported planar membranes to study biological mechanisms [START_REF] Brian | Allogeneic stimulation of cytotoxic T cells by supported planar membranes[END_REF]. After this work, a variety of constructions on solid surface were developed including supported lipid bilayers (SLB) directly reconstituted on hydrophilic surfaces and tethered bilayers (tBLM) [START_REF] Rebaud | Tethered bilayer lipid membranes (tBLMs): interest and applications for biological membrane investigations[END_REF][START_REF] Veneziano | Synthesis and characterization of tethered lipid assemblies for membrane protein reconstitution (review)[END_REF]. Tethered bilayer lipid membranes were designed to overcome the limitations of SLB. They comprise a lipid bilayer spaced out from solid support by the use of molecular spacers or layers that intercalate between the substrate and the bilayer. This enables to study the incorporation or translocation of proteins without interference with the support [START_REF] Tanaka | Polymer-supported membranes as models of the cell surface[END_REF][START_REF] Rossi | Biomimetic tethered lipid membranes designed for membrane-protein interaction studies[END_REF].

Liposomes and Bacterial Interaction

Liposomes are the simplest model system that mimic cell membranes. They offer the advantage of being very versatile as their lipid composition can be easily tailored to the question. They have been used to characterize the mode of interaction of bacteria with cell membranes and define the functional roles of the host cell membrane and bacterial components. LUVs were used in demonstration of the role of glycan- Outer membrane vesicles (OMV) containing lipopolysaccharide (LPS) were shown to be spontaneously, secreted by S. dysenteriae. In order to characterize the interaction of the O-antigen polysaccharide moiety of LPS, LUV with or without ganglioside GM1 were incubated with the OMVs and showed that the glycosylated part of GM1 from the host PM cells associated directly to the LPS. This phenomenon is involved in S. dysenteriae binding to host CD4 + T lymphocytes [START_REF] Belotserkovsky | Glycan-glycan interaction determines Shigella tropism toward human T lymphocytes[END_REF].

Likewise, GUVs were used to implicate globotriaosylceramide Gb3-dependent invasion of Pseudomonas aeruginosa. The authors coined this mechanism "lipid zipper" where the galactophilic lectin (LecA) present in the bacterial outer membrane binds the carbohydrate moiety of Gb3 to mediate the entry of the bacteria. Microscopy analysis showed that the bacterial interaction with GUVs composed of DOPC/Chol/Gb3 was strictly driven by the lectin-Gb3 interaction and lead to the reorganization of membrane lipids into clusters with a negative membrane curvature that accompany the bacterial entry into GUVs [START_REF] Eierhoff | A lipid zipper triggers bacterial invasion[END_REF].

The importance of the nature of lipids involved in the bacteria/host cell membrane interaction can also be investigated with such biomimetic systems. Recently, it was shown by co-flotation assays that the signal peptide of the serine-rich repeat adhesin of Streptococcus gordonii interacts with anionic lipids of the host cell membrane. The electrostatic interaction was found to be a prerequisite for bacterial preprotein entry across cell membranes and the consecutive bacterial translocation [START_REF] Spencer | Membrane trafficking of the bacterial adhesin GspB and the accessory Sec transport machinery[END_REF].

Liposomes were used in a separate example, to examine the effect of lipoarabinomannan (LAM), a component of the Mycobacterium tuberculosis cell wall, on membrane structure. This allowed the mechanistic basis of LAM to be identified for bacterial survival within macrophages. Using fluorescence resonance energy transfer (FRET), it was shown that, after insertion into the liposome bilayer, LAM inhibits the fusion of liposomes having a lipid composition mimicking the phagosomal membrane. Indeed a classic use of FRET is for monitoring lipid exchange or mixing and membrane fusion. Moreover, AFM imaging of lipid domains within a SLB exposed to LAM showed that LAM modifies the lipid distribution and packing, leading to a reorganization of lipid domains. This study neatly described how bacterial lipids can lead to the bacterial persistency within the immature phagosomal compartment of macrophages [START_REF] Hayakawa | A Mycobacterium tuberculosis-derived lipid inhibits membrane fusion by modulating lipid membrane domains[END_REF]).

Liposomes as Tools for Biosensing

The ability of some proteins such as toxins secreted by bacteria to insert in and then modify the physical properties of the lipid bilayer can be detected by biosensing systems. Zhou and co-authors developed a sensing methodology to detect pathogenic bacteria at an infected wound. The assay was based on the quantification of the release of a fluorescence dye from the lumen of liposomes upon exposure to bacterial lytic agents. Thus, the pathogenic state of the bacteria could be assessed [START_REF] Zhou | Bacteria-responsive intelligent wound dressing: simultaneous in situ detection and inhibition of bacterial infection for accelerated wound healing[END_REF]. Based on the same principle, the membrane perturbing actions of several bacterial toxins were studied by monitoring the release of a fluorescent dye from liposomes. Recent applications are the vacuolating cytotoxin A (VacA), from H. pylori [START_REF] Linn | A Helicobacter pylori vacuolating cytotoxin A: mouse DHFR fusion protein triggers dye release from liposomes[END_REF] or the Hemolysin A, the major virulence factor of Staphylococcus aureus. The authors have demonstrated that an inhibitor of ATP-gated purinergic receptors (P2XR) interferes with the function of a bacterial pore-forming protein through a direct inhibition of its binding to the membrane and oligomer formation [START_REF] Schwiering | P2X-receptor antagonists inhibit the interaction of S. aureus hemolysin a with membranes[END_REF].

Bacterial Toxin Interaction with Tethered Bilayer Models

Due to their covalent anchoring to the substrate, tethered bilayer lipid membranes (tBLMs) are considerably more robust than freestanding lipid bilayers. Among all the surface sensitive techniques that can be coupled to these models, electrochemical impedance spectroscopy (EIS) can be applied for studying the mode of interaction with lipid membranes of several membranotropic peptides [START_REF] Atanasov | A molecular toolkit for highly insulating tethered bilayer lipid membranes on various substrates[END_REF]). Indeed, depending on their molecular architecture, the tBLMs could provide a fluid lipid bilayer platform having a high resistivity, highly suited for quantifying the pore-forming ability of toxins produced by bacteria.

In EIS, an alternating voltage is applied over a range of frequencies and the resulting current is measured along with the time delay between a change in the applied potential and the resulting current. The resistance and phase difference between voltage and current changes can be fitted to an equivalent circuit composed of resistance and capacitance describing the electrical properties of the membrane (Fig. 4). For tBLMs, EIS measurements provide information about the quality of the lipid bilayer and charge transport processes across the membrane, for example, by extricated or incorporated channel proteins.

This approach was employed for the characterization of cyanotoxins. The action of a member of the microcystin (MC) family on the lipid membrane was investigated using tethered lipid bilayers (tBLMs). The cyanotoxin class of hepatotoxic MC is responsible for animal and human poisoning cases due to bioaccumulation in the liver. This study demonstrated that contrary to the original hypothesis, MC-Leucine Arginine (LR) membrane exposure leads only to small and transient variations in the membrane capacitance, showing that MC-LR is not able to accumulate in cell membranes and modify their integrity [START_REF] Facey | An examination of microcystin-LR accumulation and toxicity using tethered bilayer lipid membranes (tBLMs)[END_REF].

The combination of tBLMs and EIS measurements brings a more discriminative detection of the nature of the membrane damages caused by bacterial proteins than the liposome-based assays described above. An assay allowing the detection of toxins and bacterial enzymes was developed by coupling tBLMs with SPR spectroscopy and EIS [START_REF] Tun | Sensing of pathogenic bacteria based on their interaction with supported bilayer membranes studied by impedance spectroscopy and surface plasmon resonance[END_REF]. The tBLM used in this study is tethered by a mixture of 2,3-di-O-phytanyl-glycerol-1-tetraethylene glycol-D,L-lipoic ester lipid (DPhyTL) and cholesterol-pentaethyleneglycol. tBLMs integrating DPhyTL are well known to be dense lipid membranes with high electrical sealing properties [START_REF] Naumann | Tethered lipid bilayers on ultraflat gold surfaces[END_REF]. The combination of these two techniques allows investigators to differentiate between pore formation caused by pore-forming toxins or the lipid loss resulting from lipase action.

The design of tBLMs can be adapted in order to study more complex sequence of events involving bacterial toxins. The binding and the consecutive translocation of the adenylate cyclase toxin (CyaA) were successfully reconstituted and quantified under controlled conditions of calcium concentration and membrane potential [START_REF] Veneziano | Bordetella pertussis adenylate cyclase toxin translocation across a tethered lipid bilayer[END_REF]. The CyaA toxin is one of the major virulence factors produced by Bordetella pertussis. It is a particularly complex protein of 1706residues and consisting of several active domains. Once translocated across the plasma membrane, the N-terminal catalytic domain (CD) of CyaA binds to calmodulin and catalyzes the production of supraphysiologic level of cAMP [START_REF] O'brien | Calmodulin fishing with a structurally disordered bait triggers CyaA catalysis[END_REF]. A new tBLM construction was specifically developed to study the in vitro binding of CyaA to lipid membrane and the consecutive translocation of its CD across the lipid bilayer. The bilayer was assembled over a surface derivatized with the protein calmodulin in order to differentiate the external and internal aqueous compartments that are separated by the tethered bilayer. This particular design allows taking into account the underlying cytosolic compartment. It was demonstrated that the bilayer acts as a fluid and protein-impermeable barrier [START_REF] Rossi | A tethered bilayer assembled on top of immobilized calmodulin to mimic cellular compartmentalization[END_REF]. Surface plasmon resonance spectroscopy, application of a controlled membrane potential, and an enzymatic assay were combined in order to monitor the protein binding in real time and to quantify the enzymatic activity resulting from the CD/CaM association. It was found that the translocation of the CyaA catalytic domain is strictly dependent on the presence of calcium and the application of a negative transmembrane potential across the tethered lipid bilayer [START_REF] Veneziano | Bordetella pertussis adenylate cyclase toxin translocation across a tethered lipid bilayer[END_REF]. Beyond the study done on the CyaA toxin, this biomimetic design provides an unique tool to explore in vitro the molecular mechanisms of protein translocation across biological membranes in precisely defined conditions [START_REF] Veneziano | Bordetella pertussis adenylate cyclase toxin translocation across a tethered lipid bilayer[END_REF][START_REF] Veneziano | Synthesis and characterization of tethered lipid assemblies for membrane protein reconstitution (review)[END_REF] 

Whole-Bacteria Interaction with Membrane Models

While the action on lipid membrane of proteins produced by bacteria have been studied using membrane models, very little attention has been applied for lipid bilayer systems by studying the interaction of whole bacteria with cell membrane structures.

To our knowledge, the membrane model structures employed for such studies have been exclusively vesicles. Functionalized GUVs (~15-60 μm) have been employed to monitor the interaction of whole bacteria with liposomal nanoparticles by electronic absorption spectroscopy and FRET. It was based on the interaction of the glucose molecules tagged on liposomes with the glycoproteins present on the surface of E. coli [START_REF] Dogra | Investigating ligand-receptor interactions at bilayer surface using electronic absorption spectroscopy and fluorescence resonance energy transfer[END_REF]. The same type of interaction was also exploited to investigate the propulsion of lipid vesicles using the strength of E. coli bacteria motility as a function of the size of the vesicles [START_REF] Dogra | Micro-motors: a motile bacteria based system for liposome cargo transport[END_REF]. The glycolipidmediated interactions of bacteria with liposomes of different sizes (SUVs, LUVs, and GUVs) were evaluated by FRET microscopy. The authors demonstrated that SUVs and LUVs could be transported by bacteria while increasing their velocity, dependent on the size ratio between the bacteria and vesicle elements. In this study, any bacterial interaction with the liposomes composed of a pure lipid bilayer could be detected.

Research Needs

Bacterial adhesion to host tissue is a long-standing area of research, yet the interactions with lipids in this process remain an understudied topic. The major challenges that need to be addressed include:

• Understanding fatty acids (FA) function for bacterial adhesion and colonization.

A small number of studies have been focused on the role of FA when bacteria invade host tissues although the physical state of the cells is dependent on the FA composition of the PM [START_REF] Marsh | Structural and thermodynamic determinants of chain-melting transition temperatures for phospholipid and glycolipids membranes[END_REF]. Published studies are limited: in one study, use of membrane fluidizers like hexanol, benzyl alcohol, and 2-(2methoxyethoxy)ethyl 8-(cis-2-n-octylcyclopropyl)octanoate on human epithelial cell line. However, the approach doesn't fully address this question as it cannot discount side effects of the fluidizers on the cell lines [START_REF] Ismaili | Modulation of host cell membrane fluidity: a novel mechanism for preventing bacterial adhesion[END_REF]. In another approach, cell lines incubated with different fatty acids and Lactobacillus spp illustrated the impact of FA on probiotic bacteria adhesion [START_REF] Kankaanpää | The influence of polyunsaturated fatty acids on probiotic growth and adhesion[END_REF]. Thus, by combining biomimetic membrane models and cell lines with such approaches, new mechanisms could be highlighted in host-pathogen interactions.

• Use transmembrane receptors with different plasma membrane lipid composition. The impact of different PM compositions on transmembrane proteins remains unknown for bacterial adhesion and immune response. The use of biomimetic membranes with controlled lipid composition in presence of reconstituted receptors could be an elegant approach to answer this question. • Characterizing molecular recognition. To develop new molecular-based methods to combat bacterial infection, the scientific community needs to understand precisely which adhesins bind to specific PM lipids. Unfortunately, for most bacteria, this remains to be addressed. • Cholesterol implication in bacterial colonization. Cholesterol-rich microdomains at the host PM have been identified in the internalization steps of several bacteria [START_REF] Mañes | Pathogens: raft hijackers[END_REF]. In most reports, cholesterol was removed with the appropriate drug. An alternative approach has employed mouse embryonic fibroblasts lacking the final enzyme required for cholesterol synthesis to investigate the role of cholesterol in bacterial penetration of host cells [START_REF] Gilk | Bacterial colonization of host cells in the absence of cholesterol[END_REF]). However, the precursor of cholesterol, desmosterol, that replaces cholesterol in the cellular PM of these mice may still participate in bacterial internalization [START_REF] Rodríguez-Acebes | Desmosterol can replace cholesterol in sustaining cell proliferation and regulating the SREBP pathway in a sterol-Δ 24reductase-deficient cell line[END_REF]. Therefore, additional work is needed to develop new strategies to study the real impact of cholesterol in bacterial adhesion and internalization.

Bacterial adhesion and manipulation of host membrane lipids still need to be better documented. Understanding how bacteria hijack PM organization will underlie new strategies to fight bacterial infection. While encouraging findings are emerging, major steps are still needed to better characterize the various strategies used by bacteria to target host lipids.

Fig. 1

 1 Fig. 1 Bacterial adhesion on host plasma membrane

Fig. 2

 2 Fig. 2 Secretion systems, plasma membrane, and effectors

Fig. 3

 3 Fig. 3 Evolution of the lipid bilayer model architectures over time

Fig. 4
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