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Introduction

The bacterial cell wall consists mainly of a giant biopolymer named peptidoglycan.

The latter surrounds the whole cell and is commonly described as a mesh-like structure consisting of glycan strands that are cross-linked by short peptides [START_REF] Egan | Regulation of bacterial cell wall growth[END_REF] (Figure 1). The assembly of this cage-like structure starts at the inner face of the cytoplasmic membrane by a series of reactions involving a set of well conserved proteins generating a lipid-linked disaccharide-pentapeptide precursor named lipid II. This precursor is then flipped across the membrane, polymerized and inserted into the existing peptidoglycan mesh. Polymerization involves both transglycosylation reactions to elongate the glycan stands and transpeptidation reactions that cross-link the pentapeptides of two adjacent glycan strands [START_REF] Egan | Regulation of bacterial cell wall growth[END_REF]. These reactions are performed by either the penicillin-binding proteins (PBPs), the L,D-transpeptidases (Ldt), and the SEDS (Shape, Elongation, Division and Sporulation) proteins. The peptidoglycan polymer is also continuously remodeled by a variety of hydrolases, cleaving either the glycan strand, the link between the sugar moieties and the peptide or inside the peptide itself, to promote the insertion of new precursors or to simply mediate cell separation after division [START_REF] Alcorlo | Carbohydrate recognition and lysis by bacterial peptidoglycan hydrolases[END_REF] (Figure 2). This general view of peptidoglycan synthesis derives mostly from studies on model organisms such as Escherichia coli or Bacillus subtilis, but does not reflect the great diversity encountered in bacteria with different morphology or physiology. The most prominent sources of variability are the composition of the peptide, the mode of pentapeptides crosslinking or the sites of peptidoglycan synthesis (polar, septal or lateral) [START_REF] Shaku | Peptidoglycan biosynthesis and remodeling revisited[END_REF] (Figure 1). In this review, we highlight some of the recent breakthroughs that have improved, and even changed, our understanding of some key aspects of peptidoglycan assembly in monoderm bacteria of the Firmicute phylum. Firmicutes are a well-studied group of Gram-positive bacteria and a number of important new discoveries regarding peptidoglycan synthesis have been published during the last five years. To get more information about other bacterial models and the assembly of other compounds of the cell wall, we suggest the following reviews [START_REF] Randich | Molecular mechanisms for the evolution of bacterial morphologies and growth modes[END_REF][START_REF] Mueller | Bacterial Cell Wall Quality Control during Environmental Stress[END_REF][START_REF] Van Teeseling | Determinants of Bacterial Morphology: From Fundamentals to Possibilities for Antimicrobial Targeting[END_REF].

Furthermore, recent developments allowing the high through peptidoglycan analysis as well as advances in microscopy techniques allowing the investigation of special and temporal changes in peptidoglycan synthesis will be covered in this issue in a review by Sara B.

Hernández and Felipe Cava [START_REF] Hernández | New approaches and techniques for bacterial cell wall analysis[END_REF].

Lipid II transport, polymerization and cross-linking

Once assembled at the inner face of the cytoplasmic membrane by the Mur proteins [START_REF] Egan | Regulation of bacterial cell wall growth[END_REF], the lipid II precursor must be translocated across the membrane in order to be incorporated in the peptidoglycan mesh. For many years, it was thought that the translocation step was carried out by the two SEDS proteins, FtsW and RodA, whereas polymerization and cross-linking were performed by two classes of PBPs : the bi-functional class A PBPs that display both a transpeptidase and a transglycosilase activity (aPBPs) and the mono-functional class B PBPs that display only a transpeptidase activity (bPBPs) [START_REF] Egan | Regulation of bacterial cell wall growth[END_REF]. This model has however been considerably modified based on the results of several seminal studies, revealing that MurJ mediates the translocation of lipid II [START_REF] Sham | Bacterial cell wall. MurJ is the flippase of lipid-linked precursors for peptidoglycan biogenesis[END_REF] and that the two SEDS proteins, FtsW and RodA, possess an unexpected glycosyltransferase activity [START_REF] Meeske | SEDS proteins are a widespread family of bacterial cell wall polymerases[END_REF] [10] (Figure 1). Subsequently, it has been shown that the interaction of SEDS proteins with bPBPs was required to stimulate their respective activity [START_REF] Meeske | SEDS proteins are a widespread family of bacterial cell wall polymerases[END_REF]. Although initially demonstrated for B. subtilis, a series of evidence support that the same model is true for other Firmicutes such as Staphylococcus aureus in which the RodA/bPBP3 and FtsW/bPBP1 pairs mediate the sidewall and septal assembly of the peptidoglycan framework, respectively [START_REF] Reichmann | Class-A penicillin binding proteins do not contribute to cell shape but repair cell-wall defects[END_REF], Streptococcus pneumoniae in which FtsW works with bPBP2x in septal peptidoglycan assembly [12] or Listeria monocytogenes in which RodA and FtsW might work with the bPBP B1 and B2, respectively [13]. Interestingly, L. monocytogenes possesses two FtsW and three RodA homologs that can compensate each other, at least partially, and whose expression levels are modulated upon treatment with antibiotics [13]. In addition to MurJ, a second unrelated protein, Amj, was shown to also flip the lipid II across the membrane in B. subtilis [14]. Amj forms a synthetic lethal pair with MurJ and its expression can be induced by cell wall stress. Together, these observations suggest that multiple SEDS and translocases might have redundant and/or specific role to support peptidoglycan synthesis during different environmental conditions/stresses. As bPBPs work in concert with SEDS proteins to build the peptidoglycan framework, the function of aPBPs had to be revised. A first study has proposed that aPBPs could work outside and independently of the SEDS/bPBP complexes [15]. This view was recently strengthened in S. pneumoniae in which evidence was provided that aPBPs are required for the repair and/or maturation of the primary peptidoglycan framework independently of the SEDS/bPBP pairs FtsW/bPBP2x and RodA/bPBP2b [16]. A similar function is also proposed for aPBPs in diderm bacteria like E. coli [17]. Altogether, those recent findings support a new model with a division of labor between the SEDS/bPBPs and the aPBPs: while the SEDS/bPBPs complexes are essential for the synthesis of the nascent peptidoglycan, aPBPs would have complementary functions in the maintenance and maturation of the existing framework (Figure 1). The wide diversity in the number of aPBPs with an apparent redundancy among the Firmicutes suggests the existence of a whole repertoire of ancillary functions for aPBPs that that have yet to be determined. Understanding how aPBPs operate and how their activity is regulated will be discussed in more detail in the same issue in a review by Manuel Pazos and Waldemar Vollmer [START_REF] Pazos | Regulation and function of class A Penicillin-binding proteins[END_REF], and will also be an exciting area of research for the coming years.

Modes of peptidoglycan synthesis

To maintain cell-wall homeostasis, the insertion of new material into the existing peptidoglycan mesh must be regulated in space and time. Different modes of peptidoglycan assembly (polar, lateral, septal) have been identified and characterized by the association between a scaffolding protein and a multiprotein complex responsible for the synthesis and the insertion of new material. In B. subtilis, a multiprotein complex called the elongasome which is scaffolded by the actin-like MreB protein, allows lateral insertion of peptidoglycan for cell elongation whereas another complex called the divisome which is scaffolded by the tubulin-like protein FtsZ, assembles the septal peptidoglycan [START_REF] Egan | Regulation of peptidoglycan synthesis and remodelling[END_REF]. The contribution of the scaffolding proteins MreB and FtsZ in the peptidoglycan synthesis is still actively debated, but over the last few years numerous insights have considerably improved our understanding of their dynamic and their function during the lateral and septal modes of peptidoglycan synthesis.

Initially thought to form a helical filament distributed along the length of cell, it is now clear that MreB forms small assemblies that move around the rod circumference and promote peptidoglycan synthesis in the radial direction in B. subtilis and E. coli. Thanks to the emergence of new labelling methods for nascent peptidoglycan and the use of superresolution imaging, it has also become clear that this circumferential rotation is powered by the active peptidoglycan assembly (reviewed in [START_REF] Errington | Bacterial morphogenesis and the enigmatic MreB helix[END_REF]). While the molecular details regarding the organization of these MreB assemblies are still debated [START_REF] Billaudeau | MreB Forms Subdiffraction Nanofilaments during Active Growth in Bacillus subtilis[END_REF], it has become evident that the density of rotating MreB assemblies relies on RodA/bPBP2a but not on the activity of aPBPs [START_REF] Dion | Bacillus subtilis cell diameter is determined by the opposing actions of two distinct cell wall synthetic systems[END_REF]. In addition, there is growing evidence that the orientation and/or the motion of MreB filaments depend on the membrane curvature and fluidity, and very interestingly, on the nutrient availability and the growth rate suggesting an intimate link between the cell elongation and the central metabolism [START_REF] Billaudeau | Contrasting mechanisms of growth in two model rod-shaped bacteria[END_REF] [24] [START_REF] Zielinska | Flotillin-mediated membrane fluidity controls peptidoglycan synthesis and MreB movement. Elife 2020, 9. * This study shows that flotillins controls membrane fluidity and that the latter modulates MreB dynamics[END_REF]. Resource sharing between central metabolism and cell envelope synthesis will be covered in more detail in this issue in a review by Ankita J. Sachla and John D. Helmann [26].

FtsZ was initially thought to form a continuous structure named the Z-ring at the division septa. However, the advent of super-resolution imaging has also drastically changed our conception of the organization of the Z-ring and revealed that FtsZ forms discontinuous patches/filaments that also move circumferentially around the cell division site [START_REF] Bisson-Filho | Treadmilling by FtsZ filaments drives peptidoglycan synthesis and bacterial cell division[END_REF][START_REF] Yang | GTPase activity-coupled treadmilling of the bacterial tubulin FtsZ organizes septal cell wall synthesis[END_REF].

Unlike MreB, the apparent circumferential movement of FtsZ was shown to be independent of cell wall synthesis and rather due to a treadmilling mechanism in which one end of the polymer grows and the other shrinks. While FtsZ treadmilling could guide the progressive insertion of nascent peptidoglycan during cell division, the functional link between FtsZ and peptidoglycan assembly remains more enigmatic and seems to be strain-specific. For instance, it has been shown that the treadmilling of FtsZ filaments drive the motion of bPBP2b in B. subtilis whereas the rotation of the bPBP2x:FtsW complex depends on peptidoglycan synthesis and not on FtsZ treadmilling in S. pneumoniae [12,[START_REF] Bisson-Filho | Treadmilling by FtsZ filaments drives peptidoglycan synthesis and bacterial cell division[END_REF]. In S. aureus, FtsZ treadmilling is proposed to serve for the initial invagination of the membrane while peptidoglycan synthesis occurs at the cell periphery. Upon recruitment of the protein complex DivIB/DivIC/FtsL and the protein MurJ, peptidoglycan assembly is reoriented at the division site and would provide the constriction force independently of FtsZ treadmilling [START_REF] Monteiro | Peptidoglycan synthesis drives an FtsZtreadmilling-independent step of cytokinesis[END_REF]. Further studies will likely tell us whether these observations reflect the specificity of each species in regards to their cell cycle and/or in response to the growth conditions.

Regulation of peptidoglycan hydrolases

To promote the insertion of new precursors into the existing peptidoglycan or to simply mediate cell separation after division, the peptidoglycan polymer needs to be continuously remodeled by a variety of proteins with hydrolytic functions (Figure 2). These hydrolases also serve other functions, like cell wall recycling or signaling in the host, that are detailed in [START_REF] Mayer | Bacteria's different ways to recycle their own cell wall[END_REF][START_REF] Bastos | Uptake, recognition and responses to peptidoglycan in the mammalian host[END_REF]. For cell division and morphogenesis, these hydrolases include glycosidases that cleave the glycosidic bonds in the glycan strand or amidases and peptidases that cleave the amide bond either between the glycan strand and the first amino acid of the stem peptide or within the stem peptide itself, respectively [START_REF] Alcorlo | Carbohydrate recognition and lysis by bacterial peptidoglycan hydrolases[END_REF] (Figure 2). As observed for the synthesis machineries, the action of hydrolases must be regulated to maintain cell-wall homeostasis. While many of them are biochemically and structurally well characterized, their regulation remains largely unknown.

Over the last few years, the conserved transmembrane FtsEX complex has emerged as a major regulator of different hydrolases, notably in S. pneumoniae and B. subtilis. In S. pneumoniae, the cell division endopeptidase PcsB is autoinhibited and activated by an ATPdriven conformational change of the FtsEX complex [START_REF] Rued | Structure of the Large Extracellular Loop of FtsX and Its Interaction with the Essential Peptidoglycan Hydrolase PcsB in Streptococcus pneumoniae[END_REF] [33]. In B. subtilis, a similar observation was made for the endopeptidase CwlO that also requires FtsEX for activation Interestingly, EloR is phosphorylated by the serine-threonine kinase StkP [42], the key regulator of the pneumococcal cell elongation and division [START_REF] Grangeasse | Rewiring the Pneumococcal Cell Cycle with Serine/Threonine-and Tyrosine-kinases[END_REF]. In absence of EloR phosphorylation, cells length is reduced as for ∆eloR cells suggesting that EloR is likely inactive. By contrast, the increase in EloR phosphorylation is tolerated only in the presence of suppressor mutations that reduce the functionality of the cell elongation proteins MreC or RodZ [42]. Altogether, it is thus proposed that EloR phosphorylation would stimulate the elongasome activity. EloR phosphorylation echoes another study that has identified a second regulator, specific of the aPBP PBP2a in S. pneumoniae [START_REF] Fenton | Phosphorylation-dependent activation of the cell wall synthase PBP2a in Streptococcus pneumoniae by MacP[END_REF]. The phosphorylation of this protein, named MacP, by StkP is also required for promoting PBP2a function.

The contribution of serine-threonine-kinases in peptidoglycan assembly is not restricted to S. pneumoniae and it has been detected in many Firmicutes, including Clostridium difficile [START_REF] Cuenot | The Ser/Thr Kinase PrkC Participates in Cell Wall Homeostasis and Antimicrobial Resistance in Clostridium difficile[END_REF], B. subtilis [START_REF] Pompeo | Dual regulation of activity and intracellular localization of the PASTA kinase PrkC during Bacillus subtilis growth[END_REF], Enterococcus faecalis [START_REF] Labbe | Reciprocal Regulation of PASTA Kinase Signaling by Differential Modification[END_REF], L. monocytogenes [START_REF] Pensinger | The Listeria monocytogenes PASTA Kinase PrkA and Its Substrate YvcK Are Required for Cell Wall Homeostasis, Metabolism, and Virulence[END_REF] or S. aureus [START_REF] Hardt | The cell wall precursor lipid II acts as a molecular signal for the Ser/Thr kinase PknB of Staphylococcus aureus[END_REF]. Quantitative phosphoproteomic studies also suggest that many more proteins involved in peptidoglycan assembly are likely regulated by phosphorylation and protein-kinases [START_REF] Hirschfeld | Proteomic Investigation Uncovers Potential Targets and Target Sites of Pneumococcal Serine-Threonine Kinase StkP and Phosphatase PhpP[END_REF]. In line with this claim, the recently identified transglycosylase MltG was found to be phosphorylated in S. pneumoniae [START_REF] Hirschfeld | Proteomic Investigation Uncovers Potential Targets and Target Sites of Pneumococcal Serine-Threonine Kinase StkP and Phosphatase PhpP[END_REF]. MltG was proposed to contribute to pneumococcal cell elongation as its mutation suppresses the requirement of PBP2b, RodA and other proteins from the elongasome [START_REF] Tsui | Suppression of a deletion mutation in the gene encoding essential PBP2b reveals a new lytic transglycosylase involved in peripheral peptidoglycan synthesis in Streptococcus pneumoniae D39[END_REF]. Similarly, the glucosaminidase LytB, that is required for final separation of daughter cell, is controlled by the serine-threonine-kinase StkP [START_REF] Zucchini | PASTA repeats of the protein kinase StkP interconnect cell constriction and separation of Streptococcus pneumoniae[END_REF]. Last, a protein of unknown function was found phosphorylated in both E. faecalis (IreB) and L. monocytogenes (ReoM). While the function IreB remains unclear [START_REF] Labbe | Growth-and Stress-Induced PASTA Kinase Phosphorylation in Enterococcus faecalis[END_REF], ReoM was shown to activate the ClpCP-dependent proteolytic degradation of MurA that is essential for the synthesis of the lipid II [START_REF] Wamp | regulatory function of protein phosphorylation in peptidoglycan assembly. Phosphorylated ReoM controls the degradation of MurA that is required for the first step of peptidoglycan synthesis[END_REF].

Conclusion and perspectives

The key observations described in this review have changed our view about the biosynthesis of peptidoglycan. However, many other findings, like the knowledge gained about the cell division protein GpsB (reviewed in [START_REF] Hammond | inverted exclamation markvIVA la DivIVA![END_REF]) have also provided interesting observations and clarifications regarding some aspects of the peptidoglycan assembly. In addition, recent observations provide new directions of research. For instance, peptidoglycan homeostasis is also tightly interconnected with the cell metabolism ( [START_REF] Sperber | Metabolism Shapes the Cell[END_REF][START_REF] Patel | A metabolic checkpoint protein GlmR is important for diverting carbon into peptidoglycan biosynthesis in Bacillus subtilis[END_REF]), regulated by other protein post-translational modification like acetylation ( [START_REF] Carabetta | Temporal Regulation of the Bacillus subtilis Acetylome and Evidence for a Role of MreB Acetylation in Cell Wall Growth[END_REF]) and the production of second messengers like c-di-AMP ( [START_REF] Rismondo | Phenotypes Associated with the Essential Diadenylate Cyclase CdaA and Its Potential Regulator CdaR in the Human Pathogen Listeria monocytogenes[END_REF][START_REF] Massa | C-di-AMP accumulation impairs muropeptide synthesis in Listeria monocytogenes[END_REF]) or still dependent on the biosynthesis of other cell wall compounds like teichoic acids ( [START_REF] Caveney | Enzyme structures of the bacterial peptidoglycan and wall teichoic acid biogenesis pathways[END_REF]). Together with the recent advances in peptidoglycan imaging [START_REF] Radkov | Imaging Bacterial Cell Wall Biosynthesis[END_REF][START_REF] Pasquina-Lemonche | The architecture of the Gram-positive bacterial cell wall[END_REF], all these observations promise further discoveries as exciting as those presented in this review for the next years. 
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  34]. CwlO however degrades peptidoglycan at the lateral cell wall allowing cell elongation and two new co-factors, SweC and SweD, are required for the FtsEX-CwlO complex to function outside the divisome [35]. In E. coli, FtsEX is able to interact with several cell division proteins including FtsZ and FtsA [36]. Based on these findings, it has been proposed that FtsEX could act as a mechano-transmitter coupling cell division with the activation of the endopeptidases required for cell division and morphogenesis. Recently, a new amidase, LytH, contributing to the coordination between cell expansion and cell division was discovered in S. aureus [37]. Although independent of FtsEX, LytH is also controlled by a new co-factor, named ActH, to be fully active. Last, the glucosaminidase SagB was recently shown to work in complex with the integral membrane protein SpdC to release the growing glycan strand from the membrane. Indeed, SpdC would bind the lipid carrier and would orient the SagB active site for efficient clivage [38]. These few examples illustrate that we likely only know the tip of the iceberg regarding the regulation of the peptidoglycan hydrolase activities. Interesting directions for future research will be the identification of additional co-factors of cell-wall hydrolases and to investigate the mechanisms by which these hydrolytic enzymes are regulated. New factors and regulatory mechanisms An impressive array of studies has led to the characterization of new factors involved in peptidoglycan assembly. Notable examples are the S. pneumoniae CozE protein, which directs the activity of the aPBP PBP1a to specific cell wall areas [39]. It has also been proposed that CozE also interacts with MreC and MreD to promote cell elongation. Interestingly, a CozE homolog, named CozEb, was then identified both in S. pneumonaie and S. aureus [40] [41]. The two proteins interact together and harbor some overlapping functions required for the maintenance of the cell shape. Another factor that is crucial for pneumococcal cell morphogenesis is the RNA-binding protein EloR (also named KhpA) [42] [43]. Inactivation of EloR suppresses the requirement of the essential bPBP PBP2b and SEDS RodA and generates shorter cells indicating that EloR is involved in cell elongation.
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