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Abstract

Gram-positive bacterial cell morphology, growth, and division rely on a delicate balance of
peptidoglycan synthesis and controlled degradation to maintain the structural integrity of the cell
wall. The process of growth involves synthesising new wall material underneath the existing cell
wall on the surface of the cell membrane. This growth requires the cell wall degrading enzymes
to distinguish between the newly generated wall and the old wall, selectively degrading the outer

layers of the wall to facilitate cell enlargement.

As the B. subtilis genome encodes 42 genes that are potentially involved in peptidoglycan
degradation, systematic deletion of the known autolytic enzymes was used combined with
phenotypic analysis for both cell morphological changes and the ability to become motile. From
this work, it was found that only 1 of 2 specific autolytic enzymes is functionally required for
growth (CwlO and LytE). Although these two autolytic enzymes exhibit a significant degree of
functional redundancy, they are required for slightly different aspects of cell morphology. Only
CwlO, in concert with CwlQ or CwIS, was also found to be required for the efficient insertion of
flagella through the cell wall. Further analysis showed that CwlO activity with respect to cell
growth required the activity of a peptidoglycan carboxypeptidase (DacA), but this was not

required for flagellar insertion, suggesting that CwlO has two distinct modes of action.

In summary, the results of the work presented in this thesis show that the majority of the
predicted cell wall degrading enzymes are dispensable, and only 2 enzymes, CwlO and LytE,
have critical roles in maintaining normal cell morphology. Interestingly, this study also reveals
that the two key autolytic enzymes seem to have distinct modes of action and potentially differ in
their substrate specificity. In this respect, a model for cell growth is presented that tries to
amalgamate the results of this work with previously published ideas to explain how cell growth
is coordinated with respect to peptidoglycan synthesis and degradation without compromising
cell integrity and maintaining cell morphology. This model potentially outlines the basic
mechanism of cell wall metabolism in Gram-positive rod-shaped bacteria. It also seems that
aspects of the mechanism are also conserved in other bacterial species with a different cell
morphology as well as in Gram-negative bacteria. These results clearly indicate that the
autolytic enzymes and their regulatory mechanisms are potentially interesting novel targets for

the development of small molecule antibacterial compounds.
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Chapter 1. Introduction

The intricate dynamics of bacterial cell wall synthesis and the remarkable assembly of
appendages, such as bacterial flagella passing through the cell wall, represent complex
engineering feats in the microbial world. Importantly, autolytic enzymes orchestrate the turnover
and remodeling of the bacterial cell wall and, in combination with the synthesis of new material,
are important fundamental aspects of bacterial physiology, encompassing cell growth, division,
and pathogenicity. Furthermore, understanding these processes has a pivotal role in antibiotic
development, as numerous antibiotics target bacterial cell wall synthesis or stability, and a
comprehensive understanding of the mechanisms governing bacterial autolysis holds the key to
forging new avenues in antibiotic development or refining existing therapeutic strategies. Also,
from a different perspective, the involvement of these enzymes in biofilm formation and
bacterial cell dispersal has applications for biotechnological processes, as well as clinical
treatments. Here, unraveling the intricacies of autolytic enzyme function offers insights into
biofilm dynamics, presenting promising strategies for combating chronic infections as well as
averting biofouling in diverse industrial settings. In summary, the multifaceted roles of bacterial
autolytic enzymes underscore their importance, and understanding their regulation has the
potential to have a profound impact on diverse fields, from microbiology to biotechnology.

Various extracellular structures also pass through the cell wall and hence have to be
intimately related to cell wall synthesis, the best example being bacterial flagella that emerge as
dynamic appendages to allow motility. These whip-like structures, orchestrating the propulsion
and navigation of bacteria through diverse environments, offer a gateway to unraveling
fundamental aspects of microbial physiology. The mechanisms underpinning cell motility,
chemotaxis, and biofilm formation have been well documented in their own right, but very little
work has been done determining how they pass through the cell wall without compromising its
structural integrity and/or presenting complications for cell growth. This thesis details the
requirements for cell wall degradation to permit the extrusion of the flagellum as a functional

entity and provides insight into the functional roles of the autolytic enzymes in this process.

This thesis sheds light on the multifaceted importance of investigating bacterial autolytic
enzymes and flagella, elucidating their roles in modifying the cell wall while preserving its

structural integrity. Through a comprehensive exploration, it aims to unveil the far-reaching
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implications of dysfunction in this class of extracellular enzymes, perhaps pointing to new

potential targets for developing antimicrobial agents.

1.1 Bacterial cell wall

A bacterial cell’s integrity is maintained by an extracellular matrix known as a cell envelope,
which encases the cytoplasmic membrane. This structure protects the cell from rupturing
through its internal osmotic pressure. The major structural component of the cell envelope is a
layered polymer of sugars and amino acids (peptidoglycan) that is assembled on the outer surface
of the cytoplasmic membrane. It is constructed in such a way as to encase the cytoplasmic
membrane, forming a sacculus that is essentially a single molecule. The thickness of the
peptidoglycan layer is variable depending on the bacterial species, but in general, they can be
divided into two classes: Gram-negative and Gram-positive bacteria. Gram-negative bacteria
have a thin peptidoglycan layer that is sandwiched between the inner and outer cell membranes
separated by a periplasmic space (Figure 1.1A) (11). The outer membrane consists of
lipopolysaccharides (LPS) and phospholipids, serving as a permeability barrier and protecting
the cell from antibiotics, disinfectants, and host immune defences. The outer membrane also
contains porins, which allow the passage of small molecules through passive diffusion (2). Due
to the presence of the outer membrane, Gram-negative bacteria are more resistant to antibiotics
that target peptidoglycan synthesis. In contrast, Gram-positive bacteria have a thicker
peptidoglycan layer through which wall teichoic acids and lipoteichoic acids permeate.
However, it lacks an outer cell membrane, the structural part of the cell envelope, so the cell wall
is exposed directly to the environment (3). This makes Gram-positive bacteria more susceptible
to certain antibiotics, such as penicillin, that target peptidoglycan synthesis (Figurel1.1B) (4). In
both species, peptidoglycan is fixed, in that it defines the shape of the cell, and yet is dynamic, in
that it is restructured as the cell grows. The dynamic features of the cell wall structure are

essential for cell growth and cell division.
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A B

Outer membrane

Peptidoglycan
/Perlplasmic space

— Peptidoglycan Cytoplasmic membrane
~ Cytoplasmic membrane -

Bacterial cytoplasm Bacterial cytoplasm

Gram Negative Bacteria Gram Positive Bacteria

Figure 1.1 Gram-positive and negative cell structures

Differences in cell architecture among Gram-negative bacteria (A- e.g., E. coli) and Gram-
positive bacteria (B- e.g., B. subtilis). This figure is derived from (5).

From extensive studies of cell wall biosynthesis, we now have a good understanding of
how nascent peptidoglycan synthesis is coordinated to permit cell growth. However, much of
our understanding is based on data derived from Escherichia coli, and these mechanisms do not
easily transpose to Gram-positive bacteria, such as Bacillus subtilis. In both bacterial species,
the sacculus, or cell wall, is composed of repetitive polymers of amino sugars, N-
acetylglucosamine (GIcNAc) and N-acetylmuramic acid (MurNAc), that are cross-linked by
short peptide chains consisting of L-alanine (L-Ala), D-glutamic acid (D-Glu), meso-
diaminopimelic acid (m-DAP) or L-lysine (L-Lys), D-alanine (D-Ala), and D-Ala (Figure 1.2B).
This intricate network forms a 3D mesh-like structure (6). The key difference is the thickness of
the cell wall, in that for E. coli, the sacculus is essentially a single layer (Figure 1.2A), whereas
in B. subtilis, the sacculus is much thicker and is considered to be formed from multiple sheets of
peptidoglycan cross-linked together (Figure 1.2C). A simple model to explain how the
enlargement of the sacculus has been proposed for E. coli that relies on the differential activity of
the autolytic enzymes acting in concert with the synthetic enzymes (7). The result is the
controlled opening of the peptidoglycan matrix with the simultaneous insertion of new material
to enlarge the structure. However, this mechanism for the enlargement of the sacculus is
difficult to see operating when it is a multilayered structure, as is present in Gram-positive

bacteria.
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Figure 1.2 Cell wall composition

A- The cell wall structure of E. coli is a single-layer arrangement of peptidoglycan precursors.
The regulation of peptidoglycan synthases and hydrolases in E. coli occurs by attaching the
newly synthesised material to the preexisting strands at the time of rupturing the old covalent
bonds, as shown by Hoéltje (7). B- Peptidoglycan precursors of both E. coli and B. subtilis: glycan
strands (NAG and NAM) and the pentapeptide chains (L-alanine (L-Ala), D-glutamic acid (D-
Glu), meso-diaminopimelic acid (m-DAP), D-alanine (D-Ala), and D-alanine). C- The cell wall
structure of B. subtilis is a multilayer arrangement, suggesting that synthases are in the innermost
layer, whereas hydrolases are in the outermost layer. The illustration was created with
BioRender.com.
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1.2 Cell wall modification of B. subtilis

The mechanisms for inserting nascent peptidoglycan into the cell wall in B. subtilis have been
extensively studied, and an inside-to-outside model for growth has been developed to fit the data
(8). For this model to work, cell enlargement requires dynamic processes of new wall synthesis
close to the membrane and autolytic enzyme activities to cleave the covalent bonds within the
older peptidoglycan to act in concert (9). Thus, the regulation of hydrolases and synthases of the
cell wall should be accurately organized in order to prevent the random or uncontrolled
breakdown of the peptidoglycan that would result in cell lysis. However, the mechanism(s) by
which these enzymes are regulated is still obscure. Various hypotheses exist to explain how the
autolytic enzymes selectively and specifically degrade the old outer wall; in simple terms, they
tend to rely on two potential mechanisms. The first mechanism uses the properties or structure
of the cell envelope as a way to restrict the activity of the enzymes, such that the autolytic
enzymes are not active near the cell membrane, e.g., conformational changes in the enzymes
structure and the availability of cofactors (metals) necessary for their activity (10, 11). Second,
the physical structure of the peptidoglycan in the cell wall might be different depending on its

relative position in the wall (12).

1.2.1 Peptidoglycan synthesis

The biosynthesis mechanism of peptidoglycan has been extensively studied across various
organisms, including Staphylococcus aureus, Micrococcus luteus, E. coli, and more recently,
several members of the Bacilli. Despite significant differences in morphology and the chemical
composition of their peptidoglycans, the biosynthesis process in each organism shares enough
common characteristics to outline the fundamental nature of the process. Modifications
observed in the biosynthetic pathway of individual organisms are unique to each organism and

likely reflect the evolution of specific enzymes tailored to their respective needs.

The peptidoglycan component of the bacterial cell wall requires Lipid 11 molecules that
are derived from two types of sugar molecules: uridine diphosphate-N-acetylglucosamine (UDP-
GIcNACc) and uridine diphosphate -N-acetylmuramic acid (UDP-MurNAc) (Figure 1.3). The
biosynthesis of UDP-N-acetylglucosamine, a crucial precursor in various metabolic pathways,

initiates from fructose-6-phosphate, readily available from both glycolytic and gluconeogenic
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pathways (13). This transformation is orchestrated by glucosamine-6-phosphate synthase
(GImS), a multifunctional enzyme possessing distinct glutaminase and synthetase activities (14).
Within its active sites, glutaminase catalyses the hydrolysis of L-glutamine to L-glutamic acid,
releasing ammonia, which subsequently couples with fructose-6-phosphate under the synthetase
domain, yielding glucosamine-6-phosphate (15). Prokaryotic systems convert glucosamine-6-
phosphate to glucosamine-1-phosphate through phosphoglucosamine mutase (GImM), requiring
ATP phosphorylation for activation (16). The subsequent steps involve the bifunctional enzyme
GImU, which undertakes N-acetylation using acetyl-CoA and uridylylation using UTP (17).

Fructose 6P Glucosamine 6P Glucosamine 1P

" 20,P0 HO,
“0P0~ OH

o GImS > = GImM .
HO _—— H()/m =——= Ho
on  glutamine HO a7 o HO- opo> ey,
HaN HAN wﬁ
HO,
OH GimuU
(o]
HO
HO
GImU NH

HO .
, / O=< 0POy
0 : ree)
MurB i HO MurA i \A
7 'XO - : \ N-Acetylglucosamine 1P
NH \
0—UupP ;
0" X 0= <
CHy

NADPH PEP
—yT ——UDP

UDP- UDP-GlcNAc-enolpyruvate UDP-GIcNAC

Figure 1.3 Synthesis of peptidoglycan components uridine diphosphate-N-
acetylglucosamine (UDP-GIcNAc) and uridine diphosphate-N-acetylmuramic acid (UDP-
MurNAC).

The synthesis of UDP-GIcNAc from fructose-6P is facilitated by the enzymes GImSMU,
incorporating an amino group from L-glutamine, an acetyl group from acetyl-CoA, and UTP.
This is followed by the transformation of UDP-GIcNAc to UDP-MurNAc by MurAB, which
involves the addition of an enolpyruvate from PEP and subsequent reduction to form the D-lactyl
residue of UDP-MurNAc. The figure is derived from (18).

In parallel, the biosynthesis of UDP-N-acetylmuramic acid, another key component in
bacterial cell walls, unfolds through sequential enzymatic reactions (Figure 1.4). UDP-N-
acetylmuramic acid synthesis is initiated by UDP-N-acetylglucosamine enolpyruvyl transferase
(MurA), catalysing the transfer of an enolpyruvyl group from phosphoenolpyruvate to UDP-N-

acetylglucosamine, forming an enol ether (19, 20). Some Gram-positive bacteria, like S. aureus,
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Streptococcus pneumoniae, and B. subtilis, have two alleles of the murA gene. Each gene is
controlled differently. This extra gene might help the bacteria make more cell wall material
when needed, especially during cell wall stress (21-23). Subsequently, UDP-N-

acetylenolpyruvylglucosamine reductase (MurB) reduces this enol ether to produce UDP-N-

acetylmuramic acid (24).
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Figure 1.4 Peptidoglycan biosynthesis

A general scheme of peptidoglycan synthesis in B. subtilis. The peptidoglycan (PG) biosynthesis
is initiated by the formation of disaccharide pentapeptide precursors (GIcNAc-MurNAc-L-Ala-
D-Glu-DAP-D-Ala-D-Ala) within the cytosol. Subsequently, these PG precursors are transported
to the extracellular space between the cell wall and the cell membrane, which is facilitated by
their association with bactoprenol, forming lipidic complexes. Upon reaching the extracellular
space, the PG monomers are incorporated into the murein polymer through transglycosylation
and transpeptidation reactions mediated by the enzymatic activity of penicillin-binding proteins
(PBPs). The illustration was created by BioRender.com.
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The pentapeptide chain assembly is facilitated by enzymes like MurC, MurD, and MurE,
adding L-Ala, D-Glu, and m-DAP or L-lys, respectively (Figure 1.4) (25-28). The dipeptide D-
Ala-D-Ala is formed by D-alanine racemase (Alr) and D-Ala-D-Ala ligase (Ddl), then added to
UDP-MurNAc-tripeptide by MurF. Further steps involve lipid carrier transfer catalysed by
MraY. However, Mycobacterium smegmatis uses decaprenylphosphate (29). Then, MurG
facilitates the addition of GICNAc to form Lipid 11 (30, 31).

In cases where a peptide branch is present, the usual addition of necessary amino acids to
Lipid Il moiety is a common occurrence. However, notable exceptions exist, such as in
Lactobacillus viridescens, where the first amino acid of the L-alanine-L-serine bridge directly
incorporates into UDP-N-acetylmuramylpentapeptide (32). In S. aureus, enzymes like FemX,
FemA, and FemB sequentially add one, two, and two glycines, respectively, to construct the
pentaglycine chain, utilising glycyl-tRNA donors (33-36). Conversely, in other staphylococcal
strains, the replacement of glycines with serines enhances resistance against lysostaphin, a
glycylglycine endopeptidase (37, 38). The discoveries of similar enzymes in E. faecalis and S.
pneumoniae underscores the evolutionary consistency of this mechanism across bacteria (39,
40). Unlike Mur ligases, which directly utilise ATP-activated amino acids, enzymes involved in
branching peptides rely on charged tRNAs. The discoveries in the 1960s revealed the role of
tRNAs as aminoacyl donors for peptidoglycan precursors, shifting understanding from their
previous association solely with protein synthesis (41). It is now understood that both

phospholipids and peptidoglycan precursors undergo aminoacylation through acyl-tRNAs.

There are some variations in the peptide stem among bacterial species. In most bacterial
species, the first amino acid of the peptide stem is L-Ala, although in rare instances, glycine
(Gly) or L-serine (L-Ser) may be incorporated instead. Notably, Mycobacterium tuberculosis
(M. th.) and Mycobacterium leprae enzymes exhibit similar specificity in vitro towards L-Ala
and Gly, yet they differ in the amino acid found at the first position due to growth conditions
(42). Another instance concerns Chlamydia trachomatis, where MurC adds L-Ala, L-Ser, and
Gly with similar efficiencies in vitro, hindering the deduction of the putative chlamydial
peptidoglycan's first amino acid (43).

The second position's amino acid is universally added as D-Glu by the MurD ligase. In

many organisms, amidation of the a-carboxylate of iso-glutamic acid at position 2 of the peptide
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chain occurs intracellularly after the formation of lipid-linked peptidoglycan precursors (6, 44).
In S. aureus, the enzymes MurT and GatD were recently found to be involved in this process (45,
46).

The most variability lies at position 3, added by the MurE ligase. The MurE enzyme
demonstrates a strong preference for the specific amino acid involved. This has been observed in
E. coli and S. aureus for the addition of meso-DAP and L-Lys, respectively (47). However, in
Corynebacterium pointsettiae, where L-homoserine (L-Hse) is located at position 3, MurE is
precise not only about the amino acid but also about the nucleotide precursor UDP-MurNAc-
Gly-D-Glu. This selectivity ensures the accurate formation of the peptide stem Gly-y-D-Glu-L-
Hse-D-Ala-D-Ala (6). Nonetheless, MurE's rigid specificity occasionally diminishes, impacting
the final peptidoglycan makeup. For instance, certain Bifidobacterium species exhibit both L-
Lys and L-ornithine (L-Orn) at position 3, with MurkE from Bifidobacterium globosum able to
incorporate both amino acids interchangeably (48). Similarly, MurE from Thermotoga maritima,
a Gram-negative species, displays comparable efficiency in adding L-Lys, D-Lys, and meso-
DAP (49). The absence of meso-DAP in T. maritima peptidoglycan is due to its limited
intracellular pool compared to L- and D-Lys. Moreover, the presence of D-Lys results in the
synthesis of two peptide stems, one conventional and one unusual, due to acylation by the y-

carboxylate of D-Glu on its e-amino function.

A dipeptide consisting of amino acids at positions 4 and 5 is typically added, with D-Ala-
D-Ala being the most common. The synthesis of this dipeptide is facilitated by the Ddl enzyme,
and its integration into the peptide stem is managed by the MurF ligase. MurF exhibits a notable
specificity for the C-terminal amino acid (50). In contrast, Ddl primarily focuses on the N-
terminal amino acid, forming a "double-sieving" mechanism ensuring the predominance of a
pentapeptide stem ending in D-Ala-D-Ala. D-Ala is predominantly situated at position 4 across
species (50, 51). However, strains resistant to vancomycin may have D-lactate (D-Lac) or D-Ser
at position 5, as their affinity for the antibiotic is considerably lower than that of the standard D-
Ala-D-Ala moiety (52). Occasionally, Gly is found at positions 4 or 5, likely evading the
double-sieving mechanism. While its occurrence is minimal in E. coli (around 1%), it can reach

up to 19% in Caulobacter crescentus (6, 44).
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Peptidoglycan synthesis occurs in the cylindrical cell wall to maintain thickness/ integrity
and permit elongation. It also forms the division septum to allow the cell to divide. The
synthesis starts with the formation of the peptidoglycan subunit, disaccharide-pentapeptide, in
the cytoplasm close to the cell wall, where then it is flipped out to the cell wall by a lipid Il
flippase (MurJ) (53-55). When MurlJ is absent in B. subtilis, another flippase known as Amj
steps in to fulfill its role (56). Once Lipid Il is outside the cell, this precursor is then polymerised
to generate the glycan strands by a glycosyltransferase (GTase) activity, and these are then cross-
linked into the existing peptidoglycan (57, 58) and then can undergo maturation. The cross-
linkage reaction is carried out by penicillin-binding proteins, DD-transpeptidases and LD-
transpeptidases, using the energy of the donor peptide D-alanine at position 5 of the pentapeptide
chain to link the newly formed tetrapeptide to meso- diaminopimelic acid, position 3, of a
neighbouring peptide chain (acceptor) (6, 9). The neighbouring peptide that serves as an
acceptor of the cross-linkage reaction can be either a tri, tetra, or pentapeptide chain (7). The
peptide chains that did not serve as acceptors are reduced to either tri- or tetrapeptides (59). In
vegetative B. subtilis, approximately 30-40% of the peptide chains are cross-linked to the
neighbouring chain, and this number increases slightly during the stationary phase to reach 33.2-
44% (60).

In general, most modifications of the PG involve the action of penicillin-binding proteins
(PBPs). Over the last 50 years, research has been conducted in various ways, often through
amino acid sequence alignments and then in combination with structural knowledge and
biochemistry, and has identified the number and types of PBPs in different bacteria (61-65).
This has resulted in PBPs typically being classified into two categories: high molecular mass
(HMM) and low molecular mass (LMM) proteins (66, 67). High molecular mass (HMM)
proteins are further divided into class A that are bifunctional, having glycosyltransferase activity
at the N-terminus domain (polymerisation) and transpeptidation at the C-terminus domain of the
protein (cross-linking). The other class (B) seems to have an N-terminal domain assigned for
transpeptidation activity and a presumed interaction domain in the N-terminal region and seems
to be required for cell shape maintenance and septation (67). In contrast, low molecular mass
(LMM) exhibits either a DD-carboxypeptidase, transpeptidase, or endopeptidase activity and has
an unclear role in PG metabolism (68). It is also clear that there are other enzymes with these
activities that do not bind to penicillin, e.g., LdcB (69). E. coli has 12 PBPs: three class A PBPs
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(PBP1a, PBP1b, and PBP1c), two class B PBPs (PBP2 and PBP3), and seven low molecular
mass (LMM) PBPs involved in cell separation, peptidoglycan maturation, or recycling (70-72).
Neisseria gonorrhoeae possesses four PBPs, where PBP1 is analogous to E. coli PBP1a and
PBP2 to E. coli PBP3 (63, 73, 74). PBP3 and PBP4 in N. gonorrhoeae share sequences with E.
coli PBP4 and PBP7, respectively (75). Listeria monocytogenes has six PBPs: two class A PBPs
(PBP1 and PBP4), three class B PBPs (PBP2, PBP3, and Lmo0441), and one class C PBP of
type-5 (PBP5) (76-78). M. th. produces two class A PBPs, two class B PBPs, and a lipoprotein
with motifs similar to class B PBPs (79). Its set of PBPs includes six class C PBPs: one type-4,
one type-5, one type-7, and three putative type-AmpH PBPs. B. subtilis has 16 extensively

studied PBPs, with roles in vegetative peptidoglycan synthesis and sporulation.

1.2.2 Peptidoglycan maturation

In addition to the synthesis of the basic precursors of peptidoglycan, the disaccharide
pentapeptide, other peptidoglycan modifications can occur, such as O-acetylation, amidation, and
carboxypeptidation, either before export from the cytoplasm or post polymerisation. O-
acetylation is a modification of the N-acetylmuramic acid at the C-6 position, providing the cell
wall with resistance to endogenous autolysins, lysozyme, penicillin, and protection against
macrophages killing (80, 81). Amidation occurs at the carboxy group of the amino acids of the
peptide chain itself or of the cross-bridges linking two adjacent peptide chains. Amidation also
occurs at the e-carboxy group of the 3" position meso-diaminopimelic acid (m-DAP) (60).
Lastly, there are two types of carboxypeptation occurring in the peptidoglycan: LD-
carboxypeptidation and DD-carboxypeptidation. LD-carboxypeptidation is the removal of the
4™ position D-alanine of the tetrapeptide chain, mediated by the LD-carboxypeptidase (LdcB),
producing a tripeptide chain (69). Meanwhile, DD-carboxypeptidation is the removal of the
terminal D-alanine of the pentapeptide chains required for peptidoglycan maturation, although
the precise roles of these processing events are unclear and not necessarily essential. B. subtilis
genome encodes six genes expressing DD-carboxypeptidases that are known as low molecular
mass proteins. Four of them have high sequence similarity and are proposed to be D-alanyl-D-
alanine carboxypeptidase, and they are known as dac genes: dacA, dacB, dacC, and dacF. The
remaining two (pbpE and pbpX) have low sequence similarity and have not been assigned a

biochemical activity, so they may or may not carry out this activity.
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DacA is composed of 443 amino acids and is a class C penicillin-binding portion 5
(PBP5) that shows sensitivity to B-lactams antibiotics (82). PBP5 is the major D-alanyl-D-
carboxypeptidase during vegetative growth and is required for peptidoglycan maturation (6, 60,
83). HPLC analysis of muropeptides showed that a null mutant in dacA resulted in an abundance
of pentapeptide chains compared to the wild type, which normally has an abundance of
tetrapeptide chains (60). A cell diameter screening study revealed that DacA plays an important
role in cell width control, and the absence of DacA generated wider and shorter cells compared
to the wild type (83). Otherwise, a null dacA mutant does not show any morphological
abnormalities during exponential growth, and the cells got shorter at the end of the exponential
phase (84). A transposon mutagenesis and high-throughput sequencing (TnSeq) analysis showed
that DacA is also involved in motility, and the absence of DacA resulted in a defect in swarming
motility (85).

DacB (PBP5*) and DacF are also class C penicillin binding protein, but they are
specifically expressed during sporulation and presumed to control the peptide cross-linking of
spore peptidoglycan (86). DacB (382 amino acids) is only expressed in the mother cell
compartment of the sporulating cell (87). In contrast, DacF (389 amino acids) is only expressed
in the forespore compartment of a sporulating cell. A null mutant in the sporulation-specific
DD-carboxypeptidase dacB showed a fourfold increase in the cross-linking of the spore cortex
compared to the wild type of B. subtilis (86). Moreover, a double mutant dacB dacF showed an
increase in the cross-linking in cortical peptidoglycan with a failure in normal spore dehydration
(88). However, there is no phenotype nor change in spore peptidoglycan structure in a null dacF

mutant.

DacC is the final DD-carboxypeptidase and is also called penicillin-binding protein 4A
(PBP4). It is significantly larger than the others, comprising of 491 amino acids, and is
expressed during stationery and sporulation phases. Deletion or point mutations in the gene
showed no morphological effects (89) and so seems to have no important role in cell viability

under normal conditions or is functionally redundant (90).
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1.2.3 Peptidoglycan hydrolyses

In all bacteria, the genome encodes diverse groups of peptidoglycan hydrolases that are
specialised in hydrolysing different bonds within the cell wall. Bioinformatic analysis of the B.
subtilis genome and protein sequences, employing alignment and PHMMER tools, reveals three
classes of autolytic enzymes based on their hydrolytic bond specificities: muramidases and N-
acetylglucosaminidases act on the sugar backbone of the peptidoglycan, whereas amidases,
endopeptidases, and carboxypeptidases work on the peptide side chains (Figure 1.5) (62, 91).
The end result of the action of these enzymes is a complete degradation of the complex

peptidoglycan molecule into essentially single subunits.

Glucosaminidase (LytD, LytG)

NAG

Amidase (LytC)

LD-EPase

(DA
QA2
Qaaeh)

CED
(LAa)

EOED

Muramidase
(Lysozyme, lytic trans glycosylases

DD- CPase (DacA
ase (Daca) DL-EPase (CwIO, LytE, CwIS, LytF)

LD- CPase

Figure 1.5 Autolytic enzymes of B. subtilis during vegetative growth

Autolytic enzyme classifications: amidase, glucosaminidase, and muramidase, LD-
endopeptidases (LD-EPase), DL-endopeptidases (DL-EPase), DD-endopeptidases (DD-EPase),
LD-carboxypeptidases (LD-CPase) and DD-carboxypeptidases (DD-CPase). The small black
lines indicate the active sites of the autolytic enzymes. The illustration was created with
BioRender.com.

19


https://biorender.com/

Chapter 1. Introduction

In total, the B. subtilis genome encodes 42 genes that have been considered to be
peptidoglycan hydrolases (91). These autolytic enzymes play specific roles or could have
multiple roles in cell wall synthesis and growth, e.g., recycling of old wall material, specific
degradation to permit new synthesis, or cell wall modifications in order to facilitate cellular
appendage insertions (92). Some of these have been shown to be important in the vegetative
growth and cell separation of B. subtilis, although their precise roles are unclear due to functional

redundancy (Table 1.1).
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Autolytic enzyme locations, expressions, activities, and functions in B. subtilis. Adapted from
(93) and modified based on (94) and SubtiWiki.

Protein location Expression Sigma activity function
factor (o)
LytD (CwIG) Cell wall Vegetative D Glucosaminidase Major autolysin, cell separation, cloxcillin-
induced cell lysis
YubE (LytG) Secreted Vegetative N-acetylglucosaminadase | Cell wall turnover
YjbJ (CwlQ) Vegetative D Muramidase, lytic Cell wall turnover
LytF (CwlE, YhdD) | Cell wall Vegetative D Endopeptidase Cell separation
YwtD (Pgds) Extracellular Vegetative D Endopeptidase Cell separation
LytE ( CwlF, YhdD) | Cell wall Vegetative A H, I Endopeptidase Major autolysin, cell separation, cell lysis
CwlO (YzkA, YvcE) | Cell membrane Vegetative, A Endopeptidase Cell wall synthesis, cell wall elongation
sporulation
YojL (CwiS) Cell wall Vegetative, D,H Endopeptidase Cell wall separation
sporulation
LytC (CwiB) Cell wall Vegetative A D Amidase Major autolysin, cell separation, wall turnover,
sporulation cell lysis, mother cell lysis
Yrv) Vegetative, Amidase Cell wall metabolism
sporulation
YocH Extracellular Vegetative A Amidase Cell wall turnover
sporulation
CwiC Mother cell wall Sporulation K Amidase Mother cell lysis
CwiD Secreted Sporulation E, G Amidase Formation of muramic &- lactam structure in
spore cortex, spore germination
YqeE (CwiH) Cell membrane Sporulation K Amidase Cell wall metabolism, mother cell lysis
YqgT Cell wall Sporulation Endopeptidase Cell wall metabolism
YkfC Sporulation Endopeptidase Cell wall metabolism
YunA ( LytH, YutA) Sporulation E, K Endopeptidase Endospores cortex maturation
YdhD Spore wall Sporulation E Glycosylase
SleB (ypeA) Outer surface of Sporulation G Lytic Germination
the spore cortex
Cwll (YcbQ) Outer edge of the | Sporulation E K Germination
spore cortex
SpollQ (YwnL) Membrane Sporulation F Perspore engulfment
protein
Ygil (MmgA) Mother cell wall Sporulation E,V Mother cell lysis
CwlA Apparently Amidase Minor autolysin
silent
YkvT Silent Lytic
Yoml (CwIP) Cell membrane Tranasglycosylase Cell wall turnover
YcdD (CwliK) Cell membrane Endopeptidase Cell wall turnover
YddH (CwIT) Secreted Endopeptidase Cell wall hydrolase conjugative transfer ICEBs1
YpbE Cell membrane
YsbB (PftB) Cell membrane Pyruvate transport Uptake of pyruvate
YwbG Holin-like auxilary protein
YxaC Cell membrane Holin-like auxilary protein
XlyA Extracellular PBSX induction XPF Amidase PBSX prophage-mediated lysis
XlyB Secreted PBSX induction Amidase PBSX prophage-mediated lysis
BlyA (YomC) SPB induction Amidase SPB-mediated lysis

* Autolytic enzyme expression is the separator of which enzymes could be essential for cell growth. The
degree of shading (white, light grey, and dark grey) represents the time of the autolytic enzyme
expression: vegetative, sporulation, remains silent, or belongs to bacterial phage, respectively.
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1.3 Repertoire of autolytic enzymes in B. subtilis
1.3.1 Endopeptidase and carboxypeptidase

Peptidases cleave the bonds within the peptide chain itself, specifically at various LD, DL, and
DD bonds. Peptidoglycan peptidases can be categorized into two main types: carboxypeptidases
and endopeptidases. Carboxypeptidases are responsible for removing a C-terminal amino acid
from the peptide chain. Conversely, endopeptidases cleave within the peptide. There are
specific subtypes of peptidoglycan peptidases exist based on the amino acid composition of the
cleavage site. DD-peptidases cleave between two D-amino acids, while LD- or DL-peptidases
cleave between an L-amino acid and a D-amino acid (Figure 1.6) (6). Regarding
endopeptidases: LD-endopeptidase cleaves the bond between L-Ala and D-Glu, DD-
endopeptidase hydrolyses the cross-bridges linking D-Ala to meso-DAP, and DL-endopeptidase
cleaves the bond between D-Glu and meso-DAP (Figure 1.6). As for carboxypeptidases: LD-
carboxypeptidase cleaves between meso-DAP and D-Ala in tetrapeptides, DD-carboxypeptidase
cleaves between D-Ala and D-Ala, and DL-carboxypeptidase cleaves the bond between D-Glu
and meso-DAP of tetrapeptides (Figure 1.6) (6).
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Figure 1.6 Chemical structure of peptidoglycan and autolytic enzyme activities

The chemical structure of the GICNAc-MurNAc-pentapeptide building block of the
peptidoglycan and modes of cross-linkage (black arrows) are shown. Hydrolases cleave specific
bonds within the peptidoglycan (red arrows), such as the bonds within the pentapeptide chain (L-
Ala, D-Glu, m-DAP, D-Ala, D-Ala), the bond linking the amino sugar (MurNAc) with the first
amino acid of the pentapeptide chain, or the bond linking the amino sugars GIcNAc and
MurNAc. Peptidoglycan peptidases are classified by the amino acid composition of the cleavage
site: DD-peptidases cleave between two D-amino acids. In contrast, LD- or DL-peptidases cleave
between an L-amino acid and a D-amino acid. LD-endopeptidase (LD-EPase) cleaves between
L-Ala and D-Glu, DD-endopeptidase (DD-EPase) hydrolyses the cross-bridges linking D-Ala to
m-DAP, and DL-endopeptidase (DL-EPase) cleaves between D-Glu and m-DAP. LD-
carboxypeptidase (LD-CPase) cleaves between m-DAP and D-Ala in tetrapeptides, and DD-
carboxypeptidase (DD-CPase) cleaves between D-Ala residues. The amino group at the
stereochemical D-site of m-DAP (green) facilitates the generation of peptidoglycan cross-
linkages with the D-Ala residues of neighbouring strands. These cross-linkages occur via
transpeptidation reactions, driven by the cleavage of a terminal D-Ala residue (red), resulting in a
DD-(4,3) peptide bond. The figure is adapted from (95).
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The DL-endopeptidase family in B. subtilis comprises 7 hydrolases targeting D-y-
glutamyl-meso-diaminopimelic acid bond sites within peptide chains of the peptidoglycan
sacculus (Figure 1.6). Five of them have been shown to be produced during the vegetative phase
of growth: PgdS, LytE, LytF, CwlS, and CwlO (Table 1.1). Each autolytic enzyme has an N-
terminal signal peptide that suggests it is secreted (96). Sec-type signal peptides direct the
secretion of the preproteins via the Sec pathway, which is essential for cell wall remodeling.
These signal peptides typically comprise three main domains (97, 98). The N-domain contains
positively charged residues, such as lysine or arginine, which are recognized by the signal
recognition particle (SRP) in the cytoplasm and facilitate interaction with the Sec translocation
machinery (99). The SRP guides the ribosome-nascent chain complex to the Sec translocon,
which is embedded in the cytoplasmic membrane. This process is mediated by the SRP receptor
(FtsY) that interacts with the membrane-bound Sec translocon (100). The hydrophobic core, or
H-domain, usually spans around 19 residues and often includes helix-breaking residues like
glycine. This domain integrates into the membrane. This hydrophobic domain anchors the
preprotein into the Sec translocon, facilitating its passage through the membrane (101). Finally,
the C-domain of Sec-type signal peptides ends with a type | signal peptidase (SPase) cleavage
site, featuring a consensus sequence like A-S-A at positions -3 to -1 relative to the cleavage site
domains (97, 102). Approximately 50% of these signal peptides also contain a helix-breaking
residue, such as proline or glycine, at positions -7 to -4 relative to the cleavage site, aiding in
proper cleavage and activation of the mature protein. These structural features ensure that

preproteins are accurately processed into mature secreted proteins.

The DL-endopeptidase PgdS has been found to be involved in poly-y- glutamic acid
degradation, an extracellular polysaccharide (44, 96). In contrast, the other DL-endopeptidases,
LytE, LytF, CwilS, and CwlO, have been found to have roles in the morphogenesis of the rod-
shape (103). These four autolytic enzymes possess a catalytic domain structure belonging to the
NIpC/P60 family, as their C-terminus is suggestive of the DL-endopeptidase function. LytE,
LytF, and CwilS carry different numbers of LysM domains in their N-termini: three, five, and
four, respectively (6, 96, 104). The LysM domain is an essential PG-binding domain
determining the subcellular localisation of these enzymes at the poles and division sites, which
might be related to their role in cell separation (105). Previous studies have observed that cells
with IytE lytF cwIS triple mutations are defective in cell separation and growth, resulting in a
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chaining morphology (104). LytE has also been detected at the lateral cell wall, which might
suggest its role in cell elongation (106). CwIlO has a unique N-terminal, two coiled-coil
domains, and is proposed to be activated at the innermost layer of the lateral cell wall near the
cell membrane by interaction with other membrane proteins (FtsEX and SweCD) (96, 103, 105,
107).

Genetically, it appears that CwlO and LytE have overlapping functions in the essential
elongation machinery (6, 105). According to previous studies, a double mutation in the DL-
endopeptidase genes relating to these two enzymes (IytE and cwlQO) leads to lethal defects in cell
elongation (11, 96, 105, 108). Biochemically, both CwlO and LytE are implicated in mediating
the cleavage of the bond linking gamma D-glutamine (second position) to meso-diaminopimelic
acid (third position). CwIO is a 473-amino-acid protein expressed by SigA, the major
housekeeping sigma factor of B. subtilis (109). In contrast, LytE (a 334 amino acid protein) is
expressed by SigA, SigH, and Sigl, depending on the cells’ status. A single mutation in IytE or
cwlO genes has been previously studied and suggested to result in different cell morphologies
compared to a wild type. A null mutation for cwlO generated shorter, bent, and wider cells, and
this mutant did not become competent (107). Meanwhile, a strain with a single mutation in IytE
resulted in slightly longer and thinner cells compared to the wild type. However, other analyses
seem to suggest that these phenotypes are not present, which is perhaps conditional on the
growth condition. Although CwlO and LytE have similar DL-endopeptidase domains, they
clearly act differently in cell growth, and one acting alone seems to be able to support cell
growth (110).

It has been proposed that the DL-endopeptidase family of enzymes is physiologically
activated depending on their subcellular localisation (103, 105). CwIO is a cell membrane
protein that is activated by FtsEX, an ABC transporter-like multiplex in combination with other
proteins. The FtsEX complex potentially restricts CwlO activity at the inner cell wall layer, and
so once CwlO is separated from the cell membrane, it will be inactivated and unable to hydrolyse
the outer layers of the peptidoglycan. Consequently, depletion of either CwlO or FtsEX in a IytE
mutant will result in a growth defect (111). However, LytE is a cell wall hydrolase that needs to
interact with the actin-like protein MreBH and probably MreB prior to its secretion in order to be
directed to the cylindrical wall and division sites (106). A null mutation of either lytE or mreBH
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leads to similar morphological defects in growth when combined with a cwlO mutant (6, 11).
LytE also seems to play an important role when the cell envelope is under stress. For this role,
its expression is mediated by the stress response factor that is regulated by Sigl and also the
possibility of SigH (generally active in late stationary phase growth) in addition to the general

housekeeping sigma factor (SigA) (111).

The DL-endopeptidases LytF (488 amino acids) and CwIS (414 amino acids) are
primarily localised at the septal and polar sites. In contrast, the DL-endopeptidases CwlO and
LytE seem to be present in the cylindrical wall, and depletion impacts on the elongation
machinery of the cell. In a study conducted by Hashimoto (105), it was discovered that LytF and
CwIS were unable to compensate for the growth defects caused by the depletion of both CwlO
and LytE. The researchers attempted to address this issue by swapping the N-terminal regions,
which contain LysM domains of LytE or CwlO to LytF or CwlS, thereby redirecting LytF and
CwiIS to target the sidewall of the cell. However, even with this manipulation, LytF and CwlIS
could not fulfill the role of CwlO and LytE in supporting cell growth. Thus, supporting the idea
that the N-terminus domain of the DL-endopeptidase family determines their subcellular

localisation and their function in cell morphogenesis.

1.3.2 Amidase

The amidase family consists of enzymes responsible for cleaving the amide bond between the
amino sugar N-acetylmuramic acid and the N-terminal of the first peptide, L-alanine, of the
peptide chain (Figure 1.6) (6). These proteins have a signal peptide that suggests they are
secreted, and the best characterised one is LytC. LytC (formerly CwlIB) is a 496 amino acid
enzyme that is considered to be the major amidase active during the vegetative phase of growth
in B. subtilis. It is localised to the cell wall where the flagella are predicted to be present (Table
1.1) (112). LytC is a product of the lytABC operon that requires the lipoprotein LytA and the
modifier protein LytB to promote its activity (113). The lytABC operon expression is regulated
by both SigA during vegetative growth and is 70-90% upregulated by SigD during the late
stationary growth phase (92, 113).

The other enzymes found belonging to the amidase family, YrvJ and YocH, are poorly

characterised. YrvJ possesses an amidase-3 domain like LytC, but no functional data are
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available for this enzyme (Table 1.1). YocH was found to play a role in facilitating survival in
the post-exponential phase in the liquid culture of B. subtills (114), but it is unclear how this is

mediated.

1.3.3 Glycosaminidase

The N-Acetyl-B-D-glucosaminidase family targets the glycosidic bond linking N-acetyl-B-D-
glucosamine residues with their adjacent monosaccharides (GIcNAc to MurNAc) (Figure 1.7) (6,
44). In B. subtilis, LytD (an endo-acting enzyme) and LytG (an exo-acting enzyme) belong to
the glycosyl hydrolase 73 family (GH73) (115). LytD is an 880 amino acid protein that is
localised in the cell wall and is produced during vegetative growth under the control of SigD, a
sigma factor that transcribes genes responsible for motility and chemotaxis (Table 1.1). This
enzyme is considered one of the major autolysins involved in cell wall turnover, cell separation,
cell lysis, and motility (60, 92). LytG is also a member of the vegetative autolysin family of B.
subtilis. It is a 282 amino acid protein, and its expression is regulated by a single promoter that
is probably transcribed by sigma factor A (Table 1.1) (115). It has been proposed that LytG is a
novel glucosaminidase that may play a role in motility, chemotaxis, cell lysis, and cell division

(115). However, the precise role of the glucosaminidase LytG is still unclear.

1.3.4 Muramidase

The muramidase family comprises enzymes that cleave glycan strands by hydrolysing the
glycosidic bond at the point where N-acetylglucosamine is attached to (1,4) N-acetylmuramic
acid (Figure 1.7) (6). The muramidase family is composed of lysozymes and lytic
transglycosylases, both targeting the glycan strands at the same site but resulting in two different
products. Lysozyme hydrolyses the glycosidic bonds linking N-acetylmuramic acid (MurNAc)
to N-acetylglucosamine (GIcNAc) by adding water, resulting in a reduced MurNAc product. On
the other hand, lytic transglycosylase catalyses the C-6 hydroxyl group of MurNAc, leading to
the production of anhydromuropeptide (1,6-anhydro-N-acetylmuramic acid). In contrast, N-
acetylglucosaminidase is also a glycoside hydrolase, but it is responsible for cleaving the other

glycosidic linkage between N- acetylglucosamine and N-acetylmuramic acid.
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The B. subtilis genome encodes cwlQ, a bifunctional protein with soluble-lytic
transglucosylase and muramidase activities that produce 1,6-anhdro-N-acetylmuramic acid and
N-acetylmuramic acid products, respectively (116). CwlIQ (formerly YjbJ) is a 181 amino-acid
protein that is regulated by the motility sigma factor SigD during the exponential phase (Table
1.1) (117). Cells lacking CwIQ activity show a severe defect in swarming motility, even though
the absence of CwlQ does not affect the assembly of the flagellum (118), so the effect of the

absence of this activity on swarming is unclear.
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Figure 1.7 The biosynthesis pathway of peptidoglycan components UDP-GIcNAc and UDP-
MurNAc

Breakdown of glycosidic bonds in peptidoglycan between GIcNAc and MurNAc by A-
glucosaminidase (LytD and LytG) or between MurNAc and GIcNAcby muramidase, either B-
lysozyme or C- lytic transglycosylases. Lysozyme hydrolyses by adding water, resulting in a
reduced MurNAc product. Lytic transglycosylases specifically break the glycosidic bond
between MurNAc and GIcNAc, forming a 1,6-anhydro ring at MurNAc via an intramolecular
transglycosylation reaction. R indicates the peptide linked to the lactyl residue of MurNAc. This
figure is adapted from (6).

1.4 Cell elongation and division

The rod-shaped B. subtilis propagates basically by a short life cycle requiring complicated
protein-to-protein interactions and cell wall modification. A single cell grows by an elongation
of the cylindrical portion of the cell until its length is doubled. Concomitantly with this, the

DNA in the parent cell is duplicated and then separated into two discrete units. Then, cell
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division and separation occur at the middle of the parent cell to produce two identical daughter
cells (first generation). Remodeling the cell wall during cell elongation and division implicates
the need for specific hydrolytic activities, but the biochemical activities, or specific enzymes
involved are not well defined due to the autolytic enzyme redundancy.

1.4.1 Role of autolytic enzymes in cell elongation and division

Extensive studies on the autolytic enzymes of B. subtilis have identified four key enzymes
involved in cell separation during vegetative growth: the glucosaminidase (LytD), the amidase
(LytC), and the endopeptidases (LytE and LytF) (93). Previously, multiple, single, and double
mutations have been constructed of these enzymes in order to discover which enzymes are
responsible for cell separation. From these analyses, a single mutation in lytC was found to
result in a slight increase in cell chain length compared to the wild type, and when combined
with a lytD mutant, the cell chains became even longer, which is perhaps the first indication of
the overlapping roles of autolytic enzymes in cell separation (92). However, a study by Chen
(112) stated that the main autolytic enzyme in cell separation is LytF. A complication of the
early work stems from the fact that defining increased cell length versus cells joined together in a
chain can be problematic. Hence, a defect in cell division will result in a filamentous cell,
whereas a cell separation defect results in a chain of multiple cells connected at the poles.
Discriminating between the two, particularly when the effect is subtle, is difficult without the use
of membrane dyes combined with fluorescence microscopy or EM. Cell division was later
suggested to be most affected by the absence of IytF compared to the minor defect caused by the
double mutant in IytC IytD. Margot (104) found that the depletion of the four major autolysins
LytC, LytD, LytE, and LytF resulted in very long chains of cells, and a consequence of this was
the apparent loss of motility. Consequently, there is a need to systematically delete enzymes and

evaluate the consequences carefully.

1.5 Cell wall turnover and recycling

Inside-to-outside remodeling of the wall seems to provide a simple explanation for the growth of
Gram-positive cells (Figure 1.8). The newly synthesised materials, PG monomers, are inserted
into the innermost surface of the cell wall, polymerised, and then cross-linked. The new

29



Chapter 1. Introduction

synthesis pushes outward and stretches the older wall both through the action of deposition of the
newest material and cell turgor, respectively. By the time a layer reaches the outer surface, it
becomes susceptible to degradation by the action of autolytic enzymes (8, 110). B. subtilis
cylindrically elongates in order to grow, while the poles serve as fixed support points and do not
seem to be subject to significant turnover of the PG (8). It was suggested by Reith and Mayer
(110) that complete cylindrical cell wall PG turnover takes about two generations; during this
time, a newly synthesised layer would progress to the outer surface and become degraded. This
seems to be consistent with other wall turnover analyses where the shift from teichuronic to

teichoic acids was visualised by differential metal staining EM (119).
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Figure 1.8 Cell wall synthesis and turnover

The mechanism of cell wall synthesis and turnover in B. subtilis starts by polymerization of
newly synthesised material of peptidoglycan deposited at the innermost layer of the cell wall
(compressed layers), followed by a cross-linkage reaction between the new and the pre-existed
peptidoglycan materials. The middle layers are stretched because of the cell turgor and are
pushed outward to reach the outer surface, which is then degraded by autolytic enzymes. The
illustration was created with BioRender.com.
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1.5.1 Muropeptides

Naturally produced muropeptides are the products released as a result of peptidoglycan
remodeling during cell growth. This process involves degrading mature peptidoglycan into
muropeptide fragments, which are dictated by specific autolytic enzymes. Depending on the
enzyme activity, different muropeptides would be released from the cell wall into the
surrounding environment, such as disaccharide tripeptide, m-DAP -type peptidoglycan
(tripeptide, tetrapeptide and pentapeptide), monomeric NAG sugar, muramyl-dipeptide, anhydro-
murotetrapeptide (tracheal cytotoxin, TCT), anhydro-murmayltripeptide, disaccharide
pentapeptide, dipeptide, dipeptide D-Glu- m-DAP (mono and disaccharide peptides, and
muramy|-dipeptide (disaccharide di-, tri-, tetrapeptides) (60, 120). In contrast, the analysis of the
cell wall composition generally uses the enzymatic degradation of the peptidoglycan to permit
the complex structure to be broken up to permit their characterisation. This is usually referred to
as muropeptide analysis and exploits chromatography methods (HPLC and UHPLC) in
combination with mass spectrometry (MS) to allow the identification of the fragment, and the
results provide an overall understanding of the level of cross-linkage and modification of the
sacculus structure. However, the data obtained is the average of the entire “molecule”.
Consequently, there is little information available about the structural difference between newly

synthesised and “old” peptidoglycan or the cylindrical vs. cell pole PG structure.

The degradation of the cell wall components is undeniably important for cell growth, but
it could be a waste of resources if not recovered. Approximately 45% of the peptidoglycan
material is turned over per generation in both B. subtilis and E. coli. However, the cell wall
turnover and recycling in E. coli have been to some degree better elucidated as the products are
retained by the outer membrane; little work has been done with B. subtilis as it is presumed that
the degradation products are released into the growth medium and consequently are hard to
analyse. For E. coli, it was found that about half of the old wall was recycled and reinserted as a
new wall per generation. In contrast, as B. subtilis lacks the ability to retain its turnover
products, it has been presumed that little is recovered by the cell. Recently, it has been found
that B. subtilis recovers about 5-10% of its degraded material (110, 121), but the role of the

autolytic enzymes involved in this process was not analysed in detail.

31



Chapter 1. Introduction

1.5.2 Role of autolytic enzymes in cell wall turnover

LytC and LytD have been extensively studied in terms of cell wall turnover in B. subtilis. A
former study by Blackman (92) reported that LytC was the essential autolytic enzyme in cell
wall turnover since a lytC mutant decreased the rate of this process and that a double mutant in
IytC IytD resulted in a significant decrease in the rate of cell wall turnover when compared with
the lytC mutant. In contrast, a single mutant in lytD did not affect the cell wall turnover rate
compared to its wild-type parent. Consequently, LytD may slightly compensate for LytC in wall
turnover at the cylindrical portion of the cell, while LytC completely substitutes LytD (92, 122).
Saman Nayyab (123) suggested that depletion of the glucosaminidase LytG is thought to impair
the tension release of the outermost layers of the PG that is necessary for the insertion of the
newly synthesised material, consequently hindering the nascent components from being pushed
into the stress-bearing layers. A consequence of this is that the division process is impaired
(123).

1.6 Extracellular appendage insertion through a cell wall

Peptidoglycan dynamics must also be modified somehow to permit cellular complexes such as
pili and flagella to pass through the cell wall. Pili are a type IV system required for cellular
adhesion, gene transfer (conjugation), natural transformation, colonization, biofilm formation,
and even twitching motility in some bacterial species (124). However, the flagella are the best
characterised, involving a type 111 secretion system, and the functional complex is required for
cell movement either by swimming in a liquid medium or swarming on a solid medium (Figure
1.9) (125).

In Gram-positive bacteria, these two assembly systems are synthesised in the cytoplasm,
embedded in the cell membrane, and extended through the thick peptidoglycan layers. However,
how these structures can pass through the cell wall to the outside of the cell has not been

analysed in detail and needs further investigation.
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Figure 1.9 Flagellar structure of Gram-positive bacteria

Flagellar structure: the basal body, rod that passes through the thick peptidoglycan layers, hook,
and filament. The three colours (purple, blue, and yellow) of peptidoglycan represent the
compressed, stretched, and degradable layers of peptidoglycan, respectively. The illustration was
created with BioRender.com.

1.6.1 Flagellum structure and regulation

Flagella are composed of a basal body, rod, hook, and filament (Figure 1.9). The basal body is
the part of the flagellum that is integrated into the cell membrane and serves as the structural
anchor combined with a gear-like rotor. The rod is the part that crosses through the
peptidoglycan layers and links the basal body with the external structures: the universal joint
(hook), and the propeller-like filament (126). Flagellar torque is generated by a proton motive
force pumping through the stator MotA/MotB that is associated with a flagellar rotor FIiG (127).

Extensive genetic and biochemical investigations have been carried out on the flagellum
in the Gram-negative bacterial species Salmonella enterica serovar Typhimurium and E. coli
(128). These studies have uncovered that over 50 gene products play roles in the assembly and
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operation of the flagellum in both species (129). This knowledge has been then instrumental in
understanding how flagella are structured and function in the Gram-positive B. subtilis. In B.
subtilis, the flagella closely resemble those of E. coli and S. enterica, with the notable difference
being the absence of the top pair of rings of the basal body: the peptidoglycan ring (P-ring) and
the supramembrane ring (S-ring) (130). Moreover, B. subtilis does not encode homologs of the

bushing proteins found in the basal body structure of both E. coli and S. enterica (131-133).

B. subtilis synthesises approximately 20 rotary flagella along the length of the cell. The
assembly process of a rotary flagellum is complicated and involves a variety of proteins that are
built in an organized and regulated sequence extending from the cytoplasmic membrane to the
external surface of the cell body. Most of the genes corresponding to flagellar proteins are
encoded in a 32-gene long fla/che operon (Figure 1.10A). The expression of the fla/che operon
is mediated initially by SigA, and then by the activation of SigD that is encoded at the end of the
fla/che operon, increasing the expression of the operon. SigD is also needed for the transcription
of the final component of the structure, flagellin (Hag), and acts in the regulation of chemotaxis,
motility, and some autolysins (LytC, LytD, and LytF). A previous study by Mukherjee and
Kearns (134) showed that cells lacking the sigma factor D (SigD) exhibited long chains and were
impaired in swarming motility. The activity of SigD is controlled by FIgM, which acts as an
anti-sigma factor that inhibits its homolog 6?8 (135-137). FlgM coordinates the expression of the
flagellar genes involved in the assembly of the flagellar hook and basal body by binding to SigD

and preventing its association with RNA polymerase (138).
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Figure 1.10 Flagellar proteins and composition

A- The genetic hierarchy of the flagella in B. subtilis. Open arrows represent the flagellar genes,
while bent arrows indicate the promoters. The pink boxes denote the sigma factor SigD that
controls the expression of flagellin Hag and autolytic enzymes LytC, LytD, and LytF. B-
Flagellar composition proteins. The blue boxes highlight the proteins used to monitor the
flagellar assembly in this study. This figure is adapted from (134).
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The core of the basal body is similar to the type Il secretion apparatus, serving as an
export gate for proteins required for the assembly of the more distal flagellar components (rod,
hook, and filament). This export gate comprises six proteins, including FliO, FliP, FliQ, FliR,
FIhA, and FIhB (Figure 1.10B) (139-141). Five of these proteins, FliP, FliQ, FliR, FIhA, and
FIhB, are comparable to the type Il pathogenic injectisome. The remaining protein, FliO, seems
to be involved in the flagellar secretion and stabilization of the FIiP protein (142). FIhA interacts
with the ATPase (Flil), the negative regulator (FliH) of Flil, and the putative general chaperone
(FIiJ), which are crucial in the secretion process (128, 143, 144). FliJ interacts with both Flil and
FliH (145).

The basal body is made up of the polymerised FliF subunits that serve as a membrane
anchor, denoted the inner membrane ring (M-ring) (Figure 1.10B) (146, 147). FIliF contains a
large central extracellular domain attached to FIiE, which may play a role in providing a fitting
for the flagellar rod (148, 149). FIliG is attached to FliF and polymerised to form a cytoplasmic
gear-like rotor (150, 151). FliM is polymerised below FIliG to build the cytoplasmic ring (C-
ring) (133, 152), which is essential for the chemotaxis system and controlling the direction of the
flagellar rotation (Figure 1.10B). In B. subtilis, FIiY is part of the switch complex that
constitutes the flagellar C-ring (153). In E. coli and S. enterica, this switch complex includes a
large number of FliG, FliM, and FliN proteins (154). In addition to the role of FIliG in flagellar
biosynthesis, its C-terminal interacts with the MotA protein of the Mot complex to generate the
torque necessary for the flagellar rotation (155, 156). This torque is then transmitted through

FIliF to the flagellar rod, enabling the rotational movement of the flagella (157).

Rod formation in S. enterica has undergone extensive investigation. Initially, it was
found that FIgB, FIgC, FlgF, and FIgG are indispensable for rod assembly (152, 158, 159).
These proteins, acting as structural components, are secreted via the flagellar type I11 secretion
system and exhibit polymerisation in vitro (146, 160). The rod spans the cell envelope,
penetrating the peptidoglycan and outer membrane through the "P" and "L" rings, potentially
aiding rod rotation within the envelope (130, 161). The sequential assembly of the Salmonella
rod has been demonstrated. FIgB is believed to initiate rod polymerisation as it interacts with
FIiE, which is closely linked to the basal body protein FliF (148, 162, 163). FIgG is likely the
final protein added to the rod, as indicated by mutations in FliF, which causes rod shearing and
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releases FIgG with the flagellar hook (164). Hence, the proposed assembly order, from cell
proximal to distal, is FIgB, FIgC/FIgF, and FIgG, with recent evidence suggesting FIgF might
precede FIgC. The predictive accuracy of the assembly order was constrained by the inability to

form intermediate structures upon mutation of individual subunits.

In B. subtilis, the flagellar rod composes four similar putative proteins: FIgB, FIgC, FIhO,
and FIhP (Figure 1.10B) (133, 165, 166). The first two (FIgB and FIgC) are encoded within the
fla/che operon (Figure 1.10A), while FIhO and FIhP are likely part of the upstream region of the
hook assembly and are expressed separately as a putative dicistron (166). The absence of any of
these proteins leads to defects in flagellar assembly and loss of swarming motility (126). The
assembly order of the flagellar rod proteins is as follows: FIgB, FIgC, FIhO, and FIhP from the
proximal (FliF) to the distal end (FIgE) (Figure 1.10B). FIiE serves as a connecting platform
between the basal body protein FliF and the rod protein FIgB. The absence of FIiE results in a
defect in swarming motility, as well as defects in the assembly of the filament and hook.

However, the basal body structure itself appears to remain intact (126).

The hook is a focal joint that links the basal body to the filament in the flagellar structure,
and it is composed of repeating subunits of FIgE (Figure 1.10B) (133, 167, 168). The hook
assembly involves several steps: first, the hook cap FIgD is secreted and placed on top of the rod,
and then the protein FIgE is secreted by a type IllI-like secretion apparatus (159, 169). FIgE
undergoes polymerisation to form a 70 nm curved cylindrical tube in B. subtilis, which is longer
than the hook of S. typhimurium (133, 170). The length of the hook is tightly regulated by two
proteins: FliK, a secreted protein, and FIhB, a proteolysis protein (170-172). The absence of
either of these proteins leads to the formation of an extended hook structure, known as a
polyhook, which disrupts the production of the flagellar filament (166, 173, 174). The
construction of the hook is designed in such a way that it expands from one side and compresses
from the other. This unique structure allows the transfer and reorientation of motor torque to the
propeller-like filament, enabling flagellar rotation (175).

The filament, an extracellular component of the flagella, plays a crucial role in cell
movement as it rotates like a propeller. A single filament may contain up to 20,000 subunits of
one protein, known as flagellin (referred to as FIiC or FIjB in Salmonella species) (176). The B.

subtilis filament comprises approximately 12,000 flagellin monomers that assemble through the
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interactions between the N-terminal and C-terminal of flagellin monomers (177). This assembly
process results in the formation of a cylindrical tube with a diameter of 20 nm (134). The
synthesis of flagellin (Hag) occurs in the cytoplasm, after which it binds to FIiS to facilitate its
delivery to the secretion apparatus (178, 179). Subsequently, it is exported through the secretion
apparatus via a partner-switch system involving FIiW and CsrA proteins (179, 180). The
extracellular chaperone protein FliD plays a crucial role in the polymerisation of flagellin
monomers, forming a structure known as the filament cap (181). In the absence of FliD,

flagellin monomers accumulate in their monomeric form in the extracellular environment.

In B. subtilis, each stage of the flagellum assembly has a defined time, with cells found to
be capable of motility about 40-60 minutes after initiation. The basal body, the initial stage of
flagellar assembly, is rapidly constructed within about 5 minutes. Next, the hook stage takes 10-
20 minutes to be completed. Finally, the last stage of assembly, forming the filament, appears to
start after 15 minutes and is fully formed after approximately 45 minutes of the flagellar
initiation (182).

The distribution of flagella on the cell surface is a defined characteristic of bacterial
species. Species that synthesise flagella along the lateral cell wall of the cell are called
peritrichous or medial bacteria (as is seen for B. subtilis). In contrast, other species that restrict
flagellar assembly to the poles of the cell are called polar or lophotrichous bacteria. The number
of flagella also varies among the bacterial species. A study by Patrick (183) demonstrated that
SwrA is responsible for controlling the expression of basal body number in B. subtilis.
Furthermore, the placement of basal bodies on the cell surface is coordinated with a distance
between basal bodies that is regulated by proteins FIhF and FIhG (182).

1.6.2 Role of autolytic enzymes in flagellum insertion and motility

Since the peptidoglycan layers are very strong and characterised by their criss-cross structure, the
flagellum rod would need autolytic enzymes to pave its way through these layers (Figure 1.9). In
Salmonella typhimurium and E. coli, FlgJ serves as a peptidoglycan hydrolase that creates a path
for flagellar rod assembly (184, 185). However, in B. subtilis, it is unknown how the rod

assembly crosses the peptidoglycan layers or if a specific autolytic enzyme is required.
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Multiple autolytic enzymes have been implicated in flagellar motility and chemotaxis
mechanisms in B. subtilis, and these enzymes are tightly regulated by a number of regulatory
proteins (e.g., Spo0A, SwrA, CodY, DegU, and also SigD). LytD, LytC, IytF, and LytG have all
been implicated in flagellar function somehow, and it is possible that these autolytic enzymes
substitute for each other in case of the absence of one (92, 112, 115). However, most of the
previous studies focused on matility, primarily in terms of the ability of the cells to migrate and
not in terms of the presence of flagella. This is important since some of these mutations result in
chains of cells, and this might have an impact on physical motility even if flagella are present
and functional. To distinguish between these differences, plates with less than 0.5% (w/v) agar
are referred to as 'swim plates," where the individual cell movements in the liquid consistency of
soft agar's liquid-filled channels allow the spreading of the culture. Conversely, plates with 0.5%
(w/v) agar or more are termed 'swarm plates’. Here the thicker agar inhibits individual
swimming and requires a more collective action for the cells to migrate across the surface, often

referred to as swarming.

The following paragraph is a summary of previous analyses using the authors’
terminology, and consequently, the definition of the lack of motility in relation to the absence of
flagella is, to some degree, open to question. There is also a possibility that the genetic
backgrounds of the strains analysed differ in key aspects and, consequently, may explain some of

the variations observed.

LytC is the autolytic enzyme that has been demonstrated as the primary hydrolase for
flagellar motility efficient function (112). A previous study reported that the absence of both
IytC and IytD genes resulted in non-motile cells on soft agar (0.3%, w/v), while the individual
mutations only resulted in a reduction in motility (92). In contrast, Rui Chen and his co-worker
(112) elucidated that a mutant in IytD did not affect the swarming motility (swarm plate 0.7%
(w/v) agar). Swarm motility was also unaffected by the absence of LytF. In contrast, the IytC
IytF double mutant was non-motile, as well as the IytC IytD IytF mutant. However, this might be
because cells were not separated and were generally observed as extremely long chains (104,
112). Moreover, Rui Chen and colleagues (112) demonstrated that both IytC and lytD mutants
displayed a comparable decrease in swimming motility on 0.3% (w/v) agar. However, the lytF
mutant exhibited slightly more impairment, likely due to the challenge faced by its long chains in
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navigating through the agar pores. Another study by Horsburgh (115) reported that a IytG
mutant also resulted in a reduction in swarm motility and that the lytC lytD IytG triple mutant
and IytC lytD double mutant were observed to be non-motile on a soft agar plate (0.3%, w/v).
The three autolytic enzymes LytC, LytD, and LytF have been examined in relation to flagellar
assembly, and results show that the loss of these autolytic enzymes had no effect on flagellar
assembly (112). A more recent study by Sandra (118) showed that cells without CwlIQ activity
experienced a severe defect in swarming motility. In contrast, cells without CwlO activity had a
moderate defect on swarm plates (0.5% (w/v) agar). However, mutant cwlQ exhibited the
swimming phenotype of the wild-type cells on soft agar (0.3%, w/v). This study also revealed
that cells of the mutant IytC IytD IytF cwlO cwlQ were capable of flagellar biosynthesis. Thus,
how the flagella basal bodies are made and how the structure passes through the PG remains

unclear.

1.6.3 Competence pilus

Many bacteria naturally exhibit competence for transformation, enabling the bacterium to uptake
DNA from its environment and thus enhancing its adaptation and genetic diversity. This process
is tightly regulated and depends on their physiological state (186). Among the various bacterial
competence systems, B. subtilis has been studied most extensively. During the transition from
exponential growth to the stationary phase, B. subtilis cells undergo a critical juncture where they
can either enter the stationary phase and induce sporulation or, alternatively, they can initiate
competence. Notably, only a fraction of the cells, up to 20%, opt for competence under
conditions favorable for this developmental pathway. This indicates that both competence and
sporulation are actively determined decisions made by a distinct subpopulation of cells within
the bacterial community. These decisions are governed by bistable switches, highlighting an
intriguing phenomenon in bacterial populations where cells adopt different developmental fates

based on environmental cues and internal regulatory mechanisms (187).

Numerous genes have been linked to the development of competence in this bacterium,
divided into early genes, which are thought to have regulatory roles, and late genes, whose
products appear to be involved in the transformation process itself. Proteins encoded by several

late genes show significant homology to the pullulanase family of secretory systems (188). This
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similarity suggests that the uptake of transforming DNA is mediated by a pseudopilus similar to
the pullulanase system (186). A notable difference is that in Gram-negative bacteria, the
pseudopilus is anchored between two membranes, whereas in Gram-positive bacteria, it extends
from the cytoplasmic membrane into the peptidoglycan wall.

The transformation model outlines a six-step process for DNA uptake in B. subtilis and S.
pneumoniae. Initially, transforming DNA (tDNA) binds reversibly across the cell wall, followed
by the pilus assembly, facilitated by the ATPase ComGA (189, 190) and anchored by scaffold
protein ComGB. Subsequently, the pilus, composed of ComGC, retracts, pulling DNA into the
periplasm; the term periplasm in the context of Gram-positive bacteria refers to the extracellular
space located between the cell wall and the cell membrane, which is believed to function
similarly to the membrane-enclosed periplasm found in Gram-negative bacteria (191). Then the
tDNA is stabilized by association with ComEA, a membrane-anchored DNA binding protein at
the polar sites, facilitating its uptake into the cytosol before undergoing processing by membrane
DNase NucA (192-194). The BdbD and BdbC proteins are functioning as thiol-disulfide
oxidoreductases. Their primary role is to catalyse the formation of both intramolecular and
intermolecular disulfide bonds within ComGC and ComEC, which plays a vital role as a
component of the transformation permease. Through their enzymatic activity, BdbD and BdbC
contribute to the proper folding and stability of these essential proteins, ultimately facilitating the
efficient process of DNA uptake and transformation (195). Here, one DNA strand is degraded,
and the other is transported through the channel with the help of ATPase ComFA. A study by
Kilb (191) has revealed the localisation of competence machinery and recombination proteins at
various sites within the cell. This study has also shed light on the dynamics of pilin ComGC and
the mechanical forces involved in DNA uptake, demonstrating the retraction of pili by B. subtilis

cells.

1.6.4 Role of autolytic enzymes in pilus insertion

There are indications that the assembly of the competence apparatus requires peptidoglycan
rearrangements. In the early 1960s, a study by Young (196) found a correlation between
autolytic activity and competence in B. subtilis. Young proposed that autolytic enzymes might
create local gaps in the peptidoglycan for DNA uptake. This correlation was also observed in
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group H streptococci (197). Later studies showed that competence development is co-regulated
with autolytic activity and flagellar assembly (65). An indirect link between competence and
peptidoglycan metabolism in S. pneumoniae was identified through a signal-transducing
pathway that regulates both PBP activity and competence (198).

While the competence mechanisms differ between Gram-negative and Gram-positive
bacteria, the systems appear related, as shown by the similarity between competence genes in
Haemophilus influenzae and B. subtilis (199). An interesting connection between Gram-negative
competence and peptidoglycan metabolism is mapping the H. influenzae PBP1a gene within a
cluster of open reading frames involved in transformation, where gene inactivation significantly
reduces transformation efficiency (200). In Neisseria gonorrhoeae, natural transformation
competence is closely linked to piliation, with several genes involved in type IV pili assembly
also required for transformation, supporting the idea of a pseudopilus in B. subtilis competence
(201, 202).

Recently, researchers identified two crucial proteins in Neisseria gonorrhoeae that are
necessary for transformation: Tpc and the peptidoglycan-linked lipoprotein ComL (201, 202).
Mutations in the tpc gene lead to defects in cell division, suggesting that Tpc may act as a
peptidoglycan hydrolase. Both Tpc and ComL are believed to assist in transporting DNA across
the peptidoglycan layer. Additionally, Tpc is involved in the process of cellular invasion and
may be required for the effective export of virulence factors, similar to the role of the LytA

peptidoglycan hydrolase in S. pneumoniae (203).

1.7 Aims of the project

The initial direction of research would be to understand the role of autolytic enzymes involved in
cell wall degradation, which is essential for the growth of bacterial cells. This can be achieved
by developing methods to detect cell wall degradation products or phenotypes resulting from the

loss of specific biochemical activities and generating multiple autolytic mutants.

In cases where the loss of autolytic enzyme activity leads to lethal phenotypes,
conditional mutants will be constructed, introducing conditional promoters to regulate the

expression of the genes encoding the autolytic enzymes or by introducing temperature-sensitive
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mutations in the enzymes. These conditional mutants will allow the controlled expression of

autolytic enzymes and, hence, their activity, providing insights into their role and regulation.

Another aspect that this work will explore is whether the insertion of cellular appendages,
such as flagella and pili, requires dedicated autolytic activity or if they are passively incorporated
into the newly synthesised cell wall and rely on the existing autolytic apparatus during growth to
reach the outer surface. Investigating this phenomenon can shed light on the interplay between
cell wall synthesis, degradation, and the assembly of cellular appendages and would exploit the

strains constructed in the earlier work.

In addition, the combination of manipulated autolytic activity and the ability to detect the
assembly of the structure crossing through the cell wall will provide tools to understand
peptidoglycan dynamics, an example being the fact that flagella should be fixed landmarks.
Thus, by differential fluorescent labeling of peptidoglycan and flagella, their relative positions
and movement over time can be monitored. This will allow for the investigation of how cell wall
remodeling occurs in relation to the movement of the PG as the cell expands, providing insights

into the coordination between cell wall degradation and synthesis.

In summary, the research aims to develop a comprehensive understanding of the role of
autolytic enzymes in cell wall degradation, the mechanism of flagellar insertion, and the
dynamics of peptidoglycan. The overall aim is to significantly contribute to our knowledge of

bacterial cell growth in relation to the regulation of cell wall metabolism.
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All strains used in this study are listed in (Table 2.1). Primers for PCR and sequencing are listed

in (Table 2.2). Primers were designed using Clone Manager software

(https://www.scied.com/dl_cm10.htm ) and constructed by Eurogentec

(www.eurogentec.com/life-science.html). Plasmids and the functions they were used for in this

study are listed in (Table 2.3). All genes that have been deleted or inserted are indicated within

the strain genotype. Plasmid genotypes also indicate the origin of replication, reporters,

promoters, and resistance markers (antibiotic cassettes) that are present in the strain where

appropriate. The resistance cassettes that were inserted into the strains as selective markers are

abbreviated as follows: amp (Ampicillin), kan (Kanamycin), cat (Chloramphenicol), spec

(Spectinomycin), zeo (Zeocin), neo (neomycin), and ery (erythromycin). All confirmed strains

were stored in 20% (v/v) glycerol solution at -80 °C.

Table 2.1 Strains used in this study

Strain Genotype Source
168CA trpC2 Bacillus subtilis Laboratory collection
BKK35620 AlytC::kan (204)
BKK35780 AlytD::kan (204)
BKK09420 AlytE::kan (204)
BKK09370 AlytF::kan (204)
BKK31120 AlytG::kan (204)
BKK34800 AcwlO::kan (204)
BKK19410 AcwilS::kan (204)
BKE00100 AdacA::ery (204)
BKK34800 AcwlQ::kan (204)
BKK16310 AfliM::kan (204)
BKK16290 AflgE::kan (204)
BKK35360 Ahag::kan (204)
AAQ001 trpC2 AlytC: :kan This study
AA002 trpC2 AlytD: :kan This study
AA003 trpC2 AlytE::kan This study
AAQ004 trpC2 AytF: :kan This study
AAQ005 trpC2 AbtG: :kan This study
AAQ006 trpC2 AcwlO: :kan This study
AA007 trpC2 AcwlS. :kan This study
AA070 trpC2 AewlQ: :kan This study
AAQ008 trpC2 AfliM: :kan This study
AA009 trpC2 AflgE::kan This study

45



https://www.scied.com/dl_cm10.htm
http://www.eurogentec.com/life-science.html

Chapter 2. Material and Method

AA010 trpC2 Ahag: :kan This study
AA011 trpC2 AlytE AlytF: :kan This study
AA012 trpC2 AlytF AcwlO: :kan This study
AA013 trpC2 AlytD AlytG: :kan This study
AA014 trpC2 AlytD AlytG AlytC AlytF AcwlO::kan This study
AA015 trpC2 AlytD AlytG AlytC AlytE ALytF: :kan This study
AA016 trpC2 AlytD AlytG AlytC: :kan This study
AA017 trpC2 AlytD AlytG AlytC AlytF: kan This study
AA018 trpC2 AlytD AlytG AlytC AlytF AewlS: :kan This study
AA019 trpC2 AlytD AlytG AlytC AlytF AcwlS AewlQ: :kan This study
AA020 trpC2 AlytD AlytG AlytC AlytF AcwlS AcwlQ This study
ADtE: :kan
AA021 trpC2 AlytD AlytG AlytC AlytF AcwlS AcwlQ This study
AcwlO: :kan
AA064 trpC2 AdacA::ery This study
AA022 trpC2 AlytD AlytG AlytC AlytF AcwlS AcwlQ::kan This study
AdacA.:ery
AA023 trpC2 AlytD AlytG AlytC AlytF AcwlS AcwlQ This study
AdacA::ery AcwlO::kan
AA024 trpC2 AlytE AlytF::kan AdacA::ery This study
AA025 trpC2 AIytE: :kan AdacA::ery This study
AA026 trpC2 AlytF: :kan AcwlS: :kan This study
AA027 trpC2 AlytF: -kan AcwiIS AWtE: kan This study
DS8521 AfliM amyE:: Priarcne-fliM-gfp spec (126)
AA030 trpC2 amyE: : Prascne-fliM-gfp spec This study
AA028 trpC2 AfliM:kan amyE::Prache-fliM-gfp spec This study
AA029 trpC2 AfIGE thrC::Psiacne-fIgE™#*C ery This study
DS8996 AfliM AfIE amyE: :Paajene-fliM-gfp spec thrC: :Paiasche- (182)
ﬂgET123C ery
AA035 trpC2 amyE: : Prache-fliM-gfp spec thrC::Paacne-fIgE™# | This study
ery
DS1916 amyE::Phag-hag ™ spec (126)
AA043 trpC2 amyE: :Prag-hag"*° spec This study
AA031 trpC2 Ahag:kan amyE::Phag-hag ™ spec This study
DS7673 AfIgE amyE: :Prajcne-FIgE™?%¢ cat (126)
AA032 trpC2 AfIgE:kan amyE::Phacne-fIQE ™ cat This study
AA033 trpC2 lacA::Phag-hag ™% ery This study
AA034 thrC::Priacne-fIgE™¢ ery This study
AA035 trpC2 Priarche QPyyi-flajche Cat This study
AA036 trpC2 Pfla/cheQPspac'ﬂalche kan This StUdy
AA037 trpC2 AfliM AflgE:kan This study
AA038 trpC2 AlytF: -kan AcwiS AcwlO: :kan This study
AA039 trpC2 Priarche QPxyi-flarche Cat amyE: :Prarche-fliM-gfp spec | This study
AA041 trpC2 thrC::Piascne-fIgE™#C ery This study
AA042 trpC2 Priarche QPxyi-flajche Cat thrC::Pf|a/che-fIgET123C ery This study
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AA043 trpC2 AlytD AlytG AlytC AlytF AcwliS AcwlQ: :kan This study
amyE: :Phag-hag ™% spec

AA044 trpC2 AcwlO: :kan amyE: :Prag-hag™*° spec This study

AA045 trpC2 AlytD AlytG AlytC AlytF AcwlS amyE::Phag- This study
hagTzogc spec

AA046 trpC2 AlytD AlytG AlytC AlytF AcwlS AcwlQ This study
amyE::Pnag-hag™*® spec AlytE kan

AAD47 trpC2 AlytD AlytG AlytC AlytF AcwlS AcwlQ This study
amyE::Prag-hag™* spec AcwlO kan

AA048 trpC2 amyE: :Priache-fliM-gfp spec lacA::Phag- This study
hagTZOQC ery

AA049 trpC2 ALytE Pspac-lacZ pLOSS -IytE spec This study

AA050 trpC2 AlytD AlytG AcwlQ: :kan This study

AA051 trpC2 AlytD AlytG AlytC AlytF AcwlS AcwlQ This study
amyE: :Prache-fliM-gfp spec

AA052 trpC2 ALytF AdacA::ery This study

PDC519 trpC2 amyE:: Pyy-gfp-cwlO spec (11)

AA053 trpC2 AlytD AlytG AlytC AlytF AcwlS AcwlQ This study
AdacA::ery AlytE::kan

AA054 trpC2 AlytF AlytE AdacA::ery amyE::Pyy-gfp- This study
cwlO::spec

AA055 trpC2 ALytF ALytE: :kan Pgac-lacZ pLOSS-IYtE spec This study

AA056 trpC2 AlytD AlytG AlytC AlytF AcwlS AcwlQ This study
ApgdS::kan

AA057 trpC2 AlytF AcwlS ApgdsS: :kan This study

AA058 trpC2 AlytD AlytG AlytC AlytF AcwlS AcwlQ This study
amyE : :Priacne-fliM-gfp spec lacA::Phag-hag ™ ery

AA059 trpC2 AlytD AlytG AlytC AlytF AcwiS AcwlQ This study
amyE: :Priacne-fliM-gfp spec lacA::Phag-hag ™ ery
AlytE kan

AA060 trpC2 AlytD AlytG AlytC AlytF AcwiS AcwlQ This study
amyE::Piache-fliM-gfp spec lacA::Prag-hag™*© ery
AcwlO kan

AA061 trpC2 ALytF ALytE AdacA::ery Pspac-lacZ pLOSS -IytE | This study
spec

AA062 trpC2 ALYtE Pspac-lacZ pLOSS -IytE spec AdacA::ery This study

AA063 trpC2 amyE: : Pracne-fliM-gfp spec This study
aprE::Pspac - mChary- cheA::kan

BKK19620 AldcB::kan (204)

AA065 trpC2 AldcB::kan This study

AA066 trpC2 AlytE AldcB: :kan This study

AAQ067 trpC2 AlytF AldcB: :kan This study

AA068 trpC2 AlytE AlytF AldceB: :kan This study

MGNA-B737 | yxkC lacZ' Pspac lacl-ery (205)

AA069 trpC2 yxkC lacZ' Pspac lacl-ery This study

AAQ071 trpC2 AsigD yxKC lacZ' Pgpac lacl-ery This study

AAQ073 trpC2 AflgM yxKC lacZ' Pgpac lacl-ery This study

AAQ075 trpC2 AflgM yxKC lacZ' Pgpac lacl-ery AcwlQ::kan This study

AAQ76 trpC2 AsigD yxKC lacZ' Pspac lacl-ery AcwlQ::kan This study
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AA077 trpC2 AflgM yxKC lacZ' Pspac lacl-ery AcwlS::kan This study
AAQ78 trpC2 AsigD yxKC lacZ' Pgpac lacl-ery AcwiS::kan This study
AAQ079 trpC2 AflgM yxKC lacZ' Pspac lacl-ery AcwlQ This study
AA080 trpC2 AflgM yxkC lacZ' Pspac lacl-ery AcwlS This study
AA081 trpC2 AsigD yxKC lacZ' Pspac lacl-ery AcwlS This study
AA082 trpC2 AsigD yxKC lacZ' Pspac lacl-ery AcwlQ This study
AA083 trpC2 AsigD yxKC lacZ' Pspac lacl-ery AcwlQ AcwlO This study
kan
AAQ084 trpC2 AsigD yxKC lacZ' Pgpac lacl-ery AcwlS AcwlO This study
kan
AA085 trpC2 AflgM yxKC lacZ' Pspac lacl-ery AcwlQ This study
AcwlO::kan
AA086 trpC2 AflgM yxkC lacZ' Pgpac lacl-ery AcwlS This study
AcwlO::kan
AA087 trpC2 yxkC lacZ' Pgyac lacl-ery AcwlQ AcwlO kan This study
AA088 trpC2 yxkC lacZ' Pspac lacl-ery AcwiS AcwlO kan This study
AA089 trpC2 AcwlQ This study
AA090 trpC2 AcwlS This study
BKK16470 AsigD::kan (204)
BKK35430 AflgM::kan (204)
AA091 trpC2 AsigD. :kan This study
AA092 trpC2 AflgM: :kan This study
AA093 trpC2 AsigD This study
AA094 trpC2 AflgM This study
AA095 trpC2 AcwlQ amyE: :Pracne-fliM-gfp spec This study
AA096 trpC2 AcwlS amyE::Prache-fliM-gfp spec This study
AA097 trpC2 AcwlQ amyE:: Phag-hag™®° spec This study
AA098 trpC2 AcwliS amyE::Prag-hag ™™ spec This study
AA099 trpC2 AcwlQ amyE::Prag-hag™™° spec AcwlO: kan This study
AA100 trpC2 AcwlS amyE::Pnag-hag"*° spec AcwlO: :kan This study
AA101 trpC2 dacA' Py-dacA::cat This study
AA102 trpC2 AlytF AlytE dacA’ Pxy-dacA::cat This study
BKK14470 trpC2 AmreBH::kan (204)
AKO045B trpC2 Ambl::zeo (206)
3725CA trpC2 AmreB::neo (207)
AA103 trpC2 Ambl: :zeo AdacA::ery This study
AA104 trpC2 Ambl::zeo dacA' Pxy-dacA::cats This study
AA105 trpC2 AmreB::neomycin AdacA::ery This study
AA106 trpC2 AmreB::neomycin dacA' Pxyy-dacA::cats This study
AAL107 trpC2 AmreBH: :kan AdacA::ery This study
AA108 trpC2 AmreBH: :kan dacA' Pxy-dacA::cats This study
AA109 trpC2 AcwlS AewlQ: “kan This study
AA110 trpC2 AcwlS AcwlQ This study
AA111 trpC2 AcwlS AcwlQ amyE Prag-hag ™ spec This study
PDC484 AftsEX::neo::spec (11)
PDC4501 AftsX::neo (11)
PDC4503 AftsE::neo (11)
AA112 trpC2 AftsEX::spec AdacA::ery This study
AA113 trpC2 AfisX::neomycin AdacA: :ery This study
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AAll4 trpC2 AftsE: :neomycin AdacA. :ery This study

AA115 trpC2 AcwlQ amyE ::Prag-hag™**¢ spec AdacA::ery This study

AA116 trpC2 AdacA:-ery amyE::Pnag-hag™*° spec This study

AA117 trpC2 AcwlS AcwlQ amyE::Phag-hag™%C spec This study
AdacA::ery

AA118 trpC2 AlytF AewlO: :kan This study

AA119 AdacA::ery AewlO::kan This study

AA120 trpC2 amyE::Pyy-dacA::spec This study

AA121 trpC2 amyE::Py-dacB::spec This study

AAL122 trpC2 amyE: :Py,-dacC::spec This study

AA123 trpC2 amyE: :Py-dacF::spec This study

AA124 trpC2 AlytF AlytE AdacA: :ery amyE::Pyi-dacB::spec | This study

AA125 trpC2 AlytF AlytE AdacA::ery amyE::Pyi-dacC::spec | This study

AA126 trpC2 AlytF AlytE AdacA.: :ery amyE::Pyi-dacF::spec | This study

AAL127 trpC2 AdacA. :ery amyE::Py-dacB::spec This study

AA128 trpC2 AdacA. :ery amyE::Py-dacC::spec This study

AA129 trpC2 AdacA. -ery amyE::Py-dacF::spec This study

PDC639 AcwlQ::spec aprE::Py-cwlO::ery (11)

AA131 trpC2 AlytF AlytE AdacA. :ery amyE::Pyi-dacA::spec | This study

AA132 trpC2 AdacA. :ery amyE::Py-dacA::spec This study

Crw369 trpC2 amyE: :Pyy-walp23-gfp-spec

AA136 trpC2 AcwlS amyE::Pnag-hag™* spec aprE::Pxyi- This study
cwlO::ery

AA137 trpC2 AcwlQ amyE::Phag-hag ™" spec aprE::Pyy - This study
cwlO::ery

AA138 trpC2 AcwlS amyE Pnag-hag™®° spec aprE::Pyyi- This study
cwlO::ery AewlO: :kan

AA139 trpC2 AcwlQ amyE Phag-hag ™% spec aprE::Puy- This study
cwlO::ery AcwlO::kan

AA140 trpC2 AcwlS amyE::Priyche-fliM-gfp spec thrC::Priacne- | This study
flgE™?*C: ery

AAl141 trpC2 AcwlQ amyE: :Prasche-fliM-gfp spec thrC::Psiache- | This study
fIgE™#C: ery

AA142 trpC2 AcwlS amyE::Priache-fliM-gfp spec thrC::Priacne- | This study
flgE™?%C :zery AcwlO::kan

AA143 trpC2 AcwlQ amyE: :Prasche-fliM-gfp spec thrC::Phiacne- | This study
fIgE™#C::ery AcwlO::kan

AAl44 trpC2 amyE: : Pxy-walp23-gfp-spec thrC::Phasche- This study
flgE™?*C: ery
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Table 2.2 Primers used in this study

Material and Method

Name Sequence Amplified Restriction
gene site
0AA001 | 5° GTTCCGGACGAGGG ’3 IytC NA
5" CACAGACTGTCGCTGC 3
0AA002 | 5 GCAGGCGCGACTTTAG ’3 IytD NA
5’ CTGTTGCAAATGGCCC ’3
0AA003 | 5 GCGGCTGTTGATCATG 3 IytE NA
5’ CGGAAATCGCGTCAC ‘3
0AA004 | 5 GCCGTCTGCGTCAGTAAAG 3 IytF NA
5’ CTGGCTGCAGAGCGTC ’3
0AAQ005 | 5 GGCGAAGTGTTTACAGGG ‘3 IytG NA
5’ CATGCTTGCAGCGGGAAC ‘3
0AAQ006 | 5° GCACCTGCAGCAATGATG ‘3 cwlO NA
5’ CGGCTGCTGACGTTTC ‘3
0AA007 | 5° GCTGGCTGATACGAATG 3 fliM NA
5" CCGCGTCACTTTGTTCCAC ‘3
0AAQ008 | 5 GTCGACGAACAACAGCAG’ 3 flgE NA
5’ CATTCGTATCAGCCAGC’ 3
0AA009 |5 GGCTTATATCAGGGCGAG’ 3 flgB NA
0AA010 | >GTGCAACTTACTTACAATATGTCTAGAGGCTTATATCAGGG flgB Overlapping
CGAG’ 3 sequence
(flagellar
induction)
0AAQ011 | 5’CTCACATTTGTGCCACCCCTAGGCTCGCCCTGATATAAGCC’ codY overlapping
3 sequence
(flagellar
induction)
0AA012 | 5> GGACACAGATAATATCGGTG’ 3 codY NA
0AA013 | 5> GCACAAGGACGTGCC’ 3 hag NA
5’ GTGACAGGATGAGGAATG’ 3
0AAQ014 | 5° CCCATATCGAGCGGAGCATC’ 3 lacA NA
5’ GCGGAACGAAGGGCTAAGAG’ 3
0AA015 | 5> GCCATCCGCATGACG’ 3 dacA NA
5’ CCATGATGACGCCGCC’ 3
0AA016 |5 GGATGGCCGTGTTCCTCAG ‘3 cwlQ NA
5’ CCCTGTGAAGGACCAGC ‘3
0AA017 | >’ AGGAGGTCGACTACGGAGGTGAGGAAAATGTCAGG’3 FliM Sall-FliM
5’CTCCTGGTACCTGAGATAATCTATTATTCTCCATCTTG’3 FliM -Kpnl
(Halo-tag)
0AA018 | 5’AGGAGGCATGCTTGCTGACCGTGTCGGCATTACCC’3 Pfiasch sphl-Ptiazch
5’CTCCTGTCGACTCAGTTTTTTTCACCCTCAATATCCT’3 Pfia-ch- sall
(Halo-tag)
0AA019 | S>GTGACATTTGCATGCTTCAAAG Halo-tag NA
5’CGATGGGATGTCACGC
0AA020 | 5>GGCGCAAACCTCTTCAGG pgdS NA

5S’CCGTAGCCATCGTGTTCA
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0AA021 | 5GGACGCAGGCTGTTTGCGG cwliS NA
5’CCGATGGGAGGCGACC
0AA023 | 5’>GGGCTTGCCATCCCTG’3 ldcB NA
5’CCATGTCCCACCCCTCC’3
0AA024 | S’CGCTAATCTTGTCATGGAGGATATG’3 mreB NA
5’GAAATACTCCCGTCGTATCGC’3
0AA025 | 5’GGGCGGCTCAAGCGGCCGG’3 sigD NA
5’CTGCAGCGAGCCTCG’3
0AA026 | S’ GCATATGCCCGGATGAG’3 tagO NA
5’CAAGCTCCCGATCGC’3
0AA027 | 5’GGTCATCTTCTGTCTGCG’3 flgM NA
5'CTGCAAGGCTTGCCAGTC’3
0AA028 | S’AGGATGGGTACCCTGCAGATGAAGAAAATGAAATACGGAG dacA Knpl- dacA
GTCG’3 dacA- Eagl
5’TAATTCGCGGCCGCTCTAGAACCCCTAACATCCATCAGAGC (Cloning)
’3
0AAD29 | 5°’AGGATGGGTACCCTGCATTGTACAAACCACCACAAGG’3 dacB Knpl- dacB
5 TAATTCGCGGCCGCTCTAGAACGCACATCGCAAAAACGAG’B d(""&%'n 5%9)1'
0AA030 | 5°’AGGATGGGTACCCTGCAGATGAAGCGCAGAGAGGCGGGGAA’3 dacC Knpl- dacC
5"TAATTCGCGGCCGCTCTAGAACCGACAAAGCGTTATTACAG!3 d(""CCI%n EZE)“
0AA031 | 5’ AGGATGGGTACCCTGCAGGATTATGAAATGGAGGGCTTTTG'3 dack Kpnl- dacF
5"TAATTCGCGGCCGCTCTAGAACCCGTGACAAAACTAGTGGTC 3 d("J‘CCI';'n Fnzg'
Table 2.3 Plasmids used in this study
Plasmid Genotype Function Reference
pDR244 | Cre/lox recombination spec amp Markerless (204)
pKB142 | lacA::Pnag-hag"™® ery amp Hag Cysteine labeled (182)
pSG68 thrC::Prache-fIgE"™** ery amp FIgE cysteine labeled (182)
pRD96 lacZ::Py, cat amp Laboratory collection
pSG441 lacl::Pspac kan amp Laboratory collection
pLOSS Pspac lacZ pLOSS-IYtE amp spec LytE Complementary Laboratory collection
pAK12 amyE' Py -linker-halo- spec amp Halo-tag (208)
pAAO001 | amyE' Psiache fliM-linker-halo- spec FIliM label pAK12
amp
pSG1729 | amyE::Py-gfp-spec amp GFP detection (209)
pAA002 | amyE::Py-dacA-spec amp DacA Complementary pSG1729
pAA003 | amyE::Py-dacB-spec amp DacB expression pSG1729
pAAQ004 | amyE::Py-dacC-spec amp DacC expression pSG1729
pAAQ005 | amyE::Pyy-dacF-spec amp DacF expression pSG1729
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2.2 Culture and growth conditions

All bacteria strains were grown at 30 °C in nutrient agar plates (NA) (Oxoid) or otherwise tested
on defined medium plates if needed. Strains were grown at 30 or 37 °C in Luria- Bertani (LB),
Nutrient Broth (NB), or defined mediums when needed with continuous shaking (horizontally or
orbital). Overnight E. coli or B. subtilis cultures were cultivated in test tubes with a volume of 5
millilitres (mL). However, for experimental purposes, cultures were grown in 125 mL
Erlenmeyer flasks, with the culture volume being approximately 15-20% of the flask capacity.
Antibiotics were added when required at the following concentrations: 5 pg/mL
chloramphenicol, 60 pg/mL spectinomycin, 1 ug/mL erythromycin, 5 ug/mL kanamycin, and 10
ug/mL zeocin. Nutrient agar or LB medium with 100 ug/mL ampicillin was used for growing E.
coli stains. Supplements were added when required to the culture medium as the following
concentrations: 1 mM Isopropyl-B-D-thiogalactopyranoside (IPTG), 2 ml xylose (25%, w/v),
100 ug/mL X-Gal, and 25 mM magnesium sulfate (MgSOa).

2.2.1 Cell wall labeling medium (minimal medium)

Cell wall labeling medium (WLM) was used by maxing 100 mL of SMM with: 2 mL Casamino
acids (20%, w/v), 2 mL glucose (40%, w/v), 1 ml Tryptophan (2 mg/mL), 0.5 mL MgSOa4 (1 M),
0.5 mL CaCl2 (100 mM), and 0.01 mL MnSOsa.

2.2.2 Pre-transformation medium (semi-defined medium)

Pre-transformation medium (PTM) was used by mixing 10 mL of SMM with: 250 pL glucose
(40%, w/v), 200 uL Casamino acids (20%, w/v), 100 uL Tryptophan (2 mg/mL), and 100 uL of
the previously prepared mixture of (25 mL MgSOs, 5 mL CaClz, 100 uL MnSOs, and 70 mL
H.0 MilliQ).

2.2.3 Competence medium

Competence medium was prepared by mixing 10 mL of SMM with: 125 puL of glucose (40%,
wi/v), 100 uL Tryptophan (2 mg/mL), 60 uL MgSO4 (1 M), 10 uL Casamino acids (20%, w/v),
and 5 puL Fe-NHjs-citrate (0.22%, w/v).
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2.2.4 Starvation medium

Starvation medium was prepared by mixing 10 mL of SMM with: 125 uL of glucose (40%, w/v)
and 60 uL MgSOs4 (1 M).

2.2.5 Swarm and swim agar plates (soft agar)

Swarm and swim agar plates were freshly prepared by adding 0.5% and 0.15% (w/v)
Bacteriological agar no 1 (Oxoid) to 100 mL PTM, respectively. After setting, the plates were
dried for 20 min in a hood before inoculating them with tested strains.

2.2.6 p-lactam antibiotic plates

Concentrations of B-lactam antibiotics were used as 0.04 pg/mL Oxacillin, 0.002 ug/mL
Cephalexin, 0.005 pL/mL Penicillin G, 0.002 uL/mL Meropenem, and 1 pg/mL Moxalactam.
Plates were papered by pouring 100 mL NA with the desired B-lactam antibiotic in a square plate
a day before the experiment. The plates were then left to dry for an hour before inoculating them
with diluted cultures. Cultures are prepared by inoculating 5 mL NB with a single colony of the
desired strain and incubated at 30 °C overnight, shaking. The next day, the overnight cultures
were diluted in 1/100 NB and incubated at 37 °C, shaking until they reached the exponential
phase (3:30-4 hours). Then, the samples were normalized at OD600 nm~0.3, and 1/5 dilution
series were prepared before inoculating the prepared plates with 5 uL of each diluted culture.
Once all the strains were added to the plate, allowing the 5 uL drops to be fully absorbed, the
plates were incubated at 37 °C and then scanned by an Epson scanner in 24 hours of incubation.

The plates were also monitored for 72 hours.

2.3 Growth curve determination

A strain culture of B. subtilis was prepared by inoculating 5 mL NB, LB, or defend medium with
a single colony, and 25 mM MgSQO4 was added to the culture medium when needed. The culture
was incubated overnight at 30 °C and diluted back the following day in 5 mL fresh medium
(OD600 nm~0.05) with the addition of 25 mM MgSOs if required. The diluted culture was

incubated at 37 °C (shaker), and the samples were collected every 30-60 minutes, depending on
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the experiment condition, for 4-5 hours. Optical density (OD) was monitored by a
spectrophotometer (Thermofisher Genesys 20) at 600 nm. Each time point was plotted later in a
graph to indicate the bacterial stages of growth: lag, exponential, stationary phases, and decline
phases. A spectrometer was set to zero (blanked) by a sterile medium, and then a 1 mL volume
or a 10-fold dilution of culture was measured for a correct reading. Most samples were
experimentally tested at the time of the exponential phase, where bacterial populations were

growing uniformly.

2.4 Fluorescent D-amino acid labeling

Fluorescent D-amino acids (FDAAS) were used to label peptidoglycan in live bacteria. HADA
(HCC-amino-D-alanine) that is emitting light in blue (excitation/emission A ~405/450 nm), and
RADA, a red TAMRA-based fluorescent D-amino acid (excitation/emission A ~554/580 nm),
were used at concentrations of 20 uM, 16 uM, 12 uM, and 9 uM. For cell wall labeling, a dacA

background was used as the wild type to enable efficient labeling of nascent peptidoglycan.

2.5 Fixation

100 pl of prepared culture was spun down and suspended in 100 pl fixation solution, which is a
mix of 0.42 mL 16% (w/v) paraformaldehyde with 2.08 mL PBS. The samples were then put on
ice for 1 hour and left at 4 °C for further use. An alternative method for cell fixation, 500 ul of
the cell culture was spun down and fixed by treating it with 70% (v/v) ice-cold ethanol, followed
by incubating it in an ice bath for 1 h and stored in 4 °C. For microscopy imaging, 20 pL of the
fixed cells were washed twice with 4 °C 1x PBS via centrifuge at 13,300 x g for 3 min. Then, 1
uL was mounted on a 1.2% (w/v) agarose pad to permit visualisation (Sections 2.18 and 2.19).

All ethanol-fixed cells were imaged no more than three hours after mounting.

2.6 DNA methods
2.6.1 Purified and quick Chromosomal DNA extraction

To extract purified genomic DNA, 5 mL LB was inoculated by bacterial cells and left to grow

for 3-4 hours at 37 °C, shaking. Then, 2 mL of the growing culture was centrifuged for 2 min at
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13,300 x g, and the supernatant was discarded as much as possible. The cell pellets were
suspended in 60 uL EDTA (50 mM) and lysed by adding 6 ul lysozyme (10 mg/mL) for 20 min
at 37 °C. Then, 600 ul nuclei lysis solution (Promega) was added and mixed gently before
incubating for 5 minutes at 80 °C, followed by 2 minutes of incubation on ice. 200 pL protein
precipitation solution (Promega) was added to the mixture, followed by 20-seconds vortex. The
sample was centrifuged for 10 minutes at 13,300 x g, and the supernatant was transferred to a
clean Eppendorf tube and mixed with 600 ul isopropanol (99.99%). The mixture was
centrifuged for 6 minutes at 13,300 x g, the supernatant was discarded, and then 600 pl ethanol
(70%, v/v) was added to the sample, followed by centrifugation for 3 minutes at 13,300 x g. The
supernatant was carefully poured off the Eppendorf tube. The inverted tube was blotted off onto
a tissue and air-dried for 10 minutes. The purified DNA was suspended in 100 ul H2O MilliQ

and stored at -20 °C as a stock for further use.

For a quick prep genomic DNA, 5 mL LB was inoculated by a single colony of bacterial
cells and incubated for 3-4 hours at 37 °C, shaking. The growing culture was then centrifuged
for 5 min at 9000 x g, and the supernatant was discarded. The cells pellets were suspended in 1
mL SSC (1 L H20 MilliQ, 0.15 M Sodium chloride, and 0.01 M Sodium tri-citrate at pH 7.0)
and lysed by adding 20 ul lysozyme (10 mg/mL) for 20 min at 37 °C. Then, 500 uL NaCl (4 M)
was added, followed by a filter sterilization to the mixture using a 0.45 uM syringe filter into a

sterile Eppendorf tube. The quick prep genomic DNA was stored at -20 °C for further usage.

2.6.2 Polymerase chain reaction (PCR)

Polymerase chain reaction (PCR) is prepared to amplify a specific fragment located at a genome

DNA or a plasmid to confirm gene deletion, modification, or cloning purposes.

PCR reactions were prepared utilising a Q5 High-fidelity DNA Polymerase kit (NEB, UK) or a
GoTag DNA Polymerase kit (Promega, UK).

Colony PCR was done using a GoTag® DNA polymerase (Promega) following the
manufacturer’s instructions. For B. subtilis, a single colony was suspended in 300 ul 50% (v/v)
Dimethyl sulfoxide (DMSO) and heated at 65 °C for 20 minutes before applying 1 ul to the

reaction mix.
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DNA purification (clean-up) was processed as needed utilising a QIAquick PCR Purification kit

or a QIAquick Gel Extraction kit (Qiagen, Germany).

2.6.3 Agarose gel electrophoresis

PCR fragments or digested plasmids were loaded into 1% (w/v) agarose gel made of agarose
with 1x Tris-Acetate-EDTA (TAE) buffer (2 M Tris/HCL pH 8.3, 50 mM sodium acetate, 5.7%
(w/v) acetate). A final concentration of 0.12 ug/mL Nancy-520 DNA gel stain was added into
the cooled-down agarose gel for DNA detection and quantification. Then, the loaded agarose gel
ran for an hour with a constant voltage of 100 V, where then a fluorescent image of the gel was
taken by a UV transilluminator with a Lumenera USB 2.0 camera to confirm the fragment size

by comparison to a 1 kb DNA ladder.

2.6.4 DNA restriction and ligation

Restriction enzymes from New England or Promega were used as directed by the manufacturer’s
instructions. The sample was prepared utilising the desired digested enzyme with its
recommended buffer added to a template. The mixture was then incubated at 37 °C for 3 hours

or O/N, followed by enzyme inactivation.

The compatible ends of DNA fragments were ligated by T4 DNA ligase with a ligase
buffer and then incubated at 4 °C overnight, or NEBuilder HiFi DNA assembly was used
according to the manufacturer’s instructions. After the ligation, plasmid or fragments were

transformed into E. coli or B. subtilis as required.

2.6.4 DNA sequencing and analysis

Genomic DNA extractions were isolated by a GenElute ™ Bacterial Genomic DNA Kit (Sigma-
Aldrich/MeRCK). The absorbance ratio (260 nm-280 nm) was checked by NanoDrop™
spectrophotometer (Thermo Fisher Scientific), and it was close to ~1.8. The concentration was
measured by Qubit Fluorometric Quantification (Thermo Fisher Scientific) following the
instructions of optimised Qubit Assay. The chromosomal DNA concentrations were somewhere

between 3.5-16.5 ng/pL in MilliQ H20. The whole genomic DNAS were sequence analysed by
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MiSeq System-Illumina sequencing platform (NU-OMICS, Northumbria University), and the
results were analysed compared to the reference genome sequence of Bacillus subtilis 168
(AL009126.3) using a CLC genomics Workbench (Qiagen Bioinformatics).

Plasmids or PCR products were sequenced using Sanger sequencing at the MRC PPU

unit, DNA Sequencing and Services, at Dundee University (www.dnaseq.co.uk). The

sequencing results were then analysed and compared to a reference DNA using Clone Manager

or SnapGene softwares.

2.7 Transformation
2.7.1 Bacillus subtilis

The chromosomal DNA of all single mutant strains utilised in this study were transformed into
168CA using the method of Anagnostopoulos and Spizizen (210) as modified by (210, 211). To
prepare a competent culture, cells were freshly streaked on an NA plate and incubated overnight
at 30 °C. The following day, a touch of the growing cells was inoculated into 10 mL of
competence medium (see Section 2.2.3) and incubated at 37 °C with vigorous shaking overnight.
The next morning, 0.6-1 mL of the overnight culture was diluted into 10 mL of fresh competence
medium and grown for 3 hours. Then, 10 mL of starvation medium (see Section 2.2.4) was

added, and the culture was incubated for an additional 2 hours with shaking.

The transformation was performed by mixing 2-3 puL of DNA (10-100 ng/uL) (see
Section 2.6.1) with 300 pL of the prepared competent culture and incubating for 1 hour at 37 °C
with shaking. After 1 hour of incubation, 100 pL of the transformation culture was plated on a
selective medium. Sterilized glass plating beads were used to spread the bacterial culture evenly
over the plates. For control plates, 10 pL of the genomic DNA was tested on the selective
medium plate to detect sporulation, and 100 puL of the competent culture was plated on the same

selective medium to test resistance before the transformation.

2.7.2 Escherichia coli

All plasmids were transformed to E. coli (DH5a) by chemically competent cells using the

method of Hanahan (212), and heat shock transformations were performed using the methods
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described by Bergmans (213). Then, the plasmids were extracted by a Qiagen Miniprep kit

when needed, following the manufacturer’s instructions.

2.8 Strain manipulation
2.8.1 Construction of isogenic autolytic mutant strains

Initial strains with a defined null mutation in an autolytic gene were constructed as kanamycin
resistance cassette replacements of the coding sequence of the gene derived from the Koo
collection (204). To ensure characterisation was done with isogenic strains, the chromosomal
DNA of all single mutant strains was transformed into 168CA using the method of
Anagnostopoulos and Spizizen (210) as modified by Hamoen (211). The initial approach was to
use these antibiotic cassette deletions and generate marker-less deletions by Cre/lox recombinase
(expressed from a temperature-sensitive plasmid, pDR244) and then introduce another autolytic
gene deletion utilising the same transformation method and build strains with multiple mutations

in autolytic genes.

After transforming pDR244 (see Section 2.7.1 for plasmid extraction) into a B. subtilis
strain (see Section 2.7.1 for B. subtilis transformation), the temperature-sensitive plasmid
pDR244 was eliminated by streaking transformants from an overnight plate onto one side of a
fresh NA plate and incubating at 45 °C for 3 hours. This higher temperature promotes the loss of
the plasmid. After this incubation period, the growing side of the plate was streaked across the
entire surface to isolate single colonies, and the plate was then incubated overnight at 45 °C. The
following day, individual colonies were screened by streaking onto kanamycin, spectinomycin,
and ampicillin plates. Colonies that grew only on the NA plate but not on the antibiotic plates
indicate successful loss of the plasmid, confirming that the generated strain is now marker-less.
The marker-less strains were subsequently confirmed by PCR.

2.9 Plasmid construction
2.9.1 Construction of strains expressing labeled flagella subunits

To construct strains that permit monitoring the flagellar subunits, we obtained strains DS8521
(AfliM: amyE::Piarche-fliM-gfp spec), DS1916 (amyE::Phag-hag™ spec) and DS7673 (AflgE
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amyE::Priacne-IgET 2 cat) from Kearns (182). These flagellar strains were transferred to 168CA
and other backgrounds as appropriate to permit the visualisation of the assembly of the basal
body of the flagellum (FIiM-GFP), the hook (FIgE) and the assembly of the flagellum (Hag) in
single cells. Details of how individual strains were constructed are provided in Table 2.1.

2.9.2 Xylose and IPTG inducible flagella expression constructs

To generate an inducible fla/che operon, two constructions were generated using different
promoters: a Pxyi promoter linked to a chloramphenicol cassette (isolated from pRD96 utilising
BamlIH and Xbal restriction enzymes) or a Pspac linked with both a constitutively expressed lacl
gene and a kanamycin resistance cassette (liberated from pSG441by Bglll and Xbal digestion).
These promoters containing the fragments were then linked to a PCR-amplified DNA fragment
corresponding to a codY gene (the gene upstream of the fla operon) and a fragment
corresponding to a flgB gene (the first gene of the fla operon) by ligation. The fused fragments
were then transformed into 168CA, selecting the appropriate resistance marker. The
transformants obtained were then checked by PCR and sequencing to confirm the correct
insertion of the construction into the genome. Phenotypically, it was also confirmed that the
insertion resulted in xylose or IPTG-dependent motility in rich media (AA035 and AA036). The
xylose inducible promoter (Pxy) is a high expression promoter, but it is leaky. While the IPTG
inducible promoter (Pspac) is tightly regulated, it is not a strong promoter.

2.9.3 Xylose inducible DD-carboxypeptidase gene expression constructs

To generate inducible DAC protein (for DacA, DacB, DacC, or DacF) constructs, the coding
sequences were cloned into pSG1729. This plasmid contained the upstream and downstream of
amyE loci linked to a Pxy promoter, gfp sequence, and spectinomycin cassette (Table 2.2). The
GFP coding sequence was replaced with one of the dac genes (dacA, dacB, dacC, or dacF). For
this, the plasmid was digested utilising Kpnl and Eagl restriction enzymes that cut before and
after the gfp sequence. The dac genes were amplified utilising the appropriate DAC primer pairs
containing Kpnl and Eagl tails (Table 2.3). The digested plasmid was then ligated to each PCR
amplified DNA fragment corresponding to the dac genes by overlapping PCR utilising the HIFI
method, resulting in the generation of pAA001, pAAQ002, and pAA004 plasmids. These
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constructed plasmids were then transformed into E. coli (DH5a) cells, selecting for the
appropriate resistance marker, ampicillin. The obtained plasmids were verified by PCR and
sequencing to confirm the correct insertion of the desired constructs (see Section 2.6.5).
Subsequently, the plasmids were transformed into B. subtilis strains. Then, the presence of DAC
proteins was assessed using SDS PAGE utilising Bocillin fluorescent labeling of cells growing in

the presence or absence of xylose.

2.10 B-galactosidase assay (Transcriptional regulation of flagellum subunits)

To detect SigD activity in strains lacking CwlO and CwlQ or CwilS in either sigD or flgM
backgrounds, using the integrational plasmid lac reporter, 5 mL LB tubes were inoculated and
incubated at 37 °C overnight. The growing cultures were then diluted back in 20

mL PTM (OD600 nm ~0.05). 200 pL of the samples were collected at this time point and every
20 mins for 2 hours, frozen in liquid nitrogen, and stored at -80 °C for -galactosidase assay.
For the B-galactosidase assay, the 200 pL samples were defrosted in a 30 °C water bath

and lysed by 400 pL lysis solution (200 pg/mL lysozyme, 100 pg/mL DNase, 1.25% (w/v)
Triton-X100) for approximately 10 minutes. Then, the reaction was started in 10-second
intervals from sample to sample by adding 200 pL substrate solution (4 mg/mL 2-Nitrophenyl B-
D-galactopyranoside (ONPG-Sigma), mixed, and returned to the water bath. The reaction was
stopped by adding 400 uL Na2COz (1M), and that was when the samples started to turn yellow
or if the reaction exceeded 3 hours.

To calculate B-galactosidase activity, the equation of specific B-galactosidase
activity = (A420 x V1)/(V2 x OD600 nm x T x 0.00486) was used. Here, A420 represents the
blank (water) absorbance, V1 is the volume of the reaction mixture, V2 is the volume of the
culture used for lysis, OD600 is the optical density at 600 nm, and T is the reaction time in

minutes. The molar extinction coefficient of ONP is 4860 at pH 10.

A sample of sterile medium mixed with assay reagents was incubated for the maximum
time and was used to provide a background value that was subtracted from all assay readings,
thus obtaining the correct absorption value of the samples. The calculated -galactosidase

activity was expressed in nmoles 2-nirophenyl (ONP). min*t. OD600™.

Miller Units = (A420 x 6 x 1000) / (tonp reaction time x OD600 nm)
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2.11 Cell wall preparation for muropeptide analysis

The method of Atrih (60), modified by Bisicchia (214), was used for cell wall purification.
Overnight cultures of B. subtilis were prepared by inculcating 50 mL of NB with a single colony
and incubated at 30 °C. The following day, the cultures were diluted back to OD600 nm of
0.001 in 500 mL NB medium, with the addition of 25 mM MgSOs if required. The cultures were
incubated with shaking at 37 °C until reaching an OD600 nm of 0.5- 0.6 and then cooled down
in an ice bath to 4 °C. The samples were centrifuged at 4 °C 7500 x g for 15 min using pre-
cooled centrifuge tubes. The resulting pellet was suspended in 15 mL ice-cold Tris/HCL (50
mM, pH 7.0). The cell suspensions were dropped into 60 mL of hot SDS (5%, w/v), boiled for
30 min, and then left to cool down at room temperature. The next day, the lysate was transferred
into 50 mL round bottom tubes (Nalgene ™ PPCO) and centrifuged at 250000 x g (JA25-50) for
30 min at room temperature until the supernatant was clear. The supernatant was discarded, and
the pellet was suspended in 20 mL NaCl (1M), vortex with a glass stick, and centrifuged again,
as above twice. Then, the pellet was washed 4-5 times with H2O MilliQ (suspend, vortexed with
glass stick, and centrifuged at 250000 x g (JA25-50) for 30 min at room temperature) until the
suspension was free of SDS (no foam). The pellet was suspended in 2 mL H>O MilliQ, and the
tube was rinsed with another 2 mL H20 MilliQ to ensure nothing was left. The suspension was
then transferred into a 2 mL screwcap tube that was filled to 1/3 with glass beads and pulsed
using Precellys 24 lysis homogenizer with max speed (6500) for 30 seconds, which works for
three pulses in one run. After 3 pulses, the tubes were cooled down on ice for 5 min until the
machine could be used again; then, this step was repeated for 18 pulses altogether. The cell
debris was filtered through a glass frit to remove the glass beads, and the beads were washed
with 10-20 mL H20 MilliQ. The filtrate was then transferred into 50 mL falcon tubes and
centrifuged for 5 min 2000 x g. The supernatant was then transferred into a 50 mL round bottom
tube (Nalgene ™ PPCO), and the remaining pellet was suspended in 25 mL H.0 MilliQ,
centrifuged as above, and added to the tube. The supernatant containing broken cells was then
centrifuged for 30 min 25.000 x g (JA25-50) at room temperature. The broken cell pellets were
then suspended in 10 mL buffer (Tris/HCL (100 mM) pH 7.5, MgSO4 (20 mM)) with the
addition of 100 pL DNase (10 pg/mL, Sigma) and 100 pL RNase (50 pg/mL, Sigma). The
suspension was stirred at 37 °C for 2 hours, to which 100 pL CaCl> (10 mM) and 100 pL

Trypsin (100 pg/mL) from porcine pancreas (Novagen/Merck) were added. The suspension was
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then stirred for another 18 hours at 37 °C. After this, H.O MilliQ and 8% (w/v) SDS-solution
were added to reach a final SDS concentration of 1% (v/v) and a final volume of 20-30 mL. The
samples were then incubated for 15 min at 80 °C (water bath) and then left to cool down for 10-
15 min before being centrifuged at 25000 x g for 30 min RT. The pellets were then suspended in
10 mL LiCl (8M), incubated for 15 min at 37 °C, and centrifuged as above. A white precipitate
might form on top of the solution, which should be discarded with the supernatant. The pellets
were then suspended in 10 mL EDTA (100 mM, pH 7.0), incubated for 15 min at 37 °C, and
centrifuged as above. The pellets were washed twice (suspended and centrifuged) in 20-30 mL
H20 MilliQ. The final pellets were then suspended in 1-3 mL H>O MilliQ and transferred in a
suitable container (a snap cap glass vial, which was empty weighted before used), frozen at -80
°C for an hour, and finally lyophilized for two days via Alpha 1-2 freezer dryer (Biopharma).
The dry-weight was determined and stored at -20 °C (This permitted an estimation of how much

material was obtained and allowed for sample variation to be corrected for later use).

These processes of cell wall preparation can be stopped anytime, but the addition of 2
pL-3 puL/ 1 mL of 10% (w/v) sodium azide (NaNs) to the sample is recommended for storage at
4 °C to prevent microbial contamination. The next day, the 10% (w/v) NaNszshould be washed

out using H2O MilliQ and centrifugation.

2.11.1 Purification of murein by removing wall teichoic acid

5 mg cell wall of each strain was transferred to polyallomer tubes for 100.3 Rotor (desktop-UZ)
dissolved in 2.7 mL Ice-cold hydrofluoric acid (HF). The tubes were closed with double
Parafilm and stirred at 4 °C for 48 hours. After 28 hours, the parafilm was removed carefully,
and the samples were centrifuged in pre-cooled Rotor TLA 100.3 centrifuged at 70000 rpm, 4 °C
for 45 minutes. The supernatant (HF) was carefully transferred to an HF-waste bottle. The tube
was filled up with ice-cold H20 MilliQ and centrifuged as above; these steps were repeated
twice. Then, the pellets were suspended in ice-cold Tris/HCL (100 mM, pH 7.0) and centrifuged
as above. The samples were twice washed in H2O MilliQ, suspended in 250 pL ice-cold H.O
MilliQ, and later transferred into a 2 mL screwcap tube. Also, the centrifuge tube was washed
with another 250 pL ice-cold H2O MilliQ and added to the screwcap tube. 1 pL NaNs (0.05%,
v/v) was added to the samples and stored at 4 °C.
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2.11.2 Isolating muropeptides from Murein (Cellosyl-digestion)

Purified murein samples were vortexed, and 180 pL was transferred into a 1.5 mL Eppendorf
tube. 60 pL 4x Cellosyl buffer ((NaH2PO4 (80 mM, pH 4.8) with NaNz) and 14 pL Cellosyl (0.7
mg/ml)) were added into the murein. The samples were incubated with low shaking (850 rpm) at
37 °C overnight. The next day, another 14 pL Cellosyl was added and incubated with shaking
for another night at 37 °C. The following day, the samples boiled at 100 °C for 10 min, left to
cool at room temperature, and centrifuge for 10 min high speed (14,000 rpm). The supernatant
was then transferred to a new 1.5 mL Eppendorf tube and stored at -20 °C. The supernatant was
recovered, and the volume was reduced to 50-100 uL in a pre-chilled speed Vac at 100 °C.
Where then 100 pL of Sodium borate (0.5 M, pH 9.0) and 1 mg of solid sodium borohydride
were added to the samples (foaming can occur, so pierce a hole on the top of the Eppendorf to
release the H gas produced during the reduction step). The samples were then incubated for 30
min at room temperature with centrifugation at 3000-4000 rpm (centrifugation prevents contents
from spilling out if foaming occurs). The pH of samples was adjusted between pH 3.5 and pH
4.5 (best pH 4.0) using 20% (v/v) phosphoric acid. The samples were then centrifuged at 14,000
rpm and directly used for HPLC analysis or stored at -20 °C while covering the Eppendorf lid
with parafilm to plug the hole.

2.11.3 Reverse-phase high-performance liquid chromatography (RP-HPLC)

Reverse-phase high-performance liquid chromatography (RP-HPLC) is a technique used to
separate and analyse components within a liquid sample based on their hydrophobicity. The
process involves injecting the sample into a column packed with hydrophobic porous particles,
known as the "stationary phase.” The sample components are then carried through the column
by a liquid, referred to as the "mobile phase." The separation of these components occurs due to
the differential interaction of each component with the stationary and mobile phases, based on
their hydrophobic properties (214-216).

After preparing the B. subtilis PG samples, the analysis began with setting up the RP-
HPLC system. The mobile phase buffers were prepared as follows: solvent A consisted of a 40
mM sodium phosphate buffer with 0.0003% (v/v) NaNs, and solvent B consisted of a 40 mM

sodium phosphate buffer with 20% (v/v) methanol, pH 4.5. These solvents are crucial for the
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gradient elution process that separates the muropeptides based on their hydrophobicity (214).
The RP-HPLC system used was an Agilent Technologies Series 1200, equipped with a reverse-
phase column (Prontosil 120-3-C18-AQ 3 uM, Bischoff), was configured. The column was
initially equilibrated with 100% solvent A to ensure a stable baseline and consistent

reproducibility of results.

Solubilized muropeptide samples were placed in autosampler vials, and the autosampler
injected 10 pL of each sample into the HPLC system. The system programmed to run a gradient
elution, designed specifically for B. subtilis PG samples. A linear gradient was employed,
transitioning from 100% solvent A to 100% solvent B over a period of 5 hours at 55°C. Inside
the reverse column, the muropeptides interacted with the hydrophobic stationary phase. The
gradient elution gradually changed the composition of the mobile phase, leading to the separation
of the muropeptides based on their hydrophobicity. More hydrophobic compounds interacted
more strongly with the stationary phase and eluted later, while less hydrophobic compounds
eluted earlier. As the muropeptides eluted from the column, they passed through a UV detector
set at 205 nm. The detector measured the absorbance of UV light by the muropeptides,
generating a signal proportional to their concentration, allowing for qualitative and quantitative

analysis.

2.11.4 Muropeptide analysis

Signals from the UV detector were processed using an HPLC data system to generate
chromatograms, where each peak represented a different muropeptide. The peaks were
identified and quantified based on their retention times using Radiochromatography software
v4.1.7.70 (Laura, LabLogic Systems Ltd). The UV signal integration in the chromatograms
determined the total peak area. To assess the relative concentrations of muropeptides in different
sacculi preparations, a comparison was made by analysing the total peak area from the UV signal
integration in the HPLC chromatograms and comparing the results with reference
chromatograms from previous studies (60, 217).
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2.12 Cell wall labeling and cell wall turnover

Culture of B. subtilis strains (e.g., a mutant dacA and 168CA) was prepared by inoculating cell
wall labeling media (WLM) or LB with a single colony, and 25 mM MgSO4 was added to the
culture medium if required. The culture was incubated overnight at 30 °C and diluted back the
following day in 20 mL of the same medium (OD600 nm ~0.05) with or without the addition of
25 mM MgSOs if required. The diluted culture was incubated at 37 °C with shaking until it
reached the exponential phase (OD600 nm ~0.1), where then 20 uM FDAAs (HADA) were
added. The sample was incubated at 37 °C for an hour. After that, the cells were centrifuged for
3 minutes at 13,300 x g and washed in WLM or LB (no FDAAS). The cell pellets were then
suspended in 20 mL of WLM or LB and incubated at 37 °C. The samples were taken in 30-
minute intervals for both measuring the optical density (OD) and cell fixation for later

visualisation (Section 2.5).

For long-pulse labeling, exponential cells were diluted with fresh LB broth containing 20
uM FDAAs (RADA) and grown at 37 °C for 1 h. Then, the cells were spun down, washed with
fresh media, and suspended in fresh medium with the second label, 20 uM HADA. The samples

were collected at regular time points and fixed for further use.

2.13 Cell growth statistical analysis

Statistical analysis of cell growth was conducted by calculating the mean and standard deviation
across three experimental replicates (a detailed procedure of cell growth curve determination can
be found in Section 2.3). The average growth was plotted on growth curves, with the standard
error of the mean (SEM = ¢ /+/n) used to represent the variability among replicates, where o is
the standard deviation and n is the number of observations (three). This approach ensures that
the data accurately reflect the differences in growth patterns between strains while accounting for

experimental variability.
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2.14 Flagellum assembly
2.14.1 Sample preparation for monitoring the flagellum assembly

Strain cultures of B. subtilis were prepared by inoculating LB with a single colony. The cultures
were incubated overnight at 30 °C. The overnight cultures were then diluted back in 5 mL of LB
(OD600 nm ~0.05) and incubated at 37 °C with shaking to reach OD600 nm ~1. Cells were then
induced to be motile by shifting mediums from LB to pre-transformation medium (PTM). The
samples were collected over a specific period of time to permit visualisation of the cells and to
determine if the labeled flagellum subunits could be detected by fluorescence microscopy.

2.14.2 Flagella staining procedure

Hook (FIgE) and filament (Hag) structures were stained by either Alexa Fluor 594 Cs-maleimide

dye (red) or Alexa Fluor 488 Cs-maleimide dye (green) utilising the method of Kearns (126).

2.15 Motility assays

Samples were prepared by inoculating LB with a single colony of B. subtilis strains and
incubated overnight at 30 °C. The overnight cultures were then diluted back in 5 mL of LB
(OD600 nm ~0.05) and incubated at 37 °C with shaking until reaching the exponential phase
OD600 nm ~0.1. Freshly prepared swarm and swim agar plates were inoculated with 5 pl of the
exponentially growing cultures. After inoculating the plates, they were left to dry for 20 minutes
and then incubated at 37 °C for an appropriate period of time: 12h for swimming and 24 hours
for swarming. Following the incubation period, the growth diameters of the tested strains were

compared to positive and negative control strains to assess swarm and swim motilities.

Swimming and swarming motility were determined by measuring the growth diameters
in millimeters (mm) across 5 repeated experiments (n). The mean and standard deviation ( o )
of the strains were calculated, with the standard error of the mean o /+/n used to represent
variability. The growth diameters were compared relative to the wild type (168CA), providing

insights into the comparative motility characteristics across different strains.
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2.16 Protein separation and identification
2.16.1 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)

SDS-PAGE was used to separate proteins depending on their molecular weight. To generate a

sample, 5 mL LB was inoculated by a single colony and grown overnight at 30 °C with shaking.
The next day, the overnight culture was diluted back into OD600 nm ~0.05 and incubated at 37
°C to reach OD600 nm ~1. Then, 1 mL of the culture was centrifuged, and the supernatant was

discarded. The cell pellet was then frozen in liquid nitrogen for later use.

Cell pellets were suspended in 200 ul SDS-PAGE loading buffer (10 g SDS (10%, w/v),
25 mL Tris-HCL (0.125 M, pH 6.8), Bromophenol blue (0.01%, w/v), 40 mL glycerol (40%,
w/v), and 25 mL H>O MilliQ). The samples were then sonicated at 4 °C for 40 seconds using a
needle probe and then heated for 4-8 minutes at 60-80 °C prior to loading onto a gel. The
samples were loaded into a 4-12% gel (Invitrogen) and run in 20X MOPS SDS- running buffer at
180 constant voltages (V) for Western blot or 50 constant currents (Amp) for Bocillin detection.
The amount of sample loaded was generally normalized at the time of loading by adjusting the
loading volume according to the optical density of the culture at the time of sampling; where
necessary, the effectiveness of this was checked by running an identically loaded gel, staining
with Coomassie blue (Section 2.16.2), and checking the intensity of the stained bands (total

protein) were similar for each sample.

2.16.2 Coomassie staining

Coomassie protein stain (Abcam, InstantBlue®) was used according to the manufacturer’s

instructions when needed for clear visualisation of protein bands using an Epson scanner.

2.16.3 Western blotting

To detect the presence or relative abundance of a protein of particular interest, a semi-wet
Western blot analysis was used to separate proteins using an SDS-PAGE gel electrophoresis
technique. For this, resolved proteins were transferred into a 0.45 um PVDF membrane by a
Turbo Biorad transfer machine and that by sandwiching the SDS-PAGE gel and an activated
PVDF membrane between wet layers of filter paper (the wet filter papers being soaked in
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transfer buffer made of (1 L of H.O MilliQ mixed with 72.68 g Tris (300 mM), 45.04 g glycine
(300 mM), 50.16 g Tricine (140 mM), 5 mL SDS (0.05%, w/v), and 5 mL EDTA (2.5 mM)).
The PVDF membrane was activated by being immersed in methanol for 1 minute prior to
assembly for the transferring step. This was then electro-transferred in the blotting machine
according to the manufacturer’s instructions. On completion, the PVDF membrane was
incubated for 1 hour at room temperature in 40 ml blocking buffer (5 g milk (5%, w/v) mixed
with 100 ml of PBS-T, which is made of 10 dissolved tablets of PBS in 1 L of H>O MilliQ and 1
mL of Tween? (0.1%, v/v). Then, the blocking buffer was removed and replaced with a primary
antibody diluted in 20 mL PBS-T with 5% (w/v) milk (as described in Table 2.4), and the PVDF
membrane left at 4 °C overnight. The following day, the membrane was washed by PBS-T for
4X 8 minutes on rocking and shaking before adding a secondary antibody diluted in 20 mL PBS-
T with 5% (w/v) milk and left shaking at room temperature for an hour. Then, the washing steps

were repeated as described previously. A mixture of 10 mL solution A and 250 uL solution B

was prepared using a Pierce ECL Plus Western Blotting Substrate Kit (Thermo Scientific, Ref

32132). The mixture was poured above the membrane and incubated for 5 minutes. The

membrane was then dried on white tissue to remove any remaining solution and placed inside a

plastic sheet for visualisation. Detected bands were visualised by ImageQuant LAS 400 mini

biomolecular imager (GE Healthcare).

Table 2.4 Primary and secondary antibodies used for Western blot assay

Expressed Genotype Primary antibody | Secondary antibody | Molecular wight
protein

GFP antibody anti-rabbit

GFP amyE: :Py,-gfp 1/10000 dilution 1/10000 dilution 27.00 kDa
GFP antibody anti-rabbit

DacA dacA 'Pxy-gfp-dacA 1/10000 dilution 1/10000 dilution 48.47 kDa
GFP antibody anti-rabbit

CwlO amyE::Pyi-gfp-cwlO 1/10000 dilution 1/10000 dilution 50.87 kDa,
Hag antibody anti-rabbit

Flagellin (Hag) | Wild-type (168CA) 1/10000 dilution 1/10000 dilution 32.47 kDa
PBP2B antibody anti-rabbit

PBP2B Wild-type (168CA) 1/10000 dilution 1/10000 dilution 79.12 kDa
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2.17 Bocillin stain procedure to detect penicillin-binding proteins (DACs)

To detect penicillin-binding proteins (PBPs), Bocillin FL (Invitrogen) was used as a labeling
reagent (218). For sample preparation, 5 mL LB was inoculated with a single colony of B.
subtilis strains and grown at 37 °C overnight. The growing culture was diluted back in fresh LB
(OD600 nm ~0.05) the next day and incubated until reaching (OD600 nm ~0.1). 1 mL of the
culture was labeled by 2 uL Bocillin FL penicillin stain (Invitrogen) and left for 2 minutes, after
which it was centrifuged for 3 minutes at 13,300 x g. The supernatant was discarded, and the
cell pellets were thrown into liquid nitrogen and stored at -20 °C for further use. Later, the
sample was sonicated as described previously and resolved via SDS-PAGE. The labeled
penicillin-binding proteins were visualised via a Typhoon scanner - FITC channel (488 nm-
blue) with an absorbance peak of 490 nm.

2.18 Slide preparation and microscopy imaging
2.18.1 Agarose pad immobilization of cells

Agarose pads were prepared to prevent cell movement and orientate them to have a long axis in
the focal plane under a microscope. This simple pad of agarose was made by dissolving and
heating 1.2 g of agarose powder in 10 mL H20 MilliQ. Then, 600 uL of the molten agarose was
placed on top of a glass slide between two coverslips, where then the molten agarose was
squashed by another glass slide to have a smooth, flat surface. The agarose pads were left to set
before applying 1 uL of culture on top, which was briefly left to soak into the pad and then
covered by a coverslip. A drop of immersion oil was added to allow visualisation under the 100x

objective of the microscope.

2.18.2 Time-lapse microscopy

Time-lapse microscopy slides were prepared utilising a GeneFrame (Thermofisher). 600 pL of
molten 1.2% (wi/v) agarose (agarose dissolving in competence medium) was set into GeneFrame
and sandwiched between slides. The surface of the pad was allowed to air dry before adding 1
uL culture, followed by a coverslip and immersion oil, respectively. Images were acquired every

5 minutes or less as needed at one or multi-positions.
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2.18.3 Membrane dye

Fluorescent membrane dyes FM5-95 or FM4-64 (Molecular Probes) were used when needed by
mixing a 1 ul of membrane dye with 30 pl of culture. Then 1 pl of the mixture was applied to an

agarose pad for visualisation.

2.19 Microscopy
2.19.1 Fluorescence Microscopy

Fluorescence microscopy was used with Nikon Eclipse Ti with a phase-contrast objective Nikon
Plan Apo 100x/1.40 and a cool LED pE-300 white light source. HADA fluorescent signals were
visualised using DAPI Filter Cube (EX350/50, DM400Ip, EM460/50). Alexa Fluor 594 Cs-
maleimide fluorescent, RADA, FM5-95, and FM4-64 signals ware viewed using m-Cherry
Flitter Cube (EX560/40, DM585Iprx, EM630/75). GFP and Alexa Fluor 488 Cs-maleimide
fluorescent signals were viewed with GFP Filter Cube (EX470/40, DM495Iprx, EM525/50).
Fluorescence microscopy was fitted with a Sony Cool-Snap HQ2 CCD camera (Roper

Scientific).

2.19.2 Scanning Electron Microscopy (SEM)

A Tescan Vega LMU Scanning Electron Microscope (part of the EM Research Service facility of
Newecastle University) was used to examine the cell service. Digital images were collected using

Tescan-supplied software.

Cultures of B. subtilis were prepared by inoculating 5 mL LB with a single colony and
incubating overnight (approximately 9 hours) at 30 °C. The overnight culture was then diluted
back in 20 ml LB or pre-transformation medium (PTM) (ODsoo Nnm~0.005) and incubated at 37
°C with shaking for an hour. A 500 uL sample was collected from both cultures and centrifuged
for 3 minutes at 13,300 x g. The cell pellets were fixed in 500 uL 2% (v/v) Glutaraldehyde in
Sorenson’s Phosphate Buffer at 4 °C overnight. Dehydration and coating processes were done

by EM technicians.
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2.19.3 Transmission Electron Microscopy (TEM)

B. subtilis strain cultures were prepared by inoculating 5 mL of LB medium with a single colony
and incubating overnight at 30 °C. If required, 25 mM MgSO4 was added to the medium. The
overnight cultures were then diluted in LB medium to an OD600 nm of 0.05 and incubated at 37
°C with shaking for 2 hours. Samples of 500 ul were collected and centrifuged at 13,300 x g for
3 minutes. The resulting cell pellets were fixed in 2% (v/v) Glutaraldehyde in Sorenson's
Phosphate Buffer at 4 °C overnight. Subsequent steps, including dehydration, monitoring,
sectioning, and coating, were performed by electron microscopy (EM) technicians. The sections
were visualised on a Tescan Vega LMU Transmission Electron Microscope housed within EM
Research Services, Newcastle University. Digital images were collected using a Tescan-

supplied camera and software.

2.19.4 Structured lllumination Microscopy (SIM)

This imaging method employed the Nikon N-Sim/-Storm, equipped with Nikon intensilight light
source, laser, and Andor iXon DU-897 camera.

2.20 Image analysis and processing

Microscopy images were acquired by Metamorph 7.10 Imaging Software (Universal imaging).

The images were then processed and analysed via the program Fiji-ImageJ (https://fiji.sc).

2.20.1 Cell morphology measurement and statistical analysis

Strain cultures of B. subtilis were prepared by inoculating LB with a single colony (with 25 mM
MgSO4 as mutant required). The cultures were incubated overnight at 30 °C. The overnight
cultures were then diluted back to OD600 nm ~0.05 in 5 mL of LB and incubated at 37°C with
shaking to reach OD600 nm ~0.1 (exponential phase) and OD600 nm ~1.5 (late stationary
phase). At regular time points, samples were visualised under a fluorescence microscope after

being stained with a fluorescent membrane dye (Sections 2.15 and 2.16).

Cell measurements were conducted manually using the ObjectJ tool in the Fiji-ImageJ

software, measuring the width and length of approximately 300 cells for each strain. The means,
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standard deviations, and standard error of the mean of these measurements were calculated to
summarize the data. To compare the cell widths and lengths between two strains, unpaired t-
tests (two-tailed) with Welch's correlation were conducted. Additionally, one-way ANOVA
followed by post hoc (Tukey’s HSD) tests were performed to compare these dimensions among
multiple strains. This approach ensures a comprehensive statistical analysis of cell size

variations.

2.20.2 Fluorescence intensity measurements of the cell wall labeling

The fluorescence intensity of FAADs (HADA and RADA) was quantified using a macro
language developed in ImageJ, specifically designed for use with FIJI

(https://imagej.net/software/fiji/downloads). This macro was capable of analysing individual

images obtained from microscopy data and processing them based on their respective channels,

determined by the saved image file names.
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3.1 Introduction

The cell wall of B. subtilis is dynamic, with degradation of old layers and the insertion of nascent
peptidoglycan into the cell wall occurring to permit growth. The synthetic process has been
extensively studied, and an inside-to-outside transition model for wall material has been
developed to fit the data (8). Previous studies utilising radioactive substrates and/ or suicide
probes have contributed to a good understanding of peptidoglycan modification (219, 220).

However, these methods were limited as they were toxic to live bacteria.

More recently, fluorescently modified D-amnio acid analogues have been extensively
used to expand our understanding of cell wall synthesis and turnover in various live bacterial
species (221). Fluorescent D-amino Acids (FDAAS) are designed as biomolecular fluorescent
probes, featuring three primary components: a carrier moiety with a D-amino acid backbone for
specific target binding, a fluorophore that emits light upon excitation, and a linker to connect the
two (222). These FDAAs are biocompatible, allowing them to integrate seamlessly into
biological systems. When used, they provide a fluorescent readout that indicates peptidoglycan
(PG) synthesis and remodeling activity within bacterial cell walls (221, 223, 224). The D-amino
acid backbone binds specifically to the peptidoglycan structure, and upon excitation by an
external light source, the fluorophore emits light at a different wavelength (221). This emitted
light is detected through fluorescence microscopy, offering a visible signal that reflects the
activity of peptidoglycan processes, enabling real-time observation and analysis of bacterial cell
wall dynamics (221, 225). FDAAs are incorporated with nascent peptidoglycan by exchange
with the 5™ D-alanine of the peptidoglycan after it has been assembled by transglycosylation and
is not crosslinked to other peptide side chains. Previous studies have shown that these
fluorescent probes are efficiently incorporated into the entire cell wall in the absence of DacA
activity, the major DD-carboxypeptidase responsible for peptidoglycan maturation during
vegetative in B. subtilis (60, 226). In the absence of DacA, the abundance of pentapeptide chains
significantly increases in the cell wall, with a proportional decrease in tetrapeptide chains
compared to the wild type. Surprisingly, the absence of carboxypeptidase activity had no
apparent phenotype, suggesting that peptidoglycan maturation is not an essential process. Using
this property as a way to directly incorporate FDAAS into nascent peptidoglycan facilitated the
tracking of cell wall synthesis and turnover in live bacteria. The results supported the inside-
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outside model of growth, where nascent peptidoglycan is inserted into the innermost layer of the
cell wall. As the bacterium grows, this layer progresses to the outer surface, where cell wall
degradation seems to occur. For this model to work, cell enlargement requires synthases and
hydrolyses to be accurately regulated to maintain cell integrity and prevent cell autolysis (9).
However, the understanding of how peptidoglycan synthesis and turnover mechanisms link

together is still limited.

This chapter focuses on the autolytic enzymes that have been shown to be expressed
during the vegetative growth of B. subtilis. Using systematic deletions of the genes encoding
these autolytic enzymes, we sought to define the minimum activities necessary for normal
function in cell elongation, division, and cell wall turnover. This chapter shows that cell viability
was dependent on either CwlO or LytE and revealed an interesting new insight into the

requirements for CwlO to function in cell growth.

3.2 Construction of autolytic mutants

To evaluate the role of specific enzyme activity, strains lacking amidase, glucosaminidase, and
DL-endopeptidase, as well as multiple autolytic mutants were constructed using the antibiotic
knockout mutations from the Koo collection (204) as a starting point. These antibiotic knockout
mutations were transferred to the 168CA background, and then the Cre lox recombination system
was used to remove the kanamycin antibiotic cassette, 1.1 kDa (Figure 3.1A). This resulted in
marker-less deletion mutations for the gene, into which it was possible to introduce another
deletion mutation using the same resistance marker (Figure 3.1B). This process was repeated,
allowing the generation of strains with multiple deletion mutations and strains lacking specific
types of biochemical activity (Figure 3.1). Confirmation that the strains generated contained the
expected deletions was done by PCR amplification of the loci using PCR oligonucleotides
complementary to regions of ~500 bp upstream and downstream of the gene of interest and
agarose gel electrophoresis to confirm that the resulting DNA fragment was the expected size
(Figure 3.2). Here, the expectation was that PCR amplification of the marker-less deletion
mutants would result in smaller DNA fragments than those obtained for the wild-type strain,

where the difference in size corresponds to the known size of the deleted gene.
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Amidase deleted strain Muramidase deleted strain

Figure 3.1 A family tree of the constructed autolytic mutations

A family tree depicts the construction of autolytic mutants as multiple autolytic mutants and
autolytic mutants lacking a specific class of biochemical activity. Strains were constructed by
introducing a strain with a kanamycin marker from the Koo collection (204) on the right side
(pink). A marker-less strain was created using the pDR244 plasmid with the Cre lox
recombination system on the left side (Blue). These processes were repeated to construct the
final desired strains in black boxes: the multiple vegetative autolytic mutants (AlytD AlytG AlytC
AlytF AewlS AewlQ AtE: :kan and AlytD AlytG AlytC AlytF AcwlS AcwlQ AcwlO: :kan), the
glucosaminidase deleted strain (AlytD AlytG::kan), the DL-endopeptidase deleted strains ((AlytF
AcwlS AVtE: :kan and AlytF AcwlS AcwlO: :kan), the amidase deleted strain (AlytC::kan) and the
muramidase deleted strain (AcwlQ::kan).
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Figure 3.2 Autolytic strain constructions

Agrouse gel electrophoresis of PCR products of the following strains: A- Glucosaminidase,
AlytD AlytG::kan. B- Amidase AlytC::kan. C- DL-endopeptidase: 1- AlytF AcwlIS AcwlO::kan,
2- AlytF AcwliS AlytE::kan. D- Multiple autolytic mutants: 1- AlytD AlytG AlytC AlytF AcwlIS
AcwlQ AcwlO, 2- AlytD AlytG AlytCAlytF AcwlISAcwlQ AlytE. Each band indicates the size of
the gene, as shown below it. The DNA ladder is 1 kilobase pair (1kb).
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To demonstrate that the expected mutations were present and validate the strain
genotypes, PCR and gel electrophoresis were used. The agarose gel electrophoresis images in
Figure 3.2 are examples of this method of analysis where distinct band sizes corresponding to the
amplified loci of different strains were obtained, which corresponded to the expected genetic
manipulations, the replacement of a coding sequence with the kanamycin resistance cassette, a
marker-less recombination product, or the wild type. For example, the validation of a
glucosaminidase-deleted strain is shown in Figure 3.2, representing the PCR product generated
by amplification of panel A, lane 1 shows the PCR product generated by amplification of the
IytG locus of the wild-type strain, lane 2 is the lytG locus but it replaced by a kanamycin cassette
(4DbtG: kan), lane 3 is the lytD locus of the wild-type strain, lane 4 is the IytD locus but it
replaced by a kanamycin cassette (4/ytD::kan), and lane 5 is the marker-less mutant lytD used as
a background to generate the double mutant lytD IytG::kan. This mutation confirmation process
was repeated for each new knockout mutation introduced, generating strains lacking specific
classes of biochemical activity, such as the glucosaminidase-deleted strain containing a double
mutant in AlytD AlytG::kan (Figure 3.1 & 3.2A); the amidase-deleted strain composed of
AlytC::kan (Figure 3.1 & 3.2B). Since a double mutant in IytE cwlO is lethal (105), two strains
for DL-endopeptidase deletion were constructed: AlytF AcwiS AlytE: :kan mutant and AlytF
AcwlS AewlO: :kan mutant (Figure 3.1 & 3.2 C1-2). A consequence of this essential pair also
means that two multiple vegetative autolytic mutants were also constructed (Figure 3.1 & 3.2D).
It was also found that the construction of the strains in some cases had to be done by introducing
IVtE or cwlO mutations as a final step; as consistent with Liu (227), the introduction of either IytE

or cwlO mutations resulted in strains that were difficult to transform by conventional methods.

Strains constructed lacking all of the known autolytic enzymes expressed in vegetative
growth except for IytE and cwlO were viable and grew in a way that was comparable to the wild
type, indicating that most of the autolysins are not required for normal growth (Figure 3.3, green
line). Since a double mutant IytE cwlO is lethal, the effect of the absence of one of these
enzymes, in combination with the multiple autolytic deletions was tested separately. Optical
densities of cultures of the multiple autolytic mutants were plotted in both logarithmic (Figure
3.3A) and linear graphs (Figure 3.3B). From this representation, it was clear that subtle
differences were best indicated using a linear scale for optical density. Thus, all future graphs

representing growth in this study were generated using linear scales.
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Consistent with the cell growth of the multiple autolytic mutant, when LytE was absent in

this background, the culture grew similarly to the wild type (Figure 3.3B, yellow line).

However, when CwlO was absent, there was an initial period of slow growth or a lag phase at an

early phase for two hours. However, ultimately, the growth reached the same final optical

density as the wild type later (Figure 3.3B, red line). Since these multiple autolytic mutants are

still viable, it confirms that CwlO and LytE are to some degree redundant to each other (as

suggested previously by Hashimoto (105)) and are the only known enzymes essential for cell

growth, or that there could be other autolytic enzymes that have yet to be identified.
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Figure 3.3 Cell growth in the absence of autolytic enzymes
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Cell growth of multiple autolytic mutants compared to the wild type (168CA, blue lines). The
green lines are AlytD AlytG AlytC AlytF AcwlS AcwlQ, the red lines are AlytD AlytG AlytC AlytF
AcwlS AcwlQ AcwlO and the yellow lines are AlytD AlytG AlytC AlytF AcwlS AcwlQ AlytE.
Same data represented in: A- Log10 Graph. B- linear Graph. Each plotted point corresponds to
the average of cell growth (OD600 nm) based on three experimental replicates at the indicated

time. Error bars represent the standard error of the mean.

3.3 Phenotypic characterisation of mutant strains

Single mutants for most of the gene expressing autolytic enzymes have previously been

characterised and have shown relatively mild phenotypes, suggesting either non-essential or
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redundant functions. Taking this into account, this study focused initially on strains lacking
specific biochemical activities and then strains with multiple autolytic genes deleted. As an
initial characterisation of the strains, cells were visualised from the mid-exponential and
stationary growth phases in LB medium (corresponding to OD600 nm ~0.1 and 1, respectively)
and compared to equivalent samples of the wild-type strain (168CA). Fluorescence microscopy
images and size distribution measurements were obtained using membrane dyes to permit
differentiation between filamentous cells where division is delayed and chains of cells where cell
separation has yet to occur (Figure 3.4).

Analysis of cells imaged in this way permitted the overall average morphology of the cell
population to be determined for each strain sample in the exponential and stationary phase
growth (Figure 3.5). Statistically significant differences between the means of each strain
compared to the wild type were assessed using independent t-tests (unpaired t-tests) with Welch's
correlation. To quantify the variability in cell size distribution, the percentage of mean variation
in length and width was calculated for each autolytic strain relative to the wild-type strain. The
amidase-deleted strain (4lytC) appeared shorter in both the mid-exponential and stationary
phases, with a variation of 25.47 to 29.50%, respectively, compared to the wild type (p < 0.0001,
unpaired t-test) (Figure 3.4A/B & Figure 3.5). Additionally, this strain appeared slightly thinner
in the stationary phase (4.51%, p < 0.0001, unpaired t-test). Although the significance of these
differences is questionable as in most other respects (growth rate, colony morphology on plate
and transformability, etc.), the strain seemed to be comparable to the wild type. Similarly, the
glucosaminidase-deleted strain (AlytD AlytG) displayed a 4.88% decrease in cell length during
the mid-exponential phase (p = 0.01, unpaired t-test) but a 10.82% increase in length in the
stationary phase (p = 0.04, unpaired t-test). Whereas these cells were 8.25% wider than the wild
type during the mid-exponential phase, their width was close to the wild type in the stationary
phase with a variation of 1.97% (p < 0.0001, unpaired t-test) (Figure 3.4A/C & Figure 3.5).

In the case of the endopeptidase-deleted strain combined with the IytE mutant, cell length
was 16.59% longer, and cell width was 3.19% thinner during the mid-exponential phase (p <
0.0001, unpaired t-test) (Figure 3.4A/D & Figure 3.5). However, in the stationary phase, both
cell length and width were comparable to the wild type, with a slight decrease in width (1.33%, p

=0.007, unpaired t-test) and a very minor, non-significant increase in length (0.26%, p = 0.8,
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unpaired t-test). In contrast, the endopeptidase-deleted strain combined with the cwlO mutant
exhibited significantly shorter cells (33.39-42.23% variation, p < 0.0001, unpaired t-test) and
wider cells (23.24-21.55% width variation, p < 0.0001, unpaired t-test) compared to 168CA in
both phases (Figure 3.4A/E & Figure 3.5). These strains were also seen to have short chains

with a well-defined division/constriction in the middle of the chain of cells (Figure 3.4D/E).

The multiple autolytic mutant strains exhibited more significant variation in cell size
distributions. The strain with multiple autolytic deletions, including the IytE (AlytD AlytG AlytC
AlytF AcwlIS AcwlQ AlytE), was generally seen as long chains of cells; these chains tangled,
forming a net-like appearance (Supplementary 4.1A). This strain exhibited cell length
comparable to the wild type in the mid-exponential phase with minor, non-significant cell length
variation (1.68%, p = 0.43, unpaired t-test); however, in the stationary phase, cells were longer
than the wild type (9.95%, p < 0.0001, unpaired t-test). Moreover, cells of this strain were
slightly thinner (8.67%, p < 0.0001 unpaired t-test) in the mid-exponential and (1.40%, p =
0.006, unpaired t-test) in the stationary phase (Figure 3.4A/F & Figure 3.5). On the other hand,
the multiple knockout strain with the cwlO deletion ( AlytD AlytG AlytC AlytF AcwlS AcwlQ
AcwlO) was wider (31.29-24.09% variation in width, p < 0.0001, unpaired t-test) and shorter
(39.28-32.30% variation in length, p < 0.0001, unpaired t-test), although the cells were also seen
in the form of long chains (Figure 3.4A/G & Figure 3.5). These observations suggest that most
of these autolytic enzymes are redundant for cell separation and division. The absence of CwlO
or LytE appears to primarily influence cell length and width in these mutants (Figure 3.5).
Whereas the absence of CwlO generated shorter and wider cells, the absence of LytE generated

longer and thinner cells compared to the wild-type strain.

In this chapter, CwlQ was not investigated as a single mutant because it is not expressed
in normal vegetative growth. However, it was incorporated into the multiple deletion strain and

was investigated in relation to flagellar insertion (see Chapter 4).
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E

Endopeptidase-deleted strain
AlytF AcwlS AcwlO

F G

Multiple autolytic mutant Multiple autolytic mutant
AlytD AlytG AlytC AlytF AcwlS AcwlIQ AlytE AlytD AlytG AlytC AlytF AcwliS AcwlQ AcwlO

Figure 3.4 Phenotypic characterisation of autolytic mutants

Fluorescence microscopic images showing characteristic cells observed in exponentially (1h) and
stationary (3h) growing cultures of the following strains: A- Wild type (168CA), B- Amidase-
deleted strain (AlytC), C- Glucosaminidase-deleted strain (AlytD AlytG), DL-endopeptidase-
deleted strains: D- (AlytF AcwlIS AlytE) and E- (AlytF AcwlS AcwlO), and multiple vegetative
autolytic mutants: F- (AlytD AlytG AlytC AlytF AcwlS AcwlQ AlytE) and G- (AlytD AlytG AlytC
AlytF AcwlIS AcwlQ AcwlO). Scale bars represent 4 microns. The cells were stained with FM5-95
dye.
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Cell width (pm)

Cell length (um)

Figure 3.5 Cell diameters of autolytic mutants

The graphs indicate cell size distributions of cells lacking specific classes of biochemical
activity: the amidase-deleted strain (AlytC), glucosaminidase-deleted strain (AlytD AlytG), DL-
endopeptidase- deleted strains (AlytF AcwlIS AlytE and AlytF AcwlIS AcwlO), and multiple
vegetative autolytic mutants: (AlytD AlytG AlytC AlytF AcwlIS AcwlQ AlytE and AlytD AlytG
AlytC AlytF AcwlIS AcwlQ AcwlO). The strains were measured in exponential and stationary
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phases. The graphs represent the average and standard division of cell diameters from
approximately 300 cells for each strain. Coloured numbers represent the percentage of width or
length mean variations compared to 168CA. Yellow numbers indicate thinner cells, while green
numbers are wider cells relative to 168CA. Blue numbers are longer cells compared to the wild
type, while red numbers are shorter cells. Cell measurements are in microns (um).

3.4 Cell wall turnover and synthesis

To evaluate the contribution of the individual autolytic enzymes to cell wall turnover in vivo, two
approaches were initially planned. The first approach was to track cell wall turnover at the
single cell level, and the second was to analyse the muropeptide composition of the PG to
determine if the cell wall composition was altered or if the culture medium of autolytic mutants
contained detectable fragments of the cell wall. For both the first and last objective, a
preliminary goal was to efficiently label the cell wall to permit the visualisation of any changes
in local turnover of the wall in living cells and to allow easy detection of cell wall fragments
released into the culture medium during growth.

To visualise the newly synthesised peptidoglycan materials at the site of wall formation,
fluorescent D-amino acids (FDAAS) were utilised in a dacA background to enable the efficient
incorporation of FDAAs into the cell wall (60). These FDAAs specifically replace the 5" amino
acid (D-alanine) in the peptidoglycan structure (as illustrated in Figure 3.6A). This labeling was
achieved using two types of FDAASs: 3-[[(7-Hydroxy-2-ox0-2H-1-benzopyran-3yl) carbonyl]
amino]-D-alanine hydrochloride (HADA), emitting blue light on excitation, and TAMRA-based
fluorescent D-amino acid (RADA), emitting red light. Different concentrations of these FDAAS
were employed as 20 uM, 16 uM, 12 uM, and 9 uM (Figure 3.6B) to determine if the level of
labeling had any effect on the cells. Through these tests, it was determined that a concentration
of 20 uM of either HADA or RADA, when incorporated into the cell wall labeling medium or
LB, produced a satisfactory fluorescent signal that could be detected using a fluorescence
microscope. Higher concentrations were problematic due to increased background noise. Thus,
it was concluded that 20 pM of HADA or RADA was sufficient for effectively labeling the
newly synthesised peptidoglycan inserted into the cell wall (Figure 3.6B).
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Figure 3.6 Efficient cell wall labeling

A- Fluorescent D-amino acids (HADA and RADA) are designed to take place the 5™ peptide of
the pentapeptide chain of newly synthesised peptidoglycan materials. B- Fluorescence
microscopy images of the dacA mutant that incubated in LB with different concentrations of
HADA (9 uM, 12 uM, 16 uM, and 20 pM) and RADA (12 uM, 16 uM, and 20 pM) for an hour,
followed by washing to remove the excess FDAASs. Scale bar is 4 microns.
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The cell wall turnover in the dacA mutant (wild type) was evaluated using 20 uM of
HADA in live bacteria, followed by removing the labeling compound. Fluorescent images
demonstrated changes in HADA signals overtime at the lateral cell wall, while the poles retained
labeling for a longer duration, suggesting a slower turnover rate at the cell poles (Figure 3.7A).
HADA is specifically attached to newly synthesised peptidoglycan and progresses as the cell
grows, eventually reaching the outermost layer of the cell wall where degradation enzyme
activities take place. It was also evident that using this level of labeling that there was minimal
reincorporation of the FDAA as it was shed into the culture medium, presumably as muropeptide

fragments.

To assess the time course of cell wall turnover, the HADA signals were monitored, and it
was observed that the HADA signals at the lateral cell wall diminished within approximately two
hours, indicating complete turnover of the lateral cell wall within this time frame under the given
conditions (Figure 3.7B). In contrast, the cell poles that were labeled seemed to retain their
fluorescent signal and were detectable over the duration of the experiment, although their signal
seemed to gradually diminish, and none of the “new” cell poles formed after removal of the label
exhibited any signal. This appeared to align with about two generations of bacterial growth,
resulting in the complete turnover of the lateral cell wall. However, it should be noted that the
growth curve was not optimal due to interruptions caused by culture manipulation. Nevertheless,
the labeling approach proved successful in indicating the timeframe during which analysis would

be feasible for the wild-type strain.
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Figure 3.7 Time-course of cell wall turnover

A- Fluorescence microscopy images of the dacA mutant, incubated in LB with 20 uM HADA,
then washed and allowed to grow in the absence of HADA to monitor cell wall turnover during
growth time. Scale bar is 2 microns. B- Cell growth of the dacA mutant after the start of labeling
with HADA. The red box indicates the time when the cells were visualised under fluorescence
microscopy. Each plotted point corresponds to the average of cell growth (OD600 nm) based on
three experimental replicates at the indicated time. Error bars represent the standard error of the
mean.
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3.5 Construction of strains to characterise altered cell wall turnover

The dacA deletion (dacA::ery) was successfully introduced into the AlytD AlytG AlytC AlytF
AcwlS AewlO: :kan strain. However, difficulties were encountered when attempting to transform
the dacA deletion into the AlytD AlytG AlytC AlytF AcwIS AlytE: :kan multiple deletion strain.
Only a few transformants were obtained, and it was discovered that these transformants had
regained functional copies of either IytF or IytE. To determine if these gene deletions were
incompatible with the dacA deletion or if multiple deletions were required, transformations were
performed to generate the mutation combinations of dacA with all the single autolytic null
mutations tested, but the results will focus on the construction of AlytE AdacA, AlytF AdacA, and
AlytF AlytE AdacA. Both transformation directions were attempted, meaning that competent
cells were generated for each of the single mutant strains, and they were transformed with the
required second null mutation. Through this work, it was observed that the dacA mutant did not
efficiently become competent for transformation. As a result, strain constructions were
predominantly carried out by introducing the dacA mutant. However, it became apparent that
introducing dacA into the IytE or lytF backgrounds resulted in very few transformants, and those
that were obtained grew poorly on nutrient agar (Figure 3.8A/C). A few transformants regained
functional copy of IytE back when attempting to knock dacA out (Figure 3.8A, big colonies in
the NA plate). In contrast, the mutant dacA could be easily introduced into all other single
autolytic mutations without significant phenotypic effects on the transformants’ growth on
plates. However, subsequent microscopic analysis revealed morphological changes in these
strains compared to the 168CA strain (details are provided in Section 3.9). Interestingly, a more
severe synthetic lethality was observed when attempting to transform a strain deleted for both
IytE and IytF with any dacA allele (Figure 3.8B/C).

Since this synthetic lethality appeared to specifically involve strains where CwlO was
present as the main or sole autolytic function, it was hypothesized that elevated concentrations of
Mg?* might suppress the growth defect in these strains. Therefore, the transformations were
repeated, and selection on plates containing 25 mM MgSO4 was compared to standard nutrient
agar (Figure 3.8A/B). It was evident that the presence of 25 mM MgSOs significantly improved
the growth of transformant colonies. Under these conditions, it was consistently observed that
introducing dacA into the IytE null strain yielded transformant colonies that were less lytic, and
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the IytE IytF double mutant, when transformed with the dacA knockout, resulted in culturable
colonies. Single colonies from each transformation were streaked out on NA plates with and
without the addition of 25 mM MgSO4 (Figure 3.8C). Both the double mutants, IytE dacA and
IytF dacA, exhibited impaired growth on the NA plate compared to the wild type, while their
growth was improved in the NA plate with the addition of Mg?*. On the other hand, for the
triple mutant IytF IytE dacA, the addition of Mg?* to the medium was required for the strain to be
able to grow. The double mutant mreB dacA was lethal and required the addition of Mg?* to
survive. MreB is involved in the LytE system, which is discussed in detail in Section 3.9.

The growth of the double mutants IytE dacA and IytF dacA was also analysed in liquid
medium, where it was found to be slower without the addition of 25 mM MgSO4 compared to the
wild type (168CA) and the single mutant dacA (Figure 3.9A/B). In contrast, the cell growth of
the triple mutant IytE lytF dacA was also slow compared to the wild type, even when the media
was supplemented with MgSQs, and never reached the final/stationary phase optical density
achieved by the wild-type strain. In the absence of the additional MgSQa4, growth slowed after
about 2.5 h and by 3 h appeared to enter the stationary phase (Figure 3.9C).
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NA NA (25 mM Mg¥)
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Figure 3.8 Strain constructions for cell wall turnover in a dacA background

Transformations with and without the addition of 25 mM Mg?* of: A- AlytE AdacA, B- AlytE
AlytF AdacA. C- Nutrient agar plates with and without the addition of 25 mM Mg?* were
inoculated with the following strains: 168CA, AdacA, AlytE AdacA, AlytFAdacA, AlytE AlytF
AdacA, and AmreB AdacA.
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Figure 3.9 The impact of DacA absance in cell growth in different mutantation

combinations

Growth curves graphs of strains growing with and without the addition of 25 mM Mg+2. A-
Control strains: 168CA and AdacA. B- AlytE AdacA, and AlytF AdacA. C- AlytF AlytE AdacA.
Each plotted point corresponds to the average of cell growth (OD600 nm) based on three
experimental replicates at the indicated time. Error bars represent the standard error of the mean.
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Since this phenotype was unexpected, to check that the phenotype was caused by the
absence of DacA in the IytE IytF background, a xylose-induced promoter was introduced at the
native dacA gene in the double mutant IytE IytF generating AA102. Characterisation of this
strain showed that when dacA was expressed, the cell growth of the double mutant IytE IytF in
liquid medium with xylose was restored and grew as the wild type (Figure 3.10A). However, the
cells stopped growing after about 2.5 hours when grown in the absence of xylose (Figure 3.10B).
Cell morphology was assessed in the presence and absence of xylose under fluorescence
microscopy after staining the cells with a membrane dye. It was found that this strain grew as
expected when the cell culture was supplemented with xylose, showing the phenotype of the
double mutant IytE IytF (Figure 3.10C). However, without DacA expression, the strain
generated twisted cell chains that ultimately lysed, potentially explaining why the apparent
growth defect seen in Figure 3.10D took a long time to be detected after DacA expression was
repressed by the removal of xylose. These results confirmed that the phenotypes observed were
specifically due to the absence of DacA in the IytE and/or IytF backgrounds and were not caused

by the insertional deletion of dacA in the chromosome altering the genetic context of that region.
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Figure 3.10 Complementing DacA-Pxyi regulated in strain lacking LytE and LytF activities

A- Transformation with and without xylose of the complementing dacA-Pxy constructed into the
double mutant IytE IytF. (AA102). B- Growth curves of the constructed strain with and without
xylose compared to the wild type (168CA). Each plotted point corresponds to the average of cell
growth (OD600 nm) based on three experimental replicates at the indicated time. Error bars
represent the standard error of the mean. Fluorescence microscopic images to show the
phenotype resulting of: C- DacA expression and D- its absence in the double mutant IytE IytF.
Scale bar is 4 microns. The strains were stained with FM5-95 dye.
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3.6 The biochemical function of DacA is essential in the IytE lytF double mutant

Previous results have indicated that DacA has an important role in a strain where CwlO is the
only key autolytic enzyme (Section 3.5). Later results seem to confirm this and also show that

LytE and LytF together are required to “functionally replace” the loss of DacA.

It has been shown previously that B-lactam antibiotics meropenem and moxalactam have
a high affinity for DacA, inhibiting its biochemical function (228, 229). Using these B-
lactam antibiotics provided a way to have a catalytically inactive DacA. When using
concentrations of meropenem and moxalactam below the minimum inhibitory concentration
(MIC) for these antibiotics, initial results showed that strains lacking LytE and/or LytF were
significantly more sensitive to these B-lactam antibiotics than the wild-type strain (Figure 3.11).
This was demonstrated by the fact that on NA plates with meropenem or moxalactam, the single
mutants IytE and lytF exhibited significantly decreased plating efficiency (number of colony-
forming units CFUs) relative to an NA plate, while the double mutant IytE lytF was even more
significantly impaired (Figure 3.11A). In contrast, the wild-type strain was unaffected by the
presence of the antibiotics at these concentrations. Penicillin G and cephalexin, which have a
general affinity for all PBPs, or more specifically, target other PBPs respectively (229, 230),
were used as controls to assess if the increased sensitivity of these strains was specific for the
inhibition of DacA or there was a general increase in sensitivity to perturbation of cell wall
synthesis. Here, the plating efficiency of the various strains was not significantly altered (Figure
3.11B), indicating that the lyt mutants were not more susceptible than the wild type to inhibition
of cell wall synthesis. For both of these spot assays, although cells were standardized to the
same optical density (OD) in all plates, both strains of multiple autolytic mutants (+cwlO or
+lytE) had fewer CFUs on the NA plate. This correlated with the fact that multiple autolytic
mutants form very log chains due to a separation defect, resulting in a reduced apparent CFU
(see Section 3.3 & Supplementary Figure 4.1). Interestingly, on the meropenem or moxalactam
plates, the multiple autolytic mutant (+cwlO) was essentially inviable, suggesting that the loss of
the other autolytic enzymes further increases the dependence on active DacA to permit growth.
Thus, our findings suggest that the biochemical activity of dacA is essential for cell growth in a
double mutant IytF IytE, and that LytF has an activity that is able to compensate to a degree for
the absence of LytE.
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Figure 3.11 Inhibiting the function of DacA using p-lactam assay

Nutrient agar (NA) plates with different p-lactam antibiotics: A- 0.002 pg/mL meropenem and 1
png/mL moxalactam, B- 0.002 pug/mL cephalexin and 0.005 pg/mL penicillin G that target
specific penicillin-binding proteins. The following strains were inoculated: 168CA, AcwlO,
AlytE, AdacA, AlytD AlytG AlytC AlytFAcwlS AcwlQ AcwlO (+IYtE), AlytD AlytG AlytC
AlytFAcwlIS AcwlQ AlytE (+cwlO), and AlytEAlytF. Black boxes indicate the strains that are
affected by the inhibition of penicillin-binding protein 5 (DacA) function by the B-lactam
antibiotics. The cultures were prepared in a series of five-fold dilutions, and 5 pL of each
dilution was spotted onto the plates.

3.7 Morphological effect of the absence of DacA in specific strains

The absence of DacA activity in strains lacking IytE and/or IytF clearly had a significant effect
on the viability of these strains. To determine if this was because cell growth or division was
impacted, fluorescence microscopy images were taken of cells using membrane dyes to ensure

the cell dimensions were easily determined (Figure 3.12). From the fluorescent images, different
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cell morphologies were detected in mutation combinations of dacA with IytE and /or lytF (Figure
3.12 & 3.13). Cell measurements indicated that the cells were shorter and wider compared to the
wild type (utilising unpaired t-tests with Welch's correlation for comparison). Additionally, the
cells were shorter and wider compared to the single mutants of IytE, IytF, and dacA (utilising
one-way ANOVA followed by Tukey HSD tests for comparison) (Figure 3.15 & Supplementary
Tables 3.1). Previous studies have shown that AlytE cells are thinner and longer than the wild
type (11), which is consistent with our findings showing a slight decrease in thickness by
(6.37%, p < 0.0001, unpaired t-test) and an insignificant increase in length by (2.64%, p = 0.18,
unpaired t-test) compared to the wild-type strain in mid-exponential phase. However, AlytE cells
were dramatically longer in stationary phase (25.98%, p = 0.001, unpaired t-test). In this study,
cell measurements indicated that AdacA cells were 34.71% shorter and 14.96% wider (p <
0.0001, unpaired t-test), while AlytF cells exhibited an increase in length by 17.43% and a
decrease in thickness by 2.36% compared to the wild type (p < 0.0001, unpaired t-test) (Figure
3.15). The double mutant IytE dacA cells were 32.21% wider and 35.52% shorter than the wild
type (p < 0.0001, unpaired t-test). Furthermore, when comparing the mean variations (cell length
and width) of this double mutant IytE dacA to the single mutants IytE, dacA, and IytF, the cells
were 43.53% wider and 37.18% shorter than AlytE (p < 0.0001, one-way ANOVA followed by
Tukey's HSD test), 35.41% wider and 21.90 shorter than AlytF (p < 0.0001, one-way ANOVA
followed by Tukey's HSD test), and (15.01%, p < 0.0001, one-way ANOVA followed by
Tukey's HSD test) wider and not significantly shorter than AdacA (1.23%, p = 0.99, one-way
ANOVA followed by Tukey's HSD test). Similarly, the double mutant IytF dacA cells were
39.55% wider and 16.59% shorter than the wild type (p < 0.0001, unpaired t-test), 51.80% wider
and 35.02% shorter than AlytE (p < 0.0001, ANOVA with Tukey HSD test), 43.22% wider and
19.22% shorter than AlytF (p < 0.0001, ANOVA with Tukey HSD test), and (21.64%, p <
0.0001 one-way ANOVA followed by Tukey's HSD test) wider and not significantly longer than
AdacA (2.16%, p = 0.97, one-way ANOVA followed by Tukey HSD test) (Figure 3.15 &
Supplementary Tables 3.1).

Fluorescent images also revealed that the double mutant lytF dacA cells were in twisted
filaments with and without the addition of 25 mM MgSO4 (Figure 3.12 & 3.13). While the

double mutant IytE dacA cells were bent, the bending phenotype was corrected by the addition of
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25 mM MgSOs (Figure 3.12 & 3.13). The triple mutant IytE IytF dacA cells needed Mg?* to
survive, but even under these conditions, they were still very twisted filaments and appeared to
have abnormal division sites (Figure 3.12 & 3.13). One consequence of this morphology was
that reliable cell measurement was impossible for the AlytF AlytE AdacA and the double mutant
IytE dacA in the absence of supplementary Mg?*. However, the double mutant IytF dacA cells
were carefully picked from the middle of the cell filaments, where the length and width were
manually measured to permit comparison, avoiding interpretation combined with the twisting
phenotype. Thus, these values are potentially biased and may not be representative of the

population.

To try and obtain a better understanding of the morphology of these twisted cells,
transmission electron microscopy (TEM) images were used on thin sections of fixed cells. The
triple mutant IytE IytF dacA cells exhibited thick and deformed septa when supplemented with
Mg?*, and they had asymmetrically positioned division sites when depleted of MgSO4 (Figure
3.13). This division defect was also observed under fluorescence microscopy but was
challenging to quantify due to cell twisting and lysis (Figure 3.12). The double mutant IytE dacA
appeared too short and wide, and the cells were binding without MgSQg; this phenotype was
corrected with the addition of MgSOa (Figure 3.13). The TEM images clearly indicated the
presence of thick, deformed septa in IytF dacA mutant cells combined with cell morphology

analysis, showing that DacA is required for the maintenance of the cell’s diameter.

A closer inspection of the TEM images suggested that there was potentially some
alteration in the cell wall thickness. The differences are difficult to quantify in a reliable way as
the possibility of sectioning knife artefacts combined with variation in the contrast stain (lead
citrate) in the preparation of the samples made cell-to-cell variations too significant; however, as
an attempt to visually indicate the differences, a set of images for each strain was used to
compile a set of pictures of the cell wall for the strains concerned, where they appeared to have
been cleanly cut and minimal cell deformation was present. For clarity, the images shown here
have been inverted such that the cellular material is white (Figure 3.14). The images, enlarged
significantly, are aligned next to each other, allowing comparison. It is possible to see that the
wild-type strain (168) seemed to have a clearly defined structure to the wall, in cross-section,

with 2 clear white layers defined by thin black lines, resulting in roughly equal spacing. In

99



Chapter 3. Characterisation of Cell Wall Degradation

comparison, the dacA null mutant has a similar overall structure, but the outer layer seems
thicker. This difference becomes more significant in cells where LytE or both LytE and LytF are
absent when grown in a medium low in magnesium; elevated Mg?* concentration in the culture

medium seems to restore a cell wall structure that is more similar to the wild-type strain.

AlytF AdacA AlytF AlytE

AlytF AdacA AlytE AdacA AlytF AlytE AdacA
(-Mg) (-Mg) (+Mg) (-Mg) (+Mg)

Figure 3.12 Morphological effect of the absence of DacA in different mutant combinations
using fluorescence microscopy

Fluorescence microscopy images of exponentially growing cells of (4lytF AdacA, AlytE AdacA,
and AlytF AlytE AdacA) with and without the addition of 25 mM Mg?*, compared to the wild
type (168CA), the null mutants IytE, lytF and dacA, and the double mutant IytE lytF. Scale bar is
2 microns. The cells were stained with FM5-95 dye.
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168CA

AdacA

AlytF AdacA

AlytE AdacA
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Figure 3.13 Morphological effect of the absence of DacA in different mutant combinations
using transmission electron microscopy

Transmission electron images showing a closer look up to the cell wall and division sites of
168CA (WT), AdacA, AlytFAIytE AdacA (-/+ 25 mM Mg?*), AlytE AdacA (-/+25 mM Mg?*), and
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AlytF AdacA. The pink boxes show the abnormal changes of division sites compared to the

wildtype. Bent and division defect phenotypes were also obvious by a fluorescence microscopy
imaging. Scale bars represent 500 nm.
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Figure 3.14 A closer inspection of the TEM images

AN .c))h.

A representative set of enlarged images of the cell wall as visualised by TEM for the following
strains: 168CA (WT), AdacA, AlytFAIYtE AdacA (-/+ 25 mM Mg?*), and AIytE AdacA (-/+25
mM Mg?*). These images were cropped out of a collection of individual cell images for the
strains. Close inspection was used to identify regions of the cell wall that appeared to have been
cleaning sectioned. Each one was then rotated so it was orientated such that the cytoplasm of the
cell was at the top of the image, and the extracellular material was at the bottom. In doing so, it
was found that inverting the images resulted in easier visualisation of the subtle variations in
grey scale, for each strain as a set of 5 cell wall sections is shown that come from different cells
imaged from the same TEM grid using the same magnification and exposure settings and the
images processed in the same way. Due to the processing steps used no reliable scale bar could

be generated, but the features represented are clearly evident in the TEM images shown in Figure
3.13.
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Figure 3.15 Cell size distributions of strains in dacA background

The graphs represent cell size distributions in mid-exponential and stationary phases of double
mutants AlytF AdacA, AlytF AdacA (25 mM Mg?*), and AIytE AdacA (25 mM Mg?*) compared
to 168CA and single mutants AlytE, AlytF, and AdacA. The graphs show the average and
standard division of cell diameters from approximately 300 cells representing each strain. Cell
measurements are in microns (um). Coloured numbers represent the percentage of the width or
length variations to 168CA. Yellow numbers indicate thinner cells, while green numbers are
wider cells than 168CA. Blue numbers are longer, and red numbers are shorter cells compared to

the wild type (168CA).
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3.8 Muropeptide analysis

Considering the significant morphological effects seen in the mutant strains, the obvious
suggestion was that the structure of the peptidoglycan was altered to some degree. To determine
if this was the case, RP-HPLC analysis was used to determine the muropeptide composition of
the mutant strains. For this, the cell wall of the multiple autolytic mutants was isolated and
analysed in parallel with the wild type grown under the same conditions. Surprisingly, there
were no significant differences between the muropeptide compositions of the multiple autolytic
mutants and the wild type (Table 3.1 & Supplementary 2.1). Muropeptide identification and
quantification were also done for the triple mutant IytE lytF dacA compared to the wild type and
the single mutant dacA. The only noticeable difference here was the relative abundance of
pentapeptide side chains, which was expected as it had been previously reported to be

significantly increased in strains lacking DacA (Table 3.1 & Supplementary 2.1) (60).

Table 3.1 Muropeptide idintifications and quantitications from peptidoglycan of B. subtilis

Muropeptides/ | 168CA 168CA AdacA | AIYtE AlytF AdacA | +lytE* | +cwlO*
strains (25 mM Mg) (25 mM Mg)
Sum 24.59 27.66 31.59 38.12 24.27 | 27.74
monomers
Sum dimers 60.93 60.18 61.00 56.44 65.33 | 59.56
Sum trimers 10.52 9.13 6.48 4.47 6.07 6.80
Sum tetramers 1.95 1.94 1.47 0.89 1.61 2.08
Sum dipeptides 2.46 2.36 3.09 2.11 2.83 4.07
Sum 56.32 57.41 32.57 30.91 57.03 | 57.89
tripeptides
Sum 40.43 38.73 37.70 32.78 39.32 | 37.46
tetrapeptides
Sum 0.79 1.13 26.46 34.18 0.82 0.58
pentapeptides
Degree of 38.94 37.63 35.92 31.87 37.93 | 35.88
cross-linkage 1
% Peptides in 75.41 72.34 68.41 61.88 75.73 | 72.26
cross-linkage 2

* Multiple vegetative autolytic mutants were created by lacking vegetative autolytic enzymes but
expressing only either LytE or CwlO as the double mutant is lethal. These mutants are designated as
"+IytE" that lacked LytD, LytG, LytC, LytF, CwlS, CwlQ, and CwlO enzymes (4lytD AlytG AlytC AlytF
AcewlS AcwlQ AcwlO) or designated as "+cwlO™ that lacked LytD, LytG, LytC, LytF, CwlS, CwlQ, and
LYtE (4lytD AlytG AlytC AlytF AcwiS AcwlQ AlytE).
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3.9 Phenotypic effects of introducing the dacA mutation into other strain backgrounds

Previous studies have reported that the double mutant IytE cwlO is synthetic lethal (105).
Another study showed that the cell shape-determining protein (MreB) is required for LytE
activity (11, 231). In this study, genetic analysis has suggested that DacA might be required for
CwilO activity. To be consistent with previous work, it was expected that the double mutant
mreB dacA would be lethal or at least significantly altered. Therefore, a strain of double mutant
mreB dacA was constructed, which appeared to grow conditionally in the presence of increased
Mg?* similar to the triple mutant lytF IytE dacA (Figure 3.16A & Figure 3.8C). It was previously
known that a single mutant mreB exhibits minimal growth without Mg?* supplementation. This
phenotype was observed on the NA plate, where mutant mreB exhibited poor growth without the
addition of Mg?* as did the double mutants IytE dacA and IytF dacA compared to the wild type
(168CA), mutant dacA, and mutant IytE IytF (Figure 3.16A & Figure 3.8C). Consequently, the
single mutants of mreB and dacA, along with the double mutant, were tested in the presence and
absence of 25 mM MgSOs in liquid and solid media to see if the growth defect was related to the
absence of MreB was altered by the loss of DacA (Figure 3.16A/B). Although the growth of the
single mutant mreB was slightly disrupted at a low level of Mg?*, the double mutant mreB dacA
was unable to grow on solid medium compared to the wild type (Figure 3.16A). The same
results were observed in liquid medium; the cell growth of the single mutant mreB was slower
than the wild type and the single mutant dacA (Figure3.16B, green line), and it improved when
Mg?* was added to the culture medium (Figure 3.16B, orange line). However, no cell growth
was detected in the double mutant mreB dacA without the addition of Mg?* (Figure 3.16B, red
line). When Mg?* was added to the culture medium of the double mutant mreB dacA, growth
was observed but was slow and never reached the optical density of the other strains (168CA,
AdacA, and AmreB) (Figure 3.16B, purple line). It was also found that the synthetic lethality of
the double mreB dacA mutant was corrected by the introduction of a conditional allele of dacA,

provided expression was permitted (AA106 strain) (Figure 3.17).

The cell morphology of the double mreB dacA mutant was determined by microscopy,
which immediately indicated that the cells were swollen with Mg?* supplementation and showed
a polymorphic phenotype that appeared almost spherical when depleted of Mg?* compared to the

single mutant mreB, which exhibited only mild morphological defects (Figure 3.16C). More
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detailed analyses of the cell morphology of the double mutant mreB dacA suggested that the cell
length and width were both dramatically altered, resulting in very short and wide cells (48.08%
length variation and 102.21% width variation, p < 0.0001, unpaired t-test) compared to the wild
type and the single mutants of mreB (29.83% length variation and 47.05% width variation, p <
0.0001, one-way ANOVA followed by Tukey's HSD test) and to dacA (20.47% length variation-
75.90% width variation, p < 0.0001, one-way ANOVA followed by Tukey's HSD test) (Figure
3.18 & Supplementary Tables 3.2). Thus, the synthetic lethality of the double mutant mreB dacA
further suggested that the DD-carboxypeptidase (DacA) is involved in the CwlO system.
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Figure 3.16 Synthetic lethality of a strain lacking both DacA and MreB

Growth comparison of 168CA, AdacA, AmreB and AdacA AmreB growing on: A- Nutrient agar
plates with and without the addition of 25 mM Mg?*. B- Growth curve of the same strains in LB
cultures showing that the double mutant dacA mreB is lethal and dependent on Mg?* to survive.
Each plotted point corresponds to the average of cell growth (OD600 nm) based on three
experimental replicates at the indicated time. Error bars represent the standard error of the mean.
C- Fluorescence microscopic images show the phenotypic characterisations of 168CA, AdacA,
AmreB (-/+Mg?") and AdacA AmreB (-/+Mg?*). Scale bar is 4 microns. The cells were stained
with FM5-95 dye.
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+Xylose
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Figure 3.17 Complementing dacA in a mutant mreB

Fluorescence microscopy images of the AA106 strain, showing the mreB mutant with and
without the expression of DacA, which is controlled by xylose induction. The imaged cells were

stained with FM5-95 dye. Scale bar is 4 microns.
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Figure 3.18 Cell size measurements of single and double mutants dacA and mreB

Cell size distributions of the double mutant AmreB AdacA (25 mM Mg?*) measured in
exponential and stationary phases compared to the single mutants AmreB and AdacA, and to the
wildtype 168CA. The graphs show the average and standard division of cell diameters from
approximately 300 cells representing each strain. Cell measurements are in microns (um).
Coloured numbers represent the percentage of width or length variations to 168CA. Yellow
numbers indicate thinner cells, while green numbers are wider cells than 168CA. Blue numbers
are longer, while red numbers are shorter cells.
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3.10 Correlating the function of DacA to the CwlO-system

The earlier genetic data indicated that DacA is required for CwlO activity. In addition, when
comparing the cell morphology of the cwlO mutant with that of the dacA mutant, similarities
could be observed (Figure 3.19 & Supplementary Tables 3.3). The cell diameters in both strains
were 18-14% wider, and in general, the cell length was 34-38% shorter compared to the wild
type (p < 0.0001, unpaired t-test with Welch's correlation). A comparison of other mutation
combinations, lytF with cwlO and IytF with dacA, showed that the length and width of the cells
were very similar, with minor variation between them (3.69% width and 2.43% length, p <
0.0001, one-way ANOVA followed by Tukey's HSD test) and that both tended to be seen as
short filaments of cells (Figure 3.20 & Supplementary Tables 3.3). However, the cell filaments
of the double mutant lytF dacA were twisted, a phenotype that was found to be corrected to some
degree by the addition of Mg?*. Surprisingly, cells of the double mutant cwlO dacA were fatter

and shorter compared to the single mutants.

These observations indicate that the CwlO autolytic enzyme could be dependent on cell
wall modification, and its activity is impaired when the peptidoglycan has pentapeptides (in the
absence of DacA, which removes the terminal D-alanine from the pentapeptide chain).

168CA AcwlO AdacA AdacA AcwlO  AlytF AcwlO  AlytF AdacA (Mg)

Figure 3.19 Phenotypic characterisations of dacA and cwlO strains

Fluorescence microscopy images show the cell morphology of strains lacking cwlO, dacA or
both (AdacA AcwlO, AlytF AdacA, and AlytF AcwlO) compared to the wild type (168CA) and
null mutants (4lytF, AcwlO, and AdacA) of exponentially growing cultures. Scale bar is 4
microns. The cells were stained with FM5-95 dye.
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Figure 3.20 Cell size measurements

Graphs showing cell size distributions for both cell length and width. Strains of double mutants
AcwlO AdacA, AlytF AcwlO, and AcwlO AdacA were measured and compared to single mutants
AcwlO, AlytF, and AdacA, and to the wildtype 168CA in mid-exponential and stationary phases.
The graphs show the average and standard division of cell diameters from approximately 300
cells representing each strain. Cell measurements are in microns (um). Coloured numbers
represent the percentage of width or length variations to 168CA. Yellow numbers indicate
thinner cells, and green numbers are wider cells than 168CA. Blue numbers are longer, and red

numbers are shorter cells.
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However, it was also possible that, for some reason, the activity of CwlO was reduced in
the absence of DacA, and the overexpression of CwlO might rescue the lethal effect of the triple
mutant IytE lytF dacA. To test this, a second functional copy of the cwlO gene (fused to a gfp)
(11) under the control of the Pxy promoter was introduced at the amyE locus of the triple mutant
IVtE IytF dacA. The overexpression of CwlO was confirmed in the triple mutant IytE IytF dacA
by SDS-PAGE and propped by a GFP antibody in a Western blot analysis. Two bands were
detected in the wild type and the triple mutant representing the GFP-CwIO fusion (upper band)
and the degraded GFP (lower band) (Figure 3.21). The phenotype resulting from the
overexpression of CwlO was then initially determined on NA plates with and without xylose and
compared to an NA plate supplemented with 25 mM MgSQa, a condition that was known to
permit growth of the triple mutant. When CwlO was expressed (on a plate with xylose), growth
was partially restored compared to the other plates, although it was evident that some growth
occurred on the NA plate without xylose (Figure 3.22A), which was difficult to understand. To
try and resolve this and obtain a better understanding of the effects, growth was monitored in a
liquid medium with and without xylose. This showed the overexpression of CwlO rescued the
lethal effect of the triple mutant IytE lytF dacA to a limited degree compared to the wild type
(Figure 3.22B, light blue line), with the culture lacking xylose eventually lysing (Figure 3.22B,
red line). The cell morphology of this strain was also monitored by microscopy at the same time
in the presence and absence of xylose, revealing long filamentous cells without division sites,
suggestive of a division defect (Figure 3.22C).

The results obtained from the growth of the strain in liquid culture suggest that CwlO
function is directly impacted by the absence of DacA activity, and it is not corrected by
increasing the abundance of CwlO, implying that the dysfunction is probably related to the PG
structure rather than limited enzyme activity. The fact that the growth on solid surfaces did not
give the same result is concerning, but one possibility was that under these conditions, another

DD-carboxypeptidase is expressed (a point addressed in the next section).
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Figure 3.21 CwlO overexpression

Western blot analysis of cell lysates is shown to detect the level of GFP-CwIO expression in the
following strains: amyE::Pyyi-gfp-cwlO and AlytE AlytF AdacA amyE::Pyy-gfp-cwlO using a
1/1000 dilution GFP antibody. The upper bands indicated GFP-CwIO (molecular weight 77.87
kDa), while lower bands were an indication of cleaved GFP (molecular weight 27 kDa).
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Figure 3.22 Overexpression of CwlO in a strain lacking LytE, LytF and DacA

A- Nutrient agar plates with and without xylose were inoculated with amyE::Pxy-gfp-cwlO and
AlytE AlytF AdacA amyE::Pxy-gfp-cwlO strains, compared to an equally inoculated nutrient agar
plate with 25 mM Mg?*. B- Growth curves of 168CA, amyE::Pyy-gfp-cwlO and AlytE AlytF
AdacA amyE::Pyyi-gfp-cwlO were measured in LB with and without xylose. Each plotted point
corresponds to the average of cell growth (OD600 nm) based on three experimental replicates at
the indicated time. Error bars represent the standard error of the mean. C- Cell morphology of
AlytE AlytF AdacA amyE::Pxy-gfp-cwlO was monitored with and without xylose by fluorescence
microscopy. Scale bar is 4 microns. The cells were stained with FM5-95 dye.
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3.11 Ectopic expression of DD-carboxypeptidases

The B. subtilis genome encodes 4 DD-carboxypeptidases, DacA, DacC, DacB, and DacF, which
are very similar. However, unlike DacA, both DacB and DacF are implicated in the correct
formation of the spore wall. Conversely, DacC is a larger protein that appears to be structurally
different and has no defined function. Thus, to determine if the observed effects of DacA are
specific to this enzyme or if other DD-carboxypeptidase could correct the phenotype of the
LytE/LytF mutants, an ectopic copy of each dac genes (dacB, dacC, dacF, and dacA as a
control) was introduced under the control of the Py promoter at the amyE locus in the dacA
background, generating four different strains: AA127, AA128, AA129, and AA132 respectively.
The expression of these proteins was tested by growing these strains in the presence of xylose
and then using SDS PAGE in combination with Bocillin FL staining to determine the penicillin-
binding protein profiles (Figure 3.23). The image of SDS PAGE gel revealed bands representing
the expressed penicillin-binding proteins in cells grown in the presence or absence of xylose.
Red arrows indicate bands corresponding to the position where the DAC proteins would migrate
(DacA with a molecular weight of 48.47 kDa, DacB with 42.92 kDa, and DacC with 52.72 kDa).
When DacC was expressed, two bands appeared; the upper band corresponded to DacC, while
the lower band could be due to a secretion problem, inefficient signal peptide cleavage, or a
degradation intermediate. However, these possibilities could not be further investigated as the
level of expression determined was very low, making it impossible to validate the identity of the
protein by any simple MS technigque without significant enrichment of the protein. Nevertheless,
PCR and sequencing confirmed that the gene was correctly inserted and should result in xylose-
dependent expression, as was seen by Bocillin labeling. Additionally, later experiments
indicated that DD-carboxypeptidase activity was potentially present (see Section 3.12).

From this test, it was evident that the ectopic constructs were functional in the presence
of xylose. Bands corresponding to both DacB and DacC were also detectable in the absence of
xylose in the culture medium but were minimal. Unfortunately, DacF was undetectable by
Bocillin labeling, but since it has not been previously shown to bind penicillin and the sequence

of the construct was correct, it is possible that expression was occurring.

115



Chapter 3. Characterisation of Cell Wall Degradation

AdacA (wild type) l ‘ AdacA amyE::P, ~dacs

75 kDa !

48 kDa ' l ; 52.72 kDa
48.47 kDa l I
” 42.92 kDa

o 2 ¢ o ¢ o ¢ o 2 @
£ S $» S S S $ 3 3 S
¥ O NS NS ¥ © N
FFOF S FS oy &N
W/T DacA DacB DacC DacF

Figure 3.23 DD-carboxypeptidases expression

SDS-PAGE gel showing the PBPs labeled by Bocillin FL stain in the following strains AdacA
(wild type), AdacA amyE::Pyy-dacA, AdacA amyE::Pyy-dacB, AdacA amyE::Pyy-dacC, and
AdacA amyE::Pyy-dacF in presence and absence of xylose. Red arrows indicate bands
corresponding to the DAC proteins. The molecular weights are as follows: DacA (48.47 kDa),
DacB (42.92 kDa), and DacC (52.72 kDa).

To evaluate whether the DAC proteins could substitute for DacA, the ectopic expression
constructs for these proteins were introduced into the IytF IytE dacA strain in the presence of
Mg?* to ensure growth (Figure 3.24A). The obtained strains were then streaked out on NA plates
with and without xylose and compared to those growing in a Mg?* supplemented plate (Figure
3.24B/C). Using this test, none of the Dac proteins were found to be able to rescue the lethal
effect of the triple mutant lytF IytE dacA, as the strains did not grow on the NA plates without
Mg?* or with xylose (Figure 3.24C). Thus, it has to be assumed that they either do not have the
same biochemical activity as DacA or are unable to interact/localise in the cell wall in the same

way as DacA.
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Figure 3.24 Expression of other DD-carboxypeptidases in a strain lacking LytE, LytF and
DacA

Nutrient agar plates with A- 25 mM MgSO4 or B- xylose were inoculated with 168CA, AlytE
AlytF AdacA, AlytE AlytF AdacA amyE::Pxy-dacB, AlytE AlytF AdacA amyE::Pxy-dacC, and
AlytE AlytF AdacA amyE::Pxy-dacF and compared to C- those growing on an NA plate.
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3.12 Cell wall labeling in different DD-carboxypeptidase backgrounds

To determine if the expressed Dac proteins were functional during vegetative growth, a cell wall
labeling approach similar to the one used with dacA (as shown in Figure 3.7A) was employed.
Here, the hypothesis was that if the ectopic expression of these DD-carboxypeptidases should
result in the processing of the cell wall from the pentapeptide to the tetrapeptide form and the
labeling of the cell wall by the fluorescent D-alanine derivative, HADA, would be altered
compared to cells of a strain lacking this activity (the dacA null mutant). This “change” could

then be detected by epifluorescence microscopy of the cells.

The strains were incubated with and without xylose for an hour, and then 20 uM of
HADA was added. The cells incubated for an additional hour, allowing the incorporation of
HADA with the cell wall. Excess HADA was then washed away, and the level and pattern of
cell wall labeling were compared to that obtained using the same method for 168CA, AdacA, and
AdacA amyE::Pyy-dacA control strains (Figure 3.25A/B/C). From this analysis, it was clear from
the images obtained that the expression of DacB resulted in a significantly reduced level of
labeling (Figure 3.25D). In comparison, when DacC or DacF-expressing strains were labeled in
the presence and absence of xylose, the cell wall was evenly labeled by HADA, and both culture
conditions were essentially identical (Figure 3.25E/F). Interestingly, strong signals of HADA
were reproducibly evident as spots on the cell wall when DacF was expressed, suggesting that
the expression of dacF was having some effect on the cell wall but not comparable to that
obtained when dacA was expressed (Figure 3.25F). It was also evident that mild cell
morphological differences were evident in cells where DacC or DacF were expressed in
vegetative growth (Figure 3.25E/F), implying that these proteins were active in a way that had
consequences for cell wall metabolism but not in a way that was able to correct for the absence
of DacA.

118



Chapter 3. Characterisation of Cell Wall Degradation

A B C

168CA AdacA AdacA amyE:P, ~dacA

-Xylose +Xylose -Xylose +Xylose -Xylose +Xylose

<,

D E F

AdacA amyE:P, ~dacB AdacA amyE:P,,~dacC AdacA amyE:P, -dacF

\
\

Fluorescence microscopy images of the cell wall labeled by 20 um HADA of the following
strains: A-168CA, B- AdacA, C- AdacA amyE::Pxy-dacA, D- AdacA amyE::Pyy-dacB, E- AdacA
amyE::Py-dacC, and F- AdacA amyE::Pyy-dacF. HADA emits blue light. Scale bar is 4
microns. The strains incubated in LB with 20 uM of HADA for an hour, followed by washing to
remove the excess HADA.

Figure 3.25 Cell wall labeling in DD-carboxypeptidase backgrounds

3.13 Cell wall turnover in the absence of autolytic enzymes

Since autolytic mutants can be generated in a AdacA background either normally or conditionally
by adding 25 mM MgSOQO4, we proceeded with our plan to monitor cell wall turnover in the
absence of most of the autolytic enzymes expressed in vegetative B. subtilis. For this, we
employed RADA and HADA (FDAAS) at a concentration of 20 uM (see Section 3.4).
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Exponentially growing cells were first incubated with RADA for an hour to allow their
incorporation with the cell wall. The excess RADA was then washed away before adding
HADA to the medium. Samples were then collected at 10-minute intervals and imaged by
epifluorescence microscopy. Since some strains require the addition of Mg?* to survive, all
samples were analysed in the presence and absence of additional Mg?* as a way to have viable
cells that were under the same conditions in all cases and to potentially gain an insight into the
effect of Mg?*.

Fluorescent images of the cells were then processed to allow the visualisation of both
fluorophores in the same cell. Here, the expectation was that the red signal (RADA) would
diminish as the old cell wall was lost, and the blue (HADA) would gradually increase as the new
wall was synthesised and this label was incorporated. Figure 3.26A shows characteristic images
of cells of the dacA null mutant strain sampled over time. The RADA signal was strong at TO in
all strains and reduced during cell growth until it entirely disappeared after about 60 minutes of
growth. This indicated that the RADA label was not significantly recycled as the “old” wall was
progressively replaced by a new synthesis. In contrast, no HADA signal was detected at TO in
any of the strains as was expected, but it started to appear as the cells grew and reached their
strongest signal after about 50 minutes of growth (Figure 3.26A). This suggests that the cells
were incorporating HADA from the culture medium, presumably into the newly synthesised PG.
In accordance with expectations, the time taken for full HADA labeling corresponded with a

generation time of the culture and more or less the time taken for the RADA signal to be lost.

The addition of Mg?* on the wild-type strain (4dacA4) enhanced the HADA signal, and
the signal became visible sooner, suggesting that Mg might play a role in promoting cell wall
synthesis or modifying the cell wall structure (Figure 3.26A). In the multiple autolytic mutant
combined with mutant cwlO, the poles of the cells were labeled more quickly in the presence of
Mg compared to cells without Mg and to the wild type. However, it was difficult to determine
whether this effect was due to the chaining of the cells or other factors influencing cell
morphology (Figure 3.26B). Although the addition of Mg?* rescued the growth defect caused by
the absence of DacA, LytE, and LytF in the multiple autolytic mutant, it did not correct the
twisting phenotype observed in this strain (Figure 3.26B). Consequently, the fluorescent images

of the multiple autolytic mutant combined with mutant IytE showed stronger signals of HADA
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and RADA compared to the wild type (4dacA). This could be attributed to the tangling of the
twisting cell chains, resulting in a stronger signal, or it could be due to excessive accumulation of
HADA or RADA on the twisted regions of the cell chains (potentially the reason for twisting
occurring). Therefore, it was challenging to determine the precise source of the signal (Figure
3.26C). To overcome this complexity, a less complicated strain (4lytF AlytE AdacA) was
utilised to monitor cell wall turnover and synthesis (Figure 3.26D). The fluorescent images of
this strain showed that cells arranged in mid-chains with a lesser degree of twisting compared to
the multiple autolytic mutant in the dacA background. The cells of the triple mutant IytF IytE
dacA, when supplemented with Mg?*, exhibited cell wall turnover and synthesis comparable to

the wild type; however, cells started to lysis when depleted of Mg?* (Figure 3.26D).

The analysis of fluorescence intensity measurements revealed signals for RADA
and HADA of the cell population. The mean relative intensities plotted in the HADA and
RADA graphs indicated the collocation of signals from cells in the same field. The RADA
graphs represented the turnover of the cell wall, while the HADA graphs represented the cell
wall synthesis. In the case of multiple autolytic mutants combined with the IytE mutant, the
RADA and HADA signals were erratic, regardless of the addition of Mg?*, due to the twisting
phenotype of the cell chains (Figure 3.27A/B). However, when combined with cwlO, the
multiple autolytic mutant was less affected by the twisting phenotype, so the HADA and RADA
signals were reasonable. Otherwise, both autolytic mutants in the dacA background exhibited
cell wall turnover and synthesis that were similar to the wild type (4dacA). Interestingly, the
triple mutant IytF IytE dacA also underwent cell wall turnover and synthesis in a similar to the
wild type, even though cells were lytic when the Mg?* supplement was depleted, although here
the analysis may be biased to the cells that had not lysed (Figure 3.27C/D).
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Figure 3.26 Cell wall turnover in the absence of major autolytic enzymes
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Microscopy images show the cell wall turnover and cell wall synthesis in strains of A-AdacA
(wild type), the multiple autolytic mutants in AdacA background: B- AlytD AlytG AlytC AlytF
AcwlS AcwlQ AcwlO and C- AlytD AlytG AlytC AlytF AcwlIS AcwlQ AlytE, and D-
AlytFAlytEAdacA growing with the presence and absence of 25 mM MgSOs. The strains were
incubated in LB with 20 uM RADA for an hour, then washed and allowed to grow in the
presence of 20 uM HADA. Cell wall turnover was detected by the RADA signal emitting light in
red, while cell wall synthesis was detected by the HADA signal emitting light in blue. Scale bar
is 4 microns.
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Figure 3.27 Analysis of fluorescence intensity measurements of FDAAs

Graphs represent the fluorescence intensity of RADA and HADA in dacA background strains:
A- multiple vegetative autolytic mutants (AlytD AlytG AlytC AlytF AcwiS AcwlQ AlytE and
AlytD AlytG AlytC AlytF AcwlS AewlQ AcwlO), and B- AlytF AtE.
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3. 14 Discussion

This chapter focused on the autolytic enzymes expressed during the vegetative growth of B.
subtilis, particularly LytD, LytG, LytC, LytF, CwlS, CwlQ, LytE, and CwlO, and their
contribution to the processes required for cell growth: elongation, division, and cell wall
turnover. The study used systematic deletions of these genes to define the minimum activities
required for normal growth. Genetically, this confirmed that most autolysins are non-essential
for cell growth, except for the semi-redundant pair CwlO and LytE, which were essential, as had
been previously reported by Hashimoto (105). This observation is also supported by a recent
study by Wilson and Garner (91) showing that the B. subtilis genome encodes a total number of
42 hydrolase enzymes, but the cell can carry out essentially normal cell growth with only LytE
or CwlO. However, CwlO seems to have the most significant role on cell growth, as the cell
growth of the multiple autolytic mutant combined with mutant cwlO, when diluted back,
exhibited a significant lag in growth (two hours) before vegetative growth was initiated. This
interrupted period was only detected when multiple autolytic mutant was combined with the
cwlO allele but not IytE. Cell morphology analysis revealed that both multiple autolytic mutants
displayed elongated cell chains that tangled, suggestive of a separation defect. Thus, one
possible explanation was that the interruption in growth may result from the formation of cell
clumps due to the tangled cell chains, which could potentially hinder accurate cell density
measurements. However, this phenotype was observed in the other vegetative multiple autolytic
mutant combined with the IytE mutation, which exhibited normal growth, like the wild type, as
determined by optical density measurements. In addition, the viability, cell morphology analysis
indicated that while most autolytic enzymes expressed during vegetative growth are redundant
for cell division and separation, the absence of these autolytic enzymes led to slight variations in
cell diameter, the most significant effects being observed in the absence of LytE or CwliO.
According to Garti-Levi (232), cells mutated for cwlO were wider and shorter compared to the
wild-type cells. In contrast, the cells lacking IytE were longer and slightly thinner than wild-type
cells, with a mild effect on cell separation (233). These phenotypes were also observed in this
study in any mutation combination combined with either mutant IytE or cwlO. In B. subtilis, cell
elongation occurs through a coordinate process involving both the synthesis of new cell wall
material and the breakdown of existing PG by autolytic enzymes. Two key autolytic enzymes,
LytE and CwlO, are essential for this process, as they help maintain the cell shape by remodeling
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the cell wall to allow for expansion. LytE and CwlO work in different areas of the cell wall: IytE
is believed to function in the outer layers, while CwlO, associated with the FtSEX complex, acts
in the inner layers. This difference in localisation explains the distinct changes in cell shape
when these enzymes are missing. In the absence of LytE, cells become longer and thinner
because the outer layer of the cell wall cannot properly expand, leading to elongated growth
without an increase in width. On the other hand, when CwlQ is missing, cells become shorter
and wider, indicating that CwlO is crucial for the proper cross-linkage and inward pressure
required for proper elongation. Without it, cells experience more radial growth, resulting in a
wider and shorter shape. This complementary action of LytE and CwlIO is vital for balancing
cell length and width during growth. Our data further suggest that DacA, which is involved in
the CwlO system, contributes to cell shape regulation, as its absence also produces shorter and
wider cells. Additionally, LytF partially compensates for the loss of LytE, and its absence
likewise results in thinner and longer cells. Overall, CwlO has a particularly strong influence on
cell growth, with its absence causing the most significant changes to both cell length and width.
The breakage of cross-linkages is believed to be mediated by LytE and CwlO. However, the
mechanism by which CwlO and LytE compensate for each other's functions, considering their
different locations of activity, is still not fully understood. The results presented here imply a
“substrate mediated” repression of CwlO that is not seen for LytE and, as such, is an indication

that their proposed functional redundancy is mediated through different mechanisms.

Surprisingly, no significant growth or change in morphology had been previously
attributed to the loss of DacA (60). However, the cell morphology analysis in this study showed
that DacA plays a role in controlling cell diameter. This result is supported by a recent study that
employed a high-content screening (HCS) fluorescence microscopy and semi-automated
techniques for measuring the dimensions of single-cell was able to analyse the cell morphology
of 13 new mutations significantly altering cell diameter, and mutant dacA was one of them (83).
Thus, DacA activity does seem to have a role in maintaining normal cell morphology that is
masked by the functional redundancy of the autolytic enzymes.

However, cell diameters were notably exaggerated in the mid-exponential and the
stationary phases. The single mutant cwlO was found shorter in the mid-exponential phase but
exhibited a comparable length to the wild type in the stationary phase. In contrast, the mutant
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IVtE length was similar to the wild type in the mid-exponential and was longer in the stationary
phase. Similar variations in cell dimensions were observed in single mutants lytF and mreB,
with shorter cells during the mid-exponential and longer cells during the stationary phase. These
observations perhaps shed light on the reasons behind the discrepancies in cell dimension reports
across different publications. Of these, the most recent is a study by Dimitri Juillot (83) that
employed high-content microscopy screening to identify B. subtilis genes involved in cell
diameter, and their findings showed that the IytE mutant exhibited a phenotype comparable to the
wild type. Conversely, Dominguez-Cuevas (11) reported that IytE mutant cells were thinner and
longer compared to the wild type. The probable variations being differences in the growth
medium and incubation conditions, although there is also a possibility that the genetic

backgrounds used in the studies were slightly different.

Having established these morphological differences, it was surprising that muropeptide
analysis by RP-HPLC revealed no significant difference in peptidoglycan profiles of the two
vegetative multiple autolytic mutants and the wild type. This suggests that the autolytic enzymes
LytD, LytG, LytC, LytF, CwlS, and CwlIQ are not involved in the modification of the wall
structure but are probably required for recycling, separation, division, and/or insertion of cellular
appendages (see later chapters) where the changes may be lost in the overall average of the

material analysed. CwlO and LytE were seemingly specifically responsible for cell elongation.

This study also aimed to investigate the contribution of vegetative autolytic enzymes to
cell wall turnover in vivo by utilising fluorescent D-amino acids (FDAAS) to label newly
synthesised peptidoglycan. The FDAAs are thought to be incorporated by PBPs while not
actively engaged in PG synthesis through a nonproductive exchange of the terminal D-alanine of
the pentapeptide; this incorporation allows new synthesis to be visualised by incorporation and
turnover to be detected by loss of signal in live bacteria. Previous studies have shown that these
fluorescent probes can be efficiently incorporated into the entire cell wall in the absence of DacA
activity, the major DD-carboxypeptidase involved in peptidoglycan maturation during vegetative
growth in B. subtilis (60, 226). Muropeptide analysis revealed that cells of mutant dacA showed
a significant increase in pentapeptide appearance with a decrease in tetrapeptide chains compared
to the wild type. However, it remains unclear if DacA acts to remove the labeled FDAAS,

limiting labeling, or simply prevents the labeling by acting to remove the pentapeptides before
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labeling can occur. However, for wild-type B. subtilis, labeling generally results in most of the
signal being located at forming division sites and cell poles that were formed in the presence of
the FDAA. To achieve more uniform incorporation of cell wall labeling and analyse the
behaviour of the multiple autolytic mutants in terms of cell wall degradation, the dacA mutation
was introduced into these mutants. This approach was intended for both microscopy and HPLC
analysis. However, during the construction of the required strains, an unexpected
incompatibility between the dacA deletion and certain autolytic enzyme deletion strains was
observed. This complicated the original approach for cell wall labeling using FDAAs as the
results have to be interpreted carefully as CwlO activity will be impaired. It also meant that the
HPLC analysis was not completed in this work as planned. This was primarily because it was
necessary to first understand the functional role of DacA in the processes under study, and later
time, constraints meant that this aspect of the project was not possible.

During the constructing the double mutant IytE dacA, two distinct populations, dark and
light colonies, were observed. The result was of different genetics outcomes from the
transformation. The dark transformants were observed to have regained functional copies of
IVtE,. This suggests that during the transformation process, there was a selective pressure or a
recombination event that led to the restoration of IytE function, enabling better growth of these
transformants. However, the growth defect associated with the combination of dacA with IytF
and/or IytE was found to be conditional on the medium composition. The addition of millimolar
concentrations of magnesium to the growth medium was found to suppress the cell wall-related
defects, maintain viability, and restore a more rod-shaped morphology of B. subtills in certain
mutants. Previous studies reported that high Mg?* concentrations were able to rescue cell growth
and morphology defects in gene mutations for various genes implicated in PG synthesis: MreB, a
cytoskeletal cell shape-determining protein (207); MreD, the shape-determining protein that is
part of the Rod complex (234); and PonA, penicillin-binding protein that is required for the
control of cell diameter (235-237). The reason behind these rescues is still not clear, but some
theories suggest that magnesium ions may influence the activity or stability of cell wall enzymes,
reinforce the sacculus by linking negatively charged groups, or stabilize the cytoplasmic
membrane and associated peptidoglycan biosynthetic complexes. Additionally, B. subtilis has a
higher tolerance for magnesium ions compared to other divalent cations, and it is generally

relatively abundant in the environment (~50 mmol in seawater) (238). Other divalent cations,
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such as Ca, Ba, and Ni, could potentially be used; they are associated with toxicity issues at high
concentrations that can adversely affect cell growth and viability (239-242). Excessive Fe?*" or
Mn?* is also toxic to the bacterial cell (243). In contrast, Mg?* does not exhibit such regulatory
complexity or toxicity, making it a more straightforward and reliable choice. Therefore, MgSOa
was selected due to its historical efficacy, compatibility with B. subtilis, and lack of adverse side
effects, making it the most suitable choice to test for cell viability and minimize potential

confounding variables related to metal ion toxicity or regulatory interactions.

Fluorescent and transmission electron images revealed abnormal cell morphologies in
strains lacking DacA in IytE background, generating bent cells and twisted cells in lytF
background. The addition of the Mg?* supplement was able to correct the binding phenotype in
the IytE background, demonstrating the crucial role of Mg?* in cell morphology. However, it
was unable to correct the twisting phenotype in the IytF background. Although the addition of
Mg?* was able to rescue the lethal effect of the triple mutant IytE IytF dacA, cells still grew
slower in very twisting chains compared to the wild type. When cells of the triple mutant were
depleted of the addition of the Mg?* supplement, they were able to grow to a certain degree and
ultimately lysed. This could be explained as the cells were using the remaining Mg?* from the
old culture or trying to survive by the low concentration of Mg?* used in the fresh LB medium.
Taking advantage of this, we looked at these cells under this condition (depleting of Mg?*
supplement) using fluorescence and transmission microscopies, revealing abnormal division sites

that might lead to their lysis.

The absence of DacA impairs the function of the CwlO system, as evidenced by genetics
and the similarity in cell morphology observed in both the cwlO mutant and the dacA mutant.
Additionally, the dacA mutant showed reduced efficiency in transformation, which underscores
the intricate relationship between cell wall remodeling and competence. This observation aligns
with the findings of Liu (227), which highlighted that deletion of CwlO or LytE results in severe
impairment of transformation efficiency and downregulation of ComK. Notably, since CwlO
activity relies on the FtsEX transporter (111), the deletion of ftsX similarly affects transformation
efficiency and ComK expression (227). Competence pili are essential for DNA uptake during
transformation, and their proper assembly requires effective peptidoglycan remodeling. Our
findings suggest that the reduced transformation efficiency observed in autolytic enzyme mutants
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could be due to disruptions in competence pilus assembly. Autolytic enzymes create the
necessary structural modifications in the cell wall, allowing competence pili to traverse and
facilitate DNA uptake. When these enzymes are impaired, the competence pilus cannot be
properly assembled or function effectively, leading to a significant reduction in transformation
efficiency. Previous studies, such as those by Young (196), have long suggested that autolytic
enzymes are integral to competence development in B. subtilis. Young observed a correlation
between autolytic activity and competence, proposing that these enzymes create local gaps in the
peptidoglycan layer, facilitating DNA uptake. This correlation was further supported by similar
findings in group H streptococci by Ranhand (197) and expanded upon by Guillen (65), who
demonstrated that competence development is co-regulated with autolytic activity and flagellar
assembly. An indirect link between competence and peptidoglycan metabolism in S.
pneumoniae was identified through a signaling pathway that controls both PBPs and competence
(198). Our study corroborates these early findings, revealing that mutations in autolytic enzymes
such as LytE and CwlIO, or their regulators (DacA and FtsX), impair transformation efficiency.
This reinforces the role of peptidoglycan remodeling in competence for effective transformation.
The connection between peptidoglycan remodeling and competence is not unique to B. subtilis.
Similar processes have been observed in Gram-negative bacteria. For example, in H. influenzae,
competence genes are clustered with a gene involved in peptidoglycan metabolism (PBP1a), and
inactivation of these genes significantly reduces transformation efficiency (200). This indicates
a conserved mechanism across bacterial species. In Neisseria gonorrhoeae, natural
transformation competence is closely linked to piliation, with several type IV pili assembly genes
also crucial for transformation, supporting the idea of a pseudopilus in B. subtilis competence
(201, 202). Additionally, Tpc and ComL in Neisseria gonorrhoeae are necessary for
transformation and may function similarly to peptidoglycan hydrolases in other bacteria (201,
202). These proteins are thought to assist in DNA transport across the peptidoglycan layer,
suggesting a broader role for peptidoglycan-modifying proteins in competence development.
However, to this date, this concept has not been directly tested and is a direction of future work

that has been revealed by this project.

Further investigation revealed that disrupting LytE activity in mutant dacA background
resulted in synthetic lethality, similar to what was previously observed by Hashimoto (105) in
the double mutant IytE cwlO. MreB, a protein that determines cell shape, is required for LytE
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activity, according to studies by Kawai (231) and Dominguez-Cuevas (11, 231). The synthetic
lethality of the double mutant mreB dacA suggests that both proteins are essential for cell growth
and survival. The observation of nearly cocci-like cells in the double mutant further supports the
role of MreB in cell shape determination and further suggests that DacA is required for the
proper functioning of the CwlO system in maintaining cell morphology. These observations
suggest that some autolytic enzymes are dependent on modifications to the cell wall and that
CwiIO activity is impaired when the peptidoglycan has pentapeptides without the terminal D-
alanine removed by DacA.

However, the overexpression of cwlO was able to rescue, to a certain degree, the growth
defect caused by the absence of LytF, LytE, and DacA as the cells eventually lysed. Increased
CwiIO activity supports cell elongation, leading to the formation of long filamentous cells due to
a defect in cell division, but was insufficient for sustained cell growth. This seems to imply that
CwiIO activity is reduced when the cell wall contains a significant level of pentapeptides, and that

increases the abundance of the enzymes.

This study highlights the complexity of the cell wall regulatory network, emphasizing the
interplay between cell wall modification and degradation enzymes and the importance of
multiple factors working together to maintain cell shape and integrity.

Additionally, it was observed that the GFP used to tag the CwlO was separated,
presumably resulting in an untagged CwlO in the 168CA background. This separation raises
concerns about the previous experiments using this organism and a GFP-fusion to determine
cellular localization. However, for the work described here, this is not a major issue, as the
objective was to increase the abundance of “active” CwlO. Cleavage of GFP can occur either
during physiological degradation/turnover of the protein or within the artificial link between the
protein and GFP. Several approaches could be considered to address this issue: fusing the GFP
tag differently to the N-terminal or use of a C-terminal fusion to the protein, if functional, might
resolve the issue; determining at what stage the cleavage occurs, for instance, immediately
processing cells in SDS lysis buffer and running on a gel might indicate if GFP remains attached
or is already cleaved off. If cleavage occurs during sample preparation, modifying the method to
minimize protease activity (e.g., using protease inhibitors) might be necessary. Careful

consideration of these factors is essential to ensure the accurate interpretation of results and the
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reliability of conclusions drawn from experiments involving GFP-fusion proteins. A similar

observation was made for the DacA fusion with GFP (See Appendix 1).

3.14.1 Proposed model of DacA/CwIO system

Our proposed model for the CwlO and DacA system comprises several stages (Figure 3.28).
Initially, newly synthesised peptidoglycan material is polymerised and deposited into the
innermost layer of the old cell wall (Figure 3.28A). At the same time, penicillin-binding proteins
use the energy from the D-alanine donor peptide to link the newly formed tetrapeptide with
neighbouring pentapeptide, facilitating cross-linkage between the nascent and pre-existing
peptidoglycan (Figure 3.28B). Following that, DacA (PBP5) becomes active and cleaves the
fifth peptide (D-alanine), forming mature peptidoglycan (Figure 3.28C); this is then followed by
the action of LdcB, which removes another D-alanine to leave a tripeptide. Finally, CwlO, a cell
membrane protein, identifies the mature peptidoglycan and becomes active, cleaving the bond
between the second (D-glutamic acid) and the third (meso-diaminopimelic acid) peptides,
resulting in modification of the cross-linkage of the peptidoglycan (Figure 3.28D). The proposed
model provides insights into the complex process of peptidoglycan synthesis and degradation in
B. subtilis and seems to have parallels in other bacterial spp., in that CwlO and the proteins it
interacts with are conserved, and DD-carboxypeptidases are also generally present.

Interestingly, the loss of DD-carboxypeptidases activity in E. coli has been reported to result in

unexplained morphological defects that may be relayed to the results obtained for Bacillus.
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Figure 3.28 Schematic representation of the cell wall synthesis and turnover regulation in
B. subtilis

Proposed model of the CwlO and DacA system. A- Newly synthesised material of peptidoglycan
is polymerised and deposited into the innermost layer of the cell wall. B- The cross-linkage
reaction mediated among the new material and pre-existing material by penicillin binding
proteins using the energy of the donor peptide D-alanine to link the newly formed tetrapeptide
with the neighbouring pentapeptide. C- DacA (Penicillin binding-protein 5) becomes active and
cleaves the other 5" peptide to give matured peptidoglycan. D- CwlO (cell membrane protein)
recognises the matured peptidoglycan and becomes active, cleaving the bond between the second
(D-glutamic acid) and the third peptide (meso-diaminopimelic acid), resulting in degraded
peptidoglycan. The illustration created was with BioRender.com.

3.14.2 DD-carboxypeptidases of B. subtilis

B. subtilis possesses four DD-carboxypeptidases (DacA, DacC, DacF, and DacB) that contain a
very high sequence similarity to D-alanyl-D-alanine carboxypeptidase enzymes that have been

biochemically characterized (87, 89, 244). DacA is the major DD-carboxypeptidase during

135


https://biorender.com/

Chapter 3. Characterisation of Cell Wall Degradation

vegetative growth and is required for peptidoglycan maturation (6, 60, 83). However, DacB and
DacF enzymes are different from DacA as they are expressed in the later stationary phase and are
essential for proper spore wall development (86). While DacC is also expressed during
stationery and sporulation phases, its function remains unknown (89). Even though DacB,

DacC, and DacF share a very high sequence similarity to DacA, they could not compensate for

DacA function as they were unable to rescue the lethal effect of the triple mutant IytF IytE dacA.

Sporulation relies on the degradation of the division septum and has its own autolytic
system, as well as DacF and DacB that are expressed after division and are required for the
correct formation of the spore wall. There is a possibility that these Dac proteins are targeted to
the cell pole, which might alter the FDAAs labeling in the DacA background when expressed,
potentially making the pole unlabeled. Interestingly, the expression of DacB was found to
partially compensate for the loss of DacA function, as evidenced by poor labeling of the cell wall
with the HADA fluorescent dye, which was similar to the labeling pattern observed in 168CA
cells. This suggests that DacB is able to do DacA’s function in cell wall modification
“maturation” but not sufficiently to fully complement the loss of DacA. When DacC or DacF
were expressed in the dacA mutant background, the cell wall was fully labeled by HADA,
indicating that these enzymes are either not active in the removal of the terminal D-alanine on the
pentapeptide or require some other factor to function. The observation of strong HADA signals
at specific spots on the cell wall upon DacF expression suggests that cell wall modification may
occur unevenly or in localised regions. This raises the possibility that DacF may be involved in
spatially regulated cell wall modifications or that it acts in a more localised manner compared to
DacA and DacC. The mild defective phenotypes observed upon ectopic expression of DacC or
DacF in the DacA mutant seem to support this idea, but further analysis is required to confirm

this observation.

3.14.3 Cell wall turnover and synthesis in the multiple autolytic mutants

The morphological defects behind the absence of most vegetative autolytic enzymes resulted in
the formation of elongated chains, and the absence of DacA, LytE, and/or LytF resulted in a
twisting phenotype affected the cell wall labeling by FADDs as the cell chains were tangled. It

was observed that the multiple autolytic mutant combined with the cwlO mutant was less
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affected by these phenotypes, likely due to the presence of LytE. Otherwise, the analysis of
fluorescence intensity estimated similar rates of cell wall turnover and synthesis in both multiple
autolytic mutants. However, to mitigate the potential accumulation of FADDs due to phenotypic
complications, a less complex strain (AlytF AlytE AdacA) was utilised. Although the addition of
Mg?* helped restore cell growth, it did not fully resolve the issue, as cell morphology remained
affected. Surprisingly, the triple mutant demonstrated normal cell wall turnover and synthesis
despite the inability of cells to survive without Mg?* supplementation. These findings suggest
that none of the deleted autolytic genes were necessary for cell wall turnover and did not impact

cell wall synthesis.

Previous studies have reported conflicting findings regarding the role of specific autolytic
enzymes in cell wall turnover. For instance, Blackman (92) reported a decrease in the rate of cell
wall turnover in a strain lacking the major amidase protein LytC. The same study found that the
double mutant IytD IytC significantly reduced the rate of cell wall turnover, while the single
mutant lytD had no impact on turnover. In contrast, Margot and Karamata (245) revealed that
the absence of LytC delayed the release of radiolabeled wall material without affecting the
turnover rate. Additionally, it was discovered that the endopeptidase LytF also plays a role in
peptidoglycan turnover (92). A study by Wilson and Garner (91) has found that a strain lacking
all 40 autolytic enzymes except CwlO and LytE showed no detectable cell wall turnover
activities, indicating that LytE and CwIlO were not directly involved in cell wall turnover. Thus,
B. subtilis is capable of normal growth by relying on the cleavage of bonds for expansion

without requiring extensive cell wall turnover processes.

Indeed, the cell wall labeling results in this study were limited due to the twisting
phenotype observed in the examined strains. The accumulation of the FDAAS dye around the
twisted chains or overlapping signals can lead to false signals and hinder accurate interpretation
of the labeling data. These complications in cell wall labeling emphasize the challenges and
limitations associated with studying cell wall dynamics and turnover in complex mutant

backgrounds.
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4.1 Introduction

The cell wall defines the cell shape and is dynamic in that it is restructured during cell growth. It
must also be modified to allow large cellular complexes, such as pili and flagella, to pass through
without lysis. Among these structures, the flagella are the best characterised and are composed
of a basal body embedded in the membrane and linked to the PG, providing a structural anchor, a
rod that passes through the wall and links the basal body to the universal joint (hook), and a
propeller-like filament. In S. typhimurium and E. coli, a specific autolytic enzyme is present
(FlgJ) to allow the rod to pass through the peptidoglycan, presumably acting to “drill” through
the wall and allow flagellar assembly (184, 185). However, in Bacillus, no gene corresponding

to FlgJ is present in the flagellum operon, and it is unclear how the flagella are inserted.

Various hypotheses have been generated to explain the insertion of an appendage, such as
flagella, through the thick multi-layered cell wall of B. subtilis. In simple terms, the flagella
could be inserted actively by “drilling” a hole through the cell wall using the action of an
autolytic enzyme, as is known in other species, or it could be more passive and depend on a
normal growth process of cell wall synthesis and turnover (Figure 4.1A). In the latter case, the
flagellar rod structure would be assembled in a newly formed wall and then pass through the cell
wall linked with the peptidoglycan layer as it progresses to the outer surface through the normal
molecular remodeling of the peptidoglycan (Figure 4.1B). A consequence of this would be that
the “flagellum appearance” would be slow, comparable to the time taken for the complete
turnover of the cell wall to allow it to progress to the outside. An alternative option might be, as
suggested by a study in E. coli (246), in which the flexible peptides have the ability to adjust and
deform in the direction of the long axis (247), and the glycan strands are arranged in a zigzag
line to provide a layer with small pores (tesserae). These tesserae would then permit the basal
rod of the flagella to push through the cell wall without the need for specific cutting of the PG
crosslinks. This suggestion would work nicely in E. coli, which has a thin peptidoglycan layer
and would involve passing through only one or two such “holes”. However, in B. subtilis, it
would be more complicated as there are multiple layers of peptidoglycan, requiring alignment of
the tesserae in each layer. This mechanism would, however, allow for rapid assembly of the full

flagellum structure, with minimal autolytic activity directly associated with the process.
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Figure 4.1 Postulated pathways of the flagellar rod

The postulated pathways of the flagellar rod reaching the outer surface of the cell wall either by
A- drilling a hole through the peptidoglycan layers relying on autolytic enzyme activates (short
time) or B- depending on the cell wall turnover system. As the cell wall undergoes turnover and
new peptidoglycan layers are synthesised, the flagellar structure is elevated along with these
layers. The lighter layers correspond to the old peptidoglycan, while the dark layers represent the
newly synthesised peptidoglycan that carries the rod structure. In this scenario, the flagellar rod
is incorporated into the growing cell wall from the inside to the outside (slow, about two
generations). This illustration was created with BioRender.com.

Thus, this part of the project was to determine how the flagellum passes through the cell
wall. The results shown in this chapter show that the flagellar assembly depends on a
combination of enzymes, where one seems specific to the flagellar assembly (CwlQ) and the
other is related to bacterial growth (CwlO). As such, it is apparent that no single autolytic
enzyme is solely responsible for flagellar insertion, and it is possible that this is because the
mechanisms function for several “appendages” (such as pili and DNA translocation systems,
including the competence apparatus) and are to some degree functionally redundant, a common

feature for many processes related to the cell wall in B. subtilis.
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4.2 Initiating flagellar synthesis

In B. subtilis cells, flagella are not present throughout the entire growth cycle. Instead, they are
assembled as a response to environmental conditions, particularly during periods of starvation.
To study how the large, complex structure of the flagellum is inserted into the dynamic cell wall,
it became necessary to develop methods that could induce cells to initiate flagellar assembly in a
significant proportion of the cell population. In a standard growth medium like LB, flagella
production is mainly seen to occur in the late stationary phase of growth, and the cells can also
adapt to enter other developmental processes, €.g., sporulation, competence, and secondary
metabolite production. To avoid these complications, two approaches were investigated. The
first involved utilising a simple nutrition shift of exponentially growing cells in an LB medium to
a glucose-rich nitrogen-limited medium (PTM), where it has been observed over time that a
significant proportion of the cells becomes motile (described in Section 4.2.1). The second
option was to genetically manipulate the strain to artificially express the genes required for
flagellum biosynthesis (detailed in Section 4.2.2). These two methods were expected to result in
the initiation of flagellum synthesis and formation of flagella on the cells. However, for this
work, the requirement was to have the process “induced” in all cells as synchronously as possible
to facilitate further investigation into the mechanisms of their assembly and insertion into the

dynamics cell wall.

4.2.1 Induction of flagella using minimal medium

To test flagellar stimulation in a minimal medium using pre-transformation medium (PTM), we
used a combination of scanning electron microscope (SEM) to image the cell wall surface of
168CA (Figure 4.2A/B) and the mutant fliM, as well as visualising the localisation of GFP
fusions of some of the components of the flagellum basal body. The cells were prepared by
growing overnight cultures in LB and then diluted back in both LB or PTM. The diluted cultures
were incubated with shaking at 37 °C for 40 mins, and then the cells were either directly
visualised by phase contrast microscopy or fixed to be visualised under SEM. Preliminary
experiments have shown that shifting an exponentially growing culture to the PTM media
treatment resulted in the cells becoming motile, as determined by phase contrast microscopy. In
contrast, growth and suspending the cells in fresh LB did not result in any obvious motility until
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the culture reached the late stationary phase (Figure 4.2A). What was observed was a little
unexpected in that the medium shift seemed to rapidly result in the formation of flagella. The
cells become flagellated with complete long flagella within approximately 40 minutes (Figure
4.2B), and this was seen for a significant proportion of the cells examined (approx. 99%). These
observations were initially made by looking for motile cells in liquid suspension, but later
analysis looking at the localisation of flagellar subunits (see Section 4.3) confirmed the initial
results and showed that assembly of the flagellum occurred earlier, and true motility, referring to
the active swimming of the cells, was not evident until the culture was incubated for a longer

period.

The analysis of SEM images of the cell wall surfaces of both the flagellated strain
(168CA) and the non-flagellated mutant strain (477iM) was used to confirm the initial visual
observations and determine whether any indications of deformation in the cell wall were present
where the flagella come out of the cells (Figure 4.2B). Consequently, the visual analysis was
primarily focused on identifying cell surface features present on flagellated cells (168 grown in
PTM), which were absent in cells lacking flagella (168 in LB) or in those genetically incapable
of producing a flagellum (a FliM null mutant grown in PTM). However, the analysis of these
SEM images did not reveal any clear changes in the area where flagella would be expected to
emerge from the cells. In other words, there were no apparent deformations or noticeable
differences in the cell wall structure between the flagellated and non-flagellated strains. It was

challenging to precisely locate the origin of a flagellum on the cell surface in these samples.
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Figure 4.2 Flagellated and non-flagellated cells

Scanning electron microscopy images of: A- 168CA (flagellated strain) in LB. B- 168CA
(flagellated strain) in PTM. C- AfliM strain (non-flagellated strain) in PTM. Scale bars represent
2 microns or 1 micron.

4.2.2 Inducible constructs

Utilising media shift from LB to PTM to stimulate the flagella worked reasonably well, but it
was evident that the process of shifting between the two media resulted in a change in growth
rate, presumably caused by the manipulation and the altered nutrient. This might potentially
cause problems for later experiments where we wanted to relate the flagellum localisation and
growth of the cells (see Chapter 5), so an alternative was to construct a strain where the
flagellum gene expression was controlled by a repressible promoter that we could activate by a
simple addition of an inducer to the culture medium and so avoid disrupting the culture growth.
In order to construct a strain that is inducible for the expression of flagella (Pxyi inducible strain,

Ptiarche€2Pxyi-flasche), @ Xylose promoter was introduced before the Priasche, replacing the Pps (Figure

143



Chapter 4. Flagellum Assembly Through the Dynamic Cell Wall

4.3A). Thus, a fragment of pRD96 containing Py and a chloramphenicol resistance cassette was
ligated to the amplified fragments of codY with a BamHI tail and figB with an Xbal tail (Figure
4.3B). It is important to note that fIgB is the first gene of the fla/che operon, while codY is the
gene immediately upstream of the fla/che operon. The ligated fragment was then used to
transform 168CA to chloramphenicol resistance. One such transformant was designated strain
AAO035, and it was shown to have the inducible promoter correctly inserted by PCR
amplification of the loci and agarose gel electrophoresis (Figure 4.3C). Growth curves (OD600
nm) of this constructed strain (AA035) and the wild type (168CA) were determined in LB with
and without xylose (Figure 4.3D). Cells of AA035 grew normally in the presence or absence of

xylose compared to the wild type.

Using light microscopy, we examined strain AA035 with and without the expression of
the fla/che operon (with and without xylose). When the fla/che operon was expressed, a
significant proportion of the cells were swimming, while the growth rate of the culture was not
affected, indicating that having active flagella did not impact cell elongation and division. In
contrast, without xylose, only a small proportion of the cells were swimming due to the leakiness
of the Pxyi promoter. To address this issue, we constructed another strain under the control of the
Pspac promoter, which generated strain AA036 and was found to have identical properties in that
motility was dependent upon the presence of the inducer, in this case, IPTG, but the growth rates
of the culture with or without IPTG were identical.

These results provide an alternative way to force cells to produce flagella and also
provide a way to show that the insertion of multiple flagella into the wall of the growing cells did
not impact the ability of the cells to proliferate. Thus, cell elongation and division are not
perturbed by the assembly of the significant protein structures in the membrane that are attached

to the cell wall and have projections through the thick cell wall.
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Figure 4.3 Inducible flagella construction

A- The genetic hierarchy of the flagella in B. subtilis. Coloured arrows represent the genes in the
fla/che operon, and the bent arrows are the promoters. The red arrow indicates the insertion site
of the artificial promoter (Pxy) instead of (Pp3). This cartoon is adapted from (134). B- Agarose
gel electrophoresis of PCR products (codY, pRD96, and flgB) before ligation. C- Agarose gel
electrophoresis of PCR products after ligation, confirming the construction of AA035 strain. The
DNA ladder is 1 kb. D- Growth curves of AA035 with and without xylose. Each plotted point
corresponds to the average of cell growth (OD600 nm) based on three experimental replicates at
the indicated time. Error bars represent the standard error of the mean. TO is the time when
xylose was added to the culture medium.
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4.3 Visualisation of labeled flagellum subunits

As a way to determine the number and position of assembled flagella, fluorescently labeled
alleles of specific genes were introduced into strains. Here, we exploited specific genetic
modifications that had been previously published by Kearns (182) either in the form of
chromosomal insertions or E. coli plasmids that on transformation into B. subtilis enable the
labeling of components of the flagellum: amyE::Psiache-fliM-gfp spec, amyE::Pnag-hag™*¢ spec,
amyE::Prasche-fIgE™2%C cat amp and plasmids permitting the insertion of manipulated genes;

thrC::Priarche-fIJET2C ery amp or lacA::Phag-hag™%%¢

ery amp. These genetic constructs were
transformed into our wild-type strain, 168CA, to generate isogenic strains and to remove the
extra copy of swrA used as a background in the Kearns studies (182). SwrA is known to
promote the production of multiple flagella (182, 183), a feature that is not desired in our strain
as it mediates increased “flagellation” cells and could potentially complicate the analyses looking

at the localisation and movement of the flagellar complex in live cells (see Section 5.4).

To visualise the flagellar basal body, FIiM was fused to a green fluorescent protein,
resulting in the formation of green dots on the cell membrane when observed under a
fluorescence microscope (Figure 4.4A). FIgE, the hook protein, and Hag, the filament protein,
had the coding sequence of the gene altered to introduce cysteine residues that could be stained
with Alexa Fluor 488 C5-maleimide conjugated dye (green) or Alexa Fluor 594 C5-maleimide
conjugated dye (red). This allowed the visualisation of FIGE as green or red dots on the cell wall
surface (Figure 4.4B) and Hag as green/red filamentous appendages of the cell wall (Figure
4.4C) by fluorescence microscopy. For both of these extracellular proteins, GFP or other
coloured variants were not possible as they are secreted, and the additional amino acid sequence
would perturb the protein assembly and function. Unfortunately, this labeling is not perfectly
clean as cysteine is present in other proteins in the cell envelope of B. subtilis, particularly at the
division sites. Consequently, Alexa Fluor maleimide conjugated dyes, although able to label
flagellar subunits such as FIgE and Hag, they also stain the cell wall and division sites of the

bacterial cells but at a significantly lower level.
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Figure 4.4 Fluorescent flagellar subunits

Fluorescent micrographs indicate the localisation of: A- FliM (basal body protein) utilising a
strain background (AA028) containing a fliM-gfp fusion. B- FIgE (hook protein) of the modified
strain (AA032) to introduce a single surface-exposed cysteine residue. C- Hag (filament protein)
of the modified strain (AA031) to introduce a single surface-exposed cysteine residue. AA032
and AA031 were stained with Alexa Fluor 488 C5-maleimide conjugated dye (green). The
strains were grown in LB, shifted into PTM, and sampled in 40 min later. Scale bars represent 2
microns.
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4.4 The role of autolytic enzymes in the insertion of the flagella

It is presumed that the construction of flagella needs the action of one or more autolytic enzymes
in order for them to pass through the thick and crosslinked peptidoglycan layers to be able to
project out of the cell. To determine if this idea was correct, we assayed the ability of strains to
produce flagellae that were deleted for sets of autolytic enzymes. As a starting point, we used
the two multiple autolysin deletion strains AlytD AlytG AlytC AlytF AcwliS AlytE (+cwlO; strain
AA020) and AlytD AlytG AlytC AlytF AcwiS AcwlO (+IytE; strain AA021) (described in Chapter
3 Section 3.2). For this assay, the amyE (Phag-Hag™%C) construction from Strain AA043 was
introduced into the two autolytic mutant backgrounds; they were grown in LB, and then the cells
shifted into pre-transformation medium (PTM) to induce the flagellar assembly. The cells were
stained with Alexa Fluor 488 C5-maleimide conjugated dye (green) and visualised by
fluorescence microscopy, using the wild-type strain AA043 as a positive control (Figure 4.5A).
The cultures were then sampled at regular intervals to ensure that they exhibited similar growth
rates, and cell samples that were taken at 45 min after being shifted to PTM (Figure 4.5D) were
stained with the maleimide. This showed that the cells of the multiple autolytic mutant lacking
IytE had an abundance of flagella (Figure 4.5B). But the cells of the multiple autolytic mutant
lacking cwlO seemed to have very few flagella at the time they were sampled (Figure 4.5C).
Repeating this experiment and sampling at multiple time points gave the same result. Thus, it
had to be concluded that CwlO activity was important for the efficient extrusion of flagella, but
there was the possibility that another enzyme (LytD, LytG, LytC, LytF, CwlS and/or CwlQ) was
capable of permitting the extrusion of an occasional flagellum.
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Figure 4.5 The flagellar insertion in the absence of vegetative autolytic enzymes

Fluorescent micrographs of: A- AA043 (wild type), B- AlytD AlytG AlytC AlytF AcwlS AcwlQ
AWtE, and C- AlytD AlytG AlytC AlytF AcwlS AewlQ AcwlO in a Hag ™% background at 45
mins of shifting exponentially growing cells from LB to PTM. The strains were stained with
Alexa Fluor 488 C5-maleimide conjugated dye (green). Scale bars represent 5 microns. D-
Growth curves of these strains. Each plotted point corresponds to the average of cell growth
(OD600 nm) based on three experimental replicates at the indicated time. Error bars represent

the standard error of the mean.
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This result presented three possible conclusions. Firstly, the lack of CwlO activity had an
impact on the expression of the fla genes, and so there was insufficient synthesis of the
components of the flagella to generate multiple filaments. Secondly, if the expression of the fla
operon was normal, was the assembly of the basal body or the flagellum filament dependent on
the CwlO activity? Finally, it was possible that although the basal body of the flagellum was
assembled, it was unable to assemble the rod, hook, and filament components because the

peptidoglycan was obstructing it and required the CwlO activity to open a path.

To differentiate between these possibilities, the localisation of the basal body and
filament were investigated in the same cells. For this, the basal bodies were detected using a
fliM-gfp fusion, and the filament assembly was determined by using the Hag™2**C allele, stained
with Alexa Fluor 594 C5-maleimide conjugated dye. This resulted in the construction of 2
strains: one with +cwlO and the other with +IytE, with both strains having multiple deletions of
other autolytic genes and carrying the GFP and Cysteine tags for FliM and Hag, respectively.
The media were shifted as described previously, and samples were taken 45 min after the
medium shift and imaged by microscopy after maleimide staining (Figure 4.6). From this, it was
clear that both the basal bodies and filaments were easily detected in the culture where CwlO
was present (Figure 4.6A). In contrast, the multiple autolytic mutant combined with cwlO
mutant had a comparable number of basal bodies (green foci) but appeared to struggle in
producing filaments (Figure 4.6B). Since the absence of CwlO was the only difference between
these strains, this assay was repeated using a strain only deleted for cwlO (strain AA044); it was
found that flagella were present (Figure 4.7A). Thus, it seems that flagellum extrusion can be
mediated by a redundant set of autolytic enzymes, of which CwlQO is functional alone.
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Figure 4.6 The flagellar basal bodies and filaments in multiple autolytic mutants

Fluorescent micrographs of FIiM (basal body protein) and flagellin in strains A- +cwlO (AlytD
AltG AlytC AlytF AcwlS AcwlQ AytE) and B- +IytE (AlytD AlytG AlytC AlytF AcwlS AcwlQ
AcwlO) containing fliM-gfp fusion and the Hag "% allele of flagellin. Cells were collected in 45
mins after shifting the medium from LB to PTM. The cells were stained using Alexa Fluor 594
Cs5-maleimide conjugated dye (red). Scale bars represent 2 microns.

4.4.1 Specific autolysins required for the flagellum assembly

To identify the key autolytic mutants responsible for the flagellar insertion through the cell wall,
double mutation combinations involving cwlO were constructed using the kanamycin resistance
cassette insertions in IytD, IytG, IytF, lytC, cwlS, or cwlQ in a strain also carrying the Hag™%¢
allele. The resulting strains were then induced to produce flagella by the growth shift into PTM
and staining with a maleimide dye. From this systematic approach, fluorescence images for
Hag™2%¢ showed that most double mutant combinations produced flagella at more or less normal
levels, except the double mutant cwlQ cwlO where flagella were absent (Figure 4.7A) and a cwlS
cwlO mutant that seemed to exhibit a delayed in the flagellar insertion (Figure 4.7B). Further
characterisation revealed that the double mutant cwlS cwlO took over two hours to develop
flagella compared to the wild type, which usually required only 40 minutes following the shift
from LB to PTM medium. Since the single mutants of cwlS, cwlQ, and cwlO were as proficient

in flagella as the wild type (Figure 4.8), the flagellar insertion process seems to require the
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function of CwlO and either CwlQ or CwilS for effective penetration of the cell wall. However,
CwIS seems to be either inefficient or not expressed at the time it is most needed, resulting in a

long delay in the appearance of the flagellum.
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Figure 4.7 Specific autolytic enzymes required for flagellar insertion

Fluorescent micrographs of flagellin assembly in: A- AcwlQ AcwlO, and B- AcwIS AcwlO. All
strains were in Hag"™% backgrounds including the wild type 168CA. The strains were stained by
Alexa Fluor 488 C5-maleimide conjugated dye (green). Scale bars represent 2 microns.
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Figure 4.8 Flagella in single autolytic mutants

Fluorescent micrographs of flagellin assembly in single mutants AcwlO, AcwlQ and AcwiS
compared to the wild type 168CA. All strain were in Hag™%C backgrounds including the wild
type 168CA. The strains were stained by Alexa Fluor 488 C5-maleimide conjugated dye (green).
Scale bars represent 2 microns.

Since filament assembly was affected in the double mutants cwlQ cwlO and cwlS cwlO,
the formation of the basal body and hook were assayed to determine if these mutations impair
flagellum assembly. Using these double mutations cwlQ cwlO and cwlS cwlO, along with the
wild-type strain (a positive control), in fliM-gfp fusion and flgE-cysteine backgrounds. The
expression of flagella was induced by a medium shift, and samples were collected over a period
of time and stained. From this, it was seen that the wild-type strain contained an identical
number of basal bodies (FIiM) and hooks (FIgE) in all time points (45, 90, and 135 minutes)
(Figure 4.9A). In contrast, the strain lacking both CwlO and CwlQ had a normal number of
basal bodies but failed to build the flagellar hook at the expected time (Figure 4.9B). The strain
lacking both CwlO and CwIS showed a delay in hook assembly, which eventually became
detectable approximately 2 hours after the shift from LB to PTM (Figure 4.9A/C), which
corresponded to the time at which Hag was previously detected (Figure 4.7B). This indicates
that CwlO and CwIQ are needed for the hook and filament assembly but not for the basal body
formation. Thus, these autolytic enzymes are required to pave a way for the flagellar rod through
the thick cell wall in order to allow the hook and then the filament assembly, while CwiS plays a
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minor role. To try and genetically confirm that these phenotypes are solely due to the absence of
the autolytic enzymes, a conditional allele of cwlO was introduced at the amyE locus of the
double mutants cwlQ cwlO and cwlIS cwlO under the control of a Pxy,i promoter (see Figure 3.20,
Chapter 3). However, complementing CwlO in this way did not correct the absence of the more
distal components of the flagella (hook and filament) in the double mutant cwlQ cwlO, nor the
delay of their assembly in cwlIS cwlO (Figure 4.10). This is most probably due to the fact that
CwlO was fused to GFP and potentially not fully functional.
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Figure 4.9 The flagellar basal bodies and hooks in the double mutants cwlS cwlO and cwlQ
cwlO

Fluorescent micrographs showing the localisation of FIiM (basal body protein) and FIgE (hook
protein), utilising the following strains: A- 168CA, B- AcwlQ AcwlO, and C- AcwlIS AcwlO. The
strains contain a fliM-gfp fusion and flgE-cysteine labeled to introduce a single surface-exposed
cysteine residue. The strains were stained using Alexa Fluor 594 C5-maleimide conjugated dye
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(red). The overlay panel indicates whether the flagella were able to pass through the thick
peptidoglycan layers (yellow dots) or not. Scale bars represent 4 microns.
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N

Figure 4.10 Complementing CwlO-Pxy regulated in the double mutants cwlQ cwlO and
cwlS cwlO

Fluorescent microscopic images showing flagellar filaments in the presence and absence of
CwiIO expression, regulated by the xylose promoter, in the double mutants cwlQ cwlO and cwlS
cwlO. All strains were in Hag™%C and amyE: :P.,-gfp-cwlO backgrounds, including the wild-
type 168CA. Cells were collected 45 mins after shifting the medium from LB to PTM, with and
without xylose. The cells were stained using Alexa Fluor 594 C5-maleimide conjugated dye

(red). Scale bars represent 2 microns.

4.4.2 Motility of strains lacking specific autolysins

Swarming and swimming motilities on soft agar plates depend on the presence of flagella.
However, in this case, the swimming cells grow in an “air-water” interface, where conditions are
very different to liquid culture. In contrast, swarming cells move on solid surfaces, such as soft
agar plates with higher concentrations. In this case, multicellular migration of cell rafts over the
surface in a coordinated manner. Motility on soft agar plates is also a simple microscopy-
independent assay for assessing motility, which has been established for a very long time. To
determine whether the Cwil proteins are required for these forms of motilities, strains lacking
CwlQ, CwlO, and/or CwlS were evaluated for swarming and swimming motilities on soft agar.
These strains were compared to single mutants, a non-flagellated strain (hag mutant), and the

flagellated wild-type strain. Previous analyses of various autolysin mutants had provided an
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indication that motility was dependent upon the ability of the cells to become unicellular (i.e., not
stuck together in chains), as well as having the ability to correctly assemble flagella. Therefore,
multiple autolysin mutants, which were known to form chains were not included in previous
motility analyses. However, in this study, deletion of the cwl gene did not result in cell

separation defects, suggesting that the observed motility defects may be due to other factors.

The strains were inoculated as 5 pl drops of normalized cells on 0.5 % (w/v) swarm agar
plate and 0.15% (w/v) swim agar plate. The swarm plate was incubated for 48 hours to promote
the motility of all strains, while the swim agar plate was incubated for 12 hours to limit excessive
strain spreading. Spreading diameters were measured in millimeters (mm) and compared to the
wild type, with standard error of the mean indicated as o /+/n (see Section 2.15). As can be seen
from Figure 4.11, the wild-type strain spread over the surface of both swim and swarm agar
plates; the spreading diameter on the swarm plate (38.6 mm, + 0.8) was larger than that on the
swim plate (20.17 mm, £ 0.4) due to the longer incubation period at 37 °C, attempting to

enhance swarming motility of the other strains.

In contrast, the single mutants (cwlO, cwlQ, cwlS) and the double mutant cwlQ cwlS
exhibited defects in swarming motility, forming tight colonies where the normalized cell cultures
were dropped, similar to the non-flagellated hag mutant. However, these strains displayed
swimming capability in very low agar concentrations. Mutant cwlIS exhibited slightly reduced
swimming motility (19 mm, + 0.43) compared to the wild type (20.17 mm, £ 0.4), whereas
swimming motility was significantly reduced in the single mutants cwlQ and cwlO (15.17 mm,
+0.18 and 15.86 mm, £0.38, respectively). The double mutant cwlS cwlQ also showed a
reduction in swimming motility (15 mm, £0.21) compared to the wild type. As expected, the
double mutant cwlQ cwlO exhibited defects in both swarming and swimming motilities, with
cells confined to the drop site due to flagellar assembly impairment. Surprisingly, similar
motility defects were observed in the double cwlS cwlO, which shows a delay in the flagella
processing through the cell wall (Figure 4.11). Although the double mutant cwlS cwlO has
flagella, they may not be present in sufficient numbers or have some other dysfunction, such that
they cannot effectively provide swarming motility.
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Figure 4.11 Swarming and swimming motility tests

A- A swarm agar plate (0.5%, w/v) incubated for 48 hours at 37 °C. B- A swim agar plate
(0.15%, w/v) incubated for 12 hours at 37 °C. The plates were inoculated with 5 pL drop of
cultures (OD600 nm ~0.03): 168CA (wild type), dahag, single mutants AcwlS, AcwlQ, and
AcwlO, and double mutants, AcwlQ AcwlO, AcwlS AcwlO, and AcwlS AcwlQ to evaluate the
swarming and swimming motilities of these strains.

4.4.3 Flagellin expression in autolytic mutants

One possibility for the absence of the flagellar filaments in the double mutant cwlQ cwlO was
that a transcriptional block in flagellin protein expression rather than preventing effective
assembly of the flagellum filament. To determine if this was the case, the level of cell-associated
flagellin protein (Hag with a molecular weight of 32.47 kDa) was assessed in cell pellets from
the single mutants cwlS, cwlQ, and cwlO and the double mutants cwlIS cwlO and cwlQ cwlO,
including cells of the wild type and hag mutant. Cell lysates were resolved by SDS-PAGE, and
Western blot analysis was preformed using anti-Hag and PBP2B antibodies to determine the
level of flagellin subunit expression (Figure 4.12). PBP2B detection (a 79.12 kDa protein)

served as a control to ensure comparable loading across all of the lysates.
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This analysis showed that the level of flagellin was high in the wild type and single
mutants cwlS, cwlQ, and cwlO, as well as in the double mutant cwlS cwlO. However, in the
double mutant cwlQ cwlO, flagellin expression was severely reduced, despite the higher loading
than the other samples, as confirmed by the PBP2B loading control (Figure 4.12, indicated by

red arrows).

These findings suggest that the absence of flagellar filaments in the double mutant cwlQ
cwlO may be attributed to a decrease in flagellin protein synthesis. Thus, it is possible that the
double mutant experiences a disruption in the regulatory mechanisms or processes involved in

flagellin production, leading to a significant reduction in flagellin levels compared to the other

strains.
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Figure 4.12 Flagellin (Hag) expression in autolytic mutants

Western blot analysis of cell lysates is shown to detect the level of flagellin (Hag) expression in
the following strains: the wild-type 168CA, 4hag, AcwlS, AcwlQ, AcwlO, AcwlS AcwlO, and
AcwlQ AcwlO, using a 1/10000 dilution of Hag antibody as the primary antibody, and 1/10000
dilution anti-rabbit as the secondary antibody. The upper bands indicate the control PBP2B
detected by the PBP2B antibody as the primary, and anti-rabbit as the secondary (molecular
weight 79.12 kDa). The lower bands indicated the level of Hag expression in each strain
(molecular weight 32.47 kDa). Red arrows indicate the severe reduction in Hag expression level
in the double mutant cwlQ cwlO, even though the loading of this strain was high at all-time

points.
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4.4.4 Transcriptional regulation of flagellum genes

To determine the underlying cause of the interruption in flagellin expression in the double
mutant cwlQ cwlO and the delay in flagellar assembly in the double mutant cwlS cwlO, we
conducted experiments to investigate whether there was altered transcriptional regulation caused
by the loss of autolytic functions. Here, we exploited the fact that SigD is the key regulator of
flagellar expression and used a lacZ reporter construct in the yxkC gene as a way to determine
SigD activity. YXKC is a SigD dependent protein, and it was chosen as it is unrelated to flagella,
ensuring that any observed effects were not influenced by potential interference from flagellar
components (117). By measuring the activity of SigD through a p-galactosidase assay, our goal
was to determine whether SigD activity was reduced in the autolytic mutant backgrounds and if
this could account for the observed deficiency in flagellar assembly. As can be seen from the
activity profile for the wild-type strain, the expression of yxkC is not solely regulated by SigD
but is expressed at a significantly lower level in a sigD null mutant, without a spike in activity at
40 min after motility was induced by the medium shift (Figure 4.13). Analysing the
transcriptional activity of this reporter in the double mutant cwlQ cwlO and cwIS cwlO, in
combination with a AflgM background (where FIgM acts as an inhibitor of SigD), activity levels
similar to the wild-type strain were obtained (Figure 4.13, indicated in orange and yellow lines).
This suggesting that the expression of flagellar proteins was not affected in these double mutants
cwlQ cwlO and cwlS cwlO, where SigD activity was constitutively active. In contrast, the double
mutants in the AsigD background exhibited no 3-galactosidase activity, indicating that the
expression of flagellar genes was blocked due to the absence of SigD function (Figure 4.13,

indicated in grey and dark blue lines).

Based on these observations, the disruption of flagellar hook and filament assembly in the
double mutants cwlQ cwlO and cwlS cwlO was not attributable to transcriptional effects on the
flagellar genes as the expression levels imply that the expression of flagellar genes, including
those responsible for flagellin synthesis, was not the primary cause of the observed phenotype.
Instead, the hook and the filament assembly rely on the proper functioning of either CwlO or
CwlQ, with a minor contribution from CwIS. The absence or malfunction of either of these
autolytic enzymes results in a disruption of the flagellar assembly process, leading to the
observed defects in the flagellar structure. The reduced expression of flagellin seen in the CwlQ
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CwIO strain could potentially be related to the fact that FIgM is not lost in this strain as it is
exported from the cell when the basal body is assembled correctly, resulting in SigD activity
driving the expression of the flagellin protein, Hag. This was why the transcriptional activity

assays were done in a flgM null strain to avoid this level of regulation.
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Figure 4.13 Transcriptional regulation of flagellum genes

B-galactosidase activity of SigD was assessed in the double mutants cwlQ cwlO and cwIS cwlO
in sigD or flgM backgrounds using a lacZ reporter construct in the yxkC gene. The growth of
these mutants was conducted in liquid media using the shift from LB to PTM media as the
starting point for sampling and was incubated at 37 °C with shaking.

4.5 CwlO has two functions in cell wall modification

Since the DD-carboxypeptidase (DacA) is involved in the CwlO activity (as discussed in the
previous chapter), it was expected that the absence of DacA might affect the function of CwlO in
relation to flagellar assembly. To investigate this hypothesis, the presence of flagella was
assessed in mutants of cwlQ dacA and cwlQ cwlIS dacA compared to the wild type and single
mutants cwlO and dacA. All strains were in the Hag ¢ background and were stained with
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Alexa Fluor 488 C5-maleimide conjugated dye to expose flagella under fluorescence microscopy
(Figure 4.14). Surprisingly, all strains exhibited proficient flagella comparable to the wild type,
indicating that the role CwlO plays in flagellar insertion does not require DacA. This finding
suggests that CwlO has two distinct functions in cell wall modification: one related to cell

growth and another involved in the insertion of flagellar filaments through the cell wall.

WT AcwlO AdacA AcwlQ AdacA  AcwlQ AcwlS AdacA

Phase

T209C
Hag

Figure 4.14 The flagellar assemble in dacA background

Fluorescent micrographs of flagellin assembly in the following strains: AcwlO, AdacA, AcwlQ
AdacA, and AcwlQ AcwlS AdacA with the Hag™%C allele of flagellin compared to their wild type
(AA043). Scale bars represent 2 microns. Cells were collected in 45 mins after shifting the
medium from LB to PTM. The cells were stained with Alexa Fluor 488 C5-maleimide
conjugated dye (green).

4.6 Discussion

This chapter explores the intricate mechanism by which flagella penetrate the mesh-like structure
of the cell wall of B. subtilis. Studying the mechanisms of flagellar assembly and insertion
required a way to stimulate their formation rapidly and synchronously in the growing culture.
These processes are tightly regulated and primarily initiated in response to specific
environmental conditions, particularly during periods of starvation. In a standard growth
medium like LB, flagella production is a late process that mainly occurs during the stationary
phase. However, by shifting the medium to a semi-defined medium, it is possible to create
optimised conditions that promote rapid flagellar assembly and initiate response to starvation.

This shift leads to the rapid formation of complete, long flagella within approximately 40

162



Chapter 4. Flagellum Assembly Through the Dynamic Cell Wall

minutes. However, true motility, indicated by active swimming of the cells, only becomes
evident after a significantly longer period of time. This observation suggests that other signaling

processes or factors are required to enable functional motility.

Flagella assembly involves a complex interplay of various proteins, starting from
embedding the basal body into the cell membrane, which serves as a core of the specialised
secretion apparatus. The secretion apparatus exports proteins necessary for the formation of the
flagellar rod, hook, and filament. The polymerisation and arrangement of rod proteins through
the thick cell wall are crucial for constructing the more distal compartments (hook and filament).
However, prior to this assembly, the action of autolytic enzymes is required to create a suitable
pore for the flagellar rod formation. In other bacterial species, flagellar formation relies on the
action of autolytic enzymes to facilitate their insertion through the cell wall. In E. coli, the
autolytic enzyme FlgJ facilitates the passage of the flagellar rod through the peptidoglycan layer,
potentially acting as a "drill" to allow flagellar rod assembly (185), but in B. subtilis, no FlgJ
homolog has been identified. In this study, flagellar formation in B. subtilis was investigated in
the absence of vegetative autolytic enzymes. Through systematic deletions of vegetative
autolytic genes, it was determined that no single autolytic enzyme is responsible for facilitating
flagellar rod formation. Instead, the formation was severely affected in the double mutant cwlQ
cwlO, where CwIQ is specific to the flagellar assembly, and CwlO is best characterised as having
arole in cell elongation. It is worth mentioning that a recent study by Sandra (118) reported that
the absence of CwlQ and CwlIO resulted in a swarming motility defect but not in flagellar
formation. However, it should be noted that this work was performed in a different genetic
background (swrA+), which is known to promote an increased number of flagellar production
(183, 248) and does not contradict the results presented here as our analysis did not look at

swarming directly as our background is swarming defective.

The glycosaminidase CwIQ and the DL-endopeptidase CwlO are redundant for flagellar
formation. The double mutant cwlQ cwlO exhibited the basal body but failed to assemble the
flagellar hook and filaments. This observation suggests that cells have the genetic potential to
respond to environmental changes by forming flagellar basal bodies, as this phenotype is not
caused by significant transcriptional changes in flagellar gene expression. Instead, it seems that
the flagellar rod encounters difficulties in passing through the thick peptidoglycan layers without
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the function of either CwlQ or CwlQO, resulting in the failure in hook and filament assembly.
Another possibility is that a complete mutation in cwlQ and\or cwlO may result in other
secondary protein complex formation issues that may lead to the observed phenotypes. Thus,
active site mutations in these genes should be carried out to assess the phenotypes more

accurately.

Intriguingly, our findings suggest that the DL-endopeptidase CwiIS is also involved in
flagellar assembly. The double mutant cwlS cwlO displayed a significant delay of approximately
two hours in the formation of the flagellar hook and subsequent filament assembly, even though
this strain exhibited the basal bodies at the expected time. This suggests that CwlQ alone is
insufficient to facilitate the passage of the flagellar rod through the cell wall, and the assistance
of CwIS or CwlO is necessary. These observations indicate that CwlS likely plays a minor role
in compensating for the function of CwlIQ in flagellar assembly. Thus, the absence or
malfunction of these autolytic enzymes results in a disruption of the flagellar assembly process,
leading to the observed defects in the flagellar structure. However, when CwlO was
complemented in the double mutant cwlQ cwlO, the more distal components of the flagella, such
as the hook and filament, were not restored to their normal state. Similarly, in the cwlS cwlO
mutant, the delay in the assembly of these components was not fully corrected. This suggests

that the artificially induced CwIO is insufficient for rescuing the flagellar assembly defect.

Notably, the single mutants cwlO, cwlQ, and cwlS, as well as the double mutant cwlQ
cwlS, exhibited defects in swarming motility. This indicates that the presence of Cwl proteins is
essential for the coordinated swarming behaviour of bacteria on soft agar surfaces. Interestingly,
despite the swarming defects, these mutants retained swimming capability at low agar
concentrations, albeit with varying degrees of impairment. This suggests a differential
requirement for Cwl proteins in swarming versus swimming motilities and highlights the specific
roles of these proteins in facilitating efficient bacterial movement in solid and liquid
environments. The slight reduction in swimming motility in the cwlS mutant suggests a partial
involvement of this protein in swimming behaviour. The double mutant cwlIS cwlQ displayed a
swimming defect comparable to the single mutant cwlQ, indicating a possible dominant effect of
the cwlQ mutation on swimming motility. The flagella of cwl mutants may not be fully
functional in supporting proper motility, possibly due to a defect in flagellar rotation. Moreover,
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the double mutant cwlIS cwlO also exhibited defects in both motility behaviours. Despite the
eventual flagella formation, the inability of this mutant to exhibit proper swarming or swimming

motilities suggests that flagellar assembly and function are separate processes.

Our earlier genetic studies provided evidence suggesting that DacA is essential for the
activity of CwlO in cell morphology, particularly in relation to the width and elongation of the
cell (see Chapter 3). This implies that CwlO's functionality is impaired when the peptidoglycan
contains pentapeptides in the absence of DacA, as DacA is responsible for removing the terminal
D-alanine from the pentapeptide chain in the peptidoglycan structure. Considering this, it was
initially anticipated that the absence of DacA might have an impact on the function of CwlO in
relation to flagellar assembly. However, mutants of cwlQ and cwlQ cwilS in the dacA
background exhibited proficient flagella. Interestingly, the involvement of DacA in swarming
motility has been indicated through transposon mutagenesis and high-throughput sequencing
(TnSeq) analysis (85). This analysis demonstrated that the absence of DacA led to a defect in
swarming, which implies that while DacA is not directly required for flagellar insertion, it plays
a role in facilitating efficient swarming motility. Nevertheless, our observations indicate that
CwiIO has dual roles in cell wall modification: one involved in cell growth that relies on DacA
activity and another involved in the insertion of flagellar filaments through the cell wall, which

appears to be independent of DacA.

4.6.1 Proposed model

The assembly of the flagellum structure involves the basal body, which acts as an anchor to the
cell membrane, and the secretion apparatus coming together (Figure 4.15A). At the same point,
modifications are required in the peptidoglycan structure. These modifications primarily rely on
the action of CwlO or CwlQ, with a minor involvement of CwlIS (Figure 4.15B/C), assuming that
the absence of these proteins dose not disrupt a secondary protein complex necessary for
flagellar insertion. CwlO, a cell membrane protein, interacts with other proteins and is believed
to act near the cell membrane, while CwlIS continues its function on the outer layers (Figure
4.15B/C). CwIQ appears to be active in both the inner and outer layers (Figure 4.15A/B/C). The
autolytic enzymes (CwlO, CwIQ, and CwlIS) play a crucial role in modifying the peptidoglycan
at the site where the basal bodies are assembled, potentially creating a cavity for the subsequent
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assembly of the flagellar rod. This modification then facilitates the formation of the more distal
compartments, such as the hook and filament (Figure 4.15D). Through this well-coordinated
process, fully functional flagella are constructed, enabling the bacterium to become mobile in its
environment. Considering these complex protein structures are inserted through the cell wall in
multiple places, it is surprising that this does not seem to have a significant impact on the cells

ability to continue to elongate and divide.
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Figure 4.15 Proposed model of flagellar insertion in B. subtilis

Cartoon diagram of the B. subtilis cell wall showing the process of flagellar assembly through
the PG. A- The assembly of the basal body and the secretion apparatus represents the initial steps
of flagellar assembly. B and C- The involvement of CwlO, CwlQ, and CwIS in modifying the
peptidoglycan structure at different layers of the cell wall. CwlO is primarily active near the cell
membrane, while CwIS operates in the outer layers. CwlQ is active across all layers. These
autolytic enzymes create a pore at the site of basal body assembly, facilitating the subsequent
assembly of the flagellar rod. D- The formation of distal components, such as the hook and
filament, through this modification process. The illustration was created with BioRender.com.
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5.1 Introduction

Flagella are long whip-like structures that protrude from the surface of bacterial cells. B. subtilis
is known for its highly organized and complex flagellar system, in which its subunits are
arranged in a distinctive (helicoidal) pattern, forming a bundle that allows the bacterium to swim
through its environment. The flagellum assembly is a multi-step process that involves the
sequential synthesis and export of flagellar components (basal body, rod, hook, and filament) and
their subsequent assembly into a functional structure (described in detail in Section 1.6/ Chapter
1). This structure extends from the cytoplasmic membrane, traversing the thick peptidoglycan

layers, and finally projects out into the external environment (see Chapter 4).

Regardless of the mechanism by which flagella pass through the cell wall, they must be
fixed landmarks on the cell surface, extending from the cytoplasmic membrane of the cell to the
environment. The peptidoglycan in B. subtilis is relatively thick, measuring approximately 20-
35nm and consisting of around 30 dynamic layers (3, 249, 250). Previous studies have reported
that peptidoglycan architecture elongates through the movement of the layers relative to each
other, resulting in twisted action, potentially mediated by the peptidoglycan strands being
arranged in a helix-like structure (235, 251). This was then used to explain how certain strains of
B. subtilis (presumably defective in aspects of cell wall metabolism) formed fiber-like structures
that appeared to be made up of long chains of cells that intertwined like the fibers in a cotton
thread (252, 253). To try and determine if these concepts were correct and obtain a different
perspective of the cell wall dynamics, it was possible that visualising the distribution and
movement of functional flagella on the cell surface could potentially provide evidence to support
this concept of the cell wall dynamics. In addition, modeling cell growth in terms of surface
movement also raises the question of whether the insertion of multiple flagella through the lateral
wall occurs during cell growth and is restricted to non-growing cells. This was partially
answered in the last chapter, but it raised the question, how does the cell wall synthetic apparatus
“work around” large membrane-embedded structures that project out of the cell? Thus, it was
important to investigate whether the flagella exhibit relative movement on the cell surface during
cell growth, given that the layers of the cell wall are thought to be dynamic in nature.
Additionally, the idea of growth with flagella poses the question as to how these structures are
evenly distributed, such that cell division results in equal numbers being inherited by the
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daughter cell. Something that again addresses aspects of the overall organization and dynamics

of the cell wall.

The aim of this chapter is to utilise the flagellar structure located on the cell surface as a
tool to enhance our understanding of the dynamics of the cell wall of B. subtilis. By studying the
behaviour of flagella in relation to cell growth, insights into the dynamics and organization of the
cell wall will be revealed, contributing to our overall understanding of bacterial cell biology. For
this analysis, the flagellum was divided into two visualisable components as landmarks on a
dynamic cell surface: the basal body and the hook/flagellum filament. The formation of the
basal bodies is an initial step in flagellar assembly, and they are membrane-associated, but at
some point, they must become attached to the cell wall. Thus, the appearance and dynamics of
these structures were investigated in relation to cell growth. Conversely, the hook and filament
are assembled essentially on the outside of the wall and represent the point where the assembly

has passed through the wall and would then fix in position.

5.2 Basal body number and cell growth

A strain expressing a FliM-GFP (green fluorescent protein) functional fusion was utilised to
track the formation and number of basal bodies. For this analysis, cells were induced to
synthesise flagella by growth in LB medium and “resuspension” in pre-transformation medium
(PTM; described previously (Section 4.2.1/ Chapter 4). This was defined as time 0, and samples
were collected at different time points relative to this.

By fluorescence microscopy, the basal bodies were visualised as green dots. Analysis of
these images showed an increase in the number of basal bodies after the shift to PTM, reaching
an apparent maximum after about 1-2 h (Figure 5.1A). Close inspection of multiple images from
several independent experiments showed that after two hours of incubation in PTM, nearly 99%
of cells had multiple basal bodies, and the culture was still exhibiting exponential growth (Figure
5.1B). This observation suggests that cells were able to continue to grow and divide even though
they had assembled a significant number of flagella basal bodies and presumably had fully
assembled flagella passing through the cell wall.

However, measuring the optical density as a proxy for the bacterial growth used to

estimate cell growth might reflect changes in cell density rather than the actual increase in the
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number of cells. To confirm that cells were still able to grow by elongation when flagella were
assembled in multiple places over the cylindrical portion of the cell, time-lapse imaging of a
single cell was used. Analyses of these time series showed that the assembly of multiple basal
bodies had no significant effect on the growth of the cells. Taking individual cells and
determining the time taken for these cells to elongate and divide indicated that there was no
significant difference between cells having multiple FliM foci and cells with few or none (Figure
5.2). This observation seems to support the notion that despite basal body assembly and

presumably fully assembled flagella passing through the cell wall, cells were not arrested in

growth.

A

Phase

FliM-GFP

Time (hour)

Figure 5.1 The basal body number in relation to cell growth

A- Fluorescent micrographs of FliM (basal body protein) in a strain background (AA028)
containing a fliM-gfp fusion, used to detect the number of basal bodies in relation to cell growth.
The scale bars represent 1 micron. B- A growth graph of AA028 strain at the time of microscopy
images were obtained. Each plotted point corresponds to the average of cell growth (OD600 nm)
based on three experimental replicates at the indicated time. Error bars represent the standard
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error of the mean. The pink arrow indicates that the cells were exponentially growing while they
have flagella, and this occurred in 99% of the cell population at this time. The TO sample refers
to when exponentially growing cells diluted back from LB to PTM.
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Figure 5.2 Time-lapse of cells growing and developing basal bodies
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Fluorescent micrographs of FliM (basal body protein) in a strain background (AA028)
containing a fliM-gfp fusion, used to detect the number of basal bodies in relation to the cell
growth. The TO image refers to when exponentially growing cells were diluted back from LB to
PTM. The time-lapse was recorded for 4 hours, with images taken every 10 mins. Scale bars
represent 2 microns.

5.3 Hook and flagellin localisation relative to basal body formation

The basal body, represented by the FliM protein, serves as the anchor for the flagella to the cell
membrane. Hence, it was possible that although the basal body had assembled, it was not
attached to the cell wall, and the rest of the flagellum structure was absent. In this state, cell
growth, mediated by cell wall synthesis, may not be impeded as the basal bodies would not be

fixed obstructions in the membrane, impeding the movement of the cell wall synthetic apparatus.

The assembly of the hook (FIgE) and the filament (Hag) indicates the successful passage
of the rod through the peptidoglycan layers and the completion of the flagellum. To determine if
there was a significant delay between FliM focus formation and the presence of a fully
assembled flagellum, co-localisation of FliM with FIgE or Hag was used. Initial experiments
used the Hag™%C allele combined with the FIiM-GFP fusion (AA048 strain). Flagellum
assembly was induced by shifting the growth medium from LB to PTM as before. The cells
were then either directly imaged for green fluorescence, corresponding to the FliM fusion, or
stained with Alexa Fluor 594 C5-maleimide to label the exposed cysteine tag on the flagellum
subunits (Hag), resulting in a red fluorescent signal associated with this protein. However,
determination of the number and origin of Hag filaments proved to be impossible by
fluorescence microscopy images because filaments were generally tangled together or wrapped
over the surface of the cell (Figure 5.3A).

Consequently, the localisation of the basal body protein (FIiM) in relation to the hook
protein (FIgE) was used since both took the form of reasonably discrete foci. Cells expressing
the FliM-GFP fusion protein and the FIgET'?3C allele in the AAQ35 strain were visualised using
fluorescence microscopy. The FIgE protein (hook protein) was labeled with cysteines and
stained with Alexa Fluor 594 C5-maleimide conjugated dye, resulting in a red fluorescence
signal. Imaging cells was found to be possible by conventional epifluorescence microscopy, and
it was clear that, in general, each basal body protein was associated with a hook protein, albeit
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with a slight shift in their localisation (Figure 5.3B). This could be attributed to a technical
artifact in the imaging method generally referred to as a chromatic shift. As a way to avoid this
problem and obtain a higher level of resolution imaging, structured illumination microscopy
(SIM) was used (Figure 5.3C). From this, it was clear that using the flagella as landmarks on the
cells was feasible, although the fluorescence signal from the GFP fluorophore exhibited a

problematic degree of photobleaching, meaning that time-lapse imaging would be limited using
these techniques.
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Figure 5.3 Localisation of the basal body, hook, and filament

A- Fluorescent micrographs of FliM (basal body protein) in a strain background (AA048)
containing a fliM-gfp fusion and Hag ™ allele of flagellin, used to detect the localisations of the
basal body in relation to flagellin. B- Fluorescent micrographs indicate the localisation of FIiM
(basal body protein) in relation to FIgE (hook protein) in a strain background (AA035)
containing a fliM-gfp fusion and flgE (hook protein) cysteine labeled with a single surface-
exposed cysteine residue. Cells were collected in 45 mins after shifting the medium from LB to
PTM. The cells were stained with Alexa Fluor 594 C5-maleimide conjugated dye (red). Pink
arrows indicate the locations of FIiM and FIgE. C- Structured Illumination microscopy images
of FliM-GFP and FIgET'?3¢, Scale bars represent 2 microns.
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5.4 Visualising cell growth and surface movement of the flagellar hook

To track cell growth and the relative position of flagella, strains were constructed with a
fluorescent fusion that labeled the cell membrane, WalP23-GFP, and tagged components of the
flagellum complex. The pattern of cell wall expansion was determined by analysing the
movement of the flagellar hook during cell growth. Cells with a walP23-gfp fusion and flgE
T123C allele were stained with Alexa Fluor 594 C5-maleimide conjugated dye (red) and observed
under a fluorescence microscope as they grew. Time-lapse sequences of images captured the
cell dimensions and septum, indicated by WalP23-GFP, as well as the flagellar hook represented
by red dots (Figure 5.4). The flagellar hooks were observed to be located either near the edge of
the cell poles (represented by red boxes) or scattered further away from them along the cell axis

(represented by green boxes) (Figure 5.5A).

To analyse the distance between the flagellar hooks and/or cell poles, lines were drawn in
micrometres (um) using the fluorescent images at TO (representing the parent cell) and after 75
minutes of growth (representing the daughter cells) of growth, and then the length of these lines
was compared. The distance between hooks 1 and 3 (represented by the green line) increased
from 0.5 to 0.7 um, and the distance between hooks 4 and 5 (represented by the grey line)
increased from 0.7 to 1.3 um (Figure 5.5 B/C/D). Similarly, the distance between the flagellar
hooks and the cell septum (hooks no.5, no.7, and no.6) increased from 0.8 to 1.4 um (blue line),
0.7 to 1.2 um (pink line), and 5.1 to 8.9 um (yellow line), respectively. The white line between
flagellar hook no. 5 and the cell pole increased from 1.5 to 2.4 um, and the distance between
flagellar hook no.7 and the cell pole increased from 1.6 to 2.6 um (represented by the orange
line) (Figure 5.5 B/C/D).

The flagellar hooks 1 and 2 that were very close to the cell poles remained relatively
constant, indicating low cell wall synthesis in this area (Figure 5.5E, purple arrows). The
movement of the flagellar hooks along the lateral cell wall, as shown by the black horizontal line
linking hooks 5 and 6, indicated that the cell wall elongates along the axial direction of the cell
(Figure 5.5E). The distance between the cell pole and the flagellar hooks located further away
from the cell poles increased as the cells elongated, suggesting ongoing cell wall synthesis in

these areas.
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F|gET123C

WalP23-GFP

Overlay

Figure 5.4 Tracking flagella on a cell surface

Time-lapse fluorescent images showing the universal joint protein (FIgE) of the flagella used as a
landmark on the cell surface, utilising a strain with a walP2s-gfp and FIgET*%*C allele. The TO
image refers to when exponentially growing cells diluted back from LB to PTM. The strain was
stained with Alexa Fluor 594 C5-maleimide conjugated dye (red) to introduce a single surface-
exposed cysteine residue. Scale bars represent 2 microns. Images were captured at 5-minute
intervals.
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D E

Line and a hook Distance in Distance in
number microns at TO | microns at 75

min

Green line (1to 3) 0.5 0.7

Grey line (4 to 5) 0.7 1.3

Blue line (5 to division 0.8 1.4
site)

Pink line (7 to division 0.7 1.2
site)

Yellow line (6 to a cell 0.4 0.9
pole)

White line (6 to a cell 1.6 2.6
pole)

Orange line (7 to a cell 1.5 2.4
pole)

Figure 5.5 Tracking flagellar hooks on the cell surface

A- A fluorescent image from the time-lapse at TO is shown, displaying the FIgE protein, along
with a corresponding cartoon. The red boxes show the zones near the poles, while the green
boxes are the further zones. The strain, with walP23-gfp and flgE™*?3C backgrounds, was stained
with Alexa Fluor 594 C5-maleimide conjugated dye (red) to introduce a single surface-exposed
cysteine residue. B- Fluorescent images from the time-lapse images at TO and 75 minutes are
presented, depicting the parent cell initially and later the daughter cells, respectively. Coloured
lines represent the changing distances, in microns (um), between hooks and division or polar
sites, as well as the changing distances between two hooks. C- Corresponding cartoons of the
fluorescent images illustrate the images at TO and 75 minutes. D- A table presents measurements
of the varying distances, in microns (um), that occur between hooks and division or polar sites.
E- Fluorescent images show the static hooks (indicated by purple arrows) and the movement of
the hooks within the lateral cell wall, represented by a black line. The illustration was created
with BioRender.com. Scale bars represent 2 microns.
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5.5 Discussion

This chapter investigated the pattern of cell wall expansion in B. subtilis by examining the fixed
landmarks provided by the flagella projections on the cell wall. The flagella are complex
structures consisting of inner components (basal body and rod) and outer components (hook and
filament) within the bacterial cell. Considering the structure of the flagella, it was initially
expected that their insertion into the cell wall would interfere with the orientation of the
cytoskeleton and hinder the synthesis and lateral movement of the peptidoglycan layers relative
to each other. However, during this study, it was observed that cells exhibiting a significant
number of flagellar basal bodies were able to grow and divide normally, exhibiting a significant
number of flagellar basal bodies. The basal body is the base of the flagellum that is constructed
in the cell membrane, so it was possible that the rest of the flagellar structure was absent and not
yet attached to the cell wall during cell growth. A study by Guttenplan (182) showed that the
assembly of a fully functional flagellum when artificially induced, takes approximately 40
minutes. This process involves the basal body assembly, which takes up to 5 minutes, followed
by the hook assembly (10 minutes), and the first appearance of the filament is in 15 minutes,
which then grows into a longer filament within an additional 10 minutes. This indicates that
during rapid growth, the mother cell develops flagella that become functional in the daughter
cells. The use of a shift media technique from LB to PTM was also found to stimulate the
formation of full flagella within 40 minutes. During this time period, it was observed that each
basal body contained a hook. However, it was challenging to detect flagellin in relation to the
basal body and hook as the flagella often appeared tangled together or wrapped over the cell

surface.

Understanding how cell growth copes with and encompasses the flagella is a novel way
to address the mechanisms behind cell wall expansion. Preliminary observations have indicated
that the flagella can be found either near the cell caps region or further away on the lateral cell
wall. A similar study conducted on E. coli proposed a model that utilises the flagella as fixed
landmarks, showing that the flagella are located either in the inert zones (spherical caps)
specified as 0.27 pm from the cell poles’ tips or the active zones (cylindrical body) (254). In the
inert zones, the flagella remain fixed, whereas in the active zones, they undergo movement

during cell elongation. Similar observations were made in the current study using B. subtilis as a
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model organism, indicating that cell wall synthesis is slower at the cell caps but more active at
the lateral cell wall during cell elongation. This aligns with the observations made by Koch and
Doyle (8) supporting the concept that B. subtilis elongates cylindrically during growth, with the
poles serving as fixed support points that do not undergo significant changes in the

peptidoglycan structure.

Earlier studies have reported that the peptidoglycan architecture elongates in a twisted
manner, with the peptidoglycan strands arranged in a helix-like structure (235, 251). Given that
the flagella move along the axial direction of the cell (Figure 5.6A), it is believed that the flagella
remained static at the cell wall, and cell wall synthesis occurs in a twisted manner around the
flagella, pushing them along the axial direction (Figure 5.6B). This model explains why the
flagella remains constant close to the cell poles, as the cell wall synthesis in these regions is very

slow.

D’ 28
6 (4)

Figure 5.6 Proposed model of the cell wall elongation in a flagellated cell

A- A mother cell devolves flagella during cell growth. B- The peptidoglycan expands in a
twisted manner, allowing the mother cell to elongate and divide, giving two daughter cells.
During cell wall expansion, the flagella on the lateral cell wall are pushed and moved toward the
axial direction of the cell, whereas the flagella at the cell poles remain constant as there is no cell
wall expansion in those regions. The illustration was created with BioRender.com.

From the limited data obtained in this work, which was unfortunately impacted by the
Covid-19 pandemic crisis, there is no clear indication that there is axial separation of pairs of
flagella during growth. Also, there were challenges during our attempts to trace the flagella.
This experiment employing fluorescence microscopy was hindered by cell rotation, which

affected the accuracy and resolution of the observations. To overcome this challenge and obtain
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more precise results, the decision was made to repeat the experiment using Total Internal
Reflection Fluorescence (TIRF) microscopy. Necessary adjustments were made to set up the
TIRF microscopy experiment. The experimental conditions were carefully prepared to ensure
optimal usage of the TIRF microscopy technique. Unfortunately, despite the preparations and
efforts made to utilise TIRF microscopy, unforeseen constraints limited the available time for
conducting the experiment. As a result, the experiment could not be completed within the

allocated time frame.
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Bacillus subtilis is a bacterial species that is very common, often isolated from soil, and
has been extensively studied as a model organism for bacterial research due to its fully
sequenced genome, ease of genetic manipulation, and the fact that it exhibits cellular
differentiation during sporulation. It is also widely exploited industrially for the production of
secreted enzymes, e.g., proteases and small metabolites such as riboflavin. More recently,
research has started to unravel the mechanisms by which this bacterial species is able to
faithfully maintain its distinctive rod-shaped morphology through coordinated cell wall synthesis
without compromising its structural integrity. It is also clear that the mechanisms employed are
conserved in a wide range of bacteria, particularly Gram-positive species, both rod-shaped and
coccoid, but also many processes seem to be similar in the structurally different Gram-negative
bacteria. Thus, having a comprehensive understanding of how B. subtilis functions is more than
just academic curiosity; it has application clinically through understanding how to perturb
bacterial growth and industrially, through the optimisation of bio-processes as greener
alternatives for both pharmaceutical and chemicals that currently directly or indirectly rely on

petrochemicals.

The thesis presents a set of findings related to how B. subtilis can degrade the cell wall in
a controlled way such that cell enlargement is possible under standard lab conditions. From this
work, it is shown that growth requires only one of two key autolytic enzymes, LytE or CwlO.
The other comparable enzymes, meaning having the ability to degrade the cell wall, that are
expressed in vegetative growth (LytD, LytG, LytC, LytF, CwlS, and CwlIQ) are dispensable for
growth but clearly have other roles. LytE and CwlO have long been known to be important and
purportedly functionally redundant (105). However, the fact that functional analysis of CwlO
clearly indicates that it is membrane-associated and this interaction (with other proteins - FtSEX
and SweCD) is required for its activity (107, 111). In contrast, LytE is secreted and seems to be
functional without regulation; hence, it can function anywhere in the wall, making it hard to see
how they were functionally interchangeable. In this respect, the results presented here resolve
the conflicting concept of having an active autolytic enzyme near the site of new wall synthesis,
in that CwlO has a probable substrate preference (requires the terminal D-alanine to be removed
from the peptidoglycan by DacA and LdcB (60, 69)). In addition, this work clearly shows that
although one is able to permit cell growth to occur, the resulting cells have distinctive, though
potentially subtle morphologies, depending on the growth conditions (Figure 3.4); the results
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also indicate that the functional redundancies are much more complicated (Chapter 3/ Sections
3.3 and 3.7). At the simplest level, the loss of CwlO results in problems with both cell
morphology and LytE, while LytF acts to minimize the consequences of this defect during
normal cell growth. In addition to these differences in vegetative growth, CwlO was found to
play a key but, again, partially redundant role in permitting the assembly of flagella (CwIQ and
CwiIS also having at least partially overlapping activities). Interestingly, both CwlO and LytE
are suggested to be important for other processes where the passage of material must cross the
cell wall; of this, genetic competence is one which was encountered in this work but not
investigated in detail. The observation that the loss of either LytE or CwlO has a significant
impact on the ability of B. subtilis to be naturally transformed (227) and our observation that
dacA has a similar effect potentially implies that the DNA uptake channel requires these two
enzymes in different ways to allow DNA to reach the cell membrane. Perhaps CwlO allows the

channel to assemble correctly, and LytE opens the wall to allow the DNA to reach the channel!

In summary, this work has tried to address cell wall metabolism from a different
perspective, which was discussed in detail in each chapter. Most previous research had focused
on the synthetic aspect of peptidoglycan and had not addressed how controlled cell degradation
might be modulated. Perhaps unsurprisingly, it was found that this aspect of bacterial cell
biology, like most other essential processes in B. subtilis, has many functionally redundant
components. Here, the best guess would be that this ensures functionality under all conditions,
such as extreme environmental changes, but equally could suggest that the mechanisms have
been duplicated for specific processes, but in so doing, the original function is still maintained.
This latter option could apply to the activities of CwlO, CwIS and, CwlQ, where they clearly
have overlapping functions in some aspects but not all. However, perhaps the most important
aspect that this work has provided is an insight into how old and new cell walls may be
differentiated. This has potentially interesting applications, as the ability to disrupt the control of
the autolytic system represents a novel route to the development of antibiotics. The idea being
that autolysins are essential, but if uncontrolled, they are lethal to the cell under normal
conditions. Thus, resistance cannot be attained by simple loss of function, and the alternative
mechanism to repurpose the mechanism is likely to be complex and unlikely to occur rapidly.
Thus, one direction of research would be to confirm how much of this mechanism is common to

other bacteria. Current literature, to some degree, suggests that DD-carboxypeptidases have
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important roles in E. coli (255-257), M. th. (258), and Caulobacter (259), although it is unclear if

these roles are linked to the function of CwlO like autolytic enzymes.

Despite these insights, a deeper understanding of each autolytic enzyme's precise role
during vegetative growth requires further investigation. This analysis now seems possible, given
the fact that the absence of DacA will have an impact. It would allow an understanding of how
the wall is recycled and which enzymes are important in this process. A possible approach could
involve exploring at the biochemical level to determine if there are alterations in cell wall
composition or if the culture medium of autolytic mutants contains detectable fragments of the
cell wall. Efficiently labeling the cell wall could permit visualisation of any changes in local
turnover within living cells and also enable easy detection of cell wall fragments released into
the culture medium during growth by utilising advanced techniques like High-Performance

Liquid Chromatography (HPLC) and mass spectrometry.

Furthermore, the presence of growth defects and twisting phenotypes in dacA background
strains emphasizes the importance of accounting for morphological abnormalities during cell
wall labeling analysis. In this instance, these phenotypes hindered the precise assessment of cell
wall turnover and synthesis based on fluorescent signals. It is crucial to recognise such
limitations and explore alternative approaches or additional techniques to complement the cell
wall labeling data. By integrating multiple approaches, researchers can achieve a more
comprehensive understanding of cell wall dynamics, thereby overcoming the limitations posed

by specific phenotypes or challenges in labeling.

Considering B. subtilis' conjugation mechanism for DNA transport through the cell wall,
facilitated by specific pili structures, raises intriguing questions about autolytic enzyme
involvement in their assembly (191, 260). These pili are capable of traversing the layers of the
cell wall in a manner reminiscent of flagellar insertion. It is plausible that the extension of these
pili necessitates the involvement of autolytic enzymes, enabling them to successfully traverse the
cell wall and facilitate the uptake of DNA into the cell. Thus, do the autolytic enzymes
responsible for flagellar assembly (CwlO, CwlQ, and CwIS) also play a role in the pili assembly?
Would an inhibitor of CwlO or its interactors (DacA?) result in pathogen adhesion being lost?
Further investigations are required to contribute significantly to the broader understanding of B.

subtilis and its intricate cell wall dynamics.
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To extend the significance of these findings, it's crucial to broaden the investigation
beyond B. subtilis to other bacterial species. Examining the roles of DD-carboxypeptidases and
autolysins in diverse microbial contexts, including Gram-negative bacteria and pathogens, could
provide valuable insights into conserved or divergent functions. Such comparative studies will

contribute to a broader understanding of cell wall dynamics across different microbial systems.
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Appendix 1- DacA is a secreted protein
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Supplementary Figure 1.1 DacA is a secreted protein

A- Western blot analysis of cell lysates is shown to detect GFP-DacA expression in the
following strain (AA101) with the dacA Pxy-gfp-dacA, using a 1/10000 dilution of GFP
antibodies. The upper band indicated GFP-DacA (molecular wight 75.47 kDa), while the lower
band indicated the cleavage GFP (molecular wight 27 kDa). B- SDS PAGE of the168CA cell
lysate shows the PBPs labeled by the Bocillin FL stain. Red arrows are the bands corresponding
to DacA.

To determine whether DacA is a cell membrane or secreted protein, strain AA101 with the
dacA Pxy-gfp-dacA was used. The correct construct was first checked via western blot (as
described in Chapter 2/ Section 2.16). However, it was observed that GFP was cleaved off,
which could lead to incorrect DacA detection (Supplementary Figure 1.1A). Consequently,
Bocillin FL (Invitrogen) was used as a labeling reagent to detect penicillin binding proteins
(PBPs), specifically DacA (PBP5) (218).

Samples were prepared as: 20 mL LB was inoculated with 168CA cells and incubated at
37 °C overnight. The following day, the growing culture was diluted back in fresh LB (OD600
nm ~0.05) and incubated until reaching (OD600 nm ~0.5-1). The culture was labeled by 20 ul of

Bocillin FL penicillin stain (Invitrogen) and allowed to incubate for 2 minutes. Subsequently, 1
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mL of the culture was centrifuged at 13,300 x g for 3 minutes. The supernatant was discarded,
and the cell pellets were placed in ice. The remaining 29 mL culture was centrifuged, and the
cells were suspended in 20 mL MSM (1 M sucrose, 0.04 M malic acid, 0.04 MgCl2.6H20, pH
6.5) (261). Next, 0.4% (w/v) lysozyme (4 mg/mL) was added, and the sample was incubated
with light shaking for 20 mins. 1 mL of the sample was collected and centrifuged, and the cell
pellets were kept in ice. The remaining sample was divided into two tubes, with one receiving 1
mg/mL of proteinase K and the other receiving 5 mg/mL. After 5 and 10 minutes, 1 mL of each
sample was collected, centrifuged, and placed in ice. The remaining samples were treated with

0.01%, (v/v) Tween detergent for 10 min, collected, centrifuged, and kept in ice.

Subsequently, all samples were suspended in SDS buffer containing a proteinase K
inhibitor, sonicated and resolved via SDS-PAGE (as described previously in Chapter 2/ Section
2.16.1). The labeled penicillin binding proteins were visualised via a Typhoon scanner - FITC

channel (488 nm- blue) with an absorbance peak of 490 nm.

Distinct bands of PBPs labeled with Bocillin FL were identified (Supplementary Figure
1.1B). The DacA band was still observed even after lysates were treated with lysozyme

(protoplast cells), confirming that DacA is a secreted protein (red arrows).
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Appendix 2- Reserved-phase high-performance liquid chromatography (RP-HPLC) profile

Supplementary Table 2.1

Miiropeptide® Miiropeptide identification 16BCA 16BCA (25mM Mg) AdacA AlytE AlytF AdacA (25mM Mg} TytE*™ cwlo***
1 Tri 0.91 173 4] ] 0.87 1.19
2 Tri (NH,) (PO,) 113 133 0.55 1.08 0.44 0.64
3 Tri (MHy) 16.11 17.57 16 0.86 17.08 17.4
4 Tri (NH,) 0 0 0 0 0 0
5 Di 2.19 211 255 175 263 367
[ Tri-Ala-mDap (NH;) 0.74 0.94 1] 0.43 o.F 1.21
7 tetra [NH,) 0.83 076 0.39 0 0.88 0.91
B Tri-Ala-mDap (NH2 )2 1.79 0.87 026 0.26 252 344
] penta (Glys (NH2) 1] 0.24 4.43 8.47 [i] ]
10 Tri Tetra (-GM) (NH2)2 0.66 0.43 0 0.48 0.57 0
11 penta (NH2) 0 0 16.56 19.06 0 0
12 Tri Tetra [-G) 0 0 1.34 1.28 o 0
13 Tri Tetra (NH2) [PO4) 0.81 1.21 427 2,01 077 0.57
14 Tetra Tetra (-GM) (NH2|2 03 118 312 162 0.89 081
15 Tri Tetra ([NH2) 11.67 .02 5.55 11.01 10.01 1284
18 Tri Tetra (NH2) (deAc) 1.95 248 1.46 077 1.07 1.19
19 Tri Tetra (NH2) (deAc) 2.02 258 14 288 0.87 1.15
20 Tri Tetra (NH2) 1.32 211 3.05 5.46 215 1.93
21 Tri Tetra [NH2)2 28.42 18.22 20,49 15.58 38.36 30.21
22 Tri Tetra (NH2)2 (defc) 4.3 1.7 T.01 3.06 X 258
23 Tri Tetra (NH2)2 (deAc) 0.52 075 0.57 0.31 0.67 0.57
24 Penta (Gly5) Tetra a 0.66 018 a [+] ]
25 Penta (GlyS) Tetra (NH2)2 0.56 0.56 0.33 0.54 0.82 X3
26 TetraTetra (NH2 )2 0.66 0.47 0.6 073 0.81 073
27 PentaTetra (NH2)2 0.5 0.31 1 115 [N g 0.54
28 TriTetraTetra (NH2)2 0.42 0.6 0.52 0.79 ] 0.4
29 TriTetraTetra (-G} 1.06 1.49 1.34 167 0.75 064
30 TriTetraTetra (NH2)2 0.59 0.56 ] 1] 1] 1]
31 TriTetraTetra (NH2)3 2.51 318 1.86 1.05 1.51 203
3z TriTetraTetra [NHZ)3 (deAc) 3.4 1.89 0.51 [ 288 257
33 TriTetraTetra [NHZ)3 (deAc) 0.87 0.34 0 0 053 0.49
34 Penta(Gly5)TetraTetra (NH2)2-3 0.52 '] 0.32 '] 4] ]
35 TriTetraTetraTetra ([NH2)2-3 0.66 0.81 0.27 0.36 ] 058
36 TriTetralAnh) (NH2J2 0 0 0 0 0 0
7 TriTetraTetraTetra [NH2 4 1.08 0.82 024 0.18 1.5 1.3
38 TriTetraTetralAnh) (NH2)2 0 0 07 0.20 0 0

* Muropeptide are numbered from the RP-HPLC profile of muropeptides (Supplementary Figure
2.1) and as described by Atrih (60).

** |ytE is the multiple vegetative autolytic mutant that only expressed LytE and lacked LytD,
LytG, LytC, LytF, CwlS, CwlQ, and CwlO enzymes (4lytD AlytG AlytC AlytF AcwlS AcwlQ
AcewlO)

***cwlO is the multiple vegetative autolytic mutant that only expressed CwlO and lacked LytD,
LytG, LytC, LytF, CwliS, CwlQ, and LytE (4lytD AlytG AlytC AlytF AcwlS AcwlQ AItE).
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Supplementary Figure 2.1 Muropeptide analysis

RP-HPLC profile of muropeptides for the following strains: A- 168CA, B-168CA (25 mM
Mg?"), C- AdacA, D- AlytE AlyF AdacA (25 mM Mg?*), E- AlytD AlytG AlytC AlytF AcwlS
AcwlQ AcwlO, and F- AlytD AlytG AlytC AlytF AcwlS AcwlQ AtE.
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Appendix 3- Width and length variations between different genotypes

Supplementary Tables 3.1 Width and length variations of strains in a dacA background

A- Percentage of width variation in mid-exponential phase

Strains AdacA AlytF AlytE AlytE AdacA | AlytF AdacA | AlytF AdacA
(+Mg?) (+Mg*)
AdacA - 17.74 24.8 -13.05 -8.26 -17.79
AlytF -15.07 - 5.99 -26.15 -22.08 -30.18
AlytE -19.87 -5.65 - -30.33 -26.49 -34.12
AlytE AdacA 15.01 35.41 43.53 - 551 -5.45
(+Mg*)
AlytF AdacA 9.00 28.34 36.03 -5.22 - -10.39
AlytF AdacA 21.64 43.22 51.8 5.76 11.59 -
(+Mg?)
B- Percentage of width variation in stationary phase
Strains AdacA AlytF AlytE AlytE AdacA | AlytF AdacA | AlytF AdacA
(+Mg*) (+Mg*)
AdacA - 10.99 16.28 -17.96 -18.51 -21.97
AlytF -9.90 - 4.76 -26.09 -26.58 -29.70
AlytE -14.00 -4.54 - -29.45 -29.92 -32.90
AlytE AdacA 21.90 35.30 41.75 - -0.66 -4.89
(+Mg*)
AlytF AdacA 22.71 36.20 42.69 0.67 - -4.25
AlytF AdacA 28.16 42.25 49.03 5.14 4.44 -

(+Mg*)




C- Percentage of length variation in mid-exponential phase

Strains AdacA AlytF AlytE AlytE AdacA | AlytF AdacA | AlytF AdacA
(+Mg*) (+Mg*)
AdacA - -20.93 -36.39 1.25 -11.99 -2.11
AlytF 26.47 - -19.56 28.05 11.30 23.79
AlytE 57.21 2431 - 59.18 38.36 53.89
AlytE AdacA -1.23 -21.90 -37.18 - -13.08 -3.32
(+Mg*)
AlytF AdacA 13.63 -10.15 -27.72 15.05 - 11.23
AlytF AdacA 2.16 -19.22 -35.02 3.43 -10.09 -
(+Mg*)
D- Percentage of length variation in stationary phase
Strains AdacA AlytF AlytE AlytE AdacA | AlytF AdacA | AlytF AdacA
(+Mg*) (+Mg*)
AdacA - -18.55 -28.76 -1.04 5.92 7.60
AlytF 22.77 - -12.53 21.49 30.04 32.11
AlytE 40.37 14.33 - 38.90 48.67 51.04
AlytE AdacA 1.05 -17.69 -28.01 - 7.03 8.74
(+Mg*)
AlytF AdacA -5.59 -23.10 -32.74 -6.57 - 1.59
AlytF AdacA -7.07 -24.30 -33.79 -8.04 -1.57 -

(+Mg*)




Supplementary Tables 3.2 Width and length variations of strains in dacA and/or mreB
backgrounds

A- Percentage of width variation in mid-exponential phase

Strains AdacA AmreB AmreB AdacA

AdacA - -16.40 -43.15

AmreB 19.62 - -32.00
AmreB AdacA (+Mg?) | 75.90 47.05 -

B- Percentage of width variation in stationary phase

Strains AdacA AmreB AmreB AdacA

AdacA - -13.60 -36.50

AmreB 15.74 - -26.50
AmreB AdacA (+Mg?") | 57.47 36.05 -

C- Percentage of length variation in mid-exponential phase

Strains AdacA AmreB AmreB AdacA

AdacA - -11.76 25.74

AmreB 13.33 - 42.51
AmreB AdacA (+Mg?") | -20.47 -29.83 -

D- Percentage of length variation in stationary phase

Strains AdacA AmreB AmreB AdacA

AdacA - -14.91 -10.76

AmreB 17.52 - 4.87
AmreB AdacA (+Mg?) | 12.06 -4.65 -
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Supplementary Tables 3.3 Width and length variations of strains in dacA and/or cwlO

backgrounds

A- Percentage of width variation in mid-exponential phase

Strains AdacA AlytF AcwlO AcwlO AdacA | AlytF AcwlO | AlytF AdacA
AdacA - 17.74 -3.27 -12.13 -4.87 -8.26
AlytF -15.07 - -17.85 -25.37 -19.21 -22.08
AcwlO 3.38 21.72 - -9.16 -1.66 -5.16
AcwlO AdacA 13.80 33.99 10.08 - 8.26 4.40
AlytF AcwlO 5.12 23.77 1.69 -7.63 - -3.56
AlytF AdacA 9.00 28.34 5.44 -4.22 3.69 -
B- Percentage of width variation in stationary phase
Strains AdacA AlytF AcwlO AcwlO AdacA | AlytF AcwlO | AlytF AdacA
AdacA - 10.99 -2.72 -19.12 -12.46 -18.51
AlytF -9.91 - -12.36 -27.13 -21.13 -26.58
AcwlO 2.80 14.10 - -16.86 -10.01 -16.23
AcwlO AdacA 23.64 37.23 20.28 - 8.24 0.75
AlytF AcwlO 14.23 26.79 11.12 -7.61 - -6.92
AlytF AdacA 22.71 36.21 19.38 -0.75 7.43 -




C- Percentage of length variation in mid-exponential phase

Strains AdacA AlytF AcwlO AcwlO AdacA | AlytF AcwlO | AlytF AdacA
AdacA - -20.93 5.02 44.84 -14.13 -11.99
AlytF 26.47 - 32.81 83.17 8.60 11.30
AcwlO -4.78 -24.71 - 37.92 -18.23 -16.20
AcwlO AdacA -30.96 -45.41 -27.49 - -40.71 -39.24
AlytF AcwlO 16.45 -7.92 22.30 68.67 - 2.49
AlytF AdacA 13.63 -10.15 19.33 64.58 -2.43 -
D- Percentage of length variation in stationary phase
Strains AdacA AlytF AcwlO AcwlO AdacA | AlytF AcwlO | AlytF AdacA
AdacA - -18.55 -13.16 19.23 10.64 5.92
AlytF 22.77 - 6.62 46.38 35.84 30.04
AcwlO 15.15 -6.21 - 37.29 2741 21.96
AcwlO AdacA -16.13 -31.68 -27.16 - -7.20 -11.16
AlytF AcwlO -9.62 -26.38 -21.51 7.76 - -4.27
AlytF AdacA -5.59 -23.10 -18.01 12.57 4.46 -

215




Appendix 4- Multiple autolytic mutants

A AlytD AlytG AlytC AlytF AewlS AcwlQ AlvtE

Phase FM

Supplementary Figure 4.1 Brightfield and fluorescence microscopy images of multiple
autolytic mutants

Full field of view of multiple autolytic mutants of: A- AlytD AlytG AlytC AlytF AcwiS AcwlQ
AlytE and B- AlytD AlytG AlytC AlytF AcwlS AewlQ AcwlO. Cells of these strains are in very
long chains that are tangled, giving a network-like appearance. Scale bars represent 20 microns.
The cells were stained with FM5-95 dye.
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Appendix 5- Cell phenotypes in the absence of LdcB in IytE and/or lytF backgrounds

168CA

AldcB AlytE

AldcB AlytF

AldcB AlytF AlytE

Supplementary Figure 5.1 Morphological effect of the absence of LdcB in different mutant

Fluorescence microscopy images show the cell morphology of strains lacking IdcB IytE, |dcB
IytF and IdcB IytF IytE compared to the wild type (L68CA). The cells were stained with FM5-95
dye. Scale bars represent 4 microns.

To investigate whether the absence of LD-carboxypeptidase, LdcB, affects the CwlO
activity similar to DacA, cells of the mutant IdcB in IytF and/or IytE backgrounds were grown in
LB medium until reaching the exponential phase. The cells were visualised under fluorescence
microscopy using FM dye. The absence of LdcB in lytF and/or IytE backgrounds exhibited
moderate effects. Notably, cells of the triple mutant IdcB lytF IytE displayed a distinctive twisting
phenotype, indicating that CwlO function is slightly affected by the absence of LdcB activity.
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