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Zusammenfassung

Aus zellbiologischer Sicht besteht groRe Ahnlichkeit zwischen dem harmlosen
Bodenbakterium Corynebacterium glutamicum und Mycobacterium tuberculosis, dem
Ausloser der Lungenkrankheit Tuberkulose. Das Langenwachstum einzelner Zellen
erfolgt ausschlieflich von den Polen her. Dies unterscheidet sich von der Mehrheit der
bekannten Bakterien. Ein weiteres Merkmal der sogenannten CMN (Corynebacteria,
Mycobacteria, Nocardia)-Gruppe besteht in dem Aufbau der Zellwand. Diese ist
charakterisiert durch eine duRRere, hydrophobe Mycomembran (MM), die kovalent Gber

eine Schicht aus Arabinogalaktan (AG) an das Murein (PG) der Zellwand gebunden ist.

In der vorliegenden Arbeit wurden verschiedene Aspekte des Wachstums und der
Teilung von C. glutamicum charakterisiert. Die rdumlich-/ zeitliche Organisation
einzelner Zellen und deren Bestandteile standen dabei im Fokus. Die Analysen erfolgten
mit Hilfe biochemischer, mikroskopischer und datenverarbeitungstechnischer-
Methoden. Die Entwicklung einer Bild-Analyse Umgebung fand Anwendung in mehreren

Publikationen.

Mit Hilfe einer Mikrofluidik-Kammer wurden mikroskopische Zeitreihen-Aufnahmen von
wachsenden C. glutamicum Mikrokolonien erstellt. Einzelnen Zellen aus den jeweiligen
Teilbildern wurden mittels einer eigens dafiir entwickelten Software vermessen und in
einen genealogischen Kontext gesetzt. Die so erhaltenen Daten wurden von dem Co-
Autor der Studie mit einer neu entwickelten Inferenz-Methode analysiert. Daraus ergab
sich eine Charakterisierung der Wachstumsdynamik einzelner Zellen. Der ,asymptotisch
linear’ genannte Modus beschreibt eine anfangliche Beschleunigung der Elongations-
geschwindigkeit, die dann in eine Sattigung Ubergeht. Die Erklarung hierfiir liegt in
Organisation der Wachstumszonen und der Reifung des neuen Zellpols nach der Teilung.
Weiter konnte anhand der Daten gezeigt werden, dass eine strikte Teilungssymmetrie
bei apikal wachsenden Bakterien flir eine normale Langenverteilung der Zellen innerhalb

einer Population Uberfllssig ist.

In einem weiteren Teil-Projekt wurden die zellularen Effekte von zwei Antibiotika
verglichen. Hierbei handelt es sich um das lange etablierte Ethambutol (EMB) und die

experimentelle Substanz Benzothiazinon 043 (BTZ).



Zusammenfassung

EMB wird seit langerem fiir Behandlung von Tuberkulose angewendet, BTZ hingegen
wird momentan zu diesem Zweck klinisch evaluieret. Beide Stoffe wirken an
unterschiedlichen Stellen des Stoffwechselweges zum Aufbau der AG-Schicht. Mit
speziellen Farbetechniken, Fluoreszenzmikroskopie und Bild-Analyse konnte gezeigt
werden, dass durch nicht letale Konzentrationen beider Substanzen das apikale
Wachstum in einzelnen Zellen zum Erliegen kommt. Dies geht einher mit einer Anderung
der Morphologie, behandelte Zellen erscheinen kirzer und breiter. Neben dieser
Gemeinsamkeit zeigten die Antibiotika auch einen unterschiedlichen Effekt. Im Fall von
EMB konnte nach entsprechender Farbung eine Diskontinuitdat der MM an den Zellpolen
beobachtet werden. Nach der Zugabe von BTZ trat hier keine Veranderung im Vergleich
zur Kontrolle auf. Der entsprechende Befund konnte mittels elektronenmikroskopischer
Aufnahmen bestatigt werden. Hierbei zeigte sich auch, dass die Organisation der
einzelnen Schichten der Zellwand durch beide Stoffe stark beeinflusst wird. Die
Integritdt der MM spielt fir die Zelle eine schiitzende Rolle. Dies zeigte sich anhand von
kombinierten Verdiinnungsreihen. Zusammen mit EMB zeigten B-Lactam Antibiotika
eine synergistische Wirkung. Im Gegensatz dazu wurde bei der Kombination mit BTZ nur

eine additive Wirkung festgestellt.

Mittels einer programmierten Analyse von statischen, fluoreszenzmikroskopischen
Aufnahmen, konnte zur Entdeckung der diploiden Chromosomenorganisation von
C. glutamicum beigetragen werden. Durch die Extraktion von Fluoreszenzprofielen
einzelner Zellen und anschliefender Sortierung konnte die dynamische Lokalisation von
ParB Uber den Zellzyklus dargestellt werden. Diese zeigt ein spiegelsymmetrisches
Muster, bei dem jeweils ein Fokus vom Zellpol zur Mitte migriert, abhangig von der
Linge der Zelle. Die bekannte wirkweise des ParABS-Systems und der apikale

Wachstumsmodus untermauern die Entdeckung.

Des Weiteren konnte im Rahmen dieser Arbeit die zellzyklusabhangige Lokalisation der
DNS-Pumpe FtsK durch datenverarbeitungstechnische Bildanalyseverfahren dargestellt
werden. Mit Hilfe eines Transposon Mutagenese Experiment wurde zundchst ermittelt,
dass sich ftsK im Kontext der Abwesenheit des DNS-Topologie organisierenden Proteins

SMC als essenziell darstellt. Die langere Verweilzeit des markierten FtsZ Derivats in
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mutierten Zellen wurde als Folge erhohter Entropie auf den Fortschritt des Zellzyklus

bewertet und mit Hilfe von Einzelmolekilanalyse (single particle tracking, SPT) bestatigt.

Zusammenfassend wurden eine Reihe neuer Erkenntnisse liber das Wachstum und die
Teilung von C. glutamicum gewonnen. Dabei kamen auch neu entwickelte Methoden
zum Einsatz, welche einen weiteren Einsatz erlauben. Wichtige Aspekte zur Regulation
der Zelllange wurden erstmals fir das apikale Wachstums dargestellt. Die zellbiologische
Charakterisierung von EMB und BTZ tragt zum Verstindnis der Wirkweise beider
Antibiotika bei. Abschliefend gelang mit den Beitrdgen zur Entdeckung der diploiden
Chromosomenorganisation von C. glutamicum und der Beschreibung des Einflusses der
Chromatidstruktur auf den Fortschritt des Zellzyklus ein tieferer Einblick in das

dynamische Werden der Zellstruktur.
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Abstract

From a cell biological standpoint, there is a great similarity between the harmless soil
bacterium Corynebacterium glutamicum and Mycobacterium tuberculosis, the causative
agent of the lung disease tuberculosis. Longitudinal growth of individual cells occurs
exclusively from the poles, differing from the majority of known bacteria. Another
characteristic of the so-called CMN (Corynebacteria, Mycobacteria, Nocardia) group is
the structure of the cell wall. It is characterized by an outer hydrophobic
mycomembrane (MM) and a layer of arabinogalactan (AG) covalently bound to the

peptidoglycan (PG) of the cell wall.

In the present work, various aspects of C. glutamicum growth and division were
characterized. The spatio-temporal organization of individual cells and their components
were the focus. Analyses were performed using biochemical, microscopic, and data
processing methods. A developed image analysis environment found application in

several publications.

By using a microfluidic chamber, microscopic time-lapse images from growing
C. glutamicum microcolonies were obtained. Individual cells from each timeframe were
measured and placed in a genealogical context using custom software developed during
the thesis. The resulting data were analyzed by the co-author of the study by using a
newly developed inference method. This resulted in a characterization of the growth
dynamics of individual cells. The mode called 'asymptotic-linear' describes an initial
acceleration of the elongation velocity, which then changes into plateau. The
explanation for this lies in organization of growth zones and maturation of the new cell
pole after division. Further, the data showed that strict division symmetry in apically
growing bacteria is unnecessary for a normal length distribution of cells within a

population.

In another sub-project, the cellular effects of two antibiotics were compared. These are
the well-established anti-tuberculosis drug ethambutol (EMB) and the experimental
compound benzothiazinone 043 (BTZ). Both substances act at different points in the
metabolic pathway building up the AG layer. By using special staining techniques,

fluorescence microscopy and image analysis, it was shown that sublethal concentrations

Vil



Abstract

of both substances cause apical growth in individual cells to cease. This is accompanied
by a change in morphology. Treated cells appear shorter and broader. In addition to this
commonality, the antibiotics also showed a different effect. In the case of EMB,
discontinuity of MM at the cell poles was observed after appropriate staining. Upon the
addition of BTZ, no change occurred here compared to the control. The corresponding
finding was confirmed by electron microscopy. This also showed that the organization of
the individual layers of the cell wall is strongly influenced by both substances. The
integrity of the MM plays a protective role for the cell. This was shown by combined
dilution series. Together with EMB, B-lactam antibiotics showed a synergistic effect. In

contrast, when combined with BTZ, only an additive effect was observed.

Furthermore, the analysis of static fluorescence microscopic images, described in this
thesis contributed to the discovery of the diploid chromosome organization of
C. glutamicum. By extracting fluorescence profiles of single cells and subsequent sorting,
the dynamic localization of ParB over the cell cycle could be visualized. This shows an
opposing pattern of foci, migrating from the cell poles to the center, depending on the
length of the cell. The known mode of action of the ParABS system and the apical

growth mode support the discovery of diploidy.

Finally, the cell cycle-dependent localization of the DNA pump FtsK was demonstrated
by using image analysis. With the help of a transposon mutagenesis experiment it was
first determined that ftsk gets essential in the context of the absence of the DNA
topology organizing protein SMC. The longer dwell-time of the labeled FtsZ derivative in
mutant cells was found to be a consequence of increased entropy on cell cycle

progression and was further confirmed by single particle tracking (SPT).

In summary, several new insights into the growth and division of C. glutamicum were
gained. Newly developed methods were extensively used and allow for further
application. Important aspects of the regulation of cell length were presented for the
first time for apical growth. The cell biological characterization of EMB and BTZ
contributes to the understanding of the mode of action of both antibiotics. Finally, the
contributions to the discovery of the diploid chromosome organization of C. glutamicum
and the description of the influence of chromatid structure on the progress of the cell
cycle, a deeper insight into the dynamic development of this cell structure was gained.

VI






1 Introduction

1.1 Importance of Corynebacterium glutamicum

1.1.1 Biotechnological relevance

By the mid-1950s, an increasing demand for L-glutamate as a flavoring agent set the
Asian food market for innovative production methods. The Japanese pharma company
Kyowa Hakko started a screening program for the isolation of L-glutamate producing
microorganisms (Kinoshita et al., 1957). The resulting discovery and characterization of
Micrococcus glutamicus, later renamed to Corynebacterium glutamicum, was the global
starting point of industrial amino-acid fermentation (Abe et al., 1967; Kinoshita,
Nakayama, & Akita, 1958). Nowadays, the accompanying research on the physiological,
metabolic, and genetic properties has contributed to a detailed picture of the central
metabolism in C. glutamicum.

Uniting a variety of useful assets, C. glutamicum has established as one of the most
important organisms in the field of white biotechnology (J. Y. Lee et al., 2016).
C. glutamicum is generally regarded as safe for humans (GRAS). It grows to high cell
densities, uses a broad spectrum of carbon sources, and strong secondary metabolism
properties make it an ideal platform for fermentative production (Hartbrich et al., 1996;
Kawaguchi et al., 2009; J. Y. Lee et al., 2016; Nakamura et al., 2003; Wendisch, Bott, &
Eikmanns, 2006).

After the first successful commercial production of L-glutamate, the economic potential
of a fermentative industry was broadly recognized and further developed. Within a few
years, based on the L-glutamate producing strain, random mutagenesis and selection
methods were used to create a potent production strain for L-lysine (Kinoshita,
Nakayama, & Kitada, 1958). In the 1970s, strains for the production of L-tyrosine,
L-phenylalanine and L-tryptophane were engineered (Hagino & Nakayama, 1973, 1974,
1975). More strains for the industrial production of different amino acids and strategies
for yield optimization were developed in the 1990s (lkeda & Katsumata, 1992; Mizukami
et al., 1994).

In the beginning of the millennium, DNA microarrays and high-throughput methods
helped to reveal global transcriptional regulatory networks of C. glutamicum (Loos et al.,

2001). In 2003, the whole genome sequence was published by two independent groups

1



Introduction

(lkeda & Nakagawa, 2003; Kalinowski et al., 2003). By then, DNA recombination
technologies and growing insights into vector systems and the metabolic flux allowed for
the heterologous expression of organic acids, alcohols, biopolymers, and proteins (B. Lee
et al,, 2015; J. Lee, 2014; M. J. Lee & Kim, 2018; Liu et al., 2007; Siebert & Wendisch,
2015).

Along with general developments in the field of molecular biology, the product portfolio
of C. glutamicum has dramatically increased. Systems- and synthetic biology approaches
are harnessed to optimize the yield of certain products (Ravasi et al., 2012; Wendisch,
Bott, Kalinowski, et al., 2006). Recent developments aim at the metabolic engineering of
aromatic compounds, amines and non-proteogenic w-amino acids (Grigoriou et al.,
2020; Heider & Wendisch, 2015; Kallscheuer & Marienhagen, 2018; Wendisch, 2020).
The ongoing improvements of sequencing technologies enabled for TN5 transposon
mutagenesis analyses (Suzuki et al., 2006). This technique provides a global view on the
importance of single genes under a certain condition. Consequently, with various
CRISPR/Cas9-applications, a broad access to the genome is granted (Cho et al., 2017,
Cleto et al., 2016).

Still, to this day, the main products produced by C. glutamicum are L-amino acids (Lee et
al., 2016). Predominantly they find use as feed supplement for livestock industries. The
feed-supplements L-lysine and D-/L-methionine are used to increase the protein yield in
animals and represent the highest production volumes. Besides only niche usage in
pharmacy and cosmetic industry, the food industry is the second biggest market for
fermentative produced amino acids. Here, the salt of L-glutamic acid, mono-sodium
glutamate (MSG) plays an important role as flavor enhancer and ubiquitous ingredient in
convenience-food. A further example of amino acids in food industry is the dipeptide
Asp-Phe, better known as the artificial sweetener aspartame. The COVID-19 pandemic
has shown an increase in the demand of packaged food and pharmaceuticals. Regarding
only glutamic acid, the global market value is expected to rise from 9.8 bn$ in 2020 up to

16.6 bnS in 2030 (Alliedmarketresearch, 2023).

The prominent role of C. glutamicum in the industry has caused many related projects in
academic research. Today, the growing set of methods for manipulating C. glutamicum
includes various types of plasmids, such as E. coli - C. glutamicum shuttle expression

2
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vectors (Bakkes et al., 2020). Different kinds of inducible and constitutive promoters are
available next to a broad variety of selection markers. The plasmid-based, ectopic
expression of gene products provides an accessible approach for affinity-tag protein
purification and basic microscopic localization studies of fluorescent proteins (NeSvera &
Patek, 2011). For the chromosomal integration of genes, cloning vectors based on the
relaxase Mob of the E. coli conjugation system were developed (Schifer et al., 1994). Via
homologous recombination, tagged or altered variants of target genes can be integrated
into the native genomic locus. This either enables microscopic localization studies of
gene products at native concentrations, or the selective disruption of a gene or gene

parts.

1.1.2 Taxonomic subsumption

Right after the discovery of C. glutamicum, the genus was misinterpreted (Kinoshita,
Nakayama, & Akita, 1958). Seventy years ago, all reported Corynebacteria were
classified as pathogens, among them C. diphtheriae and C. pseudotuberculosis. Peer-
group suggestions eventually led to a renaming from Micrococcus glutamicus to
Corynebacterium glutamicum by its discoverers (Abe et al., 1967). With improvements in
taxonomic analysis methods, various, formerly mis-classified species and strains were
renamed to C. glutamicum or used as synonyms. Among them, representatives of
Brevibacteria, Microbacteria, Micrococci, or Arthrobacter (Liebl et al., 1991; Oberreuter
et al., 2002). Several clinically relevant species were revealed as close taxonomic
relatives of C. glutamicum. By using classical approaches, and later confirmed by 16S
rRNA/rDNA sequencing, a distinct clade was detected that includes the genera
Mycobacterium, Corynebacterium and Nocardia (Barksdale, 1970; Danhaive et al., 1982;
Stackebrandt et al., 1997). The common denominator of this, so called CMN-group, is
found in the molecular organization of the cell-envelope. The robust, diderm type of
envelope consists of a peptidoglycan (PG) layer on top of the plasma membrane that
carries an arabinogalactan (AG) scaffold for an outfacing hydrophobic, mycomembrane
(MM). This is specific for the high-GC Gram-positive bacteria. Compared to the type of
cell wall which represents the low-GC Gram-positive bacteria, e.g., Staphylococcus
aureus, Streptococcus pneumoniae, or Bacillus subtilis, it appears substantially different.

Here, the cell wall is formed only by a thick, single mesh of PG (Fig. 1).
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For CMN-bacteria, the outfacing bilayer of surface-bound MAs and free trehalose mono-
and dimycolates (TMM/TDM) serves as physical barrier against the aqueous
environment (Marrakchi et al., 2014). The viscosity of the MM is rendered by the chain
length of the MA-residues. This trait is used as a taxonomic marker within the CMN-
group (M. D. Collins et al., 1982). With a length of 90 C-atoms, the MA-residues cause a
waxy and uneven surface on growing colonies of Mycobacterium spp.. Single bacteria
stain acid-fast. In C. glutamicum, shorter MA-residues with a length of about 40 C-atoms
lead to colonies that exhibit a smooth and moist surface, while acid-fast staining shows a

negative result (Lamanna, 1946).

The MM protects the cell inside from water-soluble chemicals. This plays a central role
in the persistent infection of human macrophages by Mycobacterium tuberculosis
(Rankine-Wilson et al., 2021). The associated consumptive illness has coevolved towards
a steady burden for global health (WHO, 2021). Until today, no broadly applicable
measure has been found to reliably contain or cure this disease. The emergence of
multiple (MDR) and extensively drug resistant (XDR) strains of M. tuberculosis marks the
present challenge in the field. Besides that, other notorious diseases caused by the
infection of CMN-members had shown to be more prone to medical intervention. Today,
the respiratory system disease diphtheria, caused by the toxin producing C. diphtheriae,
is controlled by vaccination and antibiotics (Young & Mood, 1945). Also, the threatening
potential of the Hansen’s disease, caused by Mycobacterium leprae, nowadays is limited
by an effective treatment (Bechelli & Guinto, 1970). Nonetheless, a large variety of
inflammatory ailments are still related to representatives from the superordinate CMN-
group. With C. ulcerans, C. equi, M. heamophilum and Nocardia farcinica only to name a
few, zoonotic and opportunistic CMN-type pathogens provide a potential threat,
especially for immunocompromised patients (Lipsky et al., 1982). Among other
beneficial traits, the harmlessness of C. glutamicum qualifies for the role as a model for
various pathogens. Besides providing a good proxy for the effectiveness of antibiotics,

basic genetic CMN-elements can be studied at a minimum-security level.
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Figure 1: Cell wall models of the prokaryotic model organisms C. glutamicum, B. subtilis and E. coli. (A)
The mode of single cell elongation differs in bacteria. The rod-shaped morphology is commonly
maintained by, either the incorporation of PG through moving patches along the sidewall, as it is the case
for B. subtilis and E. coli, or by an apical, i.e. strict polar, elongation, as it is characteristic for C. glutamicum
and M. tuberculosis. Gram-negative bacteria are characterized by an inner and outer cell membrane (red).
Gram-positive bacteria are more rigid due to a thick layer of peptidoglycan (PG, blue/green). All three
model species represent a unique type of envelope that is connected to certain features. The CMN-type
cell wall occurs more rigid than in Gram-negatives, but includes an extracellular layer of arabinogalactan
(AG, violet) and a mycomembrane (MM, green) made of mycolic acids. (B) The apical synthesis of the
CMN-type of cell wall is connected to a unique structure. Like in all other bacteria, the plasma membrane
defines the innermost layer of the containment. The PG appears thicker compared to Gram negative cells,
due to a positive result upon respective staining. Distinct layers of arabinogalactan (AG) and mycolic acids
form a supportive surface for the arrangement of a hydrophobic mycomembrane (MM) as the outermost

layer.
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1.2 The corynebacterial cell wall
The envelope of the Actinobacterium Corynebacterium glutamicum consists of several

distinct layers. Apically elongating peptidoglycan (PG) gets covalently decorated by a
consecutive composite of arabinogalactan (AG) and mycolic acids (MA) (Fig. 2). The
multilayered envelope bears physical features that are distinct form the common model

organism E. coli or B. subtilis (Alderwick et al., 2015; Daffé, 2005; Daffe et al., 1990;

Houssin et al., 2020) (Fig. 1).

Figure 2: Mechanism of PG synthesis in C. glutamicum. (A) Representation of important steps during the
cell wall synthesis of C. glutamicum. The sequential assembly of peptidoglycan (PG, (@), blue),
arabinogalactan (AG, @ violet), and the mycomembrane (MM, @ green) define the sacculus, while
lipoglycans serve as structural trait (&), orange). (B) 3D-fluorescence micrograph of a v-shaped pair of C.
glutamicum cells. The green signal is exclusively obtained from a metabolic labeling of the MM, while the
red signal derives from the plasma membrane and the MM, due to a staining with NileRed. The forming
division septum shows the consecutive arrangement of both layers. (C) The fluorescence micrographs of

nascent PG unveil the apical mode of growth for C. glutamicum cells.
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The particular cell wall architecture is unique for a narrow clade among the genus of
Actinobacteria, named CMN (Corynebacterium, Mycobacterium, Nocardia)-group
(Barksdale, 1970; Jankute et al., 2015). Structurally different from the Gram-positive and
Gram-negative type of cell wall, it shares functional features of both (Cummins & Harris,
1958). The hydrophobic character of the MM is comparable to the outer membrane of
diderm Gram-negative bacteria (Claus & Roth, 1964) (Fig. 2B). While the rigidity of the
cell wall is attributed to a thick layer of PG, which is a common trait among Gram-
positive bacteria (Vadillo-Rodriguez et al., 2009) (Fig. 1A). The mode of longitudinal
growth of single cells also differs from the commonly used model organisms E. coli or B.
subtilis (Den Blaauwen et al., 2008; Shi et al., 2018). While both model species grow in
length by the incorporation of new material at the side walls, C. glutamicum exclusively
grows from the cell poles (Fig. 2C) (Daniel & Errington, 2003). The outfacing mycolic
acids serve as the inner leaflet of the characteristic, hydrophobic mycomembrane (MM)
(Dover et al., 2004). The exposed MA are structurally completed by a mobile phase of
trehalose mono (TMM)- and -di-mycolates (TDM). Consequently, the spatial and
temporal organization of the cell envelope sets the base for phenotypic characteristics,
such as the club-shaped morphology or the occasionally asymmetric cell division or the

rapid v-snapping (Umeda & Amako, 1983; Zhou et al., 2019).

Besides serving as a loadbearing structure for maintaining turgor, the cell wall appears
as a well-structured arrangement, populated by numerous functional proteins
complexes (Puech et al., 2001). These include active and passive transporters, sensory
Ser/Thr kinases (STPKs), cytoplasmatic cell wall precursor enzymes and cell wall
assembly complexes (Brecik et al., 2015; Martins et al., 2019; Mikusova et al., 2005;
Schultz et al., 2009; Valbuena et al., 2007). These interconnected functional complexes
ensure the cell’s homeostasis in a broad variety of tolerated environmental conditions.
The specific molecular arrangement of CMN-type cell wall serves as pathogenicity factor
in virulent representatives (Barksdale, 1970; Coyle & Lipsky, 1990; Suter, 1952). As a
prominent example for such cell wall associated virulence, in Mycobacterium
tuberculosis the hydrophobic property prevents the cells from digestion within
macrophages (Mackaness, 1952; Richard A. Slayden et al., 1996). Despite species specific

variations among the CMN-group, the underlying physiology is in large parts comparable
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between M. tuberculosis and C. glutamicum (Dover et al., 2004). The polar organization
of cell wall synthesis counts as a common hallmark (Hett & Rubin, 2008; Umeda &

Amako, 1983).

1.2.1 Peptidoglycan

Peptidoglycan (PG) is a large monomolecular, honeycomb like structure that defines the
sacculus of single bacterial cells (Holtje, 1998). It is formed by linear, B-(1-2>4)-linked
chains of the alternating amino sugars N-acetylglucosamine (GIcNAc) and
N-acetylmuramic acid (MurNAc). These chains are cross-linked by stem peptides which
are usually bound to MurNAc. The composition and configuration of the respective
amino acids are species dependent (Schleifer & Kandler, 1972). In C. glutamicum the
structure of the peptidoglycan is described as the Escherichia coli-type Aly (Schleifer &
Kandler, 1972). Here, the stem peptide consists of L-alanine (L-Ala; position 1), D-
glutamine (D-Glu; 2), meso-diaminopimelic acid (mDpm; 3), D-alanine (D-Ala; 4) and D-
Ala (5). Direct crosslinking occurs between the positions 324 by a D,D-transpeptidation.
Studies on the exact local PG turnover remain elusive in C. glutamicum. In
Corynebacterium jeikeium and M. tuberculosis an alternative 3->3 L,D-transpeptidation
between the mDpm residues is described (Lavollay et al., 2008, 2009). This non-
canonical condensation is linked to resistance against lysozyme and certain B-lactam
antibiotics, as well as more abundant in the stationary phase. In C. glutamicum the
amidation of mDpm by LtsA has shown to facilitate the 323 crosslink (Levefaudes et al.,
2015). The biosynthetic pathway for PG is conserved among large parts of the bacteria
(Barreteau et al., 2008; Vollmer & Bertsche, 2008). This process generally involves three
distinct steps: the synthesis of precursor molecules in the cytoplasm, the translocation
across the phospholipid membrane (PM) and the incorporation into the existing sacculus
(Barreteau et al., 2008; Pavelka et al., 2015; Raghavendra et al.,, 2018; Vollmer &
Bertsche, 2008) (Fig.3). In C. glutamicum the initial step for the PG precursor synthesis
starts with fructose-6-phosphate that is sequentially converted into uridine-diphospho-
N-acetylglucosamine (UDP-GIcNAc) by the enzymes GImS (respective gene: cg2492),
GImM (cg0675) and GImU (cg1076). In a following two-step process UDP-GIcNAc gets
converted into UDP-MurNAc by the enzymes MurA (cg0422) and MurB (cg0423). The

stem peptide is formed by the consecutive addition of L-Ala (MurC; cg2368), D-isoGlu
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(MurD; cg2371), mDpm (Murk; cg2374) and two D-Ala residues (MurF; cg2373). During
this process D-Glu gets converted into D-Glu (Murl; cg0262). Further, the alanine
racemase Alr (cg0681) is facilitating the conversion of D-Ala into L-Ala and vici versa,
while DdIA (cg1493) ensures the formation of the terminal D-Ala-D-Ala dipeptide. The
resulting UDP-MurNAc-pentapeptide is then loaded to the membrane integrated carrier-
molecule decaprenyl phosphate (DP) by the integral membrane protein MraY (cg2372),
thus forming lipid I. In a consecutive step, a molecule of GIcNAc gets B-(1-2>4)
transferred to the MurNAc residue of lipid | by MurG (cg2369), consequently forming

lipid Il. This molecule serves as the source for PG building blocks (Fig.3A).

Regarding the translocation of lipid Il across the PM, various candidate proteins have
been characterized, predominantly on variants from E. coli (Ruiz, 2015). A broad
conservation of these proteins suggests a common mechanism for most species.
Recently, the MOP (multidrug/oligo-saccharidyl-lipid/polysaccharide) superfamily
protein MurJ has been identified as a monofunctional lipid Il flippase in E. coli (Sham et
al., 2014). For C. glutamicum, the murJ orthologue cg3419 is present in the genome but
not further characterized. Earlier, the SEDS (shape, elongation, division, and sporulation)
superfamily proteins FtsW and RodA were examined regarding lipid Il translocation
activity (Datta et al., 2002; Meeske et al., 2016; Sieger et al., 2013; Szwedziak & Lowe,
2013). Both proteins form a complex with a cognate penicillin binding protein and play a
further role in the direct expansion of the PG sacculus (Valbuena et al., 2007). The
divisome associated FtsW has shown to act as a flippase in in vitro experiments by using
reconstituted parts of Escherichia coli (Mohammadi et al., 2011). The FtsW orthologues
in Mycobacterium spp. and C. glutamicum (Cg2370) are expected to fulfill the same
function as septal flippase (Ruiz, 2015). The elongasome associated SEDS protein RodA
(cg0061) has been examined closer in C. glutamicum (Sieger et al., 2013). A deletion
mutant showed a phenotype of diminished apical elongation growth. A further
experiment with fluorescently labeled vancomycin (Van-FL) resulted in an increased
signal at the lateral wall in C. glutamicum ArodA cells. Since the apical growth is still
present for the respective genotype and Van-FL is supposed to bind to lipid Il in the
periplasm, the result was interpreted as a compensation of the locally decreased lipid Il

translocation by the action of FtsW and its redirection. Due to the similarity of RodA to
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FtsW (31,9 %) and the obtained results, its role as apical acting flippase has been
suggested (Sieger et al., 2013). Compared to SEDS proteins, MurJ shows a significant
higher affinity to lipid Il (Bolla et al., 2018). This, and the broad conservation among
prokaryotes indicate its probable role as the major bacterial flippase (Butler et al., 2013;
Ruiz, 2008; Sham et al., 2014). This opened questions about the role of the mentioned

SEDS proteins and consequently revealed their major function as transglycosylases (TGs)

that conduct the actual expansion of the PG sacculus.
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Figure 3: Mechanism of PG synthesis in C. glutamicum. (A) Synthesis pathway of the PG precursor lipid Il
and its incorporation into a present PG mesh. The precursor formation starts with a conversion of uridine-
diphospho-N-acetylglucosamine (UDP-GIcNAc) to uridine-diphospho-N-acetylmuramine (UDP-MurNAc)
and the addition of the pentapeptide. Loaded to the membrane associated carrier decaprenol phosphate
(DP) the resulting lipid | serves as educt for lipid 1l formation by the addition of GIcNAc to the MurNAc
residue (D). The process involves the further translocation across the plasma ((2), asterisk), a
transglcosylase (TG) reaction to connect the lipid Il to the glycan backbone ((3)) and a transpeptidation
(TP) reaction of the stem peptide (). (B) Principal components of the apically located elongasome
complex. The longitudinal growth of single cells occurs through TG and TP reactions that push new
material towards the opposing pole. (C) Principal components of the divisome complex. Cell division is
fueled by the same pool of lipid Il. By the localization of the curvature sensitive DivIVA (green rods with

black tips), the formation of a new elongasome is initialized.
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This final integration of lipid Il into the existing PG mesh includes the incorporation into
the glycan backbone by TGs and the crosslinking of the stem-peptide by transpeptidases
(TPs). In C. glutamicum, the cell cycle dependent differentiation from a divisome into
two new polar elongasome sites is driven by the localization of the toposenitive,
scaffold-forming protein DivIVA (Letek et al., 2008). This stands in contrast to Firmicutes
and y-Proteobacteria, where new cell wall material is synthesized along the short axis of
wall, driven by the lateral acting MreB (Levin et al., 1992; van der Ploeg et al., 2015) (Fig.
3A, 3-4).

The opposing apical scaffolds, created by oligomerizations of the curvature-sensitive
DivIVA, attract various proteins that are responsible for elongation growth (Kang et al.,
2008; Lenarcic et al., 2009; Letek et al., 2008; Sieger & Bramkamp, 2015). Among them,
the widely conserved class of bacterial penicillin binding proteins (PBPs) plays an
important role for PG synthesis. The high molecular weight (HMW)-PBPs, PBPla
(cg0336), and PBP1b (cg3313), exhibit bifunctional TG/TP activity (Valbuena et al., 2007).
Both have been demonstrated to localize at the cell poles, and neither is essential. For
the SEDS protein RodA (cg0061) and the cognate, class bPBP PBP2b (cg0060) a
colocalization with DivIVA has been shown (Sieger et al., 2013; Sieger & Bramkamp,
2015). In combination, the monofunctional activities of RodA (TG) and PBP2b (TP) act as
a mechanism for the microscale apical elongation (Emami et al., 2017; Sher et al., 2021)

(Fig. 3B).

Driven by the tubulin-like protein FtsZ, the divisome apparatus forms two de novo cell
poles (Erickson, 1997). A septal SEDS/bPBP complex is found in FtsW (cg2370) and
Ftsl/PBP3 (cg2375) (Pogliano et al., 1997; Sher et al., 2021). The conserved role of Ftsl
along the cognate FtsW represents a central process of bacterial division across different
phyla (L. Wang et al., 1998; Weiss et al., 1999). In C. glutamicum, a third HMW-bPBP,
PBP2a (cg2199) was also associated to the divisome. Under optimal growth conditions,
the deletion did not cause an altered phenotype compared to the wild-type (Valbuena et

al., 2007) (Fig. 3C).

In addition to the HMW-, four low molecular (LMW)-PBPs are present in the genome of
C. glutamicum. Acting as D,D-carboxypeptidases, PBP4 (NCgl0650) and DacB/PBP4b
(cg2987/ NCgl2606) probably conduct mechanisms for cell wall maturation (Lavollay et
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al., 2009; Valbuena et al., 2007). For PBP5 (cg2649) and PBP6 (cg2478), the structural
similarity to B-lactamases accounts for a role in monitoring the status of the cell wall
(Jacobs et al., 1994; Valbuena et al., 2007). Further, the L,D-transpeptidases Cg0650 and
LppS (cg2720), catalyze a (3—>3) crosslink, are described but their function was not

investigated in detail (Lavollay et al., 2009).

1.2.2 Arabinogalactan

In C. glutamicum, the formation of the arabinogalactan (AG) layer appears connected to
the PG-synthesis (McNeil et al., 1990; Yagi et al., 2003). The steps of AG precursor
synthesis, translocation across the PM, and integration into the existing cell wall
resemble the process around lipid Il (Crick et al., 2001; Vilkas et al., 1973). A direct link is
found in a common use of the membrane integrated carrier molecule DP. In
Mycobacterium spp. the process of AG synthesis has been examined in detail (Hancock
et al., 2002; Mikuova et al., 2000; Yagi et al., 2003; N. Zhang et al., 2003). Involved sugars
appear in their furanoid/pyranoid ring form (f/p). The development and translocation of
the galactan chain (Galf~) appears inside the cell, uncoupled from the formation and

translocation of arabinose (Araf) subunits of the AG (Grover et al., 2014) (Fig. 4).

In C. glutamicum, the development of Galf~ (GlcNAc-L-Rha-Galfy,) is primed through the
formation of a complex between GIcNAc and DP (DP-PP-GIcNAc) by WecA (cg1359)
(Alderwick et al., 2005; Birch et al.,, 2008). The a-3-L-rhamnosyltransferase WbbL
supports the addition of a single Rhap molecule to the GIcNAc residue (Mikusova et al.,
2005; Mills et al., 2004). By using uridine-diphospho (UDP)-Galf as a precursor and
starting on Rhap, the sequential polymerization of multiple Galf residues is initiated by
the galactofuranosyl transferase GIfT1. The consequent Galf~ elongation through
alternating B-(1-25)/(1-2>6) linked Galf is catalyzed by GIfT2 (Beldnova et al., 2008; Birch
et al., 2008). The length of Galf~ varies among different species. For C. glutamicum,
shorter Galf~ chains were reported than for M. tuberculosis (Wesener et al., 2017). The
translocation of Galf~ across the PM is likely also conducted by Wzm/Wzt (Savkova et

al., 2021).

For the periplasmatic maturation of the AG, Araf residues are required (Fig. 4). Derived

from the pentose phosphate pathway, cytosolic ribose-5-phosphate (R5P) gets
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phosphorylated to phosphoribose diphosphate (pRpp) by PrsA and subsequently gets
primed for the binding to DP by UbiA (Alderwick et al., 2005). The resulting
decaprenylphosphoryl-5-phosphoribose (DPPR) complex gets further dephosphorylated
to decaprenylphosphoryl-B-D-ribose (DPR), likely by Cg3190. This is followed by the
consequent epimerization of DPR through DprE1l (cg0238) and DprE2 (cg0237), which
eventually leads to decaprenylphosphoryl-D-arabinose (DPA). Studies with fluorescent
pBTZ account for a periplasmatic localization of DprE1 (Brecik et al., 2015). The protein
Cg1680 is supposed to show a functional redundancy to DprE2 (Grover et al., 2014;
Meniche et al., 2008). In C. glutamicum translocation of DPR is likely conducted by GtrA

(Grover et al., 2014; Kolly et al., 2015).

DP +GlcNAC +Rhap ++Galf
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Figure 4: Mechanism of AG synthesis in C. glutamicum. The synthesis pathway involves the formation of
decaprenyl phosphate (DP) bound Galf~ chains is starting inside the cytosol with a binding of uridine-
diphospho-N-acetylglucosamine (UDP-MurNAc) to DP, followed by the addition of rhamnopyranose
(Rhap) and galactofuranose (Galf). Likely Galf~ gets translocated across the plasma membrane via
Wzm/Wozt. The Galf~ get decorated with arabinofuranose (Araf) residues at the positions 8, 10, and 12
(@). The free Araf in the periplasm derives from a DP bound epimerization of decaprenylphosphoryl
ribose (DPR) via the intermediate epimer (DPX), to decaprenylphosphoryl-D-arabinose (DPA), in prior to its
translocation across the membrane by GtrA ((2)). The Gal~ chains get covalently linked to the
peptidoglycan (PG) and successively decorated with branching arabinose residues ((3)-()). This
consecutive bifurcation of parallel oriented arabinose chains renders a dense, but flexible surface towards

the outside and further serves as scaffold for further mycolation.

The periplasmatic release of Galf~ and of Araf facilitates the ordered maturation of the

AG strands. The correct branching of the Araf chains is initiated and controlled by AraT
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and AftABCD, while the elongation of the Araf chains is conducted by proteins termed
Emb (Alderwick et al., 2005, 2006; Seidel et al., 2007). Mycobacterium spp. commonly
encode multiple emb variants, while in C. glutamicum only the orthologue of the
mycobacterial embC is present (Belanger et al., 1996; Sreevatsan et al., 1997). The Galf
chain of Galf~* consequently gets decorated with three arabinan domains at the
positions 8, 10 and 12 (Daffe et al., 1990). In a final step the terminal B(1->2)-Araf
residues become esterified by mycolic acids (MA), and hence forms a structural base for
the outfacing mycomembrane (MM) (Daffe et al., 1990; Huc et al., 2013). A detailed

view on the MM is found in the following section.

In C. glutamicum, the final transfer of the AG building block to a MurNAc residue of the
PG is achieved by LcpA (cg0847) (Baumgart et al., 2016; Kawai et al.,, 2011). The
accessory attachment of Rhap to the C2 position of a-(1-2>5)-linked Araf is a specific
feature of the AG in C. glutamicum (Birch et al., 2009). Together with equally distant
neighbors, the upper part of the AG forms a dense, extracellular quasi-surface for the

support of the MM.

C. glutamicum tolerates dysfunctional arabinan synthesis, while the galactan synthesis
appears essential (Alderwick et al., 2005; Raad et al., 2010; Wesener et al., 2017). In
M. tuberculosis, both functions are required for viability (Sassetti et al., 2003). A
knockout of ubiA in C. glutamicum appears still viable, despite the Araf production has
been impaired at an early stage (Alderwick et al., 2005). Since cell wall associated
lipoglycans were not affected from this, an alternative pathway for the Araf formation
was suggested (Tatituri et al., 2007). In general, the AG went into a closer focus as
potential target for antibiotics with a very narrow efficacy spectrum. An established
antituberculosis drug, ethambutol (EMB), is blocking the polymerization of the Araf
residues along the Galf~ by inhibiting the enzyme Emb (Forbes et al., 1962). The effect of
EMB is exploited in biotechnology and for medical treatment (Kaji et al., 2021;
Radmacher et al.,, 2005). A more recent development of an AG acting antibiotic is
represented by BTZ034. This research compound is acting on the epimerase DprE1l
during the formation of Araf (Grover et al.,, 2014; Makarov et al.,, 2009). Using
C. glutamicum as model organism, the effects of both antibiotics were examined in

detail within this work.
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1.2.3 Mycomembrane

The hydrophobic mycomembrane (MM) is a hallmark of the Corynebacteriales
(Barksdale, 1970; Lanéelle et al., 2013). Owing to the PG/AG arrangement, the inner
leaflet of the mycolic acid (MA) membrane is covalently linked to the cell wall (Fig. 5).
The outer leaflet is formed by small, mobile trehalose mono (TMM)- and trehalose di-
mycolates (TDM) (Fig. 5). The actual length of MA depends on the species and defines
the hydrophobic property of the MM (Barry et al., 1998). In C. glutamicum, the surface
of colonies is moist, even, and shiny. Here, the MA has a length ranging from about 22-
36 carbon atoms. For Mycobacterium spp., a length of 60-90 carbon atoms for the MA is
reported (Marrakchi et al., 2014). The colonies look dry, uneven, and waxy. The
variations in the chain length of the mycolic acids between Mpycobacteria and

Corynebacteria allow for a differentiation by acid fast staining (Lamanna, 1946).
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Figure 5: Mechanism of the MM assembly in C. glutamicum. The pathway starts with the cytosolic
synthesis of free MA through the fatty acid metabolism. These get fused to free trehalose molecules and
form TMM (D). Translocated to the periplasm, it serves as donor for at least three different mycolation
reactions ((2)-(@)). By interacting with a second TMM molecule, TDM and free trehalose are formed ().
By the AG mycolation of the terminal arabinose residues, the static, inner leaflet of the MM is set ((3). In
a final step of the MM assembly, free TMM and TDM form the mobile, outer leaflet ((@)). In addition, cell
wall spanning porins get mycolated proximal to the extracellular and to provide a stable anchor in the

outer envelope ((5)).

In C. glutamicum the MA are formed via products derived from FaslA (cg2743) and FasIB
(cg0957). These enzymes are part of the fatty acid (FA) metabolism and catalyze the
production of stearic acid (C18:0), oleic acid (C18:1), and palmitic acid (C16:0) (Slayden
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et al., 2000). The formation of activated FAs is mediated through FadD (cg3179) and
AccD2 (cg0811), AccD3 (cg3177), AccBC (cg0802), and AccE (cg0810) (Gande et al.,
2004). The single FA branches are fused to an a-alkyl B-ketoester by a Claisen
condensation, catalyzed by the polyketide synthase Pks (cg3178) (R. E. Lee et al., 1997).
This B-ketoester is further reduced to the mycolic motif by CmrA (Lea-Smith et al., 2007).
The mycobacterial Pks orthologue, Pks13, is reported to also catalyze the transfer of a
MA residue to a free trehalose molecule (Gavalda et al., 2014). This intracellular
formation of TMM sets for the subsequent translocation across the PM by the
transporter protein MmpL3 in Mycobacteria. In C. glutamicum the direct orthologue
cmpll (cg3174) showed no reduction in the level of free or bound mycolates upon its
deletion. With Cmpl2 (cg1054), CmplL3 (cg0722) and CmplL4 (cg0284) three further
putative transporters were identified. A double null mutant of cmpll and cmplL4
resulted in the complete abolishment of TMM production, likely due to feedback to Pks
(Varela et al., 2012).

In the periplasmatic space, translocated TMM serve as MA donor for subsequent
transfer reactions. The major recipients are the terminal Araf residues of the AG and
other TMM molecules, for the formation of TDM. Further, the localization of MM bound
porins depend on an MA anchor. Various other proteins are suggested to be mycolated.
Therefore, C. glutamicum encodes for the six different mycoloyl-transferases cmytA-F
(Kacem et al., 2004). Concerning the major MA recipients, CmytA (cg3182) and CmytB
(cg3186) are expected to express a higher catalytic activity compared to the redundantly
acting CmytD (cg1170) and CmytF (cg2394). CmytE (cgl1052) is described as a
pseudogene. Despite the complete 483 amino acid (aa) sequence of cmytE being present
in the genome, an emerging stop-codon terminates translation after 180 aa and leads to
a non-functional fragment. (De Sousa-D’Auria et al., 2003). A supplementary MA transfer
capability to certain peptides is reported for CmytC (cg0413). The integration of the
porins PorA and PorH into the MM depend on a prior decoration with MA (Huc et al.,,
2013).

The hydrophobic properties of the MM, in large parts, depend on the PG/AG
arrangement. Densely grouped, exposed MA-residues facilitate the formation of a PG-

coupled extracellular membrane. The confluent outer MM leaflet, formed by mobile
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TMM- and TDM-elements, eventually provides a versatile barrier for the cell. The
integrity of the MM is connected to a protective function. The consequent shielding of
the intracellular space from the aqueous environment elements appears as a successful
protective strategy. In M. tuberculosis the physical properties of relatively long MA

residues facilitate its survival upon the oxidizing conditions inside of macrophages.

1.2.4 Lipoglycans

In Corynebacteriales, phosphatidyl-myo-inositol (Pl)-anchored glycans spans from the
plasma membrane (PM) into the cell wall (Fig. 6). The detailed role of these structures is
still under debate. The consecutive formation of phosphatidyl-myo-inositol mannosides
(PIM), lipomannan (LM), and lipoarabinomannan (LAM) defines a notable structural trait

(Rainczuk et al., 2012; Sancho-Vaello et al., 2017).

Pl Manp PIM PIM, PIM; ? PIM;

GtrA? LM-A GtrA

Manp PIM; Araf LAM

+DPM LM-B +DPA

Figure 6: Mechanism of the lipoglycan synthesis in C. glutamicum. Lipoglycans contribute to the stability
of the cell envelope since they physically connect the PM with the PG/AG/MM-complex. The synthesis
starts with the formation of membrane bound phosphatidyl-myo-inositol mannosides (PIM) in the cytosol
from phosphatidyl-myo-inositol (PI, D). After the addition of a further Manp residue, the resulting PIM3
gets translocated to the periplasm ((2)). There it serves as hub for further mannose dependent elongation
and regular lateral branching ((3)). The resulting branched lipomannan (LM, (@)) then serves as substrate
for a capping of the branching mannose residues with single arabinose molecule resulting in different
species of lipoarabinomannan (LAM, (5)). The variable length of the chains is likely the subject of a

regulated process.

The sequential assembly starts in the cytoplasm with the O-2 addition of a mannose
residue (Manp) to the myo-inositol ring of Pl by PimA (cg1876) (Gibson et al., 2003;
Korduldkovd et al.,, 2002). The resulting PIM gets acetylated, likely by Cgl1877
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(Kordulakova et al., 2003). A further addition of Manp to the O-6 position of the myo-
inositol ring by PimB’ (cg2400) results in AcPIM; and PIMs; consecutively (Batt et al.,
2010; Mishra, Klein, et al., 2008). As the processive assembly continues in the
extracellular space, this molecule is suggested to be flipped across the PM, mediated by
a yet uncharacterized translocase. The process involves decaprenolphosphate (DP)
delivered Manp (DPM) (Gibson et al., 2003; Mohiman et al., 2012). The carrier molecule
DP arrives from the same pool that is also utilized for PG and AG synthesis. Through the
proximal and distal a(1->6) addition of Manp by MptA (cg2385) and MptB (cg1766), the
backbone of the structure is formed (Mishra et al., 2007; Mishra, Alderwick, et al., 2008;
R. Tatituri et al., 2007). With the action of MptC (cg2393) and MptD (cg2390) a regular
a(1-2>2)-Manp branching is realized (Mishra et al., 2011). The intermediate LM defines
already the full length Manp backbone. It is suggested that the progress of the Manp
polymerization is regulated by LpgW and a membrane protein (Cg3164) of yet unknown
function (Rainczuk et al., 2012). A subsequent formation of LAM is fueled by DPA
(decapenyl arabinofuranose), a donor also used during the AG formation. The transfer of

Araf residues to LM is likely conducted by AraT (Tatituri et al., 2007).

The perpendicular orientation of the PIM-LM-LAM polymers is understood to reach into
the AG, while being anchored in the PM through the PIl. Molecules from this species are
expected to improve the spatial stability of the cell wall. Due to the above-mentioned
metabolic coupling, a potential further structural or regulatory role for PG/AG-synthesis

is thinkable. Shorter PIM-LM species are suggested to populate the periplasm.

1.3 Growth and division of C. glutamicum

The phrase ‘bacterial growth’ is generally associated with the exponential increase in the
cell number. The phenomenon behind the term is perceivable without any auxiliary
means and appears during galloping infections, or the production of yoghurt. It has been
harnessed by mankind without specific awareness for centuries (Schaechter, 2015).
Regarding the fertility of soil, the preservation of food, or the conquering of the new
world, microbial growth always is both, a prolific and a hostile factor (Junker, 2004;
Majander et al., 2020; Visser & Parkinson, 1992). Characterized by specific
environmental requirements and a respective generation time, microbes have been

discovered in a manifold of niches (Rinke et al.,, 2013; Jiao et al.,, 2021). Now, recent

18



Introduction

developments of advanced optical technologies exceed each other by breaking the
resolution-limits of space and time repeatedly (Hell, 2007; Sahl et al., 2017). By this,
single parts of microbial cells became prone to observation and manipulation

(Schaechter, 2015).

divisome

A

elongasome elongasome

F————— 100 nm

Figure 7: Zones of growth and division in C. glutamicum. (A) Schematic representation of the spatial
organization of the apical elongasome and the central divisome complexes (B) A transmission electron
micrograph of a division septum from C. glutamicum. The distinct layers get synthesized driven by the
dynamic action of FtsZ. The septum is not visible from the outside, as the present layers stay preserved
until the end of cytokinesis. This is reflected in the characteristic N-shape that gets only punctuated short
before division. (C) A scanning electron micrograph that shows the general shape of the cells and the

occasional occurring asymmetric division.

By taking the cell as reference frame, the term ’bacterial growth’ gets a different
connotation. In particular if the exponential elongation of single cells is described for
cells in the exponential growth phase. In this work, specific features of C. glutamicum
were examined mostly from this cell centered perspective (Fig 7). Morphological

characteristics were connected to genetic features and physical and chemical stress
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conditions. The comparison with other model organisms offers a deeper insight in the

function and organization of the corynebacterial cell cycle.

1.3.1 Biophysical aspects of bacterial growth

As prevalent model organisms, Escherichia coli and Bacillus subtilis also set the base for
many theoretical considerations about bacterial growth (Amir, 2014). Current attempts
aim to create a unifying concept for the cell size homeostasis. This birth centric model
comprises three variants of theoretically derived strategies for the initiation of binary
fission. Either the elapsed time, a critical size, or a constant threshold for the added
volume, are discussed to prompt cell division. This labels the terms ‘timer’, ‘sizer’, and
‘adder’. More precisely, taking the division size as a function of the size at birth, a
characteristic a defines whether the species meets the timer (a = 0), sizer (a = 1) or
adder criteria (o0 = 1/2). The model is understood as a mechanism for cell size control,
also with respect to a stable size distribution within the population (Amir, 2017; Campos
et al., 2014; Ho & Amir, 2015; Taheri-Araghi et al., 2015). This cell size homeostasis is a
prerequisite for a prospering colony and is determined by the specific mode of cell
elongation and the moment of division. Given the abundance of MreB driven
exponential elongation in the known bacterial kingdom, the adder type of size
homeostasis regulation seems a valid approach and appears confirmed by many
examples (Mao et al., 2022; Shi et al., 2018; Taheri-Araghi et al., 2015). With the
respective classification of the Actinobacterium M. smegmatis, an exception was noted.
Initially described as a hybrid of a timer and adder, the mode of single cell elongation is
eventually interpreted as a parallel adder (Logsdon et al., 2017). This exception likely
occurs due to the apical mode of cell elongation, the hallmark of rod-shaped
Actinobacteria (Marantan & Amir, 2016). The specimen specific molecular organization
seems a relevant factor for this kind of description. As a central part of this work,
characteristics of single C. glutamicum were analyzed to get a clearer picture of the

spatiotemporal dynamics.

1.3.2 Biochemical and structural aspects of bacterial growth

A comparison of the MreB-driven, lateral elongation apparatus and the DivIVA-

coordinated apical elongasome shows a remarkable difference on various scales. For
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B. subtilis and E. coli, patches of MreB migrate along the membrane, perpendicular to
the long axis of the cell. By guiding the elongasome-associated proteins, new cell wall
material is integrated as a single stand. This process occurs in parallel along the entire
surface, except the poles. By this, bacteria like E. coli and B. subtilis grow in length
(Garner et al., 2011; Shi et al., 2018). The type of lateral elongation is often connected to
a precise regulation of the division symmetry. Both species harbor variants of the so-
called Min-system. This dynamic arrangement of interdependent proteins helps to
construct a precise central plane in the cell (Lutkenhaus, 2012). By this, a high degree of
division-symmetry is ensured. Given the structural prerequisites, the growing surface
enables for an increase of the number of MreB complexes. By this positive feedback, the
speed of elongation undergoes an exponential acceleration (Zheng et al.,, 2016). The

larger a cell is, the faster it grows.

In contrast to that, the actinobacterial type of elongasome organization depends on an
arrangement of DivIVA (Letek et al., 2008). By showing an affinity to curved phospholipid
membranes, DivIVA predominantly localizes to the cell poles (Ramamurthi & Losick,
2009). This defines the zones of active growth. Two separate, opposing complexes
coordinate the production of a tube-shaped, de novo cell wall that is pushed towards the
center of the cell. Unlike in Firmicutes or y-Proteobacteria, no min homologues of the
are present in the genome. Nor other known regulators for septum positioning are
described. The appearance of a division septum occurs more randomly as in laterally
elongating species. In contrast to the inert cell poles of E. coli or B. subtilis, the poles of
rod-shaped Actinobacteria play central role for elongation. During each division, two of
these structures are newly formed and persist in an active state for generations
(Aldridge et al., 2012). Detailed analyses about the elongation dynamics of
Actinobacteria are rare. For M. smegmatis a biphasic growth model was proposed. The
depicted NETO (‘'new end take off’)-model describes a gradual increase of cell wall
synthesis activity of the new pole after an initial lag phase (Hannebelle et al., 2020). For

C. glutamicum, no such studies have been done yet.

Since the cellular organization of C. glutamicum, in principle appears similar to
M. smegmatis, the type of size regulation is expected to be similar. This categorization

still leaves open questions about the precise dynamics of elongation and septum
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placement. Parts of this study aim towards an accurate measurement of the cell cycle of
C. glutamicum. A detailed analysis offers a new insight into the elongation dynamics of

this alternative cell architecture.

For C. glutamicum, the optimal spatio-temporal development of cells is highly
dependent on three internal scaffolding structures. The apical mode of elongation is
organized by a polar aggregation of the curvature sensitive DivIVA (cg2361) (Ramos et
al., 2003). Further, as in most other bacteria, the tubulin-homologue FtsZ (cg2366) is the
key protein for recruitment of the proteins of the division machinery (Donovan &
Bramkamp, 2014; Lutkenhaus et al., 1980). A structure that physically connects both
aggregates during the cell cycle is found in the bacterial chromosome, that also serves as
topological trait, since it interacts with numerous structural and regulatory proteins

(Bramhill & Kornberg, 1988; Donovan et al., 2013; Yang & Inouye, 1993).

The structural role of DivIVA during the cell cycle of C. glutamicum

Orthologues from the DivIVA protein-superfamily appear preserved predominantly
among Gram-positive Firmicutes and Actinobacteria (Cha & Stewart, 1997; Flardh, 2003).
Structurally, the proteins are characterized by a conserved, short N-terminal domain
that mediates the interaction with the phospholipid membrane (Lenarcic et al., 2009;
Oliva et al.,, 2010). Further, at least two coiled-coiled regions are essential for
oligomerization and the interaction with other proteins (Letek et al., 2009). The
structure of these regions differs between the mentioned species and thereby are
consequently reported to cause diverse forms of functional processes (Cha & Stewart,

1997; Halbedel et al., 2012; Kaval & Halbedel, 2012; Ramos et al., 2003).

Originally, DivIVA was described during studies on cell division in B. subtilis (Cha &
Stewart, 1997). Here, the Firmicutes orthologue of DivIVA (DivIVAF;) helps to ensure the
proper positioning of the division site. In a dynamic process, together with MinCD, it
ensures the inhibition of the Z-ring formation close to the cell poles, while it allows its
formation precisely at mid-cell (Bramkamp et al., 2008; Edwards & Errington, 1997;
Marston et al., 1998). Deletion mutants of divIVAg, in Bacillus subtilis express a

filamentous phenotype (Edwards & Errington, 1997; Oliva et al., 2010).
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Compared to Firmicutes, the orthologue of DivIVA in Actinobacteria (DivIVAaz) plays a
functionally different role. Initially mentioned during immunological studies, the first
DivIVA4:: homologue was assigned as antigen 84 from Mycobacterium spp. (Hermans et
al., 1995). Later renamed to Wag31, its function is now associated with apical growth,
involved in tethering DNA to the pole, and appears to be regulated by phosphorylation
(Jani et al., 2010; Kang et al., 2005, 2008; Kaval & Halbedel, 2012; Melzer et al., 2018).
Further DivIVAs: homologues were characterized in Streptomyces spp. and
Brevibacterium lactofermentum (syn. C. glutamicum) (Flardh, 2003; Ramos et al., 2003).
The first localization study of DivIVA.: was achieved in Streptomyces coelicolor A3(2) by

the construction of a fluorescently tagged allelic replacement mutant (Flardh, 2003).

The localization of DivIVAa+-eGFP at the tips of branching hyphae was associated with
ongoing peptidoglycan synthesis (Hempel et al., 2008). This was seen in the co-localizing
signal of the fluorescently labeled B-lactam antibiotic BODIPY-FL-vancomycin. Since
vancomycin interferes with the PG synthesis, an accumulation of its signal serves as a
proxy for actively growing sites. The induction of a new cell branch upon the prior
relocalization of a DivIVAa.+~eGFP patch was reported in the same work. This already
hints towards the self-organizing properties of DivIVAa+-aggregates, with regard to cell

pole formation.

In C. glutamicum, the DivIVAs.: homologue is characterized as essential for viability,
while overexpression or depletion of the protein leads to an irregularly enlarged cell
shape (Letek et al., 2008; Ramos et al., 2003). More detailed reports revealed its role as
self-organizing hub for the recruitment for at least two central processes of the cell
cycle. The organization of the elongasome-specific proteins is functionally dependent on
the prior and proper localization of DivIVAs«. The cycle starts with the individual
formation of the new cell poles. It requires the coordination of cytokinesis and the
localization of the polar scaffold that remains in place after the division. Consequently,
the polar DivIVAa-aggregates serve as organizational trait for a functional elongasome
complex that is usually stable over many generations. In a further commission, the
DivIVAa-aggregates serve as a tether for the chromosome to the cell pole. This occurs

via ParB, by connecting chromosomal pars sites and DivIVAac:.
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On the molecular level, DivIVAas: exhibits self-organizing properties. First reports
documented the tendency to localize predominantly to curved membranes (Lenarcic et
al., 2009; Ramamurthi & Losick, 2009). Explained by molecular bridging, single molecules
tend to form a tree dimensional semi-sphere at the inside of lipid vesicles (Oliva et al.,
2010). This structural trait sets the base for the rod-shaped cell morphology of the
respective Actinobacteria. Two opposing poles push recently synthesized material
against each other and thereby create a rod-shaped bacterium. This occurs in contrast to
the mechanism that is present in B. subtilis. Here, the formation and maintenance of the
rod-shaped morphology are organized fundamentally differently. Circumferential
moving patches of MreB mediate the cell elongation along the lateral sidewall, while
DivIVARr plays a decent role in septum positioning and during cytokinesis and

sporulation (Cha & Stewart, 1997; Levin et al., 1992).

The structural role of FtsZ during the cell cycle of C. glutamicum

The process of binary fission is one of the most characteristic events regarding the
bacterial life cycle. By the selection of temperature-sensitive division mutants in E. coli,
the subsequent mapping, confirmation, and characterization of the bacterial fission
protein FtsZ became possible (Lutkenhaus et al., 1980). Appearing as a structural variant
of the eukaryotic tubulin, FtsZ-family proteins possess a GTPase domain (De Boer et al.,
1992). Based on initial observations, the FtsZ meta-structure was understood as a
contractile ring that guides the formation of septal cell wall and finally resolves the
physical connection of the daughter cells. Recent observations revealed a more fine-
grained view on the dynamic process of bacterial cell division. In a treadmilling fashion,
polar FtsZ protofilaments move circumferentially to the division site until the septation

is finished in the center (Bisson-Filho et al., 2017).

Variants of the underlying functional machinery were abundantly discovered in different
kingdoms of life. Besides being essential for nearly all bacteria, even two homologues
(FtsZ1, FtsZ2) were discovered in numerous Archaea (Liao et al.,, 2021). Even several
Eucaryotes depend on the function of FtsZ since chloroplasts and a share of

mitochondria rely on FtsZ dependent binary fission (Lutkenhaus, 1998).
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By localizing to the site of division, FtsZ initiates the process of cytokinesis. Independent
of the species, it guides the specific cell wall synthetic machinery to the site of septation
and provides a contractile track. FtsZ appears as a very old principle, since for each
mentioned species the system coevolved with the respective envelope. Due to the
various types of cell wall (Figl), the actual organization of the divisome complexes in E.
coli, B. subtilis, and C. glutamicum differ in specific details (Santana-Molina et al., 2023).
Often, the parts show a functional equivalence. As a common feature, the action of FtsZ
results in two mirroring layers of cell envelope at the site of division that eventually get
separated. Usually, the progeny stays intact, and the cycle of elongation and division

starts again.

The determination of the division site appears as a highly regulated process in E. coli and
B. subtilis. By the dynamic action of Min-system proteins, a temporal gradient of
inhibitors only allows the formation of FtsZ proto-filaments precisely at mid-cell
(Bramkamp et al., 2008; De Boer et al.,, 1992; Edwards & Errington, 1997; Varley &
Stewart, 1992). This ensures a high degree of self-similarity and sets the base for a stable
population (Marantan & Amir, 2016). In C. glutamicum, homologues of the Min proteins
appear missing, and the process of division-site selection is not understood in detail. An
occasional asymmetric division is characteristic and has no influence on the population

fitness.

The structural role of the bacterial chromosome during the cell cycle of C. glutamicum

The volatile topology of bacterial DNA raised the scientific interest for decades. For
prokaryotic life, various forms of DNA-organization are reported. The observations span
from partially linear chromosomes in Borrelia burgdorferi to the classic circular bacterial
chromosome in E. coli, B. subtilis and C. glutamicum (Kalinowski et al., 2003; Ojaimi et
al., 1994; Yoshikawa, 1968). For all of them, the proper distribution of the replicated
sister chromatids to the subsequent generation defines a crucial process (Gogou et al.,

2021).

By the discovery of the DNA partitioning system ParABS, the mechanism of nucleoid
distribution was revealed for B. subtilis (Ireton et al., 1994; Lin & Grossman, 1998). A

functional equivalent of the ParABS-system was also reported for C. glutamicum
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(Donovan et al., 2010). Here as well, the defining elements include the ATPase ParA, the
CTPase ParB and the parsS sites on the bacterial chromosome (Osorio-Valeriano et al.,
2019). An accumulation of these centomer-like sequences (parS) was mapped close to
the origin of replication (oriC) of the C. glutamicum genome (Kalinowski et al., 2003).
ParB molecules accumulate at the parS sites and serve as adaptors to tether the
nucleoid to the polar aggregates of DivIVA. From there, the replicating chromatid, still
decorated with ParB, gets pulled along a wave of hydrolyzing ParA molecules to the
opposing side. The precise mode of the chromatid translocation is still under discussion.
Either the diffusion-binding, the DNA-relay-, or the hitch-hiking via high-density DNA
regions-model would explain the function of the walker-type ATPase ParA (Lim et al.,

2014).

During the replication and translocation, the bacterial chromosome gets compacted by
structural maintenance of the chromosome (SMC) proteins (Hirano, 1999). Loaded via
bound ParB at the oriC, SMC-proteins facilitate the extrusion of highly ordered loops
(Wilhelm et al., 2015). In this condensed form, the DNA appears more stable. The
process is discussed to minimize the chance of an undesired entanglement of the
structure during replication. Besides chromosomal DNA certain strains of C. glutamicum
possess a native set of plasmids, but the commonly used laboratory strain ATCC 13032 is

free of plasmids (Tauch et al., 2003).

In comparison to B. subtilis and E. coli, the genome of C. glutamicum lacks a sequence
for nucleoid occlusion proteins (Noc) (Harry, 2001; Wu & Errington, 2004). These
proteins are reported to prevent the translocating chromosome from being guillotined
by the closing septum. However, homologues of the divisome associated DNA-pump
FtsK are found in each of three model bacteria (Bigot et al., 2007; Donovan &

Bramkamp, 2014).

1.3.3 Aspects of the regulation of growth

Regulative events play an important role in the maintenance of growth and division in all
bacteria. Via sensory proteins, single cells can monitor thermodynamic parameters, the
concentration of available solutes, or the integrity of internal structures. The respective

regulatory effects of C. glutamicum include the action of sigma (o)-factors, events of
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global transcriptional regulation, and post-translational modifications. By redirecting
cellular resources, these mechanisms enable the cells to adapt to changes in external

conditions and thereby influence the dynamics of longitudinal growth and division
(Fig. 8).
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Figure 8: lllustration of the dependence between growth, division and regulation. (A) Regulative
mechanisms facilitate to transition to stationary phase metabolism due to crowding. This state is also
often activated during different kinds of stress responses. Thereby extrinsic factors play an important role
by on elongation growth and cell division of C. glutamicum. (B) Scanning electron micrographs of C.
glutamicum cell at different stages. Logarithmic growing cells show a typical length of about 2 um, while
cells from the stationary phase are shorter. A similar effect can be observed upon ethambutol

intoxication.

The potentially strong influence of regulative events on the reproducibility of
experiments is usually countered by using standardized culture conditions. However,
bacteria from a petri dish behave differently compared to clones from a fresh shaking

flask. Thus, for experiments, preferentially adapted cells from the exponential growth
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phase are used. If the metabolic homeostasis is disturbed, e.g., by antibiotics or by
reaching the stationary growth phase, regulatory events define the path to a new

equilibrium, if possible (Follmann et al., 2009).

o-factors

The regulation of bacterial physiology by o-factors has been studied for decades (Fang,
2005; Mahadik & Srinivasan, 1971). As a variable subunit of the DNA-dependent RNA
polymerase (RNAP), o-factors guide the functional complex (RNAP holoenzyme) to
o-specific promoters and initiate the expression of the respective genes. According to
their structure and function, o-factors are grouped in four different classes and are
associated with housekeeping functions and various stress responses (Feklistov et al.,

2014; Nandy, 2022; Paget, 2015).

In C. glutamicum, the only gene for a primary class o-factor, sigA, is essential (Paget,
2015). The respective promoter is found in front of more than a thousand genes, often
related to housekeeping functions. The target genes of the primary-like SigB (class 2)
largely overlap with the targets of SigA, but SigB occurs non-essential (Ehira et al., 2008;
Oguiza et al., 1996). Studies revealed that the transition from the logarithmic to the
stationary growth phase is governed by a substitution of SigA by SigB (Larisch et al.,
2007). Orthologues of class 3 o-factors that are usually related to flagellation or
sporulation, are not present in C. glutamicum. The five remaining o-factors all share the
characteristic two-domain structure of extra cytoplasmatic function (ECF o-factors; class
4) that is usually characterized by a cognate, transmembrane anti-o-factor (Li et al.,

2019).

For SigD, Sigk, SigH, the ECF o-factor is bound to that anti-o-factor and therefore
inactive. Triggered by specific stress conditions, the ECF o-factor is released and able to
form the RNAP holoenzyme. The two o-factors SigC and SigM share the functional two-
domain structure, but no anti-o-factor has been described for them yet (Nakunst et al.,
2007; Toyoda & Inui, 2016). For M. tuberculosis 13 ECF o-factors are characterized
(Gomez et al., 1997; Manganelli et al., 2023). The ECF o-factors present in

C. glutamicum, are found as orthologues among the ones of M. tuberculosis.
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The function of SigH (Cg0876) is associated with the SOS-response, oxidative- and heat
stress. It is regulated by the anti-o factor RshA (Cg0877), and controls the transcriptional
regulators CIgR (due to DB search, likely Cg2152), HspR (Cg3097), SulfR (Cg1765), WhcA
(NCgl0275) and WhcE (NCgl0734) (Busche et al., 2012; S. Engels et al., 2004, 2005;
Taniguchi & Wendisch, 2015). SigH was shown to drive the transcription of SigB and
SigM (Toyoda et al., 2015). An overlapping specificity exists with parts of SigD regulated

genes (Dostalova et al., 2019).

For SigE, regulated by CseE (likely Cg1272), the function is associated to surface stress
response, heat shock, nitrogen starvation, and general nutritional limitation. The activity

has been associated to the beginning of the stationary phase (Park et al., 2008).

The transcription of SigD is regulated by SigA and SigB while its function is controlled by
RsdA (likely Cg0697). It affects the mycolate and PG synthesis/ modification and the
number of available porins. An overexpression of SigD lead to more resistance against
lysozyme and an increased production of trehalose-dimycolates (TDM) (Taniguchi et al.,

2017).

For SigC, no anti-o gene was found in the genome yet. A connection between the activity
and the oxidative state of the cell has been demonstrated (Toyoda & Inui, 2016). SigC
plays a central role in the adaptation of the respiratory chain, but its detailed

physiological function remains elusive.

Also, for SigM, no anti-o gene was found in the genome yet. The function appears
connected to oxidative stress and heat stress. SigM is found to be expressed by a SigH

dependent promoter (Nakunst et al., 2007).

Transcriptional regulators

Global transcriptional regulators often appear as parts of o-regulons. Diverse in
structure and context, they mediate the activation or the repression of subsets of
functionally connected genes. The spectrum for this kind of transcriptional regulator
systems is found connected to the balanced uptake and metabolism of the essential

organic elements carbon, nitrogen, phosphate, and sulfur (Schréder & Tauch, 2010).
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Parts of the central carbon metabolism are regulated via the transcriptional repressor
SugR (cg2115). The regulon includes all genes for the phosphoenol-
pyruvate:carbohydrate phosphotransferase system (PTS). These are characterized as
specific sugar transporters, formed by the two functional subunits El (Ptsl, cg2117) and
HPr (PtsH, cg2121) and a third, variable Ell component that mediates the specificity for
glucose (PtsG, cg1537), fructose (PtsF, cg2120) or sucrose (PtsS, cg2925). Further FruR
(cg2118) and RamB (cg0444) are found involved in balancing the specificity for sugars.
GNtR1 (cg2783) and RbsR are reported to control the transport of gluconate and ribose,
respectively (V. Engels et al.,, 2008). The regulative network on carbon metabolism
further expands toward glycolysis, the pentose phosphate pathway, the tricarboxylic
acid (TCA) cycle, L-lactate metabolism and carbon catabolite control (Schroder & Tauch,

2010).

The regulon for nitrogen homeostasis involves the repression of genes that are
functionally connected by an AmtR box promoter. The binding of the related protein
AmtR is consequently controlled by the level of ammonium (Jakoby et al., 2000). Under
nitrogen-limiting conditions the adenylation of GInK by GInD facilitates its binding to
AmtR which induces the expression of starvation genes (Harper et al., 2008; Michel et
al., 2015). The degradation of GInK by the divisome related protease FtsH under post-
starvation conditions, suggests a cell cycle dependent downregulation of the stress

response (Strosser et al., 2004).

Further, C. glutamicum is capable of utilizing sulfur and phosphorous from various
organic and inorganic sources. Processes leading to the synthesis of methionine/cysteine
or iron-sulfur clusters are controlled by McbR (cg3253) (Rey et al., 2003). The uptake and
metabolism of the central component for DNA and phospholipids is controlled by a two-
component system, formed by the sensor kinase PhoR (cg2888) and the response

regulator PhoS (cg2887) (Kocan et al., 2006; Santos-Beneit, 2015; Schaaf & Bott, 2007).

Post-translational protein modifications

The mentioned o-factors and transcription regulators take control of the physical
adaptation of the cell in a hierarchical order, by activating specific subsets of genes.
Post-translational modifications can also play a regulative role. At the protein level, they
occur in diverse manifestations and generally aim for a functional diversification of the
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proteome. In C. glutamicum, among others, the acetylation of metabolic enzymes or a

mycoloylation of porins are notable (Huc et al., 2013; Mizuno et al., 2016).

The post-translational phosphorylation represents an ubiquitous and diverse example of
post-translational modifications that is found in all domains of life. Usually only specific
amino acid residues get phosphorylated. This is described for serine, threonine, and
tyrosine side chains, through a phosphoester bond, for histidine, lysine and arginine
through a phosphoramidate bond, and for aspartic acid and glutamic acid through a

mixed anhydride linkage (A. Zhang et al., 2021).

The mentioned PTS sugar transporters, the PhoRS regulon, and Hanks-type kinases rely

on their function on the transfer of phosphate residues.

The transport and simultaneous phosphorylation of various sugars is organized by PTS
systems. The specific sugar is captured by the respective Ell transmembrane subunit of
the transporter. The acceptance can only occur if Ell is in the phosphorylated state EII~P.
The phosphate residue originates from phosphoenolpyruvate (PEP) and gets transferred
consecutively from the cytosolic Ptsl (cg2117) to PtsH (cg2121) and eventually to the Ell
subunit. The sugar molecule gets translocated to the cytosol only while accepting a
phosphate group, where it serves as substrate for energy metabolism (Kotrba et al.,

2001).

A variant of phosphate-mediated signal transduction is found in two-component
systems. The mentioned example, PhoRS, allows for monitoring of the extracellular
phosphate level. It consists of the sensor kinase PhoS (cg2887) and the cognate response
regulator PhoR  (cg2888). Under  phosphate-limiting  conditions, PhoA,
autophosphorylated by ATP and transfers a phosphate group to PhoR. By this, a
conformational change leads to the induction of phosphate scavenging genes (Kocan et

al., 2006).

In C. glutamicum, a more complex form of regulation is attributed to a set of Hanks-type
serine/threonine (Ser)/(Thr)-kinases, together with a single phosphatase Ppp (cg0062).
PknA (cg0059), PknB (cg0057), PknL (cg2388), and the cognate Ppp are integral

membrane proteins with a single transmembrane helix, while PknG (cg3046) appears
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cytosolic. Together, they connect the central energy metabolism directly to cell

elongation, cell wall maintenance, and division (Kang et al., 2005; Schultz et al., 2009).

For PknA and PknG, a direct phosphorylation of Odhl has been shown. As an inhibitor of
ODHc, a key complex of the tri-chloric acid cycle (TCA), unphosphorylated Odhl impairs
the conversion of 2-oxoglutarate to succinyl-CoA. The kinases regulate the energy
metabolism by adjusting the binary state of Odhl phosphorylation. This process is
balanced by the action of the phosphatase Ppp. Since PknA is also associated with the
phosphorylation and inhibition of FtsZ (cg2366), MurC (cg2368), and RsmP (rod-shaped
morphology protein, cg3264), a link between energy metabolism and morphological
indications is given. The remaining PknB (cg0057) and PknL (cg2388) possess an extra-
plasmatic PASTA (penicillin binding protein and serine/threonine kinase associated)
domain and are hence involved in the monitoring of peptidoglycan (PG) synthesis

(Schultz et al., 2009).
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2.1 Novel chromosome organization pattern in Actinomycetales

Novel chromosome organization pattern in Actinomycetales —
Overlapping replication cycles combined with diploidy

Kati B6hm?, Fabian Meyer?, Agata Rhomberg?, J6rn Kalinowski®,
Catriona Donovan?, Marc Bramkamp?

? Ludwig-Maximilians-Universitit Miinchen, Fakultit Biologie, Planegg-Martinsried,

Germany
b Universitat Bielefeld, Center for Biotechnology (CeBiTec), Bielefeld, Germany

Abstract

Bacteria regulate chromosome replication and segregation tightly with cell division to
ensure faithful segregation of DNA to daughter generations. The underlying mechanisms
have been addressed in several model species. It became apparent that bacteria have
evolved quite different strategies to regulate DNA segregation and chromosomal
organization. We have investigated here how the actinobacterium Corynebacterium
glutamicum organizes chromosome segregation and DNA replication. Unexpectedly, we
found that C. glutamicum cells are at least diploid under all of the conditions tested and
that these organisms have overlapping C periods during replication, with both origins
initiating replication simultaneously. On the basis of experimental data, we propose
growth rate- dependent cell cycle models for C. glutamicum.

Bohm K., Meyer F., Rhomberg A., Kalinowsk J., Donovan C. & Bramkamp M. (2017) Novel
Chromosome Organization Pattern in Actinomycetales — Overlapping Replication Cycles
Combined with Diploidy. MBio, 8(3), €00511-17. https://doi.org/10.1128/mbio.00511-17
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2.2 Deletion of SMC renders FtsK essential in Corynebacterium glutamicum
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Christian Ruickert-Reed®, Manuela WeiR?, J6rn Kalinowski?, Marc Bramkamp?

@ Christian-Albrechts-Universitit zu Kiel, Institute for General Microbiology, Kiel,
Germany
b Universitat Bielefeld, Center for Biotechnology (CeBiTec), Bielefeld, Germany

Abstract

Structural maintenance of chromosomes (SMC) are ubiquitously distributed proteins
involved in chromosome organization. Deletion of smc causes severe growth
phenotypes in many organisms. Surprisingly, smc can be deleted in Corynebacterium
glutamicum, a member of the Actinomycetota phylum, without any apparent growth
phenotype. Earlier work has shown that SMC in C. glutamicum is loaded in a ParB-
dependent fashion to the chromosome and functions in replichore cohesion. The
unexpected absence of a growth phenotype in the smc mutant prompted us to screen
for unknown synthetic interactions within C. glutamicum. Therefore, we generated a
high-density Tn-5 library based on wild-type and smc-deleted C. glutamicum strains. The
transposon sequencing (Tn-seq) data revealed that the DNA-translocase FtsK is essential
in a smc deletion strain. FtsK localized to the septa and cell poles in wild type cells,
however deletion of smc resulted in a decreased polar FtsK localization. Single-particle
tracking analysis further suggests that prolonged FtsK complex activity is both required
and sufficient to make up for the absence of SMC, thus achieving efficient chromosome
segregation in C. glutamicum. Further, single molecule dynamics of FtsK is influenced,
albeit indirectly, by DNA-loaded SMC. Deletion of ParB results in an increased of both
SMC and FtsK mobility. While the first change agrees with previous data that show how
ParB is essential for SMC loading on DNA, the latter suggests that FtsK mobility is
affected in cells with defects in chromosome organization. Based on our data we
propose a simple, yet efficient mechanism for efficient DNA segregation in C.
glutamicum, even in absence of SMC proteins.

Peng, F., Giacomelli, G.,, Meyer, F. M., Linder, M., Haak, M., Rueckert-Reed, C., Weik, M.,
Kalinowski, J. & Bramkamp, M. (2023). Deletion of SMC renders FtsK essential in
Corynebacterium glutamicum. bioRxiv, 2023-10. https://doi.org/10.1101/2023.10.14.562338
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2.3 The antituberculosis drug ethambutol selectively blocks apical growth in CMN-group bacteria
The antituberculosis drug ethambutol selectively blocks apical

growth in CMN group bacteria

Karin Schubert®, Boris Sieger”, Fabian Meyer*, Giacomo Giacomelli, Kati B6hm,
Angela Rieblinger, Laura Lindenthal, Nadja Sachs, Gerhard Wanner, Marc
Bramkamp

* equal contribution

Ludwig-Maximilians-Universitat Miinchen, Fakultat Biologie, Planegg-Martinsried,
Germany

Abstract

Members of the genus Mycobacterium are the most prevalent cause of infectious
diseases. Mycobacteria have a complex cell envelope containing a peptidoglycan layer
and an additional arabinogalactan polymer to which a mycolic acid bilayer is linked; this
complex, multilayered cell wall composition (mAGP) is conserved among all CMN group
bacteria. The arabinogalactan and mycolic acid synthesis pathways constitute effective
drug targets for tuberculosis treatment. Ethambutol (EMB), a classical antituberculosis
drug, inhibits the synthesis of the arabinose polymer. Although EMB acts
bacteriostatically, its underlying molecular mechanism remains unclear. Here, we used
Corynebacterium glutamicum and Mycobacterium phlei as model organisms to study the
effects of EMB at the single-cell level. Our results demonstrate that EMB specifically
blocks apical cell wall synthesis, but not cell division, explaining the bacteriostatic effect
of EMB. Furthermore, the data suggest that members of the family Corynebacterineae
have two dedicated machineries for cell elongation (elongasome) and cytokinesis
(divisome).

Schubert K.*, Sieger B.*, Meyer F.*, Giacomelli G., Bohm K., Rieblinger A., Lindenthal L., Sachs N.,
Wanner G., Bramkamp M. (2017) The antituberculosis drug ethambutol selectively bocks apical
growth in CMN group bacteria. MBio, 8(1):e02213-16. https://doi.org/10.1128/mbio.02213-16
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2.4 Effects of BTZ and EMB on the integrity of the corynebacterial cell envelope
Effects of benzothiazinone and ethambutol on the integrity of the

corynebacterial cell envelope
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Abstract

The mycomembrane (MM) is a mycolic acid layer covering the surface of Mycobacteria
and related species. This group includes important pathogens such as Mycobacterium
tuberculosis, Corynebacterium diphtheriae, but also the biotechnologically important
strain Corynebacterium glutamicum. Biosynthesis of the MM is an attractive target for
antibiotic intervention. The first line anti-tuberculosis drug ethambutol (EMB) and the
new drug candidate, benzothiazinone 043 (BTZ) interfere with the synthesis of the
arabinogalactan (AG), which is a structural scaffold for covalently attached mycolic acids
that form the inner leaflet of the MM. We previously showed that C. glutamicum cells
treated with a sublethal concentration of EMB lose the integrity of the MM. In this study
we examined the effects of BTZ on the cell envelope. Our work shows that BTZ
efficiently blocks the apical growth machinery, however effects in combinatorial
treatment with B-lactam antibiotics are only additive, not synergistic. Transmission
electron microscopy (TEM) analysis revealed a distinct middle layer in the septum of
control cells considered to be the inner leaflet of the MM covalently attached to the AG.
This layer was not detectable in the septa of BTZ or EMB treated cells. In addition, we
observed that EMB treated cells have a thicker and less electron dense peptidoglycan
(PG). While EMB and BTZ both effectively block elongation growth, BTZ also strongly
reduces septal cell wall synthesis, slowing down growth effectively. This renders BTZ
treated cells likely more tolerant to antibiotics that act on growing bacteria.

Meyer, F. M.*, Repnik, U., Karnaukhova, E., Schubert, K., & Bramkamp, M. (2023). Effects of
benzothiazinone and ethambutol on the integrity of the corynebacterial cell envelope. The Cell
Surface, 100116. https://doi.org/10.1016/j.tcsw.2023.100116
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2.5 Single-cell growth inference of C. glutamicum reveals asymptotically linear growth
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Abstract

Regulation of growth and cell size is crucial for the optimization of bacterial cellular
function. So far, single bacterial cells have been found to grow predominantly
exponentially, which implies the need for tight regulation to maintain cell size
homeostasis. Here, we characterize the growth behavior of the apically growing
bacterium Corynebacterium glutamicum using a novel broadly applicable inference
method for single-cell growth dynamics. Using this approach, we find that C. glutamicum
exhibits asymptotically linear single-cell growth. To explain this growth mode, we model
elongation as being rate-limited by the apical growth mechanism. Our model accurately
reproduces the inferred cell growth dynamics and is validated with elongation
measurements on a transglycosylase deficient ArodA mutant. Finally, with simulations
we show that the distribution of cell lengths is narrower for linear than exponential
growth, suggesting that this asymptotically linear growth mode can act as a substitute
for tight division length and division symmetry regulation.

Messelink J.J.*, Meyer F.*, Bramkamp M., Broedersz C.P. (2021) Single-cell growth inference of
Corynebacterium glutamicum reveals asymptotically linear growth. Elife, 10:e70106. doi:
10.7554/eLife.70106. https://doi.org/10.7554/elife.70106
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3. Discussion
3.1 Cell cycle and chromosome organization in C. glutamicum
3.1.1 Diploidy and multi-fork replication

First ideas for the description of a prokaryotic cell cycle were motivated by experimental
data obtained from Escherichia coli and Salmonella typhimurium (Cooper & Helmstetter,
1968; Schaechter et al.,, 1958). For the derived model, two essential features of the
prokaryotic lifecycle, namely the cell division and DNA replication, define a reference in
their sequential succession. However, only few different model species were analyzed
regarding their specific cell cycles. Reports on mero-oligoploid, fast growing E. coli or
B. subtilis cells account for multi-fork replication, and thus for overlapping rounds of
DNA replication (Fritsch & Worcel, 1971; Pecoraro et al., 2011). In contrast, for slow
growing species, like Mycobacterium smegmatis, initiation of replication is reported to
occur only once between birth and division (Santi et al., 2013). The modern view on the
bacterial cell cycle is more differentiated. Variations of the cell cycle between species
are becoming obvious. Besides the intrinsic factors, like the cell morphology or
chromosome organization, also the context of extrinsic factors like temperature or

nutrient conditions determine the appearance of the cell cycle.

The actinobacterium C. glutamicum has emerged as model organism for bacterial cell
biology in recent years. It shows morphological characteristics that are only in part
comparable to E. coli or B. subtilis. Here, open questions about the specific cell cycle of
C. glutamicum were experimentally addressed (Bohm et al.,, 2017). The previously
reported influence of nutrient conditions on the DNA content already suggested an
over-initiation of replication also for C. glutamicum (Neumeyer et al., 2013). To examine
further details of this effect, we used the localization of ParB-eYFP relative to the cell
length as a proxy for ongoing DNA replication and segregation (Béhm et al., 2017). As
part of the ParABS DNA segregation system, ParB binds to parS sequences that are
located in close proximity to the origin of replication (oriC) (Autret et al., 2001; Bohm et
al., 2020; H. J. Kim et al., 2000). The systematic analysis and visualization of data from
dozens of fluorescence micrographs unveiled an unexpected pattern for the dynamics of

ParB-eYFP. The created demograph showed two initial polar foci for shorter cells. For
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longer cells these foci split up, while one copy stays at the pole and the other gets
translocated towards the center, until a distance that allows for cell septation in-
between (Bohm et al.,, 2017). This appears in contrast to previously reported
observations made on the ParB orthologue ParB1 in Vibrio cholerae (Fogel & Waldor,
2006). As reported there, the cell cycle stats with just a single focus of YFP-ParB1 at the
old cell pole. Analogous to the mechanism that was observed in C. glutamicum, the
focus splits, while one part stays in place, but in V. cholerae the other gets translocated
along the whole distance to the opposite cell pole (Fogel & Waldor, 2006). Until the
finding presented here, a similar mechanism was also assumed for
C. glutamicum (Lutkenhaus, 2012; Neumeyer et al.,, 2013). The obtained results
surprisingly suggest a diploid chromosome organization with one chromosome attached

to each cell pole.

Further experiments showed that even growth in minimal medium resulted in a
minimum of two chromosome copies per cell (B6hm et al., 2017). The previously
suggested over-initiation of DNA replication under rich medium conditions was
confirmed microscopically, by flow cytometry, and by the use of marker frequency
analysis of oriC and terminus (ter) regions (Bohm et al., 2017; Neumeyer et al., 2013).
Given the diploid setup, it is still not entirely clear if both chromosomes synchronize the
initiation (BOhm et al., 2017). In literature, multi-fork replication is associated with a
gene/dose effect. In this context, the arrangement of certain important genes in
proximity to the oriC plays an important role (Slager et al., 2014). For C. glutamicum, the
region clockwise from the oriC starts with genes coding for the replisome, like dnaA
(cg0001) or gyrB (cg0007), while on the other direction genes for parA / parB (cg3427 /
cg3426) or the lipid Il flippase murJ (cg3419) are found. This arrangement appears to
favor the fast-growing state, since the first genes that occur in multiple copies are

coding for proteins that control DNA replication and segregation, and for cell elongation.

The observed diploidy occurs in a sharp contrast to recent reports about the spatial
organization of the taxonomically related M. smegmatis (Santi & McKinney, 2015). Here,
the detailed characterization of the replication machinery clearly demonstrated the
processing of a single, central chromatid (Santi et al., 2013; Trojanowski et al., 2015).

Despite sharing a variety of structural features, C. glutamicum and M. smegmatis are
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distinct genera, and thus the observed variance of DNA organization is plausible.
Actinobacteria generally dwell in a broad variety of environments (Chandra & Chater,
2014; Lewin et al., 2016).

C. glutamicum was isolated from the soil (Kinoshita, Nakayama, & Akita, 1958). As a
habitat, soil potentially bears various stress conditions like desiccation, radiation, or
nutrient depletion. The evolutionary pressure might have consequently selected for the
observed stable diploid chromosome configuration. This diploidy appears distinct to the
temporal multiploidy that occurs from over-initiation, that was observed in addition

(Bohm et al., 2017; Pecoraro et al., 2011; Soppa, 2014).

Current hypotheses claim that most bacterial species are in fact oligo or polyploid
(Pecoraro et al., 2011). Additional copies of the genome potentially serve as template
for DNA repair and are related to a better resilience towards double strand breaks
(Soppa, 2014). Further advantages of multiploidy are assigned to a gene/dose effect on
expression-levels and a better stability of regulatory networks (Soppa, 2014). The faster
generation time of C. glutamicum, compared to the slower growing M. smegmatis, in
parts, might be attributed to higher level of protein expression due to a second copy of

the genome (Bohm et al., 2017).

The evolution of the ancient phylum Actinobacteria dates back prior to the oxygenation
of the atmosphere, about 2.3 billion years ago (Battistuzzi et al., 2004). From
phylogenetic analyses, a first divergence from Firmicutes was dated back about 3 bn
years ago, while 2.7 billion years ago, Cyanobacteria and Actinobacteria developed from
the common ancestor (Battistuzzi et al., 2004). The first Actinobacteria were likely cocci
or rods and obligate anaerobic (Chandra & Chater, 2014). About 1.4 billion years ago
Corynebacteriales differentiated from Streptomyces, and about 900 million years ago,
the distinct genera Corynebacterium and Mycobacterium emerged (Battistuzzi et al.,

2004; Gao & Gupta, 2012).

Despite the missing MM, Streptomyces spp. share the mode of DivIVA-regulated apical
growth with the two Corynebacteriales. Streptomyces spp. have evolved to grow as
branching hyphae. A new branch is usually initiated by the prior accumulation of
phosphorylated DivIVA that recruits the respective elongasome proteins. In contrast to
Corynebacteriales, Streptomyces spp. possess a functional orthologue of MreB. The
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corresponding gene product plays an important role during sporulation, but not for
elongation growth (Mazza et al.,, 2006). Likely, the respective sequence remained
conserved from the common ancestor with Firmicutes, since horizontal gene transfer is
reported as a rare event for Streptomyces spp. (Lewin et al., 2016).

All Actinobacteria rely on the ParABS system for the correct distribution of the DNA to
their progeny (Chandra & Chater, 2014). However, for S. coelicolor A3(2), the detailed
process is described as an adaptation to the hyphal morphology and thereby grants
spore formation. In contrast to C. glutamicum or M. smegmatis, the genome of
S. coelicolor is linear but not circular (H. J. Kim et al., 2000). The spores emerge from
multi-genomic aerial hyphae. Coordinated by ParA and the polarity protein Scy, the
elongation growth of the aerial hyphae stops, and sporulation gets initiated. Tens of
genomic copies get equidistantly arranged in prespore compartments and finally are
released synchronously as separate, mono-genomic mature spores (Ditkowski et al.,

2013; H.J. Kim et al., 2000).

The common apical mechanism for cell elongation of most Actinobacteria, except cocci,
bears interesting morphologic features. Conceptually, a branched phenotype is difficult
to realize with cells that elongate from the side wall. Also, the three described variants
of DNA organization, cell-pole associated diploidy in C. glutamicum, a singe central
chromosome in Mycobacterium spp., and multiple copies for the hyphal Streptomyces
spp., apparently co-evolved with the apical mode of elongation (B6hm et al., 2017; H. J.
Kim et al.,, 2000; Santi et al., 2013; Trojanowski et al., 2015). However, future
experiments will show if the observed organization is also present in other

Corynebacterium spp. (Bohm et al., 2017).

3.1.2 The influence of DNA compaction on the function of FtskK driven DNA
segregation

As discussed in Section 3.1, the progression of a bacterial cell cycle is dependent on the
chromosomal organization. Usually, the topology of DNA is regulated by proteins from
the SMC (structural maintenance of chromosomes) family (Strunnikov & Jessberger,
1999). Recruited via ParB, SMC proteins facilitate the extrusion of DNA loops and the
chromosomes get spatially compacted by the factor 103 (Kim et al., 2023; Kois et al.,

2009). This stable configuration is understood to prevent replicated arms from
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interlacing and thereby facilitate an ordered segregation of the DNA to the daughter
cells (Brahmachari & Marko, 2019; Sullivan et al., 2010). In B. subtilis, the function of the
SMC complex is reported to be essential for fast growth conditions (Gruber et al., 2014;
X. Wang et al., 2014). Also, in Caulobacter crescentus, aberrations of the cell cycle were
observed upon the deletion of smc (Jensen & Shapiro, 1999; Schwartz & Shapiro, 2011).
Surprisingly, for a few species, smc deletion only shows a marginal effect, among them,
Staphylococcus aureus, M. smegmatis and C. glutamicum (Béhm et al., 2020; Giithlein et
al., 2008; Yu et al., 2010). To obtain a clearer view on the underlying mechanism in
C. glutamicum, a screening for essential genes in the absence of smc was conducted. By
using comparative Tn5 transposon mutagenesis sequencing on the wild-type and the
Asmc genomic background, the function of the two DNA acting proteins ParB and FtsK
rendered essential for the mutant (Peng et al., 2023).

Both proteins are involved in DNA segregation. The CTPase ParB binds to chromosomal
parS sequences close to the oriC, thereby forming a phase separated region that is
involved in oriC segregation and SMC loading (Osorio-Valeriano et al., 2019). During
replication, ParB tethers one of the replicating chromosome arms to polar patches of
DivIVA, while at the same time, it facilitates the translocation of the other arm towards
the division plane along a gradient of hydrolyzing ParA. During this process, the

mentioned SMC complexes, loaded to the DNA via ParB, conduct the compaction.

The other protein, FtsK, is found involved in the segregation of the replicated and
compacted DNA to the daughter cells and appears as a conserved part of the divisome.
Hexameric complexes are considered to function as a motor for the displacement of
double stranded DNA away from the closing septum. Further, FtsK is involved in the
XerCD mediated resolution of the chromosome dimers at the end of replication (Aussel

et al., 2002; Bigot et al., 2007).

Our results indicate that the SMC-mediated DNA topology grants an effective function of
both processes, the ParB mediated DNA translocation to midcell, and its further
displacement by septal FtsK complexes. For the native genotype, frequent transposon
insertions were detected for both genes, but not in the absence of smc.
A synthetic lethal combination of smc and ftsk had also been reported before, for

B. subtilis, E. coli and S. coelicolor (Britton & Grossman, 1999; Dedrick et al., 2009;
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Sivanathan et al., 2009). For E. coli, the deletion of ftsK is reported to cause severe
segregation defects and DNA damage, but could be compensated by a suppressor
mutation in FtsA (Aussel et al., 2002; Berezuk et al., 2020; L. Wang & Lutkenhaus, 1998).
Here, a clean deletion of ftsK could not be obtained, therefore the synthetic lethal
interaction between FtsK and SMC was confirmed by a CRISPRi depletion of FtsK in a

Asmc background (Peng et al., 2023).

In cells with erroneous chromosome organization due to smc deletion, DNA segregation
under closing septa is of particular importance. Therefore, we used single particle
tracking (SPT) to analyze fluorescently labeled FtsK in the absence of smc, parB, and
both simultaneously. We found that FtsK renders less dynamic upon the deletion of smc,
while the deletion of parB showed the opposite effect (Peng et al., 2023). The
calculated, virtual subcellular localization of the analytes appeared more chaotic
compared to the wild-type (Peng et al., 2023). As comparable SPT data on FtsK is still
rare, a report on SpolllE from B. subtilis served as hint for our interpretation (El Najjar et
al., 2018). There, a fast-diffusive fraction was assigned to monomeric subunits and a
second slow diffusive fraction to fully assembled complexes. We assigned a third,
confined fraction to forming division septa and observed an increase of the respective
fraction upon smc deletion (Peng et al., 2023). This was interpreted as a less effective
translocation of the DNA, due to its less organized topology. The depletion of parB led to
an increase of the fast-mobile fraction from 27.9 % to 77.7% in the mutant, accounting
for even more severe loss of organizational structure compared to the smc mutant (Peng
et al., 2023). Additionally, SPT was used to analyze labeled SMC in a AparB background.
In the native scenario, SMC is loaded onto the DNA via ParB. In line with the previous
finding, our result shows a shift towards a higher mobility of SMC particles upon the
deletion of parB (Peng et al., 2023).

To cover a broader range of timescales, an additional microscopic time-lapse experiment
was performed on the Asmc mutant. To reveal the cell cycle dependent localization of
FtsK-mCherry, we used a method that was previously developed for the analysis of time-
lapse micrographs (see Appendix) (Messelink et al., 2021; Peng et al., 2023). Images
were taken in a 5 min interval over multiple hours. Based on an adaptation of the

analysis method, the ratio between the septal dwell-time of FtsK and the duration of the
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cycle was calculated for each cell. FtsK showed an increased, prolonged, and less precise
septal localization for the mutant background, while the growth rate was not affected. In
line with the outcome of the SPT experiments, the results show that the cells
compensate the loss of DNA organization by an increased processivity of FtsK (Peng et
al., 2023). By this, the cells ensure that the closing septum gets cleared from DNA to

prevent the structure from guillotining.

A different aspect of the function of FtsK is connected to diploid character of
C. glutamicum (Bohm et al., 2017). This arrangement might be regarded as a mechanism
for resilience and could in parts explain why ftsK is not essential in wild-type cells. It
opens an interesting question about the distribution of the chromatids to the daughter
cells. The FtsK associated, directed translocation of double stranded DNA would
theoretically allow for a displacement of each chromosome to the respective distal side
of the septum. But the spatial organization potentially allows also for the maintenance
of diploidy by the preservation of the chromatid on the proximal side of the septum.
Until further investigation, a detailed mechanism of diploid DNA translocation in

C. glutamicum remains elusive.

3.2 The corynebacterial cell wall as antibiotic target

Various infectious diseases are attributed to bacteria bearing a mycolic acid (myco-)
membrane (MM). Diphtheria, the Hansen’s disease, and in particular tuberculosis, are
caused by di-derm Coryne- or Mycobacteria (Barksdale, 1970; Zuber et al., 2008). The
unique cell envelope of these bacteria is an ideal target for specific antibiotics
(Abrahams & Besra, 2018). Substances that selectively act on the synthesis or
maintenance of this distinct structure, ideally have only a limited effect on the patient’s
microbiome (Grice et al., 2009; Walker & Hoyles, 2023). An example of such an antibiotic
is ethambutol (EMB) (Thomas et al.,, 1961). For decades, it served as an established
tuberculosis medication that was mainly applied in combination therapy (Sreevatsan et
al., 1997). Biochemically, it is well characterized. It inhibits the polymerization of
arabinose residues by the enzyme Emb and thereby interferes with the assembly of the
fine structure of the arabinogalactan (AG) layer (Forbes et al., 1962). About 10 years ago,
the experimental substance benzothiazinone 043 (BTZ) was reported to act on the same

metabolic route, but at a more basic stage (Makarov et al.,, 2009). A biochemical
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characterization showed the interference of BTZ with the essential epimerization of the
AG building blocks, by the inhibition of the enzyme DprE1 (Crellin et al., 2011; Trefzer et
al., 2012). It was suggested that an accumulation of the intermediate epimer
decaprenyl-phosphoribose (DPR) drains the pool of the shuttle molecule decaprenyl
phosphate (DP), and hence impairs cell growth (Grover et al., 2014). As an outcome of a
distinct search for an anti-tuberculosis medication, the drug BTZ is still tested for

therapeutic side effects in clinical trial (Stop TB Partnership, 2023).

In this work, C. glutamicum was used to study the structural and functional effects
caused by both compounds, EMB and BTZ (Meyer et al., 2023; Schubert et al., 2017). We
wanted to discern the effects caused by each substance and performed a comparable
set of experiments. A reproducible characterization of the induced morphologic and
biochemical changes was realized by using only a sublethal concentration of each
substance. The detailed characterization of the wild-type as a control, stimulated

reflections about the fine-structure of the cell wall and the mechanism of division.

As the most prominent difference, the comparison revealed that the integrity of the MM
becomes impaired upon EMB treatment, while it remains in a confluent state after the
treatment with BTZ. The confluence of the MM grants its protective function in the
native state. At a late stage of division, just prior to the characteristic v-snapping, a
regulated hydrolysis of the surface proximal the septum allows for an inflow of trehalose
mono- and dimycolates (TMM / TDM). These function as mobile phase and outer leaflet
of the MM (Zhou et al., 2019).

Our fluorescence microscopic analysis of bio-orthogonal labeled MM revealed that the
treatment with EMB leads to large discontinuities at the cell poles, while the cells exhibit
a lemon-shaped morphology. This contrasts the observed phenotype induced by BTZ.
Here, the morphology appeared affected, but the cell poles were less pointed, and the
MM showed a confluent state around the entire cell. The effect of reduced mycolic acids
upon EMB treatment was also observed from thin layer chromatography (TLC) from
crude cell wall extracts and was further confirmed by testing different combinations of
antibiotics. In the case of EMB, the protective MM is functionally disabled and therefore

allows a synergistic effect with B-lactam antibiotics. For BTZ treated cells the MM
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appeared intact, and thus only an additive effect in the respective drug combination was

observed (Meyer et al., 2023; Schubert et al., 2017).

The induced morphologic alterations were further characterized microscopically. For
both compounds, the staining of nascent peptidoglycan (PG) synthesis unveiled
inhibition of the apically located elongasome, accompanied by an accumulation of
DivIVA (Meyer et al., 2023; Schubert et al., 2017). The quantitative analysis of the
respective micrographs unveiled differences in the spatial organization and timing of PG
synthesis. The fraction of cells with a forming septum was much higher in comparison to
the control for EMB, while for BTZ, it was lower. This also explains why BTZ treated cells
are wider and less pointed. Together with the obtained growth curves, the results show
that cell growth is stronger affected by BTZ, although the used sublethal dose (2.3 uM)
was 20x lower compared to EMB (48.9 uM). This was previously connected to the drain
of the DP pool that also serves the substrates for PG synthesis in the form of lipid Il

(Grover et al., 2014; Trefzer et al., 2012).

Our scanning electron microscopy (SEM) analyses of the cell surface added more detail
to the previous observations. The untreated control appeared even and smooth, except
for the characteristic rings that occur from division. Consistent with our fluorescence
microscopy results, the EMB-treated cells exhibit superficial discontinuities at the cell
poles that extend as deep longitudinal furrows along the side wall. From dividing cells, it
became clear that the new cell poles have a distinct surface, which was interpreted as
the total absence of mycolic acids. In contrast, the BTZ-treated cells showed a more
uniform surface. Smaller longitudinal cracks were seen over the entire surface, also at
the cell poles. However, from dividing cells we also observed a distinct surface of the
new poles for the case of BTZ.

As this result corroborated our previous results only in parts, we also analyzed ultrathin
sections of the respective specimen via transmission electron microscopy (TEM). From
these analyses, we recognized an altered organization of the cell wall layers that
furthermore appeared distinct for the two antibiotics (Meyer et al., 2023; Schubert et
al., 2017). The native state cell wall shows a distinct electron-translucent layer between
the plasma membrane and the electron-opaque PG/AG complex. This periplasmatic

space appeared lost upon the treatment with both drugs. We reasoned that this is the
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result of the impaired apical elongation growth. The elongasome likely starts to form
just after the divisome created the new polar cell wall, hence, the effect is visible in
forming septa.

Both drugs interfere with the correct formation of the elongation machinery, and hence
dysfunctional cell poles occur from each division. In the case BTZ, the discussed
accumulation of unprocessed DPR likely explains the crowding of the periplasmic space
(Grover et al., 2014). For the case of EMB, the effect is not fully understood. The
affected enzyme Emb usually conducts the polymerization of the AG (Forbes et al.,
1962). Likely, native structural organization of the PG/AG is essential for functional
elongasome. Based on the mode of action of both drugs the observed layers likely
consist of a surrogate material distinct from the fine-structured native AG.

The PG/AG-surrogate layer of EMB-treated cells was thicker and less electron dense,
compared to the control. This shows in line with a previously reported inhibition of the
glutamate racemase Murl, and would imply a lower degree of PG crosslinking and
hence, a decreased mechanical resistance of the cells (Pawar et al., 2019). In contrast to
that, the PG layer of BTZ-treated cells appeared not significantly altered in structure,
while the material of unknown structure and composition that corresponds to the AG,
seemed more compact and thicker compared to the control.

The mentioned differences were most prominently visible on forming division septa. In
the native state, the surface proximal to the division site remains unaffected by the
formation of the new poles underneath. As visible from respective micrographs, an
arrangement referred to as M- or T-junction is formed by a splicing at the inner side of
the existing PG during the first steps of septum formation, while the attached AG layer
on the outside stays unaffected. The invaginating mirrored structure already shows the
same arrangement as the sidewall. The central electron-translucent layer was
interpreted as the opposing inner leaflets of the MM that are covalently bound to the
newly formed AG layer of each side (Meyer et al.,, 2023). Only after the regulated
hydrolysis of the M-structure, in prior to the v-snapping, the mobile phase can enter the
formed septum from the outside and keep up the MM confluency for both daughter
cells (Zhou et al., 2019). This characteristic MN-structure appeared lost as a result of both
drugs. The altered configuration of layers spans uniformly from the septum to the

sidewall. This likely goes along with a reduced mechanical resistance of the structure
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corresponding to the AG, since forming septa become visible on the surface of treated
cells. Consequently, the rapid v-snapping was not observed for both treatments, the
cells rather move continuously apart during division.

The distinct state of the MM is likely determined by the structure of the layer
underneath. According to the described function of the molecular target of EMB,
affected cells would lack the consecutive bifurcation of the arabinofuranose (Araf)
residues in the AG (Forbes et al., 1962). The resulting, drastically reduced surface of the
inner leaflet of the MM is understood to prevent the formation of a continuous double
layer. In the case of BTZ, the common model assumes a complete absence of Araf
residues. The composition and structure of the material that is visible instead of the AG
is still unclear. Since the inhibited enzyme DprE1 only blocks the epimerization of DPR to
the next intermediate product, but not the prior translocation to the periplasm, the
layer likely reflects an arrangement of yet uncharacterized sugars (Grover et al., 2014).
From the observed densities of the PG/AG-surrogate upon BTZ treatment, we reasoned
that the exhibited surface is likely continuous, but the question about a covalently
bound inner leaflet remained open. The observed phenotype rather resembled to
deletion mutant of aftB, which was described earlier for C. glutamicum (Raad et al.,
2010). AftB usually mediates the fusion of the terminal Araf residues to the maturing AG,
which then get mycolated. As described, the cells still show a continuous, confluent MM
despite the missing covalently attached mycolic acids. It was suggested that the MM
only consisted of mobile phase elements (TMM / TDM) that arranged as a bilayer on top
of the even AG surface (Raad et al., 2010). A similar scenario is also plausible for BTZ-

treated cells.

In the light of emerging multi drug resistant (MDR) and extensively drug resistant (XDR)
M. tuberculosis strains, antibiotics targeting the CMN-type cell wall gained more
importance. A detailed view on the respective effects, on various scales, provides a
valuable resource for clinical settings. The treatment of the tenacious lung infection
caused by M. abcessus profited from the growing class of CMN-cell wall acting
antibiotics. The species has a natural immunity against EMB, due to a polymorphism in
the respective embB gene (Alcaide et al., 1997). A synergy test with the experimental

DprE1 inhibitor OPC-167832 showed also an additive effect with a B-lactam antibiotic,
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here cefoxitin (Sarathy et al., 2022). This indicates that the observed effect is likewise

similar among the mycolata, as it shows consistent with our results (Meyer et al., 2023).

We have shown that the apical elongasome of C. glutamicum becomes functionally
inactivated as the result of sublethal EMB and BTZ treatment. In the case of EMB, cells
continue to grow slowly and form a defective MM, while for the case of BTZ growth was

strongly inhibited, but the confluency of the MM was less affected.

3.3 Elongation growth of C. glutamicum

The rod-shaped cell morphology appears reasonably simple. Many of the common
model species in bacteriology such as E. coli or B. subtilis, are typical rod-shaped cells.
Individual cells from both species elongate along their lateral cell wall (Cabeen & Jacobs-
Wagner, 2005). In contrast, a cluster of the Actinobacteria phylum, called the CMN
(Corynebacterium, Mycobacterium, and Nocardia)-group, also shows the characteristic
of rod-shaped cell morphology, but bears a mechanistic variant for its maintenance.
Elongation growth only occurs from the cell poles, similar to the apical growth of
filamentous Streptomyces spp. (Daniel & Errington, 2003; Flardh, 2003; Hett & Rubin,
2008).

Over decades, the lateral mode of cell elongation has been characterized in detail. Based
on fundamental considerations about the bacterial cell cycle, exponential elongation of
E. coli and Salmonella typhimurium cells was postulated and later experimentally
confirmed (Cooper & Helmstetter, 1968; Schaechter et al., 1958). This observed
exponential cell elongation has even been proposed as a universal pattern for elongating
bacterial cells during the phase of balanced growth (Cooper, 2006). In contrast to cells
that elongate by cell wall synthesis on the lateral side, the development of cells with a
(bi-) polar located elongasome are only poorly characterized. Here, we harnessed
detailed measurements and analyses of the cell cycle of C. glutamicum, to test whether
the proposed assumption for an exponential cell elongation holds also true for apically
growing cells (Messelink et al., 2021). Therefore, a comprehensive set of individual cells
obtained from growing microcolonies were geometrically characterized and further
analyzed with a novel growth trajectory inference method. The resulting rate-limiting

apical growth (RAG) model shows that C. glutamicum cells exhibits an initial increase of
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the individual growth rate, followed by a leveling off towards a constant rate. We
termed the observed pattern asymptotically linear growth and linked the dynamics to
the maturation of the elongasome complex at the new cell pole.

For the validation of the RAG model, we also tested the growth of the transglycosylase
deficient mutant C. glutamicum ArodA. The obtained results confirmed the
asymptotically linear pattern of cell elongation, while the total rate of elongation was
diminished compared to the wild-type.

Additionally, the data was used for a comparative simulation of exponentially- and
asymptotically linear elongation growth and resulted in the description of an intrinsic
mechanism for cell size homeostasis provided by saturating growth rates. From this, we
reasoned that the absence of a distinct division-site selection mechanism in C.
glutamicum is consequently explained by the apical mode of elongation (Messelink et

al., 2021).

Since for exponentially elongating cells, the actual length correspondents to the rate of
elongation, a strict division symmetry guarantees an equal growth rate for the daughter
cells. This prevents from the formation of large, fast growing individual cells.

The predominant lateral type of cell wall synthesis, as found in E. coli and B. subtilis, is
spatially regulated by MreB (Garner et al., 2011; Shi et al., 2018). This group includes ten
diverse phyla, among them Protobacteria, Firmicutes, Fusobacteria, Spirochaetes,
Cyanobacteria, and others (Takahashi et al., 2020). The cellular organization of the
respective cell wall synthetic complexes appears as dynamic movement of parallel acting
patches along the side wall (Garner et al.,, 2011). Mediated by the associated
transglycosylases (TG) and transpeptidases (TP), single strands of nascent PG get
integrated into the sidewall. This lateral mode of elongation is characterized by an
exponential increase in cell length, since the growing surface allows for more MreB
complexes to contribute (Zheng et al., 2016). During this process, the cell poles stay
inert. Hence, division resets the turnover per cell. This mechanism ensures a stable
distribution of cell sizes. In E. coli the regulation of division symmetry and cell size
homeostasis are biochemically well characterized (Hu et al., 1999). This mechanism of
homeostasis provides a characteristic cell size distribution in an exponentially growing

culture. Both predictive and experimental methods, speak for a strong interdependence
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between exponential elongating cells and a high degree of division symmetry (Taheri-

Araghi et al., 2015; Zheng et al., 2016).

For CMN-group bacteria, the rod-shaped morphology has evolved differently. Two polar
localized elongasome complexes produce nascent PG and thereby form a closed tube
that expands from the tips. The subcellular organization of the poles depends on the
scaffold protein DivIVA (Letek et al., 2008). Associated to that, SEDS proteins mediate
the integration of building blocks. This apical mode of elongation includes the assembly
of two stably anchored, mirroring elongasome complexes at the division site that
consequently form the new poles (Donovan & Bramkamp, 2014; Sieger et al., 2013). In
the case of C. glutamicum, the growth rate of single cells runs into a saturation. Due to
the maturation of the new cell pole, cells are approaching a constant growth rate that is
independent from the actual cell length. This mechanism also ensures that both
daughter cells start with an equal growth rate, since each cell inherits a fully matured
and a newly formed elongasome complex. Hence, the division symmetry is less

important in cells that use the apical mode of elongation.

Aiming on a simplified and general description of the bacterial cell elongation, the so-
called ‘adder’-model of elongation was proposed (J. Lin & Amir, 2017). It describes a
constant amount of added cell mass as a trigger for division. The model also includes the
two theoretical borders, defined as the ‘sizer’ that describes the dependence of division
on a critical cell size, and the ‘timer’ that defines a constant elapsed time as a trigger for
division. For E. coli, B. subtilis and Pseudomonas aeruginosa, the analyses of time-lapse
micrographs obtained with the mentioned mother-machines, confirmed the addition of
a constant amount of cell mass as trigger for cell division, independent from the final
size or the elapsed time (Sauls et al., 2016; Taheri-Araghi et al., 2015).

The ‘adder’ model for cell-size homeostasis links the metabolic activity to the actual size
of the cell. The model implies an absolute (threshold) concentration of a certain
metabolite as trigger for cell division, this further implies an optimal cell size. Any
occurring deviations from this size, either shorter, or longer cells are adjusted in length
within a few generations. With this intrinsic mechanism, cell-size homeostasis is

gradually maintained (Si et al., 2019).
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For Mycobacterium smegmatis, the classification along the criteria of the ‘adder’ model
resulted in a theoretical hybrid of a ‘timer’ and an ‘adder’ (Willis & Huang, 2017). Here,
the dependence of the ‘adder’ model on the morphogenic mechanism became visible. A
less accurate division symmetry of the examined specimen, at a first glance, appeared as
hard to interpret by the provided model. Later, this discrepancy was solved by taking the
independence of both polar elongasome complexes into account and interpreted the

data as a parallel adder (Logsdon et al., 2017).

Distinct from the ‘adder’-approach, an atomic force characterization of the biphasic
growth of M. smegmatis and M. tuberculosis provided a useful comparison since the
elongation rates of single cells were measured. The concluded ‘new end take off’ (NETO)
model describes the jumping onset of the elongation growth of the new pole after an
initial inactive phase (Hannebelle et al., 2020). It appears as a consistent observation
specific for Mycobacterium spp. and a rapidly doubling of growth rates by the activation
of the new pole was not observed for C. glutamicum. Here, the growth rates gradually
increase towards a static plateau (Messelink et al., 2021). This difference to the reported
delay of polar maturation for Mycobacterium spp., together with the prolonged
generation time, might be associated to a gene/dose effect that is caused by the
diploidy (Bohm et al., 2017). The study about the atomic force characterization of the
biphasic growth of M. smegmatis and M. tuberculosis only deals with a small sample
number, but a species-specific effect appears likely (Hannebelle et al., 2020). This
discrepancy also shows the limits for the use of Corynebacterium as a model for cell

growth in Mycobacterium.

The quality of the cell cycle model is highly dependent on the precision of the raw data.
By the time the project stared, the only method for an automated analysis of time-lapse
micrographs was realized for the so-called mother machine (Fig. 9) (P. Wang et al.,
2010). This microfluidic device consists of parallel microtubes that roughly fit the width
of E. coli cells. It turned out that this setup is insufficient for C. glutamicum cells. The
characteristic v-snapping and the occasionally occurring asymmetric division led to a bias
by randomly orientated cells that in few cases even clogged the chambers due to
crosswise trapping. Because of this limitation, an alternative solution was developed

that is based on a different microfluidic setup, which allows any orientation of the cells.
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(Messelink et al., 2021). The respective processing of the time-lapse micrographs was
realized by evolving the algorithm of a previously developed automated image analysis
method (Schubert et al., 2017).
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Figure 9: Computer vision of time-lapse micrographs. (A) Different microfluidic devices bear distinct advantages and
disadvantages. The ‘mother-machine’” was developed for E. coli and works nicely with a provided software on this
setup (A, upper panel). Due to morphological characteristics, for C. glutamicum the setup appeared inferior. This
limitation was circumvented by the development of a novel image analysis method that uses a microfluidic setup
without spatial constraints as raw data (A, lower panel). (B) The developed algorithm is based on the analysis of single
cells, extracted from the raw image. It is able to process virtually any cell morphology and was therefore termed
‘Morpholyzer’. A more detailed description of the algorithm can be found in the Appendix. (C) The obtained data
include the genealogic context of the cells, information on fluorescence intensity and localization, and geometric
features like the cell length or width. The obtained numeric data then is used for further analysis and visualization.

By adding the dimension of time and the orientation of the new pole to the dataset, the
spatial development of individual cells can be consequently displayed as a list of
numbers. Individual elements of the list further bear information about the genealogical
context of the growing microcolony. We used the reporter strain C. glutamicum
diviVA::divIVA-mNeonGreen as a proxy for the onset, duration, and position of cell
division was included to the dataset of each cell (Messelink et al., 2021). From earlier
experiments, we learned that DivIVA localizes to the forming division plane just before
the synthesis of nascent PG becomes visible (Schubert et al., 2017). In the used time-

lapse setup, this enabled measurements of the individual timing of division and the

58



Discussion

positioning relative to the new pole. This numeric set resulted in a precise measurement
of complex optical raw-data and served as base for the development of the reported
single-cell growth inference method. Through an initial binning of the data according to
the measured lengths at birth, the developed model accounts for the occasional
asymmetry that naturally occurs for C. glutamicum. Thus, the limitations of models
developed under the premise of strict division symmetry, as it is the case for E. coli and
B. subtilis, were compensated (J. F. Collins & Richmond, 1962; Messelink et al., 2021;
Taheri-Araghi et al., 2015).

Our results suggest that the proposed universal pattern of exponential bacterial
elongation is limited to only certain species (Cooper, 2006; Messelink et al., 2021). It was
further suggested that observed linear components of single cell growth are explained
by experimental bias (Cooper, 2006). In contrast to that, our results suggest that the
dynamics of bacterial cell elongation is strongly dependent on the molecular
arrangement of growth zones and a general approach for bacteria is not trivial

(Messelink et al., 2021).
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Appendix

Development of a custom image analysis method for epifluorescence micrographs

1.4.1 Image structure

Modern epifluorescence micrographs typically contain multiple dimensions, organized
as a stack of images. These are usually recorded by the same black/white camera and
show a single focal plane. Potentially organized as a multiple (hyper) stack, the image
can contain additional channels that bear further information about the sample,

depending on the used imaging protocol.

The first image of the stack usually shows a non-fluorescent micrograph. By this, only
the basic geometric features of the specimen become visible. The image is usually taken
with a transmitted full spectrum VIS (visible light) illumination and an objective
dependent contrasting method. Typically, either phase contrast or differential
interference contrast (DIC) are available at the microscope. The two dimensions of the
image can be expanded in space and time. The use of motorized stages opens up the
second dimension by potentially adding multiple spots of the specimen that can be later
examined individually. By acquiring a series of images with a defined focal range, the
third spatial dimension can be added to a micrograph. The repetitive acquisition of the
same focal plane would add the dimension of time in a separate channel. All three are

optional.

In the simplest form, further channels only contain the fluorescence information. An
additional image shows the captured signal that was emitted under a certain
illumination condition. The spectrum and time of illumination are dependent on the
characteristics of the used fluorophore or dye and the respective optical setup. Common
targets for chemical dyes are structures like membranes or DNA. Modern approaches
use bio-orthogonal labeling via click-chemistry on other structures. Dyes are also used as
reporter systems for DNA sequence specific fluorescence in situ hybridization (FISH)-
probes. With the use of fluorescent proteins, potentially every protein can be labeled in
almost any desired color, already at the genetic level. In modern microscopic systems,

up to nine sharply distinct bands of the light-spectrum can be used in parallel, but
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usually one to three is common practice.  For usual applications, the sample size of the
examined trait is commonly limited. The extraction of quantitative features from images
is often laborious and rather requires different methods. This is currently changing
(Haase et al., 2022; Hartmann et al., 2020; Jones et al., 2008; van Raaphorst et al., 2017).
The awareness about the amount of data that is produced by a single micrograph primes
a path to the idea of automated image processing and analysis. Respective software
environments that enabled the handling of multi-dimensional micrographs entered the
field about a decade ago. Due to a very active community, the open-source project FlI
meanwhile provides a considerable collection of established tools (Schindelin et al.,
2012). Since then, a whole ecosystem of specialized solutions appeared for various

topics and hence formed the discipline of scientific image analysis.

Since available tools often appear as a black box when it comes to details, the purpose
of this project was to create a transparent, powerful, and adaptable process, that could
be adapted for different questions within this work. The initial problem was that
available tools were unable to cope with the irregular morphology of C. glutamicum.
Therefore, the developed algorithm was termed ‘Morpholyzer’. For the processing and
measurements, the program FlJI and the internal Image) macro language were used
(Schindelin et al., 2012). The analysis and visualization of the acquired data was

developed in R (R Development Core Team, 2003).

The general idea behind the procedure is a decoupling of the raw-data and the actual
subject of interest, a single bacterial cell. This bears various advantages and is realized
by systematic data storage. The key element of the data organization is a unique
identifier for every cell, independent from the source image. By this, a series of images is
treated as a whole, but single elements are kept traceable from the beginning. This
identifier-code helps to organize the storage of every significant intermediate step. The
procedure is divided into three general tasks. In the beginning, single cells are gathered
semi-automatically from a series of raw images and get stored separately. The following,
automated step, determines all relevant geometric parameters for each single cell.
Based on that, the cell poles, a shape-adaptive centerline, and the profile of the cell

halves are constructed individually. All fluorescence signals are measured pixel wise. The
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obtained data, then serves as input for further sorting, analyses, and visualizations. In

the following, basic functions and key features of the algorithm are summarized.

1.4.2 Creation of a binary mask and single cell gathering

For the process of gathering single cells, a phase contrast/ DIC image is obligatory. It is
used to create a binary (black/white) mask of the image (Fig. 10). The script uses a FlJI-
provided threshold algorithm, and the mask is automatically calculated and added to the
first position of the stack. The respective threshold algorithm can be chosen according to
the image composition. To a certain extent, the artifacts in the resulting image get
cleared automatically. In a following manual step, the remaining undesired elements can
be removed with a large black brush, and touching cells can be separated either
manually or by the application of the watershed function. The resulting cleared mask
should now only contain separated white cells on black background. After a
confirmation, the outlines of the single cells are automatically recognized by edge-
detection and stored as separate regions of interest (ROls). From each of these ROls, a
bounding rectangle is calculated, and the respective selection is duplicated. This cut-out
of a single cell includes all present fluorescence channels and formatting. Since all these
cells are stored individually but at the same place, the procedure includes a repetition

on technical replicates until a sufficient sample number of cells is reached.

The original images, plus a channel containing the mask are saved. Also, the respective
coordinates of the cell ROIs on the large image. By monitoring the count of files in the
image folder the systematic naming for the cells is generated. A typical name is
Tf023Ti044T and follows the syntax: ‘f’ is the number of the technical replicate (or frame
in time-lapse analysis) and ‘i’ is the individual cell ID for that image, while ‘T’ is used as a

delimiter for later processing.
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A Fluorescence microscopy B Time-lapse imaging

C Single cell analysis D Data analysis & visualization
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Figure 10: Basic steps of the developed workflow. (A) Binaries from phase contrast micrographs are used
to extract single cells from larger images including the potential fluorescence information. (B) The method
can be applied to static and time-lapse images. (C) Single cells get analyzed independent from their

morphology. (D) The logic of data storage allows for further sorting, analyses, and visualizations.
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1.4.3 Time-lapse analysis

In nearly all biological disciplines, time-lapse imaging is a common method for obtaining
information about protein localization in a spatio-temporal context. Therefore, an
adaptation for time-lapse acquisitions of growing micro-colonies was realized. For that,
the process of cell gathering was modified and supplemented with information about
lineage, age and orientation of the cell pole, and the respective frame in the time-stack.
A usual format for such an analysis would be a cut-out from a larger scene that shows a
single cell in the beginning. Over about 100 frames (with an interval of 2 min) the
development of the microcolony is captured in phase contrast and fluorescence (Fig.

10).

The information about the genealogy of the population is determined prior to the
analysis. Starting with a single cell with the name n (001), the progeny now is named
(002) and (003) respectively. According to this rationale, the offspring of each cell is
named dependent on the number of the parent. For (003), based on 2n and 2n+1, this
defines (006) and (007) as names of the descendants. Practically, this can only be
realized by keeping track of the individual cell poles. For that, the binary mask of the
scene is used to specify the new pole of each cell with a black dot, starting with the first
division. This dot gets automatically recognized in a later step and guarantees the
correct orientation of the image-duplicate during the reconstruction of the cell cycle.
The most significant information is hidden in the filename, since it connects the present
image with the genealogical context of the individual cell and the frame-number of the

scene.

1.4.4 Single cell analysis

The basic output format of the previous algorithm consists of a minimum of three
channels: a binary image, a phase contrast-, and one fluorescence channel. Each of the
single cell image serves as input for the actual cell analysis, step by step. The process
uses the folder that was used for saving before. Each processed imaged is moved to a

different folder, the program ends with the last element (Fig. 10).

The cut-out is usually orientated in an random angle. In a first step, this orientation is

determined, and the cell is turned in an vertical position. This is necessary since the
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construction of the adaptive central line depends on a growing value for the y-axis. An
adaptation of the procedure for different angles becomes unnecessary if the cells are
roughly in the same orientation. The measurement of the orientation is realized via the
outline of the cell. Since the coordinates are present as a list, the pairwise connection of
all points gives a list of distances. This list is now sorted by length and gives a rough
estimate of the cell poles. According to the angle between this line and the x-axis, the
whole cut-out is rotated respectively and sized up by the factor of 2.5x. This ensures a
virtual subpixel resolution and thus enables for a more precise construction of diverse
morphologic features. During scaling and rotation, basic interpolation is applied. By this,
only minor systematic errors are introduced.

The vertical oriented cut-out is saved, and the poles (point 1,2) and angle (A) are
determined again. Now the iterative construction of the adaptive central line follows.
The upper pole (1) and the first 5 pixels of the connecting line define a new point (3).
From this point and perpendicular to A, rather horizontal lines towards the black edge
are constructed and define the points 4 and 5. The center of this ‘slice’ is usually
different from 3 and defines the first point of the line L1. By connecting now 1 and L1 a
new angle B is defined. The calculated elements L1 and B are then used to substitute 3
and A in the process. By this, the line adapts to the shape until a proximity with 2 is
reached. Since there are possible artifacts generated in the beginning of the process, the
process feeds back towards 1 and finally defines the cell poles and the central line

precisely.

The center of the central line and the poles define a further angle (C). This value can be
interpreted as a proxy for the cell curvature. This becomes important for bent cell
morphologies like in Vibrio cholerae or Rhodospirillum rubrum (Peschek et al., 2020;
Poehl et al., n.d.). Based on the intersect of the poles and the outline, the outline can be
divided into a left and right half. Since vertically corrected images are either bent to the
left or the right, the algebraic sign of C helps to correct for the orientation. By this the
inner and outer curvature can be measured in a distinct and continuous line scan for

comparison.

Each of these constructed elements is saved as a set of ROIs and used as base for

measurements of lengths and fluorescence profiles. For this, line-scans of variable
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widths are applied, and result in numeric vectors that reflect the signal. For images from
a time-lapse dataset, the position of the black dot along the centerline is used normalize
the orientation. An integrated fail-save ability enables for the manual exclusion of
undesired, traceable, single elements. The results are stored systematically, in a format

that grants the further access for analysis and/or visualization procedures.

1.4.5 Data analysis and visualization

The potential comprehensive numeric output of the single cell analysis enables for
various kind of explorative data analyses. For basic evaluation of the data, Microsoft
excel was used. Further, and depending on the task, the statistical software R was
applied together with the package ggPlot2 (R Development Core Team, 2003; Wickham,
2011). From still images, basic geometric parameters, as the distributions of cell lengths,
the mean widths or areas can be displayed as histograms or violin plots and statistically
compared. For time-lapse analyses these parameters were placed into a genealogical
context and thus create the element ‘cell cycle’. These can be further analyzed and

compared (Fig. 10).

The fluorescence scans of the central lines are commonly depicted as demographs. The
procedure in the algorithm is usually defined per channel, but, if available, combinations
of all existing channels are possible. Demographs result as the color-coded display of
line-scans that are combined to a matrix and sorted by length. An optional step of
sorting would be the adjustment of the pole orientation. This is only possible if a
unequal polar marker is present in the dataset, as in the case of a HADA-staining in C.
glutamicum (Meyer et al., 2023; Schubert et al., 2017). By this sorting, all simultaneously
recorded channels can be sorted as well, even if no polar marker is present for them.
The principle of the demographs was expanded by further center of reference. By
displaying a pair of line scans from the two cell halves, membrane and cell wall related

process can be distinctively depicted.

The scans perpendicular to the central line can be combined to a graphical
reconstruction of the cell that shows morphological details and fluorescence pattern,
but this is rather uncommon. This serves more to illustrate the extent of the obtained

data. MS excel turned out to possess a simple, native function for the illustration of such
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datasets. By the application of conditional formatting, the (excel)cells can be color-
coded according to numeric values. By this, and a maximum zoom-out, the obtained

results of still image- or time-lapse experiments can be easily visualized.
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