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Abstract 

Most bacteria possess a vital net-like macromolecule – peptidoglycan (PG). PG 

encases bacteria around the cytoplasmic membrane to withstand the high 

internal turgor pressure and thereby protect the cell from bursting. In addition, 

PG is a major morphological determinant of bacteria being both required and 

sufficient to maintain cell shape. During cell growth PG hydrolysis and synthesis 

are tightly controlled to keep proper cell shape and integrity at all times. Given 

the essentiality of PG for bacterial growth and survival, the synthesis of this 

polymer is a major target of many natural and synthetic antibiotics (e.g. 

penicillins, glycopeptides). 

For a long time, PG composition was considered to be conserved and static, 

however it’s now being recognized as a dynamic and plastic macromolecule. The 

structure and chemistry of PG is influenced by a myriad of environmental cues 

that include interkingdom/interspecies interactions. Recently, it was found that 

a wide set of non-canonical D-amino acids (D-amino acids different from D-Ala 

and D-Glu, NCDAAs) are produced and released to the extracellular milieu by 

diverse bacteria. In Vibrio cholerae these NCDAAs are produced by broad-

spectrum racemase enzyme (BsrV) and negatively regulate PG synthesis through 

their incorporation into PG. We have shown that in addition to D-Met and D-Leu, 

which were reported previously, V. cholerae also releases high amounts of D-Arg, 

which inhibits a broader range of phylogenetically diverse bacteria. Thus, 

NCDAAs affect not only the producer, but might target other species within the 

same environmental niche. However, in contrast to D-Met, D-Arg targets cell wall 

independent pathways.  

We have shown that non-proteinogenic amino acids also can be racemized by Bsr. 

A plant amino acid L-canavanine (L-CAN) is converted into D-CAN by a broad-

spectrum amino acid racemase (BSAR) of the soil bacterium Pseudomonas 

putida and subsequently released to the environment. D-CAN gets highly 

incorporated into the PG of Rhizobiales (such as Agrobacterium tumefaciens, 

Sinorhizobium meliloti) thereby affecting the overall PG structure, bacterial 

morphogenesis and growth fitness. We found that detrimental effect of D-CAN in 

A. tumefaciens can be suppressed by a single amino acid substitution in the cell 

division PG transpeptidase penicillin-binding protein 3a (PBP3a).  

Rhizobiales are a polar-growing species that encode multiple LD-transpeptidases 

(LDTs), enzymes that normally perform PG crosslinking, but that can also 

incorporate NCDAAs into termini of the PG peptides. As these species 

incorporate high amounts of D-CAN in their PG, we hypothesized that LDTs 

might represent the main path used by NCDAAs to edit A. tumefaciens’ PG and 
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cause their detrimental effects. Therefore, we decided to further explore the 

significance of LDT proteins for growth and morphogenesis in A. tumefaciens. 

While in the Gram-negative model organism E. coli LDT proteins are non-

essential under standard laboratory conditions, we found that A. tumefaciens 

needs at least one LDT for growth out of the 14 putative LDTs encoded in its 

genome. Moreover, clustering the LDT proteins based on their sequence 

similarity revealed that A. tumefaciens has 7 LDTs that are exclusively present 

among Rhizobiales. Interestingly, the loss of this group of LDTs (but not the rest) 

leads to reduced growth, lower PG crosslinkage and rounded cell phenotype, 

which suggests that this group of Rhizobiales- specific LDTs have a major role in 

maintaining LD-crosslinking homeostasis, which in turn is important for cell 

elongation and proper shape maintenance in A. tumefaciens. 
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Abbreviations 

PG Peptidoglycan 

NCDAAs Non-canonical D-amino acids 

BsrV Broad-spectrum racemase of Vibrio cholerae 

CAN Canavanine 

BSAR Broad-spectrum amino acid racemase 

NAG N-acetylglucosamine 

NAM N-acetylmuramic acid 

IM Inner membrane 

OM Outer membrane 

mDAP Meso-diaminopimelic acid 

PBP Penicillin-binding protein 

LDT LD-transpeptidase 

GTase Glycosyltransferase 

TPase Transpeptidase 

SEDS Shape-elongation-division-sporulation protein 

Lpp Lipoprotein 

IF Intermediate filament 

UPEC Uropathogenic E. coli 

EHEC Enterohaemorrhagic E. coli 
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Background 

Most bacteria are protected from osmotic lysis and environmental threats by their 

cell wall, a polymeric mesh that acts as an exoskeleton around the cytoplasmic 

membrane [1]. The cell wall is also known as the murein sacculus due to its mesh 

bag-like appearance. The main component of the cell wall is the peptidoglycan 

(PG), a heteropolymer of polysaccharide (glycan) chains, made of repeats of the 

disaccharide N-acetylglucosamine (NAG) and N-acetylmuramic acid (NAM) 

linked by β-1,4-glycosidic bonds, which are cross-linked through short peptides. 

The main function of PG is to protect integrity of the cell by withstanding its 

internal turgor pressure. Additionally, the PG maintains the shape of bacteria, 

and consequently, biosynthesis and turnover of the cell wall are tightly associated 

with the processes of cell division and growth [2–4]. As the cell wall envelopes 

the membrane, it also serves as the scaffold for anchoring other cell envelope 

components such as proteins [5] or teichoic acids [6]. Therefore, alterations of 

the typical cell wall architecture often affect the stability and localization of these 

proteins and their associated cellular functions. Finally, the cell wall also plays a 

role in signaling linked to symbiotic associations, microbial interactions, and 

pathogenesis [7, 8]. Altogether, these properties make the cell wall an essential 

and unique component of bacteria and one of the most effective antibiotic’ 

targets.  

In Gram-negative bacteria, the PG is mainly single-layered and located in the 

periplasmic space between the inner cytoplasmic membrane (IM) and outer 

membrane (OM), while in Gram-positives the OM is absent and a thick, 

multilayered PG encompasses the cytoplasmic membrane. Most Gram-negatives 

share a common basic subunit characterized by the presence of meso-

diaminopimelic acid (mDAP) in the third position of the peptide moiety: NAG-

(β,1→4)NAM-L-Ala-D-Glu-(γ)-mDAP-D-Ala-D-Ala [9]. Although the alternation 

of L- and D-amino acids seems to be a universal PG property, many laboratories 

in the last decades have reported a variety of chemical modifications in different 

bacteria either in the glycan strands, in the peptide stem or in the position and 

composition of peptide crosslinks [7, 10, 11]. Some of these variations are species-
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specific, while others occur in the same species in response to the growth 

conditions (composition of the milieu, growth phase, presence of antibiotics and 

small molecules). This adaptive property is known as PG plasticity.  

One example of species-specific variation in PG structure is the crosslinking type. 

In many bacteria, e.g. Escherichia coli, most of the peptide crosslinks are of 4-3 

type as they take place between the fourth D-Ala of one peptide stem and the 

meso-diaminopimelic acid (mDAP) in the third position of the neighboring 

peptide stem and depend on the DD-transpeptidase activity of certain penicillin-

binding proteins (PBPs) [12]. PG crosslinks catalyzed by PBPs are also known as 

DD-crosslinks as they are established between two D-chiral centers. However, a 

smaller proportion of crosslinks is catalyzed by LD-transpeptidases (LDTs) 

(about 3-15% in E. coli), which contrary to PBPs have Cys instead of Ser in their 

catalytic centers [13–15]. Following the same nomenclature, PG crosslinks 

catalyzed by LDTs are named LD-crosslinks as they occur between an L and a D-

chiral center of 2 adjacent mDAPs, but can be also designated as 3-3 type since 

crosslinked mDAPs are located in the third position of the peptide moiety [2, 14]. 

Although LDTs are non-essential proteins in E. coli, they aid in resistance to β-

lactam antibiotics and reinforce the bacterial cell wall in response to OM 

assembly defects [16, 17]. Contrary to E. coli, in many polarly growing bacteria 

such as Gram-positive Actinomycetales (e.g. Mycobacterium tuberculosis) and 

Gram-negative Rhizobiales (e.g. Agrobacterium tumefaciens) LD is the 

predominant crosslinking type and plays an important role in bacterial growth 

and shape maintenance [18–21]. 

In addition to their crosslinking activity, LDTs also catalyze exchange reactions 

where the canonical C-terminal D-Ala in PG tetrapeptides is replaced by a free 

non-canonical D-amino acid (NCDAA, such as D-Met or D-Arg)[22]. Therefore, 

PG modification with NCDAAs is an example of PG plasticity [22, 23]. PG editing 

by NCDAAs can occur through distinct enzymes depending on the species. For 

instance, in addition to LDTs, NCDAAs can also enter the cytoplasmic de novo 

pathway and edit PG precursor composition or replace the fifth D-Ala of 

pentapeptides by PBPs [22, 24]. NCDAAs are produced by bacteria from diverse 
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environments through the activity of highly substrate-specific and broad-

spectrum racemases (Bsr) [25]. In Vibrio cholerae, PG editing by NCDAA 

downregulates PG synthesis to enable cell wall adaptation to the stationary phase 

[22, 26]. Interestingly, as the incorporation of NCDAAs by bacteria is more 

widespread than the NCDAA production (most bacteria can incorporate NCDAAs 

into their PG while only some encode Bsr enzymes) [22], it has been suggested 

that  NCDAAs can be drivers of PG regulation between species that inhabit the 

same niche. In the same line, NCDAA-edited muropeptides released to the 

extracellular milieu during PG turnover might also contribute to interspecies cell 

wall regulation as these PG fragments can be taken up by bacteria and reused in 

synthesis through the PG recycling pathway [23]. PG editing by NCDAAs can have 

positive or detrimental consequences for cell growth and survival depending on 

the extent of their incorporation and the capacity of bacteria to use NCDAA-

edited muropeptides as substrates of PG synthesis. Exploring the variability of 

bacterial PG and its regulation will shed light on the strategies that bacteria use 

to adapt to specific lifestyles and environments, and therefore might provide 

novel targets for the development of new antibacterial therapies.  
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Introduction 

1. Peptidoglycan synthesis and remodeling 

The synthesis of the PG can be explained in three major steps: precursor synthesis 

in the cytoplasm to generate the key intermediate lipid II, the lipid II cycle 

(translocation, transglycosylation, and recycling of the carrier lipid), and glycan 

strand polymerization and crosslinking to assemble the mature PG. Although the 

PG polymer lies on the outer side of the cytoplasmic membrane, its synthesis 

begins in the cytoplasm and requires roughly a dozen cytoplasmic enzymes to 

make the key PG precursor lipid II [27] (Figure 1), a lipid-linked disaccharide 

pentapeptide, which is flipped to the periplasmic side of the membrane in Gram-

negatives to prime the PG units incorporation into the nascent cell wall. 

Multiprotein complexes such as the elongasome and divisome include the activity 

of PG synthetic and hydrolytic enzymes that act in a highly coordinated manner 

to permit bacteria to increase in size and divide while preserving the integrity of 

their sacculus to prevent cell lysis and death [2].  

As PG growth requires the cleavage of covalent bonds in the sacculus to allow the 

insertion of newly attached material it is estimated that about half of the 

preexisting PG of a bacterial cell is released from the wall every generation, a 

process known as cell wall turnover [28]. These soluble PG turnover products 

have signaling properties that impact organ development and innate immunity of 

the host and can also be transported into the bacterial cytoplasm for recycling and 

reutilization in PG synthesis [29, 30].  
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Figure 1. De novo PG synthesis in Gram-negative bacteria. PG synthesis is initiated in 

cytoplasm and involves about a dozen enzymes to synthesize the key PG precursor lipid II, a lipid-

linked disaccharide pentapeptide, which is translocated to the periplasmic side of the membrane in 

Gram-negatives, and is incorporated in the PG polymer by glycosyltransferases (GTases) and 

transpeptidases (TPases). 

De novo peptidoglycan synthesis 

PG biosynthesis is initiated in the cytoplasm with the synthesis of the nucleotide-

activated sugars UDP-N-acetylglucosamine (UDP-NAG) and UDP-N-

acetylmuramic acid (UDP-NAM). The latter is produced from UDP-NAG by the 

activity of the MurA and MurB enzymes. The soluble precursor molecule UDP-

NAM-pentapeptide is made by a series of sequential steps catalyzed by the MurC-

F enzymes [31]. D-forms of amino acids are converted from their corresponding 

L-enantiomers by racemases (L-Glu racemase MurI and L-Ala racemases 

Alr/DadX), and the D-Ala-D-Ala dipeptide is synthesized by the Ddl ligase.  

 The translocation of PG precursors is facilitated by a lipid carrier, and therefore, 

the next steps of PG synthesis take place at the inner leaflet of the cytoplasmic 

membrane [32]. The transferase MraY catalyzes the production of undecaprenyl-

pyrophosphoryl-NAM-pentapeptide (lipid I) from the UDP-NAM-pentapeptide 

and the lipid carrier undecaprenyl-phosphate (C55-P), after which the 

glycosyltransferase MurG catalyzes the production of undecaprenyl-
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pyrophosphoryl-NAM(pentapeptide)-NAG (lipid II) by transferring a NAG 

residue from UDP-NAG to lipid I. Finally, lipid II is flipped to the outer side of 

the cytoplasmic membrane by MurJ [33–35]. In some Gram-positive bacteria 

(e.g. Staphylococcus aureus, Enterococcus faecalis, Streptococcus pneumoniae 

and Enterococcus faecium) additional amino acids are incorporated to the 

dibasic amino acid of the stem peptide by dedicated non-ribosomal peptidyl 

transferases leading to the formation of interpeptide bridges [36, 37]. 

In the last step of PG synthesis, lipid II is used as a substrate for PG 

polymerization reactions catalyzed by two fundamental enzymatic reactions: 

transglycosylation and transpeptidation. Transglycosylation is catalyzed by 

glycosyltransferases (GTases) to produce and elongate PG glycan strands while 

transpeptidation is catalyzed by transpeptidases (TPases), enzymes that crosslink 

peptide stems to knit the net-like architecture of the PG [38, 39]. The GTase 

activity is performed by the action of either a SEDS, for shape-elongation-

division-sporulation, protein (RodA or FtsW) [40–42], bifunctional (class A) 

PBPs, or another GT51-domain-containing enzyme (e.g. non-essential 

monofunctional GTase MtgA in E. coli) [43, 44]. The TPase activity is performed 

by the action of a monofunctional (class B) bPBP (e.g. E. coli PBP2 or PBP3) or a 

bifunctional aPBP. Additionally, transpeptidation can be performed by LDTs 

(Figure 2). In some Proteobacteria species, LDTs catalyze the formation of 

covalent bonds between mDAP in the PG and Braun’s lipoprotein Lpp [45, 46] or 

β-barrel-shaped proteins [47, 48] in the outer membrane (OM), thereby 

contributing to the structural connection between cell envelope layers. Finally, 

LDTs are also drivers of the incorporation of non-canonical D-amino acids 

(NCDAAs) that alter PG composition and synthesis in many bacteria [22]. 

Despite the increasing knowledge of LDTs’ genetics and biochemistry, 

understanding of the biological role of these enzymes is yet in its infancy. 
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Figure 2. Crosslinking reactions catalyzed by DD-transpeptidases PBPs and LDTs. 

PBP links the 4th amino acid of one peptide to the D‐ center of the mDAP residue of a second peptide, 

releasing the 5th (terminal) D-Ala from the donor muropeptide, and generating a DD-crosslink (or 

4-3 crosslink). LDT uses the 3rd amino acid as donor and acceptor to generate LD-crosslink (or 3-3 

crosslink), releasing the 4th D-Ala from the donor strand. 

PG synthesis during elongation and division 

The cell wall is a dynamic structure whose metabolism is tightly coordinated with 

the cell cycle. PG sacculus growth requires controlling the location of PG 

synthesis, which is carried out by dynamic and possibly transient multiprotein 

complexes. Protein-protein interaction and co-localization studies have provided 

evidence of these complexes uniting PG synthases, their regulators, and PG 

hydrolases crucial for breaking existing bonds within the PG polymer to 

accommodate the insertion of new material. Meanwhile, cytoskeletal proteins 

ensure proper spatio-temporal PG synthesis at different phases in the cell cycle. 

In rod-shaped bacteria, at least two distinct machineries are proposed: the 

elongasome (also known as Rod complex) and the divisome [2].  

The elongasome is organized by MreB, an actin homolog widely conserved in rod-

shaped bacteria that facilitates the insertion of new material during lateral cell 

wall synthesis. MreB forms filaments [49–51] that interact with the inner-
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membrane proteins MreC, MreD, and RodZ [52–56], as well as with the enzymes 

that synthesize lipid II MraY and MurG [57]. The MreB filament is bounded to 

the IM via the interaction with the cytoplasmic domain of RodZ [58]. MreB of 

E.coli is also directly anchored to the IM through the N-terminal amphipathic 

helix [59]. Initially, MreB was thought to generate dynamic helical structures 

spanning the cell’s length [49, 60]. However, more recent findings have 

challenged this idea. High-resolution imaging showed that MreB filaments form 

small filament patches that move around the circumference of the cell 

perpendicularly to its long axis [61–64]. Elongasome-dependent PG synthases 

include the PG polymerizing GTase RodA and TPase PBP2. RodA of E. coli was 

shown to need PBP2 for activity [65], while B. subtilis RodA showed weak GTase 

activity without its cognate class B PBP [41]. Bifunctional PBP1A and its OM-

anchored activator lipoprotein LpoA function semi-autonomously from the rest 

of the elongation complex [66], however, PBP1A was shown to directly interact 

with PBP2, which suggests that the elongasome complex and PBP1A may at least 

transiently interface [67]. 

The divisome, under the ultimate control of the tubulin homolog FtsZ, promotes 

PG synthesis during cell division. Early immunofluorescence experiments with 

FtsZ displayed a ring-like structure at cell division sites [68]. Further research 

has demonstrated that FtsZ protein is dynamic, and its subunits have a turnover 

half time of about 8-9 seconds [69]. More recently, studies based on 3D-

structured illumination microscopy (3D-SIM) and photoactivated localization 

microscopy (PALM) have shown that the FtsZ ring is actually not a continuous 

structure but rather patchy filaments [70–72], whose movement coincides with 

the synthesis of new PG material [73, 74]. Assembly of the complete divisome 

machinery at the midcell is a process that occurs in two stages and involves the 

so-called “early” and “late” division proteins [75]. First, a Z ring is formed at the 

future division site by FtsZ units that interact with the peripheral membrane 

protein FtsA and the integral membrane protein ZipA well before the constriction 

is visible. The functionally redundant proteins ZapA, ZapC, ZapD crosslink FtsZ 

polymers, while ZapA along with ZapB link the Z ring to the terminus region of 

the chromosome [76]. An ATP-binding cassette transporter-like complex FtsEX 
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also localizes to the Z ring at this stage [77]. After a temporary delay, the second 

stage of divisome assembly starts, and the essential structural and regulatory cell 

division proteins FtsK, FtsQ, FtsL, FtsB, PG polymerizing GTase FtsW, TPase 

PBP3 (also known as FtsI) and bifunctional PBP1B (together with activator 

lipoprotein LpoB) are assembled [27]. Arrival of FtsN signals that the divisome is 

activated for septal PG synthesis and cell division [75]. In E. coli, the nonessential 

monofunctional GTase MtgA also localizes to the division site [43]. It is 

noteworthy that class A PBP1A and PBP1B are partially redundant, and can 

substitute one another in the cell in standard laboratory settings [78]. Therefore, 

the divisome is a dynamic multiprotein complex with both essential and 

replaceable components.  

Besides MreB and FtsZ, other classes of cytoskeleton-like elements exist in some 

bacteria. For instance, Crescentin (CreS) is a bacterial homolog of eukaryotic 

intermediate filaments (IFs) that gives the curvature to the Alphaproteobacteria 

Caulobacter crescentus [79–81]. In V. cholerae, CrvA is a periplasmic protein 

that uses coiled-coil domains to form filaments at the inner face of the cell 

curvature. CrvA can induce cell curvature in normally straight cells regardless of 

the activity of MreB and FtsZ, likely by decreasing the PG insertion rate in the 

inner wall [82]. In Gram-positive Streptomyces coelicolor the IF-like protein FilP 

is necessary for mechanical strength in hyphae [83].   

Bactofilins are a new class of cytoskeletal elements with considerable structural 

and functional flexibility. They form membrane-associated sheets in C. 

crescentus and recruit the bifunctional PG synthase PbpC to the stalked cell pole 

[84]. In Shewanella oneidensis bactofilins participate in cell division [84], they 

are involved in social motility and colony morphology in Myxococcus xanthus 

[84, 85], and helical formation in Helicobacter pylori [86]. However, more 

research is required to determine to what extent these cytoskeletal elements are 

used as scaffolds for guiding PG synthesis and hydrolysis. 
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Thus, scaffolding proteins are important in numerous cellular processes and 

influence bacterial cell wall synthesis by controlling the spatial arrangement of 

multiple enzymes. 

PG turnover  

PG turnover during growth, maturation, and division requires trimming and 

removal of old material by hydrolases (Figure 3). The major classes of PG 

degrading enzymes are N-acetylmuramidases (lytic transglycosylases and 

lysozymes), N-acetylglucosaminidases, which cleave within the glycan backbone, 

and amidases, endopeptidases, carboxypeptidases, which cleave peptide 

crosslinks and within the stem peptides [3, 4, 87]. Although lytic 

transglycosylases are non-hydrolytic PG degrading enzymes, for simplicity we 

will name all these PG cleaving enzymes PG hydrolases. It was estimated that in 

Gram-negative bacteria about 30-50% of the PG is trimmed from the sacculus 

every generation and most of these turnover products are recycled by the cell. 

Often the hydrolase activity is specific for a certain PG type, for crosslinked or  

 

Figure 3. Hydrolysis of bonds in PG. The PG structure shown is from E. coli. N-acetylmuramyl-

L-alanine amidases hydrolyze the amide bonds between the lactyl group of NAM and the L-Ala of 

the stem peptide. Carboxypeptidases (CPases) hydrolyze peptide bonds to remove C-terminal D- or 

L-amino acids. Endopeptidases (EPases) cleave amide bonds within the stem peptide or interpeptide 

bridges in crosslinked PG. N-acetylmuramidases cleave β-1,4-glycosidic bonds between NAM and 

NAG. N-acetylglucosaminidases cleave β-1,4-glycosidic linkage between NAG and NAM. 
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uncrosslinked PG, for the presence or the absence of PG modifications, or for 

either high molecular weight PG or small fragments [3]. 

N-acetylmuramidases cleave β-1,4-glycosidic bonds between NAM and NAG, 

while N-acetylglucosaminidases cleave β-1,4-glycosidic linkage between NAG 

and NAM. Lytic transglycosylases non-hydrolytically cleave the β-1,4-glycosidic 

bond between NAM and NAG with the associated conversion of NAM into 

anhNAM (1,6-anhydro-N-acetylmuramic acid) via an intramolecular reaction.  In 

E. coli there are seven lytic transglycosylases (periplasmic soluble Slt70 and outer 

membrane lipoproteins MltA-F) with different substrate specificity. Slt70 only 

cleaves glycan strands with peptide stems, while MltA is able to cleave glycan 

strands with or without peptides [88]. Lytic transglycosylases interact with PBPs, 

which makes them potential components of PG synthesis complexes [89–91]. 

N-acetylmuramoyl-L-alanine amidases hydrolyze the amide bond between L-Ala, 

amino acid in the first position, and the lactyl group of NAM, thus releasing the 

stem peptide from the glycan backbone. In E. coli amidases AmiA, AmiB, AmiC 

have major roles in the separation of daughter cell during cell division [92]. 

Exolytic DD-carboxypeptidases trim stem pentapeptides into tetrapeptides by 

cleaving the bond between two terminal D-Ala’s. Tetrapeptides can be further 

converted into tripeptides by LD-carboxypeptidases, which cleave the L-D bond 

between mDAP (or L-Lys) at position 3 and D-Ala at position 4, and further 

processing to dipeptides can be catalyzed by DL-carboxypeptidases. In addition 

to this sequential digestion of the peptide moieties, tripeptides can be produced 

directly from pentapeptides by the activity of LD-endopeptidases, while other 

types of endopeptidases cut different amide linkages within the stem peptide and 

interpeptide bridges in crosslinked PG [3, 4, 87]. The activity of 

carboxypeptidases and endopeptidases might affect spatiotemporal availability 

of donor and acceptor peptides, thus regulating the incorporation of new PG and 

affecting morphogenesis in a number of bacteria such as E. coli, H. pylori and 

Camplylobacter jejuni [93–95]. In E. coli, DD-carboxypeptidases are involved in 

proper Z-ring orientation in the cell division plane, and their absence leads to 
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branched cell shapes [96]. The major DD-carboxypeptidase PBP5 in E. coli 

localizes to the lateral wall and division sites and facilitates proper cell shape and 

diameter maintenance [97, 98]. DD-endopeptidases (Csd1, Csd2, Csd3) in H. 

pylori promote helical cell shape generation likely due to local relaxation of PG 

crosslinks [86]. 

PG remodeling and structural variations 

PG is a dynamic cell constituent with a remarkable degree of chemical variability. 

In addition to species-specific PG variations, PG exhibits chemical and structural 

plasticity to adapt to changing conditions such as environmental stress (e.g. 

starvation), immune response, intra- and interspecific signaling, and antibiotics 

amongst others [7]. 

PG remodeling is more often observed in Gram-positive bacteria. The glycan 

chains are O-acetylated and/or N-deacetylated to provide lysozyme resistance. 

PG peptide stems are sometimes amidated and can be covalently attached to 

proteins and anionic surface polymers, such as teichoic acids or capsular 

polysaccharides [1, 10, 99]. For example. S. aureus and S. pneumoniae mutants 

lacking PG O-acetylation show higher sensitivity to exogenous lysozyme [100, 

101]. S. pneumoniae lacking deacetylase activity of N-acetylglucosamine 

deacetylase A shows increased sensitivity towards lysozyme in stationary growth 

phase [102]. Similarly, a deacetylase mutant in Listeria monocytogenes is very 

sensitive to lysozyme and rapidly killed within macrophages and elicits a different 

immune response than the wild-type strain, which suggests that PG deacetylation 

is important for evasion from the host immune system [103]. 

In Gram-negative bacteria, there are also examples of PG remodeling. For 

instance, H. pylori undergoes a morphological transition to coccoid forms 

following long-term cultivation that involves PG structural rearrangements [104]. 

The PG of coccoid forms is richer in disaccharide dipeptide and has a reduced 

crosslinking compared to the PG of spiral cells. These modifications depend on 

amidase AmiA activation and facilitate escape from immune system recognition 

[105]. As mentioned before, the production of NCDAAs controls PG amount and 
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strength during the stationary phase in V. cholerae  through their incorporation 

into the PG [22]. The PG composition of stationary-phase E. coli is different from 

that of exponentially growing cells. The average length of glycan chains decreases, 

while crosslinkage (especially LD-crosslinks) and covalent attachment of Brauns 

Lpp increase [14]. In some other bacteria, such as polarly growing Gram-positive 

Actinomycetales and Gram-negative Rhizobiales, a high abundance of LD-

crosslinks is a species-specific trait, and in these bacteria, LDTs play an important 

role in the growth and shape maintenance [18–21]. 

Altogether, these examples demonstrate that PG is a plastic and adaptive 

structure, and distinct ways of PG remodeling exist in bacteria occupying diverse 

habitats likely connected to different and specific biological functions. 

Regulation of the bacterial cell wall synthesis 

To preserve cell wall’s structural integrity, PG synthesis and turnover need to be 

securely coordinated. This is ensured by multiple regulatory mechanisms that 

include the previously discussed scaffolding proteins to control the spatial 

arrangement of PG active enzymes, but also regulation through protein-protein 

interactions, protein phosphorylation, and coordination with the central 

metabolism.  

Regulation through protein-protein interactions 

In E. coli, the functions of class A PBP1A and PBP1B rely on binding their cognate 

outer membrane-anchored lipoprotein LpoA and LpoB, respectively [106, 107]. 

Each Lpo docks to its PBP through a small non-catalytic domain: ODD (outer 

membrane docking domain) in PBP1A and UB2H (UvrB domain 2 homolog) in 

PBP1B. Interaction with the lipoproteins cofactors induces conformational 

changes that stimulate the activity of these bifunctional PBPs [107–110]. LpoA 

binding to PBP1A mainly activates TPase activity, while LpoB binding to PBP1B 

activates both GTase and TPase activity [107, 109–111]. Both OM-anchored Lpo 

proteins must span the periplasm and reach through the pores in sacculus to 

interact with its cognate cytoplasmic membrane-anchored PBPs, which is 
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presumably the way to regulate PG synthesis in response to the pores size of the 

sacculus [109, 112–114]. When the overall cellular growth rate is greater than the 

PG growth rate, the increasing turgor stretches the PG net, enlarging the pores, 

thereby potentially facilitating increased PBP activation by Lpo proteins. It is 

worth mentioning that these PBP-Lpo partners might also be part of larger 

multiprotein complexes. For instance, E. coli, among other Gram-negatives, 

encodes YbgF, a protein recently renamed in E. coli as CpoB, (Coordinator of PG 

synthesis and OM constriction, associated with PBP1B). In E. coli, CpoB localizes 

to the septum, interacts with the PBP1B-LpoB and Tol complexes, and regulates 

PBP1B activity to support cell envelope integrity during division [111, 115]. 

Another example of protein-protein interaction that is absolutely necessary for 

protein activity is the relationship between the SEDS proteins and their cognate 

class B PBPs [42]. FtsW from S. aureus and Streptococcus thermophilus shows 

GTase activity only in the presence of PBP1 and PBP2x respectively [42]. 

Similarly, E. coli RodA requires PBP2 for activity [65]. The interactions of FtsW 

and PBPs in E. coli seem to be more complex [116]. FtsW directly interacts with 

PBP1B and inhibits its GTase activity through binding and limiting lipid II. The 

presence of PBP3 in the reaction between FtsW and PBP1B restores GTase 

activity of the latter, presumably by allowing PBP1B to access lipid II [116].  

Finally, certain PG hydrolases are also regulated by conformational changes 

induced by regulator binding. For example, AmiB amidase in E. coli is important 

for daughter cell separation during division and exists in an inactive 

conformational state until its regulator EnvC binding, to prevent uncoordinated 

PG hydrolysis [117]. 

Regulation through protein phosphorylation 

Bacteria use phosphorylation/dephosphorylation cascades to sense and to adapt 

to environmental signals, such as nutrient availability, oxygen level, light, and 

osmotic pressure. This mechanism of signal transduction depends mainly on two-

component systems that allow connection between the cell envelope and the 

cytoplasm through the transient phosphorylation of a response regulator by a 
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membrane-bound histidine kinase [118]. Another major mechanism of 

transmembrane signaling in bacteria are serine/threonine protein kinases 

(STPKs) and their cognate Ser-P/Thr-P phosphatases that regulate multiple 

cellular functions: biofilm formation, sporulation, response to stresses, 

pathogenicity, cell wall synthesis and cell division [119]. 

In Mycobacterium tuberculosis two STPKs genes, pknA and pknB, are essential 

under laboratory conditions [120, 121], and are part of an operon that encode 

genes involved in cell wall synthesis and cell shape control [120]. Overexpression 

of PknA and PknB reduces cell growth, whereas partial depletion of both kinases 

leads to elongated cells [120]. The essential protein Wag31, a homolog of the 

tropomyosin-like protein DivIVA, was identified as a substrate to PknA and PknB 

in vivo, and its phosphorylation may trigger the remodeling of bacterial 

morphology [120]. Moreover, PknA is able to phosphorylate FtsZ and lead to 

reduced septum formation by influencing the guanosine triphosphate (GTP)-

dependent polymerization of FtsZ [122]. 

In S. pneumoniae StpK maintains the characteristic ellipsoid cell wall shape by 

phosphorylating several cell division and PG synthesis enzymes, such as 

cytoskeletal elements FtsZ and FtsA [123, 124], the cell wall precursor enzymes 

UDP-N-acetylmuramate-L alanine ligase MurC and phosphoglucosamine mutase 

GlmM [125, 126], and the cell cycle regulators LocZ/MapZ and DivIVA [124, 127–

129]. 

V. cholerae does not lyse in the presence of β-lactams but rather induces the 

formation of viable but non-dividing PG-deficient spherical cells. Upon removal 

of the β-lactam V. cholerae can regenerate its cell wall and restore its rod shape 

via VxrAB (vca0565 and vca0566), a two component system that induces the 

expression of a whole set of genes involved in PG synthesis [130]. Interestingly, 

although VxrAB senses cell wall damage induced by antibiotics, deletion and 

overexpression of the regulator VxrB lead to morphological changes, suggesting 

that this system also modulates cell wall homeostasis in the absence of PG 

damage [130].  
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Coordination of cell wall synthesis with central metabolism 

Cell growth and division need to be coordinated to ensure that cells divide only 

when they double in mass to maintain mean cell size in a given population. This 

way daughter cells get sufficient internal space to accommodate their cytoplasmic 

and genetic material. The PG sacculus dictates morphology in bacteria and 

therefore bacteria must ensure that the correct amount of PG is synthesized each 

generation. A homeostatic and indirect mechanism that E. coli and some other 

bacteria use is based on the pore size of the murein sacculus (which was discussed 

in more detail previously). However, most likely it is not the only mechanism 

linking cell wall and cytoplasmic growth, and moreover, it cannot be applied to 

Gram-positive species. 

In B. subtilis the glucosyltransferase UgtP works as a metabolic sensor of UDP-

glucose to govern cell size in a nutrient-dependent manner [131]. UgtP localizes 

to the division site and inhibits assembly of FtsZ delaying cell division when UDP-

glucose levels are high, thus cells increase in length in nutrient-rich environment 

[132]. A comparable protein is present in E. coli, OpgH, which also inhibits Z-ring 

formation depending on the levels of UDP-glucose [133]. Both systems indirectly 

synchronize central metabolism with cell wall synthesis during cell division. 

Cell envelope stability 

Many bacteria face extreme fluctuations in their surrounding milieu (e.g. salinity, 

pH, temperature, availability of nutrients and presence of small chemicals and 

metal ions), often connected to free-living to host-associated transitions. PG 

synthesis is likely to be affected by many of these external factors, therefore 

bacteria employ different strategies to nevertheless achieve robust PG synthesis. 

First, bacteria possess large sets of seemingly redundant enzymes, which upon 

closer inspection demonstrate functional specialization and are active and 

regulated differently to cover the full range of growth conditions. In E. coli the 

bifunctional enzymes PBP1A and PBP1B, which both can function in lateral 

growth and cell division, show optimal activities at alkaline and acidic pH, 



 

17 
 

respectively, as has been shown by phenotypic analysis of mutant strains and is 

consistent with the activities of the purified enzymes [134]. Thus, E. coli employs 

these semi-redundant enzymes to cover PG synthesis in a wider range of pH 

values. Some of the hydrolases in E. coli are also used only in certain conditions. 

For instance, PBP5 is the main DD-carboxypeptidase necessary for proper cell 

shape maintenance [135]. However, PBP6B becomes by far the most prominent 

DD-carboxypeptidase in acidic conditions, as it has higher activity and stability 

at acidic rather than neutral or alkaline pHs [136]. Lytic transglycosylase MltA in 

E. coli is more active at 30 °C than at 37 °C, both in vivo and in vitro [137]. 

Salmonella enterica subsp. enterica serovar Typhimurium has the canonical 

TPase PBP3 for cell division under standard laboratory conditions, but uses a 

specialized PBP3 paralogue in the acidic intracellular environment during 

infection [138]. In V. cholerae, out of three semi-redundant DD-endopeptidases 

(ShyA, ShyB, ShyC), ShyB is not expressed under standard growth conditions, 

however, it becomes upregulated and is required to support cell growth during 

zinc starvation [139]. 

Second, to sustain cell envelope stability bacteria can repair defects in PG caused 

by otherwise lethal insults and toxic chemicals. In E. coli LDT activity is required 

to reinforce PG when lipopolysaccharide (LPS) transport to the OM is 

compromised due to the depletion of the lptC gene or by treatment with LPC-058, 

a LPS biosynthetic enzyme LpxC inhibitor [17]. LdtD, which is a part of Cpx-

mediated cell envelope stress response, the GTase activity of PBP1B (and its 

activator LpoB), and the DD-carboxypeptidase PBP6a presumably repair defects 

in PG to rebalance the mechanical load between PG and OM [17, 140]. In addition, 

LDTs are not efficiently inhibited by most β-lactam antibiotics and might provide 

resistance to β-lactams. In E. coli, increased levels of LdtD and the alarmones 

guanosine tetraphosphate and guanosine pentaphosphate (collectively referred 

to as (p)ppGpp) allow growth in otherwise lethal concentrations of ampicillin, 

producing exclusively LD-crosslinked PG [16]. 

Thus, the ability of bacteria to synthesize functional PG under a variety of 

conditions demonstrates the versatility and robustness of the PG synthesis. 
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2. Production of D-amino acids and their role in microbial 

communities 

Amino acids display four functional groups connected to an α-carbon: an amine 

group (-NH2), a carboxyl group (-COOH), a hydrogen (-H), and a side chain (-R). 

Thus, α-carbon is a stereocenter (or chiral center) and depending on the 

positioning of the four groups, two stereoisomers exist: the levorotary (L) and the 

dextrorotary (D). These stereoisomers are mirror images of each other and are 

not superimposable. Gly has a hydrogen atom as a side chain (-R), and therefore 

is not chiral. 

L-amino acids are the building blocks of proteins and far more abundant in 

nature than the D-forms. However, D-amino acids can also be found in high 

abundance and diversity in various environments, e.g. water, soil, and food [141–

144]. D-amino acids (mainly D-Ala and D-Glu) are essential constituents of 

bacteria as they are building blocks of the PG. The presence of D-amino acids in 

the PG peptide stems shields the cell wall from the activity of most proteases as 

they only cleave between L-amino acids. Moreover, D-Asp or D-Ser present at the 

terminal position of the stem peptide provides tolerance to some bactericidal 

agents such as vancomycin [145–150]. 

In bacteria both highly specific (e.g. Ala racemase, Glu racemase) and broad-

spectrum racemases (Bsr) are involved in D-amino acid production [25]. 

Contrary to monospecific racemases, Bsr produce D-amino acids from a variety 

of both proteinogenic and non-proteinogenic L-amino acids, and these D-amino 

acids are called non-canonical D-amino acids or NCDAAs (opposed to D-Ala and 

D-Glu that are normally used for PG synthesis) [151]. Even though restricted 

mostly to Gram-negatives, Bsr-containing bacteria include pathogens and 

environmental bacteria inhabiting a wide variety of niches [151].  NCDAAs have 

been reported to be involved in a number of important biological processes in 

bacteria, such as PG synthesis and integrity, biofilm formation, spore 

germination, microbiome physiology, immune response modulation, and can be 

used as carbon source or as building blocks for the synthesis of more complex 
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molecules (Figure 4) [152]. Overall, there is no unique mechanism of action for 

NCDAAs as their effects seem to depend on each particular D-amino acid and on 

the organism affected. 

 

Figure 4. D-amino acids’ mechanisms of action. D-amino acids produced by bacteria 

regulate (→) and/or inhibit (T) diverse cellular processes in the producer or other bacteria that 

inhabit the same niche (adapted from [152]). 

Role of D-amino acids in microbial communities 

PG synthesis regulation by D-amino acids 

In V. cholerae, NCDAAs can be incorporated into the PG and control PG strength 

and amount during the stationary phase [22]. Moreover, V. cholerae releases 

tetrapeptides modified by NCDAAs during PG turnover that later can be 

reincorporated by the PG recycling pathway. However, NCDAA-modified 

tetrapeptides are a worse substrate than the canonical ones for the PG recycling 

enzyme LD-carboxypeptidase, and NCDAA-tetrapeptides accumulate in the 

cytosol negatively downregulating the PG synthesis [23]. Interestingly, the 

incorporation of NCDAAs is more widespread than the production of NCDAAs 

[22].  As a result, release of NCDAAs and NCDAA-edited muropeptides might 
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potentially mediate communications in bacteria (cooperation or competition) 

through their incorporation into the PG. In addition, NCDAA incorporation into 

the PG by LDTs (as well as PBPs) inspired the use of synthetic D-amino acid-

based fluorescent probes to visualize the mode of PG assembly and metabolism 

in a precise spatiotemporal manner in a great number of bacteria [153–156].  

Dispersal of bacterial biofilms by D-amino acids 

Certain D-amino acids were shown to be able to reduce biofilm formation in some 

bacteria, however there is a lot of controversy in the reports on this topic [152]. 

For instance, one study showed that biofilm formation in Pseudomonas 

aeruginosa PAO1 is not affected by D-Trp (10 mM) and D-Tyr (1 and 10 mM) 

[157], while a different group using similar methodologies reported biofilm 

inhibition in the same strain by 4 mM D-Trp and 4 mM D-Tyr with 10% and 16% 

biofilm reduction, respectively [158]. Similarly, it was reported that 500 µM of 

either D-Tyr, D-Pro or D-Phe efficiently inhibit biofilm formation in S. aureus 

SC01, while a mixture of these three D-amino acids was effective at 100 µM [159]. 

However, a different study showed that biofilm formation in S. aureus SC01 was 

not inhibited by D-Tyr or D-Tyr/D-Pro/D-Phe at millimolar concentrations 

[160]. These discrepancies in the activity of D-amino acids as biofilm 

disassembling agents were addressed in a methodological paper, which 

concluded that experimental setup has a profound effect on the biofilm 

dissociation by D-amino acids [161]. The medium that was used for the preculture 

(rich/defined), the growth phase (logarithmic vs stationary), the inoculation 

ratio, and the elimination of spent medium before the inoculation are the factors 

that contribute to the outcome of the test and account for the differences in the 

concentration of D-amino acid required for biofilm prevention [161]. 

D-amino acids as carbon and nitrogen source in bacteria 

Bacteria preferentially consume L-amino acids over D-amino acids [162, 163]. 

However, D-amino acids are found in various environments, and the ability to 

utilize them might be a beneficial trait for bacteria especially in the case of scarce 

resources and/or high competition for nutrients [152]. Thus, unsurprisingly 
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bacteria that are able to grow on D-amino acids are found in different ecosystems 

[164–166]. In the Gram-positive bacterial strain LZ-22T, isolated from the moss 

rhizosphere, D-Met, D-Leu, D-His, D-Val can be utilized [165]. Interestingly, 

while both L- and D-form of Met and Leu support the growth of this bacterium, 

only the D-form of His and Val is accepted. More than 30 potentially catabolic 

dehydrogenases, and a number of racemases and isomerases are found in the 

draft genome of the bacterium. The presence of enzymes and metabolic pathways 

involved in the D-amino acid utilization was reported in different bacteria, e.g. E. 

coli [167, 168], P. aeruginosa [169], Sinorhizobium meliloti [170], H. pylori [171], 

and Proteus mirabilis [172], among others. 

Regulation of bacteria-host interactions by D-amino acids 

D-amino acids role in the animal host 

In eukaryotic organisms D-amino acids also have important physiological 

functions. Certain D-amino acids, such as D-Ser, D-Asp, D-Ala, and D-Cys have 

been found in tissues of mammals [173]. D-Ser is a neurotransmitter that 

regulates cerebral cortex signaling and is engaged in memorizing and learning by 

binding to N-methyl D-aspartate receptors [174–176]. D-Asp is mainly found in 

the mammalian central nervous, neuroendocrine and endocrine systems, and is 

implicated in hormone secretion [177, 178].  Moreover, hosts and bacteria have 

evolved to interact, and there is great potential for D-amino acids as 

interkingdom signaling molecules. 

Apart from being a neurotransmitter, D-Ser is also the most abundant D-amino 

acid in urine reaching concentrations of ca. 1 mM [179], and modulates the 

expression of virulence genes in uropathogenic E. coli (UPEC) strain CFT073 

while also being used as a carbon source [179–181]. However, such D-Ser 

concentration is toxic for enterohaemorrhagic E. coli (EHEC) and reduces 

EHEC’s expression of the primary colonization apparatus, the locus of enterocyte 

effacement (LEE)-encoded type 3 secretion system, thus restricting EHEC to a 

more favorable niche within the gut, where D-Ser concentrations are lower than 

in bladder [182, 183]. In addition to virulence repression, D-Ser leads to 
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activation of a SOS-like response in EHEC, which results in a higher rate of 

genomic variability [184]. Interestingly, EHEC can block D-Ser uptake via the 

disruption of inner membrane transporters or constitutively activate previously 

non-functional D-Ser degradation in vitro to prevent growth inhibition and 

permit colonization [185, 186]. As of yet, it is unclear whether D-Ser can exert 

such selective pressure within the host.  

Some of the bacteria that are part of gut microbiota in the host release abundant 

and diverse D-amino acids [187]. These D-amino acids can be converted to α-keto 

acids and H2O2 by a D-amino acid oxidase (DAO) produced by the intestinal 

epithelium cells. Such conversion has a toxic effect on sensitive bacterial 

populations and constitutes an important host defense factor [188]. These results 

raised the possibility that composition of gut microbiota is modulated by D-

amino acids released by bacteria and the activity of the intestinal DAO. Moreover, 

since bacteria in the gut produce and metabolize D-amino acids, as well as 

influence their absorption, the levels of amino acids in the blood and brain of the 

host might also be affected by this. For instance, the concentration of D-Ser in the 

plasma of germ-free mice is higher than in control mice, while L-Ser 

concentration does not undergo dramatic changes [189]. 

Production of D-Trp by probiotic bacteria of the Lactobacillus species has a 

positive impact on the gut microbiota diversity and the course of allergic airway 

disease [190]. D-Trp decreases the production of TH2 cytokines and chemokines, 

thus preventing the development of allergic airway inflammation and hyper-

responsiveness. In addition, mice with allergic disease have reduced bacterial 

community richness, which can be normalized by D-Trp supplementation that 

leads to an increased bacterial diversity, comparable to that of healthy mice. 

D-amino acids can also be used for the synthesis of more complex molecules. 

Such is the case for D-His and the metal scavenging molecule staphylopine 

produced by S. aureus [191]. Staphylopine is synthesized by combination of D-

His, amino butyrate and pyruvate, and is involved in nickel, cobalt, zink, copper, 
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and iron acquisition. Since environment inside the host is scarce in metals, metal 

acquisition is a vital necessity for bacteria in such environment.  

D-amino acids role in plants 

Plants can readily uptake D-amino acids from soil [141, 192–194]. While some D-

amino acids have a strong inhibitory effect on certain plants [194, 195], other D-

amino acids can even promote plant growth [195, 196]. A growing number of 

reports show that plants might both produce and metabolize D-amino acids, since 

various enzymes necessary for D-amino acid synthesis and degradation, such as 

racemases, D-amino acid transferases, and D-amino acid oxidases, are found in 

different plants [197–201]. In Arabidopsis thaliana and tobacco, D-Ser is 

involved in pollen tube development, and D-Ser racemase is important for signal 

transduction mediated by D-Ser [202]. 

Altogether, in different environments including the host, various D-amino acids 

play important roles in the biology of bacteria and have a great impact on 

microbial communities. 

 

3. Model organism Agrobacterium tumefaciens 

A. tumefaciens is an economically important plant pathogen that can live both as 

saprophyte or cause crown gall disease in a wide variety of dicotyledonous plants 

[203, 204]. This bacterium does not kill host plant cells to proliferate, but rather 

stimulates the development and growth of tumors through the transfer of an 

oncogenic DNA fragment, T-DNA (the transferred DNA), from the tumor-

inducing or Ti plasmid, which subsequently gets integrated into the plant genome 

[205, 206]. Following Agrobacterium infection, the plant produces compounds 

called opines, which are utilized by the pathogen as carbon and nitrogen sources. 

The specific set of produced opines depends on the Ti plasmid, which encodes 

most virulence functions for crown gall disease [207]. This ability of A. 

tumefaciens to transfer DNA to plants and the possibility to replace the 
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oncogenes in the T-DNA with genes of interest have made this bacterium a 

prominent biotechnology tool to engineer transgenic plants [208]. Moreover, A. 

tumefaciens is an important model bacterium to study bacteria-bacteria and 

bacteria-host interactions, as well as the exotic polar growth intrinsic to many 

Rhizobiaceae species [207, 209]. 

 

Polar growth in A. tumefaciens 

Bacteria have evolved multiple different ways to grow and divide. Rod-shaped 

bacteria typically utilize both dispersed and midcell zonal growth. Rod-shaped 

bacteria such as E. coli and B. subtilis make use of dispersed growth and are the 

most popular systems to study bacterial growth [114, 210, 211]. However, not all 

rod-shaped bacteria employ dispersed growth, but rather elongate from one or 

more poles in the cell instead (Figure 5) [212]. Polar growth is thought to generate 

phenotypic variation that improves fitness in unstable environments, even when 

it brings certain challenges such as targeting and maintaining the PG biosynthetic 

complexes at the pole(s) [213–215].  

 

 

 

Figure 5. Bacterial growth modes. Illustration of dispersed growth, growth from one or both 

poles revealed by incorporation of fluorescent D-amino acid (FDAA) [21, 24, 153]. 

 

 

Contrary to Gram-positive Actinomycetales, which grow from both poles by a 

DivIVA-dependent mechanism, Rhizobiales lack DivIVA and grow from only one 

cell pole [20, 153, 209, 216]. Moreover, in A. tumefaciens no homologs are found 
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to the canonical rod-bacteria cell elongation scaffold proteins MreB, MreC, MreD, 

RodA, and RodZ, and elongation-specific transpeptidase PBP2 [216]. Certain 

mutations, or blocking cells for cell division, in A. tumefaciens lead to branching 

morphology, which is indicative of a different growth pattern than in E. coli, in 

which inhibition of cell division results in a filamentous phenotype [209, 214]. 

The strict polar targeting of the PG biosynthesis machinery during elongation in 

A. tumefaciens cells suggests that there is an underlying mechanism that restricts 

growth to one pole. Several polar targeting mechanisms exist such as: (i) the 

ability of proteins to recognize negative membrane curvature or (ii) differences in 

the composition of cell envelope components (e.g. PG) between cell pole(s) and 

the rest of the cell serving as a cue for polar proteins, or (iii) the accumulation of 

polymer-forming proteins in regions free of DNA (such as poles) to recruit 

additional proteins, etc [217]. For example, the polar-organizing protein PopZ 

coordinates polar development and cell cycle progression in C. crescentus [218–

220]. It is possible that establishment of a polar protein complex that regulates 

growth in A. tumefaciens may also rely on a landmark protein. Another plausible 

mechanism could be that several canonical cell division proteins become the 

drivers of unipolar growth [217]. In A. tumefaciens each newborn cell inherits a 

new pole formed during cell division, consequently, proteins present at midcell 

during the division of the cell will localize to the new pole in the daughter cells 

and may influence where growth continues after cell division. Examples of such 

proteins are the cell division proteins FtsA and FtsZ, which localize to the growing 

pole during cell elongation and to the midcell before cell division in A. 

tumefaciens [221]. 

PG synthesis at the pole 

A homolog of the elongation-specific TPase PBP2 is absent in A. tumefaciens, 

however, a bifunctional PBP1A is encoded in the A. tumefaciens genome [216]. In 

A. tumefaciens, PBP1A localizes to the growth pole during most of the cell cycle 

[216] and is essential for growth [222], suggesting that PBP1A might be involved 

in polar elongation. Interestingly, Lpo proteins that are important for the activity 

of PBP1A and PBP1B in E. coli are not encoded in the genome of A. tumefaciens, 
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still, A. tumefaciens PBP1A possesses a domain of unknown function between the 

enzymatic domains suggesting that its activity also might be regulated [209]. 

Treatment of A. tumefaciens cells with Bocillin-FL, a fluorescent penicillin 

derivative that is commonly used for the detection of PBPs in vitro, showed weak 

polar labeling and stronger midcell labeling [216]. This result is in agreement with 

a previous observation, in which treatment with carbenicillin, a penicillin-type 

antibiotic that targets DD-type TPases, leads to morphology defects at the midcell 

but does not affect the cell poles [221]. All in all, these results suggest that PBPs 

are not the major enzymes responsible for polar PG synthesis. 

Therefore, the remaining set of enzymes that might facilitate polar elongation in 

A. tumefaciens are the LDTs [209, 216]. This bacterium has a high level of LD-

crosslinks [20] and an unusually high number of putative LDTs (14 homologs) 

with at least one LDT localizing to the growth pole [216]. Polarly growing 

Mycobacteria also contain a high abundance of LD-crosslinked muropeptides [19, 

223], and loss of several LDTs from M. tuberculosis results in cell rounding [224] 

and β-lactams sensitivity [225], suggesting an important role of LDTs in polar 

growth. Altogether, repurposed cell division components, LDTs and possibly 

some other accessory proteins might support polar growth in A. tumefaciens. 
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Aims of the thesis 

The main objective of this thesis was to investigate the molecular mechanisms 

and biological consequences of environmental PG plasticity. 

The more specific aims were: 

• Identify novel PG-modifying metabolites 

• Characterize identified PG-regulatory agents and their influence on the 

bacterial physiology 
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Results and discussion 

Paper I. Bacterial secretion of D-arginine controls environmental microbial 

biodiversity. 

Many bacteria produce toxic extracellular effectors to interfere with the growth 

of nearby species and gain an advantage in polymicrobial communities. One 

example of such effectors are the NCDAAs. In V. cholerae mainly D-Met and D-

Leu are produced by the periplasmic racemase BsrV in the stationary phase [22, 

26]. NCDAAs edit the PG composition through their incorporation into the 

polymer. Depending on the bacterial species NCDAAs replace the 4th and/or 5th 

D-Ala in the peptide stem of PG. As NCDAAs are produced in the stationary phase 

and downregulate PG synthesis, they are instrumental to synchronize cell wall 

metabolism during stationary phase growth arrest to preserve PG integrity [22, 

26]. However, bacteria that do not produce NCDAAs can nevertheless 

incorporate them into PG. Interspecies regulation of the PG via NCDAAs leads to 

morphological aberrations and growth inhibition in multiple species. 

In this paper, we reported a previously unidentified D-Arg that is also produced 

by BsrV in V. cholerae and released to the extracellular milieu. Previous 

screening, which identified D-Met and D-Leu, relied on a rod to sphere 

morphological transition of a cell wall sensitive mutant (mrcA) induced by 

stationary phase supernatant fractions [26]. The fact that D-Arg was not detected 

before in sphere-inducing fractions raised an important question: Do D-amino 

acids share the same biological role? Compared with other D-amino acids, D-Arg 

displayed distinctly higher inhibitory activity against a wide variety of bacterial 

species, indicating that D-Arg might act as a fitness modulator of bacterial 

communities in the natural habitat. However, unlike D-Met, which exhibits a cell 

wall biosynthesis modulatory role, D-Arg growth inhibition appears to be cell 

wall-independent. Tolerance to D-Arg was associated with the DnaJ chaperone 

system and the Pst phosphate uptake machinery, strongly supporting that 

NCDAAs target different processes in bacterial cell. 

Finally, analysis of BsrV distribution among Vibrio species revealed that NCDAA 

production is not a hallmark of all vibrios even though virtually all species showed 

high tolerance to D-Arg. In co-cultivation experiments, D-Arg production by V. 
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cholerae aided in outcompeting C. crescentus. As Vibrio species often co-inhabit 

fresh water and marine niches [226], D-Arg production might be used as part of 

a cooperative strategy to protect non-producing (D-Arg) vibrio species in 

competitive environments. Therefore, the effect of D-Arg on fitness/survival of 

various species might shape microbial biodiversity and protect already 

established bacterial communities from invaders. 

 

Paper II. D-canavanine affects peptidoglycan structure, morphogenesis and 

fitness in Rhizobiales. 

Bacteria modify the chemistry of their cell wall to cope with environmental 

challenges. Identifying these environmental cues would help us to better 

understand the interactions between bacteria and their habitat. In this paper, we 

used the soil bacterium P. putida, an efficient rhizosphere colonizer, as a 

biochemical trap to discover new PG modulators in alfalfa (Medicago sativa) 

seed extract and found CAN, a non-proteinogenic amino acid. We demonstrated 

that the broad-spectrum amino acid racemase (BSAR) in P. putida converted 

legume-produced L-CAN into DL-CAN, thus generating the D-form derivative 

that licenses its incorporation into the cell wall. D-CAN diffused to the 

extracellular milieu suggesting that other organisms in the same niche might also 

be affected by it. Indeed, some Rhizobiales bacteria (e.g. A. tumefaciens, 

Sinorhizobium meliloti) incorporated a high amount of D-CAN into their PG, 

which impaired their crosslinkage and cell division. The fact that these bacteria 

encode multiple LDTs might explain such high levels of D-CAN incorporation. 

Interestingly, our suppressor analysis in A. tumefaciens did not show any 

mutations in LDTs improving growth in the presence of DL-CAN possibly due to 

overlapping activities of LDTs (14 LDTs). Instead, we discovered that a single 

amino acid substitution in the cell division TPase PBP3a was able to alleviate the 

D-CAN effect.  

Collectively, these results showed how interkingdom metabolic flows might lead 

to the generation of molecules with distinct properties and confirmed Bsr as a 

driver of cell wall plasticity. Moreover, since NCDAAs affect not only cell wall 

biogenesis but other cellular processes as well, such as sporulation, biofilm 

development, virulence and can often induce bacterial growth inhibition [152], 
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Bsr bacteria are likely to affect biodiversity and physiology of other species in the 

same environmental niche. 

 

Paper III. Genetic dissection of LD-transpeptidation in Agrobacterium 

tumefaciens. 

In most bacteria LDTs are expendable cell wall enzymes with roles fundamentally 

connected to antibiotic resistance and OM stability [16, 17, 227], however, these 

enzymes seem to have a prominent role in growth in A. tumefaciens [216]. As 

LDTs are responsible for NCDAA incorporation in A. tumefaciens and no 

suppressor mutation in these genes alleviates the cell wall toxicity of these 

molecules [228], we decided to explore their genetic redundancy, specialization 

degree, and functional essentiality in this bacterium. In this study, we showed 

that A. tumefaciens LDTs are only partially redundant and show a certain level of 

functional specialization since only specific ldt mutants are significantly affected 

by conditions that are known to challenge the integrity of the bacterial envelope. 

Critically, we showed that although no single LDT enzyme is essential under the 

experimental conditions used, LDT activity is very much essential in A. 

tumefaciens as it was not possible to delete all genes encoding putative LDTs. In 

addition, a transposon sequencing-based strategy showed that LDTs are 

synthetically essential with cell division factors. Clustering of LDT proteins 

combined with combinatorial mutagenesis revealed that deletion of the 

Rhizobiales-specific group results in reduced growth, low PG crosslinkage, and a 

round cell phenotype, supporting that proteins of this group and LD-crosslinks 

are crucial for cell elongation and to maintain proper cell shape in A. tumefaciens.  

 

Paper IV. Absence of the polar organizing protein PopZ results in reduced and 

asymmetric cell division in Agrobacterium tumefaciens. 

In collaboration we explored the role of a homolog of the C. crescentus polar 

organelle development protein PopZ in the regulation of growth patterning, 

polarity, and cell division of A. tumefaciens. Even though PopZ showed growth 

pole localization in wild-type cells, its absence did not impair polar elongation or 

dramatically change PG composition. Rather we observed that cell length had an 
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atypical distribution and some cells exhibited ectopic poles. Moreover, a large 

proportion of cells lacked DNA, which suggested that PopZ has a conserved 

function in chromosome segregation. The canonical cell division proteins FtsZ 

and FtsA were often misplaced leading to the asymmetric sites of cell constriction 

and broad distribution of cell length, which indicated that PopZ might directly or 

indirectly affect the site of Z-ring formation, assembly of the divisome, and 

following cell constriction. Altogether, these results suggested that PopZ has a 

critical role in the regulation of chromosome segregation and cell division. 

 

Paper V. Agrobacterium tumefaciens divisome proteins regulate the transition 

from polar growth to cell division. 

In this paper we explored in collaboration the role of several division proteins 

(three FtsZ homologs, FtsA, FtsW) in the transition from polar to midcell growth 

and cell division. Two of the three FtsZ homologs localized to the midcell, showed 

GTPase activity and co-polymerized in vitro. However, only FtsZAT (encoded by 

Atu2086) was essential for growth. Since it was not possible to delete ftsZAT, a 

depletion strategy was used where ftsZAT was placed as a single copy under the 

control of an inducible promoter at a neutral site in the chromosome. Depletion 

of FtsZAT led to tip splitting events and branched morphology. Deletion of two 

additional FtsZ homologs did not change the FtsZAT depletion phenotype in the 

conditions tested. Therefore, FtsZAT is a primary homolog for cell division in A. 

tumefaciens, however, it is possible that two other FtsZ homologs contribute to 

cell growth or division in a different environment (e.g. in plant-associated 

lifestyle). Since the absence of FtsAAT in the cells led to failure to terminate polar 

growth and no septal PG production was observed, we hypothesized that the PG 

composition might uncover PG chemical signatures derived from polar growth. 

FtsZAT depleted cells had a significant decrease in DD-crosslinks, while LD-

crosslinks abundance slightly increased. Moreover, the abundance of specific LD-

crosslinks changed, which might be due to different substrate specificity and 

preferences of different LDTs. 

Depletion of another division protein FtsA did not phenocopy FtsZAT depletion, 

and rather indicated that FtsA is not required for termination of polar growth and 

midcell growth initiation, and has a vital function at a later cell division stage 
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since in the absence of FtsA cells failed to divide and were prone to lysis. 

Depletion of the downstream divisome component FtsW did phenocopy FtsA 

depletion. 

Overall, this work suggested that FtsZ contributes to the regulation of polar 

growth and cell division in A. tumefaciens. 
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Main findings in this thesis 

 

Paper I. Bacterial secretion of D-arginine controls environmental microbial 

biodiversity. 

• V. cholerae broad-spectrum racemase BsrV produces D-Arg to the 

extracellular medium 

• D-Arg gets incorporated into the PG but does not regulate cell wall 

synthesis in V. cholerae 

• D-Arg inhibits the growth of multiple bacterial species 

• D-Arg lethality in sensitive species can be suppressed by mutations in the 

phosphate uptake (pstCAB operon) and DnaJ chaperone systems 

• All vibrios are tolerant to D-Arg but only some species encode BsrV-

homologs and produce D-Arg. 

• Extracellular D-Arg might act as a protective molecule in vibrio 

communities 

 

Paper II. D-canavanine affects peptidoglycan structure, morphogenesis and 

fitness in Rhizobiales. 

• Racemization of plant-derived L-CAN into DL-CAN by BSAR of P. putida 

licenses CAN incorporation into PG  

• DL-CAN severely modifies PG composition in Rhizobiales (A. 

tumefaciens, S. meliloti) 

• DL-CAN leads to aberrant morphology and impaired cell separation in 

Rhizobiales (A. tumefaciens, S. meliloti) 

• In A. tumefaciens a single amino acid substitution in PBP3a alleviates the 

detrimental effect of DL-CAN 

 

Paper III. Genetic dissection of LD-transpeptidation in Agrobacterium 

tumefaciens. 

• LDTs are not fully redundant in A. tumefaciens 

• LDT activity is essential in A. tumefaciens 
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• LDTs are synthetically essential with cell division factors 

• Rhizobiales-specific LDTs have a prominent role in cell elongation and 

growth 

 

Paper IV. Absence of the polar organizing protein PopZ results in reduced and 

asymmetric cell division in Agrobacterium tumefaciens. 

• PopZ loss leads to cell division defects, ectopic pole formation, and 

formation of mini cells 

• In the absence of PopZ polar growth is retained 

• PopZ absence causes only minor changes in PG composition 

• PopZ loss results in a lower frequency of FtsA-ring localization 

• PopZ loss gives rise to asymmetric Z-rings and constriction sites 

 

Paper V. Agrobacterium tumefaciens divisome proteins regulate the transition 

from polar growth to cell division. 

• FtsZAT, FtsA and FtsW are needed for cell constriction and separation 

• FtsZAT is also needed for termination of polar growth and initiation of 

midcell PG synthesis 

• Depletion of FtsZAT leads to tip splitting events and accumulation of 

PopZAT-YFP at growth poles 

• The absence of two additional FtsZ homologs does not aggravate the 

FtsZAT depletion phenotype 

• Loss of septal PG synthesis elicits altered total PG composition 
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Perspectives 

Since the discovery that diverse taxonomically unrelated bacteria can produce 

and release millimolar concentrations of NCDAAs, research on these molecules 

has been of great interest for microbiologists and especially those in the field of 

microbial ecology. My work presented here has contributed to the understanding 

of the cellular processes and biological meaning of NCDAAs both in monocultures 

and in microbial communities. 

Although we often speak about NCDAAs as a whole, these molecules are 

chemically speaking very different from one to another. Accordingly, our results 

demonstrated that different NCDAAs target distinct cellular processes and this is 

very much dependent on the genetics of the bacterial species affected. So far, we 

have just scratched the surface when it comes to understand the functional 

specialization of NCDAAs. Future research will move towards more holistic 

approaches such as RNAseq, thermoproteomics, or Tn-insertion sequencing for 

each individual D-amino acid and in multiple species. This data will provide 

mechanistic insights into the pathways and consequences of NCDAAs in bacteria. 

In addition, global population studies would need to reconcile with single-cell 

approaches to evaluate whether NCDAAs are drivers of genetic and behavioral 

heterogeneity within microbial communities. This non-uniform response might 

be particularly relevant in structures like biofilms where molecule diffusion is 

limited and numerous subpopulations with distinct gene expression patterns 

coexist. 

Production of novel NCDAAs by Bsr shown in this thesis might be just a small 

part of the examples where microbial racemases control amino acid chirality in 

the natural environment. Bsr-encoding bacteria include both environmental 

species and facultative pathogens that inhabit diverse ecological niches. Beyond 

the 19-chiral amino acids that are protein constituents, it is known that a wide 

variety of non-proteinogenic amino acids exists in nature. For instance, L-DOPA 

that is precursor to the catecholamine neurotransmitters in mammals, can also 

be found in certain plants where it is a precursor of many alkaloids, 

catecholamines, and melanin, and can be released into soils, inhibiting the 

growth of nearby plant species. Other plant-produced non-proteinogenic amino 
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acids include homoserine, L-homoarginine, ornithine, Se-methyl-L-

selenocysteine, L-djenkolic acid, among others. Racemization of these molecules 

will not just produce a palette of unprecedented D-enantiomers with 

uncharacterized roles in bacteria and their hosts, but also will contribute to 

modulating the concentration of the corresponding L-amino acid, thereby 

impacting their functionality and bottlenecking downstream metabolic steps (e.g. 

as L-Tyr is a precursor of dopamine, racemization of L-Tyr will likely impact 

production of this neurotransmitter). 

Another extremely interesting aspect is the use of NCDAAs as building blocks or 

substrates. The enormous genetic versatility of bacteria makes it highly probable 

that D-amino acids could be in many instances the starting point of synthetic 

pathways. Therefore, metabolic tracking of isotopically-labeled NCDAAs will 

reveal novel metabolites with potentially unknown biological functions. The 

ubiquity of bacteria encoding Bsr enzymes makes any environment a quite 

feasible scenario for such metabolic flows. The recent demonstration that 

NCDAAs are produced and accumulated in the gut together with the well-known 

bewildering microbial diversity in this niche strongly suggests that this is an 

optimal environment for prospecting NCDAA-metabolic derivatives.  
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