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Introduction

1 Introduction

Microbial life has evolved under nearly all environmental conditions found on Earth. The high diversity
of ecological niches microorganisms have adapted to is best reflected by extremophiles growing in
presence of geochemical and physical parameters that are harsh from an anthropocentric point of
view. This includes growth from below 0 °C to above 120 °C, in the range of pH 0 to 13, high salinity,
UV and gamma radiation or combinations thereof (Coker 2019). Although the number of species
adapted to extreme conditions is impressively high, the highest microbial diversity in the biosphere is
found in soil with 102 to 10° bacterial phylotypes per gram of soil (Thompson et al. 2017; Bahram et al.
2018; Delgado-Baquerizo et al. 2018). Unlike the ecological niches of extremophiles, life in soil is not
extreme at first glance. However, strong changes in physical and geochemical parameters and hetero-
geneous micro-environments render soil a harsh environment. The abiotic and biotic factors shaping
life in this habitat comprise temperature, pH, osmolarity, availability of nutrients and inter- and intra-
species competition (Pittelkow and Bremer 2011; Xu et al. 2013; Kaiser et al. 2016; Bahram et al. 2018).
The ability to cope with these factors, and to adapt to changing environmental conditions in general,
determines a species’ fithess. Consequently, the selective pressure by fluctuating environmental con-
ditions has favored greater complexity in the physiology of soil-dwelling bacteria compared to micro-
organisms facing rather homeostatic environments (Aizawa et al. 2002; Szurmant and Ordal 2004). The
Gram-positive model organism Bacillus subtilis represents one of the best studied soil bacteria and
microorganisms in general. Moreover, cellular mechanisms of how B. subtilis adapts to limiting envi-
ronmental conditions are well understood at the molecular level. However, these adaption mecha-
nisms are not limited to the natural habitat of Bacillus but also occur under optimized, constant growth
conditions, which has strong implications for industrial application of members of this genus (Veening
et al. 2006; Xiao et al. 2016; Gonzalez-Cabaleiro et al. 2017; Fernandez-de-Cossio-Diaz et al. 2019).
Following a brief overview on B. subtilis as a Gram-positive model organism as well as its industrial
relevance, cellular adaptation processes and underlying physiological mechanisms are described in this
introduction. Subsequently, the regulatory circuits controlling exoenzyme production, motility and bio-
film formation are described. These adaptation mechanisms represent the focus of the strain engi-

neering approach within this thesis.

1.1 The genus Bacillus in basic research and biotechnology

Members of the genus Bacillus are Gram-positive, rod-shaped, aerobic to facultative anaerobic bacte-
ria from the phylum Firmicutes ubiquitously found in soil. Bacillus species are characterized by peritri-
chous flagella, except for B. anthracis, and a low GC-content (Spencer 2003). Their diverse morphology
and the ability to form endospores has gained interested of researchers from the late 19*" century on
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(Cohn 1870; Drews 2000). This phenomenon, the differentiation of vegetative cells into dormant en-
dospores, has been extensively investigated ever since (Leaver et al. 2009). However, it was the ability
for uptake of exogeneous DNA from the environment, and the resulting possibility for genetic modifi-
cation, that established B. subtilis as a Gram-positive model organism (Anagnostopoulos and Spizizen,
1961). The 4.2 Mbp large genome of B. subtilis was published in 1997 and encodes more than 4100
genes, 370 of which encode proteins of unknown function, making B. subtilis one of the best charac-
terized organisms (Kunst et al. 1997; Barbe et al. 2009; Caspi et al. 2014; Borriss et al. 2018). The bio-
chemistry and physiology of Bacillus, in particular B. subtilis, is well characterized including transcrip-
tome (Rasmussen et al. 2009; Nicolas et al. 2012), proteome (Tjalsma et al. 2004b; Otto et al. 2010;
Kohlistedt et al. 2014; MaaP et al. 2014; Muntel et al. 2014), and metabolome analysis (Fischer and
Sauer 2005; Liu et al. 2017) under a variety of conditions. The comprehensive genetical, biochemical,
and physiological characterization of B. subtilis provides a strong basis for synthetic biology ap-
proaches, including the construction of minimal cells, with great potential to elucidate the essence of
life as well as to design improved cell chassis for industrial applications (Westers et al. 2003; Manabe
et al. 2011; Reul et al. 2017; Aguilar Sudrez et al. 2019).

In addition to the importance of B. subtilis for basic research, members of the genus Bacillus are major
workhorses in industrial biotechnology. The ability to secret proteins at a g/L scale simplifies product
purification and has made Bacillus a preferred host for production of degradative enzymes, including
proteases and amylases (Schallmey et al. 2004). In fact, homo- and heterologous expressed enzymes
using Bacillus production platforms account for approximately 50 % of the global enzyme market, with
an estimated turnover of $7.1 billion in 2018 (Schallmey et al. 2004; Hohmann et al. 2017). Moreover,
most Bacillus species are non-pathogenic and were applied in different areas of life for many decades
(Mitsui et al. 2009). Consequently, selected species obtained the GRAS (generally regarded as safe)
and QPS (qualified presumption of safety) status by the FDA and EFSA, reducing regulatory hurdles.
Although the inherently high secretion capacity is the main driving force for the success of Bacillus
expression hosts, their biotechnological application is not limited to enzyme production. Two examples
of non-enzymatic products produced at industrial scale are vitamins, foremost riboflavin, and nucleo-
tides used as flavoring agents (Hohmann et al. 2017; Acevedo-Rocha et al. 2019). Moreover, Bacillus
strains were engineered for improved production of antibiotics (Kumpfmiiller et al. 2016; Wang et al.
2019), pharmaceutical proteins (Lakowitz et al. 2017; Aguilar Suarez et al. 2019) and platform chemi-
cals such as 2,3-butanediol (Yang et al. 2015; Fu et al. 2016) among others (Gu et al. 2018). Finally,
Bacillus and related strains are becoming increasingly important as probiotics in food and feed appli-

cations as well as in biological control and plant growth promoting agents (Bais et al. 2004; Cutting
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2011; Chowdhury et al. 2013; Rabbee et al. 2019). Among all Bacillus species, B. subtilis, B. licheni-
formis, Bacillus clausii, Bacillus amyloliquefaciens and Bacillus pumilus represent the currently most
relevant hosts for biotechnological production of extracellular enzymes, but also peptide antibiotics,
vitamins and biochemicals like poly-y-glutamic acid (Froyshov and Laland 1974; Schallmey et al. 2004).
The success story of many Bacillus species in industrial biotechnology is based on the production of
alkaline serine proteases (subtilisin) used in the detergent industry. Two of the most capable producers
of alkaline serine proteases are B. licheniformis and B. pumilus. Both species belong to the B. subtilis
subgroup and show strong homology to this comprehensively characterized Gram-positive model spe-

cies (Rey et al. 2004; Veith et al. 2004; Klppers et al. 2014).

1.2 Cellular heterogeneity

1.2.1 Cellular heterogeneity is a widespread phenomenon in procaryotes

The unicellular appearance of prokaryotes and their reproduction by binary fission led to the assump-
tion, that all cells behave identical when facing the same environmental conditions. In contrast to this
view, the diversity of microbial life is not limited to species- or strain-specific differences but rather
includes cellular heterogeneity. Cellular heterogeneity describes the differentiation of genetically iden-
tical (isogenic) cells into phenotypically distinguishable cell types (Avery 2006). B. subtilis serves as a
model organism for sporulation and bacterial cellular differentiation processes. In fact, Bacillus has
gained interest of researchers already in the late 19" century due to its diverse morphology and cell
types (see 1.2.2; Cohn 1870; Nakamura et al. 1999). However, there are further well-known examples
of cellular heterogeneity in procaryotes that include Cyanobacteria, Caulobacter crescentus and Myx-
obacteria (Thaxter 1892; Lopez et al. 2009). Cyanobacteria, such as Anabaena, form heterocysts for
nitrogen fixation within filaments of photosynthetically active, vegetative cells. Under nitrogen limita-
tion, this division of labor is crucial to protect nitrogenases from oxygen generated by photosynthesis
in vegetative cells. Heterocysts supply nitrogen to neighboring cells, which in return provide carbohy-
drates to the specialized cells (Adams 2000). C. crescentus differentiates into stalked and swarmer cells
representing an adaptation to its aquatic lifestyle. Only stalked cells attached to surfaces can replicate,
whereas swarmer cells allow for exploration of new habitats in this low nutrient environment (Ely
1991). Finally, multicellular communities represent even more complex forms of cellular differentia-
tion allowing for cooperative behavior and division of labor. Biofilm formed by B. subtilis can be con-
sidered as multicellular structures, since differentiated cells provide common goods that benefit the
whole population within this enclosed microenvironment (Aguilar et al. 2007). However, one of the
most tangible examples for multicellularity and cooperative behavior are Myxobacteria, which coordi-
nate swarming to allow for predation on other microorganisms. Moreover, when nutrients become
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scarce, Myxobacteria form fruiting bodies in which the whole population contributes to efficient for-
mation of myxospores by a fraction of cells. These elevated structures allow for efficient dispersal of
spores, thereby increasing biological fitness of the species (Mufioz-Dorado et al. 2016). The examples
described highlight the advantage of cellular heterogeneity when facing changing environmental con-
ditions. Importantly, while environmental stimuli promote cellular adaptation processes, stochastic
fluctuation in cellular components and gene expression is considered the main source for phenotypic
heterogeneity (Veening and Kuipers 2010; Russell et al. 2017). Depending on the degree of phenotypic
variation, heterogeneous and bistable (bimodal) expression patterns are distinguished. While pheno-
typic heterogeneity follows Gaussian distribution, bistability refers to distinct subpopulations co-exist-
ing in either an ON or OFF state regarding a certain phenotype (Dubnau and Losick 2006; Delvigne et
al. 2014; Mustafi et al. 2014). The establishment of bistability requires positive and double-negative
feedback loops to amplify the noise in gene expression (Lopez et al. 2009). These principles resulted in
the widely accepted view, that cellular differentiation has evolved as a strategy for pre-adaptation to
limiting conditions rather than responding to them and is therefore called a bet-hedging strategy
(Veening et al. 2006; Xiao et al. 2016; Gonzalez-Cabaleiro et al. 2017; Fernandez-de-Cossio-Diaz et al.
2019).

1.2.2 The regulatory network governing cellular heterogeneity in Bacillus

In its natural habitat as well as under laboratory conditions B. subtilis faces strong changes in the en-
vironmental conditions. The physiological response to these conditions results in coexistence of dis-
tinct cell types, including a motile, chemotactic subpopulation to migrate towards more favorable en-
vironments, development of genetic competence for uptake of extracellular DNA, formation of bio-
films by synthesis of extracellular matrix components and the secretion of extracellular degradative
enzymes to utilize macromolecules (Lopez and Kolter 2010). Finally, as mentioned above, members of
the genus Bacillus form dormant endospores to endure harsh environmental conditions (Piggot and
Hilbert 2004). A schematic overview of these subpopulations is shown in Figure 1. The underlying reg-
ulatory network governing cellular heterogeneity in B. subtilis is intriguingly complex and yet follows
only a few general principles including bistability, the use of regulators with dual function and different
threshold levels required to trigger a certain cellular response (Fujita et al. 2005; Verhamme et al.
2007; Veening et al. 2008b; Chai et al. 2010b; Marlow et al. 2014b). Remarkably, only three major
response regulators, Spo0OA, DegU and ComA, and their cognate sensor kinases determine cell fate in
B. subtilis (Lépez and Kolter 2010). During exponential growth, SpoOA-P and DegU-P levels are low,
enabling differentiation of the motile subpopulation. As growth conditions become limiting, SpoOA is

phosphorylated by the so called phosphorelay. Five sensor kinases KinA, KinB, KinC, KinD and KinE
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undergo autophosphorylation and subsequent phosphotransfer to the intermediate response regula-
tor SpoOF. SpoOF functions as a phosphodonor for Spo0B, which transfers the phosphate group to
SpoOA (Burbulys et al. 1991; Jiang et al. 2000). KinC also acts in parallel to this cascade by directly
phosphorylating SpoOA (Ldpez et al. 2009a). Low to intermediate levels of SpoOA-P trigger biofilm for-
mation (see section 1.3; Hamon and Lazazzera 2001; Fujita et al. 2005). As the SpoOA-P level further
increases, biofilm formation is repressed and cells commence to sporulation by activating a regulatory
cascade comprising the sporulation-specific sigma factors SigE, SigF, SigG, SigK as well as SigH (Hoon et
al. 2010). In addition, SpoOA-P triggers expression of cannibalism factors Skf and Sdp for killing of sib-
ling cells. This mechanism is supposed to lead to the release of nutrients thereby delaying entry into
sporulation as well as to feed the sporulating subpopulation to finalize the energy intensive develop-
mental process (Gonzéalez-Pastor et al. 2003; Gonzalez-Pastor 2011; Shank and Kolter 2011). Finally,
the SpoOA master regulator controls expression of exoenzyme synthesis, including the major extracel-
lular alkaline protease AprE (Olmos et al. 1996). Transcription of aprE is repressed by SinR, ScoC, AbrB
and CodyY all of which, except for the latter, are under direct or indirect control of SpoOA-P (Perego et
al. 1988; Strauch et al. 1989; Shafikhani et al. 2002). More recent data suggest that SpoOA-P also acts
as a direct transcriptional activator of aprE as shown for B. licheniformis (Zhou et al. 2020a). In addition
to Spo0A-P, expression of aprE requires phosphorylation of DegU (DegU-P) by its cognhate sensor kinase
DegS (Henner et al. 1988a; Shimane and Ogura 2004; Veening et al. 2008a). The regulatory network
controlling intracellular levels of DegU-P is described in detail in section 1.5. Intermediate levels of
DegU-P also promote biofilm formation, while high levels of the response regulator inhibit biofilm for-
mation (Kobayashi 2007b; Verhamme et al. 2007; Marlow et al. 2014b). Finally, the ComP-ComA two-
component regulatory system controls formation of surfactin producing cells, a small number of which
develops natural genetic competence, while others initiate matrix synthesis (Nakano et al. 1991; Lopez
et al. 2009b). ComP senses the extracellular signaling peptide ComX and undergoes autophosphoryla-
tion following activation of ComA. ComA-P eventually leads to expression of the competence master

regulator ComK (Weinrauch et al. 1990; Magnuson et al. 1994; Hamoen et al. 2003).
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Figure 1: lllustration of distinct cell types formed by B. subtilis. Central regulators controlling the cel-
lular differentiation process are indicated next to the corresponding developmental pathway. Note
that matrix synthesis and sporulation require intermediate and high levels of SpoOA-P respectively.
Moreover, the formation of cannibalistic cells (not shown) represents an intermediate step when ini-
tiating spore formation. Figure adapted from Lopez et al. (2009).

The environmental stimuli triggering all three response regulators, SpoOA, DegU and ComA are of di-
verse nature. One shared mechanism is their activation in response to cell density (Kalamara et al.
2018). Whereas the effect of ComX on the membrane bound sensor kinase ComP represents a direct
interaction of the signaling molecule with its target sensor kinase, most quorum sensing mechanisms
in B. subtilis occur by an indirect mechanism that involves response regulator aspartate phosphatases
(Rap). Rap proteins modulate the activity of two-component signal transduction systems by two dif-
ferent mechanisms (Ogura et al. 2003; Pottathil and Lazazzera 2003; Gallego del Sol and Marina 2013;
Kalamara et al. 2018). The first subgroup comprises Rap proteins exerting phosphatase activity over
the target response regulator, such as RapA, which modulates the phosphorelay by dephosphorylating
SpoOF-P (Perego and Hoch 1996; Gallego del Sol and Marina 2013). The second subset, including RapG,
blocks DNA binding of the corresponding response regulator by direct interaction with its DNA binding
domain (Ogura et al. 2003; Gallego del Sol and Marina 2013). Cell density dependent regulation of Rap
protein activity occurs via secretion and uptake of pentapeptides. These so called Phr proteins antag-
onize Rap protein function, thereby promoting activity of the respective response regulator (Gallego

del Sol and Marina 2013).

1.2.3 Cellular heterogeneity in the context of industrial biotechnology

The inherent ability of Bacillus to form phenotypically different subpopulations provides a fitness ad-

vantage under changing environmental conditions by enabling rapid adaptation (Avery 2006; Veening
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et al. 2008b). While fluctuations in the (mirco) environment, including those observed in bioreactors,
promote cellular differentiation, intrinsic noise in gene expression levels is considered the main source
for phenotypic heterogeneity and bistability (Schweder et al. 1999; Enfors et al. 2001; Lara et al. 2006;
Veening et al. 2008b). Consequently, even in homogeneous environments phenotypical variations at
the single-cell level are observed, which has major implications for industrial biotechnology (Veening
et al. 2006; Xiao et al. 2016; Gonzalez-Cabaleiro et al. 2017; Fernandez-de-Cossio-Diaz et al. 2019).
Single-cell analysis is widely used to address the complexity of biological systems by improving spatio-
temporal analysis. But, unlike in basic research, only a limited number of studies used single cell tech-
niques to investigate the formation of subpopulations in the context of industrial fermentation pro-
cesses (Delvigne et al. 2014). Common global analysis of product formation represents population av-
erage values only, while productivity and metabolic capacity varies at the single-cell level (Delvigne et
al. 2014). Similarly, proteomic, metabolomic, and transcriptomic profiling mask individual physiological
differences leading to a loss of information. However, the impact of cell differentiation on process
performance and economical success cannot be neglected (Delvigne and Goffin 2014; Xiao et al. 2016).
Depending on the degree of phenotypic variation, heterogeneous and bistable (bimodal) expression
patterns are distinguished both contributing to reduced productivity due to low- or non-producing cell

types (Figure 2; Delvigne et al. 2014; Mustafi et al. 2014).
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Figure 2: Cellular heterogeneity in industrial fermentation processes. A) Grey curves represent the
productivity for a single cell or a subpopulation of cells. The resulting productivity at population level
(bulk analysis) and the theoretical maximum productivity are depicted in black (solid and dotted line).
Depending on the degree of phenotypic variation heterogeneous (dashed lines; B) or bistable (ON and
OFF state; C) expression patterns are distinguished both resulting in non-optimal productivity at pop-
ulation level. Figure modified after Delvigne et al. (2014).

Cell heterogeneity was analyzed in selected industrially relevant species under process close condi-
tions including procaryotic hosts (E. coli, Clostridium, Pseudomonas, Corynebacterium, B. subtilis) and
yeasts (Saccharomyces cervisiae, Pichia, Kluyveromyces) (Veening et al. 2006; Tracy et al. 2008; Love

et al. 2010; Alonso et al. 2012; Lee et al. 2013; Mustafi et al. 2014; Wyre and Overton 2014; Delvigne
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et al. 2015; Ploss et al. 2016; Xiao et al. 2016). While the technological progress including mathematical
modeling (Gonzalez-Cabaleiro et al. 2017), on-line flow cytometry (Diaz et al. 2010; Baert et al. 2015;
Milias-Argeitis et al. 2016), microfluidics (Fiore et al. 2016; Cabeen et al. 2017), genetically encoded
biosensors (Mustafi et al. 2014), and semi-automated evaluation of fluorescence microscopy data
(Piersma et al. 2013; Syvertsson et al. 2016) has improved analysis of phenotypic heterogeneity, only
a limited number of studies developed and applied strategies to reduce cell heterogeneity from the
strain engineering point of view. The aim of this thesis was to analyze and modify cellular adaptations

that underly bistable control in the industrially relevant B. licheniformis.

1.3 Biofilm formation in B. subtilis

In nature, biofilms represent the predominant way of bacterial and archaeal life (Flemming and Wuertz
2019). The coordinated formation of multicellular communities embedded in an extracellular matrix
provides several advantages by increasing the stress resistance against biotic and abiotic environmen-
tal factors. This includes predation, desiccation, limited availability of nutrients, and increased toler-
ance towards chemicals and antibiotics (Davey and O'toole 2000; Branda et al. 2005; Epstein et al.
2011; Flemming and Wuertz 2019). In addition, the enclosed microenvironment in biofilms allows for
division of labor with subpopulations providing common goods that benefit the whole population
(Branda et al. 2006; Lopez et al. 2009a; Bartolini et al. 2018; Dragos et al. 2018).

Bacteria of the genus Bacillus are frequently found in the rhizosphere and were shown to promote
plant growth (Bais et al. 2004; Earl et al. 2008). Besides the diverse secondary metabolism of Bacilli,
the ability to form biofilms is crucial for colonization of plant root surfaces and thus the function as a
biological control agent in nature and agricultural settings (Bais et al. 2004; Beauregard et al. 2013;
Fira et al. 2018). The underlying physiological processes governing biofilm formation in B. subtilis have
been investigated in detail (Vlamakis et al. 2013; Cairns et al. 2014). The two main components of the
extracellular matrix of B. subtilis are exopolysaccharides (Eps) and protein fibers formed by TasA
(Branda et al. 2001; Kearns et al. 2005; Branda et al. 2006). In addition, the biofilm surface layer protein
BslA confers hydrophobicity to Bacillus biofilms and is required for complex colony architecture (Ko-
bayashi 2007b; Arnaouteli et al. 2017; Morris et al. 2017). Further structural components that contrib-
ute to biofilm formation in B. subtilis include the lipoprotein YvcA, the BslA paralogue YweA, levan and
poly-y-glutamic acid (y-PGA). Although not essential for complex colony architecture and the extracel-
lular matrix per se, YvcA, YweA, Levan and y-PGA were shown to promote biofilm formation in certain
B. subtilis strains (Stanley and Lazazzera 2005; Branda et al. 2006; Verhamme et al. 2007; Verhamme
et al. 2009; Dogsa et al. 2013; Yu et al. 2016; Morris et al. 2017).
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Figure 3: The B. subtilis biofilm matrix consists of three main components. Extracellular polysaccha-
rides (Eps) are synthesized by genes in the epsA-O operon. Amyloid fibers formed by TasA are synthe-
sized and secreted by the genes encoded in the tapA-sipW-tasA operon. BslA forms a hydrophobic coat
at the outer surface of the biofilm.

It is important to note, that the microbial community in B. subtilis biofilms comprises all differentiated
cell types described above (motile, spore-forming, exoenzyme producing and, although not experi-
mentally shown, likely genetically competent cells), while only a subpopulation contributes to matrix
synthesis (Chai et al. 2008; Vlamakis et al. 2008). Furthermore, the formation and size of subpopula-

tions underlies a spatio-temporal differentiation process (Vlamakis et al. 2008).

1.3.1 Regulation of Eps and TasA biosynthesis

The genes for directing synthesis of the two major biofilm matrix components are encoded in the 15-
gene operon epsABCDEFGHIJKLMNO and the tapA-sipW-tasA operon (hereafter eps and tasA) (Stover
and Driks 1999b; Branda et al. 2001; Branda et al. 2004; Kearns et al. 2005; Chu et al. 2006). While
TapA most likely has an accessory function in the formation of TasA fibers, the type | signal peptidase
SipW is required for secretion and processing of TasA and TapA (Serrano et al. 1999; Stéver and Driks
1999b; Romero et al. 2011; Erskine et al. 2018). In addition, SipW has a bifunctional role by promoting
expression of eps encoded proteins independent from its catalytically active signal-peptidase domain
(Terraetal. 2012).

Expression of tasA and eps is under transcriptional control of the biofilm master regulator SinR, the
activator RemA and the transition state regulator AbrB (Stover and Driks 1999a; Kearns et al. 2005;
Chu et al. 2006; Winkelman et al. 2009; Chumsakul et al. 2011; Winkelman et al. 2013). SinR and AbrB
repress transcription of biofilm matrix genes during vegetative growth under non-limiting conditions.
Activation (phosphorylation) of the response regulator SpoOA triggered by environmental signals an-
tagonizes SinR and AbrB mediated repression (Branda et al. 2001; Hamon and Lazazzera 2001). In ad-
dition to the regulation of abrB/AbrB by SpoOA-P (see “Introduction”), the global response regulator
induces expression of the SinR antagonist Sinl (Gaur et al. 1988; Bai et al. 1993; Shafikhani et al. 2002;
Fujita et al. 2005; Kearns et al. 2005). Subsequent formation of the SinR-Sinl heterodimer complex

prevents SinR from tetramerization and thereby relieves target promoters from SinR (Bai et al. 1993;

23



Scott et al. 1999; Colledge et al. 2011; Newman et al. 2013; Kampf et al. 2018; Milton et al. 2020).
While SinR is expressed constitutively by (nearly) all cells, Sinl has been shown to be expressed only by
cells reaching SpoOA-P levels sufficient to trigger biofilm formation (Gaur et al. 1988; Shafikhani et al.
2002; Chai et al. 2008). Consequently, only a subpopulation of cells contributes to matrix synthesis
(Chai et al. 2008; Vlamakis et al. 2008).

In addition to Sinl, SinR is antagonized by SIrA, a paralogue of Sinl (Kobayashi 2008; Chai et al. 2009;
Cozy et al. 2012). Regulation of slrA underlies the transcriptional repressor YwcC, which incorporates
a so far unknown signal independent from SpoOA-P thereby adding another layer of regulation to the
cost-intensive but ecologically crucial process of biofilm formation (Kobayashi 2008; Chai et al. 2009;
Cairns et al. 2014).
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Figure 4: The regulatory network controlling biofilm matrix synthesis is B. subtilis. Transcriptional
regulators of the major matrix components epsA-O (eps), tapA-sipW-tasA (tasA) and the hydrophobic
coat protein bs/A are shown. Repressor are depicted in red. Activators or anti-repressors are shown in
green. Spo0A-P and DegU-P both activate biofilm formation at intermediate levels but repressing bio-
film formation at high levels are marked in grey. Regulatory links to expression of early and late motility
genes are omitted from this schema (see text for further explanation). Figure modified after Cairns et
al. (2014) and Winkelmann et al. (2008).

As motility and matrix production are fundamentally contrasting adaptations several regulatory and
mechanistic links have evolved to exclude the respective other developmental process in an isogenic
population (Kearns et al. 2005; Cairns et al. 2014). This includes expression of the EpsE flagellar clutch,
as well as proteins for surface sensing and DegU-P dependent inhibition of motility as described below
(section 1.4.2). Another regulatory link, that directly involves SinR, is mediated by SIrR (Chai et al.
2010b). SIrR binds to SinR with high affinity and excludes SinR from binding to the eps and tasA pro-

moter regions (Chai et al. 2010b; Newman et al. 2013). Interestingly, the SinR-SIrR heterodimer is able
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to bind to the promoter core region of genes related to autolysis and motility thereby suppressing a
planktonic lifestyle while simultaneously enabling biofilm formation (Chai et al. 2010b). Thus, SIrR is
required to re-purpose SinR regarding its target promoters. More importantly, formation of the SinR-
SIrR complex is crucial for long-term commitment to matrix synthesis (Chai et al. 2010b). Although
stochastic fluctuations in Sinl and SinR levels are sufficient to initiate biofilm formation, SIrR is im-
portant to promote and maintain this physiological state over several generations (Norman et al. 2013;
Lord et al. 2019). The underlying bistable switch is characterized by a self-reinforcing double-negative
feedback loop whereby SinR represses transcription of sIrR while SIrR prevents SinR from binding to its
own promoter (Chu et al. 2008; Chai et al. 2010b). Consequently, cells can exist in either a SIrR-high or
SIrR-low state. Switching from one state to the other depends on SpoOA-P controlled expression of Sinl
regulating SinR and proteolytic degradation of SIrR (Fujita et al. 2005; Chai et al. 2008; Chai et al. 2010b;
Chai et al. 2010a). Further regulators of sirR are AbrB and its homologue Abh with the latter incorpo-
rating external stimuli independent from SpoOA-P via the extracytoplasmic function sigma factors SigX,
SigV, SigM (Murray et al. 2009b; Chumsakul et al. 2011).

In addition to derepression of SinR and AbrB, transcription of biofilm matrix genes requires RemA and
RemB, both acting in parallel to SinR and AbrB (Winkelman et al. 2009; Winkelman et al. 2013). RemA
was shown to bind to the eps, tasA and sIrR promoter thereby activating biofilm formation directly as
well as by promoting the SinR-SIrR bistable switch (Winkelman et al. 2013). Regulation and signaling
upstream of RemA is unknown but possibly related to the nutrient limitation as indicated by its highly
conserved chromosomal location (Winkelman et al. 2013). RemA is further involved in long-term ad-
aptation to osmotic stress by controlling transcription of the opuA, opuB and opuC operons for uptake
of compatible solutes (Winkelman et al. 2013; Hoffmann and Bremer 2017).

The importance to incorporate various environmental signals to regulate the cost-intensive but eco-
logically crucial process of biofilm formation is reflected by the still increasing complexity of the regu-
latory network in B. subtilis (Lopez et al. 2009a; Irnov and Winkler 2010; Chai et al. 2012; Gerwig et al.
2014; irigiil-S6nmez et al. 2014; Gao et al. 2015; Dubnau et al. 2016; Gundlach et al. 2016; Bartolini et
al. 2018; DelLoughery et al. 2018; Arnaouteli et al. 2019). Although the stimuli triggering these (newly
identified) regulatory cascades or their cellular targets are largely unknown, many of them were shown
to act upstream of SinR including YmdB, RNase Y-associated proteins, cyclic di-AMP, SigB and YwcC
(Chai et al. 2008; Kobayashi 2008; Diethmaier et al. 2011; DeLoughery et al. 2016; Dubnau et al. 2016;
Gundlach et al. 2016; Bartolini et al. 2018). Thus, still two conditions have to be met to initiate tran-
scription of the biofilm matrix genes eps and tasA: Activation by RemA and anti-repression of AbrB and

SinR (Cairns et al. 2014).
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1.3.2 Regulation of BSIA expression

The amphiphilic biofilm-surface layer protein BslA (YuaB) confers hydrophobicity to biofilms formed
by B. subtilis and related strains, including B. licheniformis (Kobayashi and Iwano 2012; Morris et al.
2017). BslA has a bifunctional role and is required for complex colony architecture independent from
its function in forming the hydrophobic coat (Kobayashi 2007b; Arnaouteli et al. 2017). Unlike tasA and
eps, bslA shows an unimodal, homogeneous expression pattern at the single cell level (Kovacs and
Kuipers 2011; Hobley et al. 2013) and undergoes self-assembly into a hydrophobic layer located at the
outer surface of the biofilm only (Kobayashi and Iwano 2012; Hobley et al. 2013).

Transcription of bs/A and the similarly regulated yvcA requires DegU-P and is repressed by AbrB (Ko-
bayashi 2007b; Verhamme et al. 2009). Deletion of sinR enhanced yvcA and bslA transcription in the
undomesticated B. subtilis NCIB3610, but neither of the two genes is directly regulated by SinR. In-
stead, this results from enhanced expression of eps in SinR deletion mutants (Verhamme et al. 2009;
Kobayashi and lwano 2012). Similarly, deletion of tasA delays transcription of bs/IA demonstrating the
requirement of eps and tasA synthesis prior to expressing the hydrophobic coat (Kobayashi and lwano
2012). However, the increased yvcA and bslA transcription in the AsinR strain used by Verhamme et al.
(2009) is most likely also due to reduced transcriptional repression of degU upon deletion of sinR (New-
man et al. 2013; Ogura et al. 2014). In contrast to B. subtilis NCIB3610, transcription of bslA is increased
in the domesticated B. subtilis 168 AepsG and Asinl mutants indicating strain dependent differences in
the regulation of biofilm formation (Kovacs and Kuipers 2011; MclLoon et al. 2011; Gallegos-Monter-
rosa et al. 2016). In addition, the transcriptional repressor Rok is indirectly involved in expression of

bslA in B. subtilis 168 via a yet unknown mechanism (Kovacs and Kuipers 2011).

1.4 Motility and Chemotaxis

Many bacteria respond to changing environmental conditions by developing a motile, chemotactic
state (Moens and Vanderleyden 1996). The ability to move towards higher concentrations of attract-
ants or lower concentrations of repellents provides a fitness advantage (Aizawa et al. 2002). In addi-
tion, motility has been associated with surface sensing and virulence in pathogenic bacteria, including
E. coli and Salmonella (Moens and Vanderleyden 1996). With the exception of Bacillus anthracis, all
Bacillus species are considered to be conditionally motile by forming peritrichous flagella (Spencer
2003). Moreover, selective pressure by constantly changing environmental conditions in the natural
habitat has favored greater complexity of the B. subtilis chemotaxis system compared to organisms
facing rather homeostatic environments such as E. coli (Aizawa et al. 2002; Szurmant and Ordal 2004).
In B. subtilis, motility and chemotaxis requires expression of more than 40 different structural proteins

(Mukherjee and Kearns 2014). The main component of flagella is the filament, which is assembled from
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approximately 12,000 monomeric subunits of flagellin (Hag protein) with an average number of 26
flagella per cell (Guttenplan et al. 2013). The so-called hook attaches the filament to the basal body,
which anchors the flagellar in the cytoplasmic membrane (Kubori et al. 1997; Courtney et al. 2012).
Moreover, the basal body is required for secretion and polymerization of Hag monomers and includes
the rotor structure (Mukherjee and Kearns 2014). The rotor interacts with the stator composed of the
motor protein MotA and the proton channel MotB to generate the torque that drives flagellar rotation
(Shioi et al. 1978; Ito et al. 2005; Mukherjee and Kearns 2014). In addition to MotA/MotB, B. subtilis
encodes a second, but minor set of stator proteins MotP/MotS driven by a Na* gradient (Hirota et al.
1981; Ito et al. 2004). Due to the high amount of cellular resources required for flagella synthesis,
motility is strictly regulated at the transcriptional and post-transcriptional level (Moens and Vander-
leyden 1996; Mukherjee and Kearns 2014).

Most of the structural genes for motility and chemotaxis in B. subtilis are located within the 27-kb
fla/che operon (Aizawa et al. 2002; Mukherjee and Kearns 2014). This includes the genes encoding the
flagellar basal body, the rotor, the secretion apparatus, and the hook hereafter referred as early fla-
gellar genes. Furthermore, the fla/che operon encodes the core components of the chemotaxis ma-
chinery, the two-component regulatory system genes cheA and cheY and modulators required for ad-
aptation and sensitivity of the methyl-accepting chemotaxis proteins (Aizawa et al. 2002).
Unlike the early flagellar genes, the late flagellar genes for flagellin, motor protein and filament cap
synthesis are not located in the fla/che operon, but distributed across the chromosome (Aizawa et al.
2002). However, transcription of hag, motA-motB and fliD is synchronized by the alternative sigma
factor SigD (o®, %) (Mirel and Chamberlin 1989; Serizawa et al. 2004). SigD was shown to regulate
over 150 genes related to motility, chemotaxis and autolysis (/ytC, IytD, lytF) grouped in the SigD reg-
ulon (Helmann et al. 1988; Mirel and Chamberlin 1989; Marquez et al. 1990; Serizawa et al. 2004). The
sigD coding sequence itself is the penultimate gene of the fla/che operon and thus expression of the
early flagellar genes including sigD is a prerequisite for expression of the late flagellar genes and syn-

thesis of the cost-intensive Hag filament (Helmann et al. 1988; Mukherjee and Kearns 2014).

1.4.1 Transcriptional regulation of the fla/che operon and motility

Transcription of the fla/che operon is initiated from two promoters Pps and Pja/che, Which require the
alternative sigma factor SigD and the housekeeping sigma factor SigA respectively (Estacio et al. 1998).
In addition to Pp3 and Psig/che, two distally located promoters Psigp and Py guide transcription of a
subset of genes of the fla/che operon including sigD and the adjacent swrB (Allmansberger 1997; West
et al. 2000; Cozy and Kearns 2010; Mordini et al. 2013). SigA-dependent transcription initiation at

Pria/che is essential for expression of the early flagellar genes and sigD (Estacio et al. 1998; Kearns and
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Losick 2005). But, due to an imperfect -10 promoter region, transcription initiation is rather week and
efficient expression of the fla/che operon requires the transcriptional activator SwrA (Calvio et al.
2005; Kearns and Losick 2005). Consequently, cells deficient in swrA show a two-fold reduced number
of basal bodies (Kearns and Losick 2005; Guttenplan et al. 2013). Recent findings have shown that SwrA
regulates fla/che upon interaction with DegU-P, converting DegU-P from an repressor to an activator
of the fla/che operon (Amati et al. 2004; Tsukahara and Ogura 2008; Ogura and Tsukahara 2012; Mor-
dini et al. 2013). Transcription of swrA in turn depends on SigD (and SigA) and thus SwrA and SigD
constitute a positive feedback loop (Calvio et al. 2008). Moreover, SigD-dependent transcription initi-
ation at Psjgp, Pps and P,xr promotes a second autoregulatory loop further stabilizing the SigD ON state
required for motility (Allmansberger 1997; Estacio et al. 1998; West et al. 2000; Cozy et al. 2012; Mor-
dini et al. 2013).
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Figure 5: Transcriptional regulation of early and late flagellar genes. Transcription of the fla-che op-
eron (grey arrows, top) is initiated at the (A) SigA-dependent fla-che promoter, as well as three (D)
SigD-dependent promoters upstream of flgB, flik and sigD. Transcriptional repressors are shown in
red. The SigD regulon includes the autolysins IytC, IytD and lytF, the late flagellar genes motA, motB
and hag, the anti-sigma factor gene flgM and swrA among others. SwrA converts DegU-P from a re-
pressor to an activator of fla-che operon expression. High levels of DegU-P inhibit fla-che operon ex-
pression directly at the SigA promoter site (not shown) and indirectly via expression of flgM. Assembly
of the flagellar basal body antagonizes FIgM by inhibiting Deg$S activity thereby promoting and stabi-
lizing the SigD ON state required for motility.

Positive autoregulation of fla/che is particularly important, as transcription of sigD was shown to un-
derly a position-dependent effect, in which transcript abundance and distance of the gene to the Py /che
promoter reveal a negative correlation (Cozy and Kearns 2010; Cozy et al. 2012). Consequently, ex-
pression of sigD is prone to noise in promoter activation from Pjqcne and possibly affected by RNA
polymerase processivity, mRNA turnover or the availability of nucleotides (Veening and Kuipers 2010;

Cozy et al. 2012). Further regulators of flagellar synthesis are the global transcriptional regulator CodY

28



Introduction

and the SinR-SIrR heterodimer (Cairns et al. 2014). SinR-SIrR, which is under control of SpoOA-P medi-
ated anti-repression (see 1.3.1), directly represses transcription of hag and the autolysins lytF and IytC,
whereas repression of the early flagellar genes by SinR-SIrR is presumably indirect and involves DegU-
P dependent expression of the anti-SigD factor FIgM (see 1.4.2) (Caramori et al. 1996; Bertero et al.
1999; Kobayashi 2008; Chai et al. 2010b; Hsueh et al. 2011; Mukherjee and Kearns 2014). Finally, CodY
binds to the fla/che and the hag promoter region and thereby couples flagellar synthesis to the nutri-
tional status of the cell (Bergara et al. 2003; Ababneh and Herman 2015). As a result of the fla/che
operon structure, elaborated regulatory feedback loops and SpoOA-P dependent repression, only a
subpopulation of cells reaches the threshold level of SigD required to initiate the bistable switch fur-
ther stabilizing SigD levels and the motile state (Cozy and Kearns 2010; Mukherjee and Kearns 2014).
Moreover, regulation of SigD and motility underlies an intertwining post-transcriptional regulatory

network (see 1.4.2).

1.4.2 Posttranslational and functional regulation of motility

Motility and matrix production are fundamentally opposing adaptations (Cairns et al. 2014). To ensure
full commitment of individual cells to either motility or biofilm formation, several regulatory and mech-
anistic (functional) links have evolved (Kearns et al. 2005; Cairns et al. 2014). In addition to the elabo-
rated transcriptional control, regulation of motility and SigD underlies an intertwining posttranslational
regulatory network, which involves DegU-P dependent transcription of the anti-SigD factor FigM (To-
kunaga et al. 1994; Caramori et al. 1996; Bertero et al. 1999; Hsueh et al. 2011; Mukherjee and Kearns
2014). FlgM sequesters SigD thereby quenching intracellular levels of SigD and preventing the sigma
factor from initiating the bistable switch described above (1.4.1). While the detailed mechanism re-
mains unclear, several independent studies demonstrated a feedback mechanism, that couples phos-
phorylation of DegU-P to flagellar rotation and to the assembly of the flagellar apparatus (Holscher et
al. 2018; Diethmaier et al. 2017; Chan et al. 2014; Cairns et al. 2013; Hsueh et al. 2011; Barilla et al.
1994). In particular, increased levels of DegU-P and DegU-P dependent cellular functions (y-PGA for-
mation, aprE expression) were reported for mutants deficient in hag, motA/motB, sigD or genes for
basal body synthesis. Moreover, DegU-P level increase upon surface sensing, artificial inhibition of fla-
gellar rotation or growth in media with increased viscosity (Cairns et al. 2013; Belas 2014; Chan et al.
2014; Diethmaier et al. 2017). The resulting enhanced synthesis of FIgM prevents SigD from initiating
positive autoregulation leaving cells in a non-motile SigD OFF state (Holscher et al. 2018; Diethmaier
et al. 2017; Chan et al. 2014; Cairns et al. 2013; Hsueh et al. 2011). In case of SigD ON state cells,

phosphorylation of DegU is inhibited upon expression and assembly of the flagellar basal body and
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secretion apparatus (Caramori et al. 1996; Aizawa et al. 2002; Hsueh et al. 2011). Consequently, tran-
scription of flgM is reduced releasing SigD from FIgM, which eventually enables efficient transcription
of the SigD regulon including early and late flagellar genes (hag, motAB; Mukherjee and Kearns 2014).
In addition, transcription of flgM is activated by ComK via read-through from comF and repressed by
the transition state regulator ScoC (Msadek 1999; Kodgire and Rao 2009). The flagellar clutch EpsE
represents another functional regulator of motility (Blair et al. 2008; Guttenplan et al. 2010). EpsE is
encoded within the epsA-O operon and has a bifunctional role by promoting synthesis of extracellular
polysaccharides while simultaneously inhibiting motility through binding to the rotor protein FliG (Blair
et al. 2008; Guttenplan et al. 2010). Thus, EpsE enables a direct and rapid functional synchronization
of biofilm matrix synthesis and motility (Blair et al. 2008).

Further mechanism for regulation of motility including posttranscriptional regulation of flagellin ex-

pression were summarized in an excellent review by Mukherjee and Kearns (2014).

1.5 Control of exoenzyme expression by DegS-DegU

1.5.1 Function and regulation of the DegS-DegU two-component system

The DegS-DegU two-component regulatory system has a central role in controlling Bacillus cell physi-
ology and cellular adaptation processes. In fact, mutations affecting either of the two genes were the
first mutations described in B. subtilis to result in a pleiotropic phenotype and were intensively ana-
lyzed ever since (Kunst et al. 1974; Henner et al. 1988b; Marlow et al. 2014b). The two-component
system comprises the response regulator DegU and its cognate histidine sensor kinase DegS (Msadek
et al. 1990; Mukai et al. 1992). Unlike the common mode of action of sensor kinases, including ComP,
DegS is not membrane-bound but located in the cytoplasm (Fabret et al. 1999; Meile et al. 2006). The
second rather unusual characteristic of the DegS-DegU system is the multifunctional nature of DegU
in response to its degree of phosphorylation. Unphosphorylated DegU promotes expression of ComK
the master regulator for genetic competence by binding of DegU to the comK promoter region
(Hamoen et al. 2000). When phosphorylated either by DegS or in an DegS independent manner, DegU-
P controls the development of motility, biofilm formation and exoenzyme synthesis, with increasing
levels of DegU-P required from the first to the latter (Dahl et al. 1992; Kobayashi 2007b; Verhamme et
al. 2007; Cairns et al. 2015). Moreover, recent studies suggest that a further increase in DegU-P levels
favors initiation of sporulation (Marlow et al. 2014b). In addition to the SpoOA-P dependent network,

the DegS-DegU system provides another layer of regulation to the spatio-temporal control of cellular
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differentiation, by not just activating specific cellular process depending on its degree of phosphoryla-
tion but simultaneously repressing phenotypes controlled by lower levels of DegU-P (see Figure 6; Ko-

bayashi 2007b; Verhamme et al. 2007; Marlow et al. 2014b).
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Figure 6: The DegS-DegU system controls different cellular adaptation processes. A gradual increase
in the levels of phosphorylated DegU (DegU-P) activates the depicted cellular responses while simul-
taneously repressing developmental processes that require lower levels of DegU-P.

The intracellular level of DegU is regulated at multiple levels. Cellular mechanisms for posttranslational
regulation of DegU activity include phosphorylation and dephosphorylation of DegU by Degs, interac-
tion of DegU with ancillary factors and ClpCP dependent proteolysis (Tanaka et al. 1991; Ogura and
Tsukahara 2010; Mordini et al. 2013). Although only a limited number of stimuli affecting DegS/DegU
activity is known, the environmental and cellular signals are of diverse nature underlying the central
role of DegU in Bacillus strain physiology. Kinase activity of DegsS is inhibited by the SMC-ScpA-ScpA
protein complex, which coordinates chromosome condensation and segregation. Upon entry into sta-
tionary growth, inhibition of DegS is relieved by depletion of the SMC-ScpA-ScpA protein complex and
DegU-P dependent gene expression increases (Dervyn et al. 2004). Moreover, inhibition of flagellar
rotation was shown to stimulate DegS-dependent phosphorylation of DegU, thereby coupling high lev-
els of DegU-P to a sessile lifestyle (section 1.2.2) (Cairns et al. 2013; Diethmaier et al. 2017). Finally,
DegS/DegU is involved in the osmotic stress response, as hyper osmotic conditions result in upregula-

tion of genes from the DegU regulon (Ruzal and Sanchez-Rivas 1998; Steil et al. 2003).

Phosphorylation of DegU occurs in the N-terminal regulatory domain (NTD) of DegU at the conserved
aspartate Asp56, while the C-terminal HTH luxR-type domain (CTD) mediates DNA binding of the tran-
scription factor to its target sites (Dahl et al. 1991; Fabret et al. 1999). Moreover, the NTD is required
for dimerization of DegU and protein-protein interaction of DegU with the auxiliary factors SwrA and
RapG. SwrA modulates DegU-P dependent regulation of motility, y-PGA synthesis and exoprotease
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secretion by promoting expression of fla/che operon, ycdA, pgs and aprE (Ogura and Tsukahara 2012;
Mordini et al. 2013). RapG blocks DNA binding of the corresponding response regulator by direct in-
teraction with its DNA binding domain (Ogura et al. 2003; Gallego del Sol and Marina 2013). RapG
activity is antagonized by secretion and uptake of the PhrG pentapeptide, and thus, in a cell density
dependent manner (Ogura et al. 2003). Similarly, the activity of another protein from the DegS-DegU
system, DegQ, is indirectly regulated by peptide pheromones. DegQ promotes phosphotransfer from
DegS to DegU and thereby stimulates DegU-P dependent gene expression in Bacillus (Kobayashi
2007b). Expression of degQ is controlled by the two-component system ComP-ComA with ComA-P
promoting transcription of degQ (Msadek et al. 1991). Both, the sensor kinase ComP and the response
regulator ComA are regulated by quorum sensing signals. ComP senses the peptide pheromone ComX,
while ComA activity is modulated by multiple Rap proteins and their corresponding Phr peptides (Core
and Perego 2003; Bongiorni et al. 2005; Auchtung et al. 2006; Ogura and Fujita 2007; Smits et al. 2007;
Shank and Kolter 2011). Thus, the RapG-PhrG system and ComA dependent degQ expression provide
another layer of regulation for finetuning of DegU-P in a growth phase-dependent manner (Ogura et
al. 2003). Finally, the positive effector protein DegR regulates DegU-P activity by binding to DegS
thereby protecting DegU-P from DegS-dependent dephosphorylation (Mukai et al. 1992).

1.5.2 Genetic structure and transcriptional regulation of degS-degU

In addition to posttranslational regulation of DegU-P levels, expression of degS-degU underlies com-
plex transcriptional control. Under non-limiting conditions during exponential growth, the expression
level of degS-degU is low. Basal expression of the degS-degU operon occurs from an upstream located
SigA-type promoter P1 (Msadek et al. 1990; Yasumura et al. 2008). Under these conditions, DegS-in-
dependent phosphorylation of DegU, by small molecules such as acetyl phosphate, provides low levels
of DegU-P sufficient to promote the development of motility (Tokunaga et al. 1994; Kobayashi 2007b;
Verhamme et al. 2007; Calvio et al. 2008; Mordini et al. 2013; Cairns et al. 2015). In addition to P1,
transcription of degU but not degsS is further enhanced by two promoters, P2 and P3, located in the 3’
coding region of degS and the degS-degU intergenic region, respectively (Yasumura et al. 2008; New-
man et al. 2013; Ogura et al. 2014). Activation of P2 occurs upon nitrogen limitation by binding of TnrA,
when TnrA is released from inhibition by the glutamine synthetase GInA (Yasumura et al. 2008). Thus,
the degU specific P2 promoter allows for higher levels of DegU without necessarily increasing DegS-
dependent phosphorylation of DegU. This mechanism might be crucial for developing genetic compe-
tence in Bacillus, a process that requires unphosphorylated DegU (Hamoen et al. 2000). The P3 pro-
moter adds further complexity to the regulatory network controlling degU expression. P3 is inhibited

by the biofilm master regulator SinR, which itself underlies indirect control by SpoOA-P, and is activated
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upon binding of the carbon catabolite control protein CcpA (Ishii et al. 2013; Newman et al. 2013;
Ogura et al. 2014). Most importantly, the P3 promoter is subjected to auto stimulation. Due to the
presence of a low affinity binding site in P3, this regulation requires DegS-dependent phosphorylation
of DegU to increase the DNA binding affinity of the response regulator (Kobayashi 2007b; Ogura and
Tsukahara 2012). Thus, phosphorylation by DegS initiates a positive feedback loop eventually resulting
in, and maintaining, high levels of DegU-P (Dahl et al. 1991; Yasumura et al. 2008; Ogura and Tsukahara
2010). Moreover, this mechanism explains and is crucial for bistability in DegU-P dependent gene ex-

pression in B. subtilis and related species (Veening et al. 2008a; Murray et al. 2009a).

1.5.3 Engineering of DegS-DegU for improved exoenzyme production

Among the diverse cellular functions of DegU in controlling Bacillus cell physiology, regulation of exo-
enzyme expression has gained particular interest. The wide application of Bacilli for secretory produc-
tion of enzymes resulted in intensified work on DegS-DegU from the 1970s on, and still new functions
and mechanism are assigned to the two-component system (Kunst et al. 1974; Ayusawa et al. 1975;
Marlow et al. 2014b). Two classes of mutations have been described for DegS-DegU and DegQ, differ-
ing in the phosphorylation level of DegU. The first group is characterized by low levels of DegU-P re-
sulting in reduced expression of exoenzymes. Strains carrying mutations from the second group share
a pleiotropic phenotype, characterized by enhanced exoenzyme secretion (hypersecreting, hy), fila-
mentous growth, loss of motility and genetic competence and the ability to to sporulate in the pres-
ence of glucose (Ayusawa et al. 1975; Sekiguchi et al. 1975; Henner et al. 1988b; Msadek et al. 1990).
This pleiotropic phenotype results from increased levels of DegU-P caused by several mutations in degS
and degU, of which degU32 and degS200 are the most prominent (Dahl et al. 1991; Tanaka et al. 1991).
In strains carrying the degU32 allele, a H12L amino acid substitution in the DegU protein stabilizes the
phosphorylated form of the response regulator and extends its half-life sevenfold from 20 to 140 min
(Dahl et al. 1992). Likewise, a coding sequence exchange of G218E in the degS200 allele promotes high
levels of DegU-P by lowering the dephosphorylation activity of DegS (Tanaka et al. 1991). Finally, over-
expression of degQ and degR was shown to mimic the hypersecretion phenotype known from degU32
strains by promoting phosphotransfer or lowering dephosphorylation (Nagami and Tanaka 1986; Yang
et al. 1986; Amory et al. 1987; Yang et al. 1987; Msadek et al. 1991). The degQ36 allele was identified
as one of the so called ‘hy’ mutations in B. subtilis and describes a C to T mutation within the -10 region
of the degQ promoter (Yang et al. 1986). But, unlike the mutations in the sensor kinase and the re-
sponse regulator itself, degQ36 was shown to represent the actual wildtype allele, which was lost dur-
ing domestication of B. subtilis laboratory strains, in particular selecting for high genetic competence

(Stanley and Lazazzera 2005; McLoon et al. 2011; Miras and Dubnau 2016). Due to the positive effect
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on exoenzyme expression, hypersecretion mutations in the DegS-DegU two component system have
been analyzed in several industrially relevant Bacillus species, including B. subtilis, B. licheniformis and
B. megaterium (Tjalsma et al. 2004a; Borgmeier et al. 2011; Borgmeier et al. 2012). Single cells analyses
unraveled the underlying physiology reason, showing strongly homogeneous activation of DegU-P de-
pendent promoters at population level in strains carrying the degU32 allele (Veening et al. 2008a;
Borgmeier et al. 2012; Ploss et al. 2016). However, the effect of degU32, the best characterized ‘hy’-
mutation, on production strain performance is not limited to its direct role in controlling exoenzyme
expression considering that DegU-P regulates more than 120 genes (Ogura et al. 2001; Mader et al.
2002). Interestingly, DegU-P was shown to affect CcpA-dependent carbon catabolite repression (CCR)
as genes repressed by CcpA were significantly upregulated in a B. subtilis 168 degU32 mutant. Analysis
of glycolytic intermediates showed lower levels of key metabolites for CCR, glucose-6-phosphate and
fructose-1,6-bisphosphate, indicating more efficient glycolysis (Ishii et al. 2013). Importantly, only mi-
nor changes in growth behavior were observed and, thus, an indirect effect of degU32 on CCR due to
depletion of glucose and earlier entry into stationary growth is excluded. Considering the negative
regulation of degradative, extracellular enzymes by CCR (Priest 1977; Hanlon et al. 1982; Frankena et
al. 1986; Mao et al. 1992; Barbieri et al. 2016; Habicher et al. 2019b), DegU-P (degU32) contributes to
enhanced productivity both at the local, promoter-specific, and global level by rewiring the cellular

signaling network.
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2 Aims

The increasing demand for biotechnological products and processes requires design and construction
of optimized cell chassis that allow for economically feasible solutions. Despite the important role of
various Bacillus species such as B. licheniformis, B. amyloliquefaciens, B. pumilus, B. clausii to industrial
biotechnology (Schallmey et al. 2004), many cellular processes were investigated mainly in the Gram-
positive model organism B. subtilis. Moreover, the cultivation conditions in most of these studies differ
strongly from those applied in industrial bioprocesses.

The aim of this thesis was to analyze and reduce cellular heterogeneity in B. licheniformis under batch
and fed-batch conditions, the latter of which is frequently applied in industry. In its natural habitat,
Bacillus is known to form phenotypically different subpopulation, which enables pre-adaptation and
thereby enhances biological fitness, although these processes are energetically unfavorable and cost
intensive. This ‘standby’ mode is inherent to Bacillus and hinders exploitation of its full production
potential (Fischer and Sauer 2005). Lowering this metabolic burden provides a promising strategy for
strain improvement (Juhas et al. 2014; Marlow et al. 2014b). Although not fully understood, differen-
tiation of subpopulations is well characterized in the closely related B. subtilis enabling knowledge-
based approaches in strain optimization. Within this thesis, such a rational approach is applied to B. i-
cheniformis. Mutants deficient in biofilm formation or motility are systematically constructed and eval-
uated regarding their physiology and capability in extracellular enzyme production. The strategies ap-
plied include the deletion of genes encoding structural components of the biofilm matrix and the fla-
gellar apparatus and those directly involved in their biosynthesis. Moreover, by modifying central reg-
ulators, cell differentiation should be targeted at the initiation step of the corresponding developmen-
tal program thereby preventing cell heterogeneity on a global level. The resulting strains are pheno-
typically characterized to analyze the individual effect on biofilm formation and motility in B. licheni-
formis. Subsequently, promising mutations are combined to construct cell chassis deficient in both
cellular processes. Heterologous expression of the Bacillus lentus alkaline protease BLAP is taken as a
measure for productivity of the streamlined strains. By using fluorescence protein reporter strains,
cellular heterogeneity is analyzed at single cell level under batch and simulated fed-batch conditions
to further elucidate developmental processes in this non-model Bacillus strain. Finally, the extracellu-
lar proteome is characterized to uncover changes in the host strain physiology and potentially identify

new approaches for further strain optimization.
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3 Results

3.1 Strain construction and phenotypical characterization

3.1.1 Construction of B. licheniformis host strains

Within this thesis, two strain lineages were constructed both derived from B. licheniformis DSM641
(US5352604). All strains and plasmids constructed in the frame of this thesis are listed in Table S3. A
detailed description of the construction of all plasmids and strains of this study can be found in section
7.8. First, the effect of individual gene deletions on biofilm formation and motility was analyzed in the
wildtype-close B. licheniformis M308 strain background (see below). Subsequently, mutations that re-
sulted in reduced biofilm formation or motility were combined in the sporulation-deficient B. licheni-
formis DSM641 derivative B. licheniformis M409 (see below). Construction of B. licheniformis M308
and mutants thereof was performed using pE194-based homologous recombination. To accelerate
strain construction, an adapted CRISPR/Cas9 based system for genome editing in B. licheniformis was

developed and implemented for construction of mutants based on B. licheniformis M409.

B. licheniformis M308 differs from the B. licheniformis DSM641 wildtype strain by an inactivated re-
striction-modification system (Arms) and deletion of the pgsB-pgsC-pgsA-pgsE operon required for bi-
osynthesis of poly-y-glutamic acid (y-PGA, pga). Construction of B. licheniformis M308 was performed
by deletion of the pga operon in the restrictase-deficient B. licheniformis P304 using plasmid pDel007,
both kindly provided by BASF SE. The Arms Apga mutations were required for improved handling and
genetic accessibility. Importantly, although y-PGA was shown to promote biofilm formation in selected
B. subtilis isolates, strains deficient in pga still display complex colony architecture (Branda et al. 2006;
Yu et al. 2016). In line with these observations, deletion of pga in B. licheniformis M308 did not lead to
loss of complex colony architecture. Instead, excess y-PGA formation in B. licheniformis DSM641 ham-
pered analysis of colony morphology (Figure 7). Therefore, the Apga background was considered suit-

able for evaluation of genes related to biosynthesis of the extracellular matrix.

To characterize the mutations and combinations thereof B. licheniformis M409 was constructed. B. li-
cheniformis M409 is based on B. licheniformis P307 (Arms, Aapr, AsigF) provided by BASF SE. Most
importantly, the parental strain is deficient in the formation of endospores resulting from deletion of
sigF (spollAC). In industrial settings spore formation is undesirable due to the risk of contamination
and non-producing subpopulations. Therefore, sporulation-deficiency is taken as a pre-requisite for
Bacillus expression hosts (Pierce et al. 1992; Nahrstedt et al. 2005; Vary et al. 2007). SigF is the first
forespore-specific sigma factor regulating expression of early forespore specific genes as well as the

late forespore specific sigma factor SigG (Stragier and Losick 1996; Errington 2003; Steil et al. 2005;
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Hoon et al. 2010). Mutants deficient in sigF fail to inactivate the second division site during asymmetric
septum formation and consequently to undergo engulfment (sporulation stage lll) (Piggot and Coote
1976; Setlow et al. 1991; Eichenberger et al. 2001). Moreover, sigF mutants are not irreversibly com-
mitted to sporulation but can resume vegetative growth under non-limiting conditions, which may
explain enhanced secretory enzyme production observed upon deletion of sigF in B. subtilis and B. li-
cheniformis (Dworkin and Losick 2005; Ara et al. 2007; Zhou et al. 2019). By analyzing motility and
biofilm formation in the sporulation deficient strain background both cellular processes were investi-
gated independently from this most ultimate adaptation process. To minimize degradation of secreted
target proteins as well as to avoid artificial results in the protease activity assays, B. licheniformis P307
lacks the major alkaline protease gene apr (B. subtilis homologue: aprE). Finally, to evaluate the strains
regarding secretory enzyme production, the heterologous Bacillus lentus alkaline protease (BLAP) was
expressed from a chromosomally integrated expression cassette under control of a truncated, but oth-
erwise native 227 bp fragment of the B. licheniformis DSM641 apr promoter (Jacobs 1995). BLAP is an
alkaline protease used in the detergent industry and served as a model enzyme in this thesis for secre-
tory enzyme production (US5352604). The BLAP expression cassette was integrated into the pga locus
using plasmid pMA110, thereby simultaneously preventing y-PGA formation. The resulting parental
strain was named B. licheniformis M409 (Arms, AsigF, Aapr, pga::Papr-BLAP). Importantly, biofilm for-
mation was not affected in B. licheniformis M409 or the strain intermediates B. licheniformis M321
(Arms, Aapr, Apga) and B. licheniformis M309 (Arms, AsigF, Aapr, Apga) compared to B. licheniformis
M308 (Figure 7). B. licheniformis M321 and M309 were constructed by deletion of the pga operon in
B. licheniformis P306 (Arms, Aapr; provided by BASF SE) and B. licheniformis P307 (Arms, AsigF, Aapr)

using plasmid pMA23.
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Figure 7: Biofilm formation in selected B. licheniformis precursor strains used in this thesis. The ability
to form biofilms was analyzed by pellicle formation and colony architecture assay. ‘Colony’ column
depicts images of strains incubated for 5 — 7 days at 30 °C on solid MSggTY or LBGM medium. ‘Pellicle’
column depicts top-down images of microtiter plate wells incubated for 5 days at 30 °C without agita-
tion. Agar plates were centrally inoculated and incubated for 18 h at 30 °C. Genotypes were as indi-
cated below the strain number on the left. Scale bars are 1 cm. At least three biological replicates were
analyzed, representative results are shown.
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3.1.2 Structural and regulatory components for biofilm formation and motility

in B. licheniformis

For the construction of biofilm and motility deficient strains, different strategies were developed rang-
ing from the deletion of genes encoding structural components or those directly involved in their bio-
synthesis to deletion or modification of global regulators. With the latter, cell differentiation was tar-
geted at the initiation step of the corresponding developmental program thereby preventing cell het-
erogeneity as early and global as possible. Mutations known to prevent biofilm formation or motility
in B. subtilis were introduced and evaluated in B. licheniformis M308. In case of bslA and the epsA-O
operon, single target evaluation was conducted in the B. licheniformis M4Q9 strain background. Sub-
sequently, the ability of the mutant strains to form biofilms was analyzed qualitatively in pellicle for-
mation assays, in which strains proficient in matrix synthesis form a layer (pellicle) at the air-liquid
interface (Branda et al. 2001). Moreover, the development of complex colony architecture was ana-

lyzed on solid media (Branda et al. 2001). Swimming motility assays was assessed using semi-solid LB
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agar plates (0.4 %) as previously described (Kearns and Losick 2003; Guttenplan et al. 2013). Due to
the closely linked regulatory network and the mutually exclusive nature of biofilm and motility in B.

subtilis (Cairns et al. 2014), all strains were characterized regarding both phenotypes.

Deletion of the major B. subtilis matrix component TasA encoded in the tapA-sipW-tasA operon was
conducted in B. licheniformis M308 using plasmid pDAN8O0. The resulting strain B. licheniformis M315
showed a less complex colony morphology and a strong reduction in the ability to form pellicles, with
only a few cells attached to the polystyrene surface (Figure 8). Complete loss of biofilm formation was
observed for the AepsA-O strain B. licheniformis M431, constructed based on B. licheniformis M409
using plasmid pMA112. B. licheniformis M431 displayed a flat colony morphology and grew exclusively
as dispersed culture under static conditions without aggregation or attachment to surfaces. Similar to
B. licheniformis M431, the AepsA-O, AtapA-sipW-tasA double mutant B. licheniformis M440 shows
complete loss of biofilm formation (data not shown). Finally, the hydrophobic coat protein BslA was
the third structural component of the B. subtilis biofilm matrix evaluated for its effect on biofilm for-
mation in B. licheniformis. The AbsIA strain B. licheniformis M454 was constructed based on B. lichen-
iformis M409 using plasmid pMA112. Unlike AepsA-O and AtapA-sipW-tasA, deletion of bslA neither
prevented pellicle formation nor affected colony morphology (Figure 8).

In addition to deletion of the genes most downstream in the regulatory cascade of biofilm formation,
global regulators involved in biofilm formation were modified. In B. subtilis, both transcriptional acti-
vation and derepression is required for expression of epsA-O and tapA-sipW-tasA. Activation occurs
via the shared transcriptional activator RemA (Winkelman et al. 2009). Moreover, SinR-dependent re-
pression needs to be relieved, by activation of the anti-repressor Sinl or SIrA, with either of the two
dominating in different B. subtilis isolates (Kobayashi 2008; Cairns et al. 2014). As deletion of remA
failed repeatedly despite varying HDR templates, inactivation was achieved by simultaneous introduc-
tion of two loss of function mutations previously described for B. subtilis (Blair et al. 2008; Winkelman
et al. 2009). Using plasmid pMA96, the native remA allele was exchanged by a mutated copy resulting
in the R18W and P29S amino acid exchanges. The resulting strain was named B. licheniformis M310.1.
In addition, strain B. licheniformis M310.2 was constructed by disruption of the remA ribosome binding
site with the bleomycin resistance cassette (bleo®) from pUB110 using plasmid pMA91. The insertion
site was selected based on the previously described work by Winkelmann et al. (2009). Both strains
B. licheniformis M310.1 and M310.2 displayed complete loss of biofilm formation (Figure 8). To avoid
usage of antibiotic resistance marker genes as well as to exclude polar effects resulting from integra-
tion of bleof, the remA loss of function mutation was selected for further strain construction and anal-

ysis. Analysis of Sinl and SIrA mutants led to conflicting results regarding their role in regulating biofilm
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formation in B. licheniformis. Inactivation of the SinR anti-repressor Sinl was first conducted by com-
plete deletion of sin/ in B. licheniformis M308 using plasmid pMA30. Surprisingly, the resulting strains
B. licheniformis M311 (Asinl) showed enhanced rather than reduced biofilm formation (Figure 8). Thus,
the phenotype of B. licheniformis M311 resembles those of B. subtilis AsinR rather than Asin/ strains
(Kearns et al. 2005). As sinl-sinR locate in an operon polar effects of sin/ deletion on the downstream
located sinR were likely to cause the conflicting observations. Therefore, sinl was inactivated by partial
deletion with plasmid pMA98 resulting in B. licheniformis M311.2 (Asinl p.E14-P45del). The Asinl p.E14-
P45del mutation was constructed analogous to Bai et al. and is described as non-polar regarding ex-
pression of sinR (Bai et al. 1993). But, in contrast to the phenotype described by Bai et al. for B. subtilis
Asinl (p.E14-P45del) the corresponding B. licheniformis strain M311.2 showed no reduction in biofilm
formation. The conflicting results regarding the phenotype of B. licheniformis M311 and M311.2 be-
came even more apparent when analyzing their motility, showing that both strains are non-motile.
Interestingly, the formation of a subpopulation that was able to spread from the central inoculation
spot was observed for both strains resulting in a heterogeneous colony morphology (see Figure 8). To
further analyze the effect of sinl inactivation on biofilm formation, a sinl frameshift mutation
p.L11AfsX8 (sinl fs) was designed leading to introduction of a translational stop codon. The resulting
strain B. licheniformis M318 showed wildtype-like pellicle formation and motility as well as an altered
but still complex colony architecture (Figure 8). As inactivation of sinl did not lead to loss in biofilm
formation, the alternative SinR anti-repressor SIrA was evaluated regarding its role in biofilm formation
in B. licheniformis. Construction of the AsIrA strain B. licheniformis M317 was conducted using plasmid
pMA73. Deletion of sIrA prevented formation of complex colonies, while pellicle formation was rather
wildtype-like. When analyzing the swimming motility of B. licheniformis strains carrying mutations in
genes involved in biofilm formation, only minor differences were observed for B. licheniformis M315
(AtapA-sipW-tasA), M310.1 (remA R18W, P29S), M310.2 (remA::bleo®), M317 (AslrA) and M318 (sin/
frameshift). Most of these strains, showed slightly higher motility as indicated by the wider area of
growth and higher cell density in regions more distal from the central inoculation spot. This became
more apparent in the time resolved motility assay (Figure 8). In contrast to these strains, B. licheni-
formis M431 (AepsA-O) colonized a smaller area in the motility assay but was still able to spread on

soft agar plates.
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Figure 8: Phenotypical characterization of B. licheniformis mutants defective in biofilm formation.
The ability to form biofilms was analyzed by pellicle formation and colony architecture assay. ‘Colony’
column depicts images of strains incubated for 5 — 7 days at 30 °C on solid MSggTY medium. ‘Pellicle’
column depicts top-down images of microtiter plate wells incubated for 5 days at 30 °C without agita-
tion. ‘Motility’ column depicts images of petri dishes containing LB solidified with 0.4 % agar. Agar
plates were centrally inoculated and incubated for 18 h at 30 °C. White areas show zones of bacterial
growth and correlate with swimming motility. Genotypes were as indicated below the strain number.
Scale bars are 1 cm. At least three biological replicates were analyzed, representative results are
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shown. Except for B. licheniformis M431 and M454 all strains are based on the wildtype-close B. lichen-
iformis M308 (Arms, Apga). B. licheniformis M431 and M454 are based on B. licheniformis M409 (Arms,
AsigF, Aapr, pga::Papr-BLAP).

To prevent development of motility in B. licheniformis deletions in hag, motB and sigD were introduced
encoding the major flagellar protein flagellin (Hag), the stator protein MotB and the sigma factor SigD.
SigD controls transcription of genes required for motility, chemotaxis, and autolysis. The plasmid used
for strain construction via homologous recombination were pMA92 (Ahag), pMA65 (AmotB) and
pBWO022 (AsigD). The resulting strains B. licheniformis M312 (AsigD), M313 (AmotB) and M314 (Ahag)
had comparable phenotypes (Figure 9). All strains were non-motile and biofilm formation was en-
hanced as concluded from complex colony morphology. The pellicle formed by AsigD, AmotB and Ahag
strains in static liquid cultures was less complex in its micro-architecture compared to the wildtype
strain. It is important to note that B. subtilis strains deficient in motility are delayed in pellicle for-

mation, which has not been analyzed in the context of this study (Kobayashi 2007a).

pellicle colony motility

&

M308
reference

M312
AsigD

M313
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M314
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M320
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H12L

Figure 9: Phenotypical characterization of B. licheniformis strains mutated for genes involved in mo-
tility. The ability to form biofilms was analyzed by pellicle formation and colony architecture assay.
‘Colony’ column depicts images of strains incubated for 5 — 7 days at 30 °C on solid MSggTY medium.
‘Pellicle’ column depicts top-down images of microtiter plate wells incubated for 5 days at 30 °C with-
out agitation. ‘Motility’ column depicts images of petri dishes containing LB solidified with 0.4 % agar.
Agar plates were centrally inoculated and incubated for 18 h at 30 °C. White areas show zones of bac-
terial growth and correlate with swimming motility. Genotypes were as indicated below the strain
number on the left. All strains are based on the wildtype-close B. licheniformis M308 (Arms, Apga).
Scale bars are 1 cm. At least three biological replicates were analyzed, representative results are
shown.
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The degU32 mutation resulting in the amino acid exchange H12L in DegU was included in this thesis
due to its pleiotropic effect in B. subtilis, including loss of motility and increased homogeneity in ex-
pression of the major alkaline protease AprE demonstrated for B. subtilis and B. licheniformis DSM13
(Msadek et al. 1990; Amati et al. 2004; Borgmeier et al. 2012). The native degU allele was exchanged
by degU32 in B. licheniformis M308 using plasmid pBW0654. As described for B. subtilis, the resulting
strain B. licheniformis M320 is non-motile (Figure 9). Interestingly, B. licheniformis M320 showed a
strong increase in biofilm formation under all conditions tested, including liquid and solid LB medium
as well as defined media. In particular, the formation of cell aggregates in (shaking) liquid cultures
(Section 3.2.3) and a strongly increased complex colony morphology was observed, while pellicle for-
mation was altered and highly similar to the pellicles formed by AsigD, AmotB and Ahag strains. It is
interesting to note, that in addition to the remarkably strong biofilm formation, B. licheniformis M320

colonized a wider surface area on solid media despite being non-motile.

The findings presented lead to the conclusion that inhibiting either of the two developmental process,
motility, and biofilm formation, increases the respective other adaptation in B. licheniformis. However,
further quantitative analyses are required to confirm this hypothesis. Consequently, construction of
strains carrying multiple mutations targeting both cellular adaptation processes might be required to
channel cellular resources towards product formation. Except for sin/, which was not successfully mod-
ified to prevent biofilm formation, all targeted genes were included in the subsequent strain engineer-

ing process.

3.1.3 Construction of combinatorial mutants deficient in biofilm and motility

While the evaluation of single genes required for biofilm formation and motility was conducted in the
rather unmodified B. licheniformis strain M308 (Arms, Apga), B. licheniformis strain M409 (Arms, AsigF,
Aapr, pga::BLAP), was chosen for construction of combinatorial mutant strains. Most importantly,
strain M409 is deficient in sporulation, thereby preventing the formation of the subpopulation with
strong impact to industrial fermentation processes. By targeting motility and biofilm formation in this
strain background, the impact of mutations affecting additional subpopulations was analyzed in this
thesis.

A summary of the mutants constructed in this thesis is shown in Figure 10. All strains derived from
B. licheniformis M409 were constructed using the CRISPR/Cas9 system based on pJOE-T2A. Motility
was inhibited by deletion of hag, sigD or introduction of the degU32 mutation using plasmid pMA134
(Ahag), pPMA114 (AsigD) and pMA117 (degU32). The late flagellar gene motB was omitted from the
construction of combinatorial mutants due to the highly similar phenotype of Ahag, AsigD and AmotB

single deletion strains (Figure 9). Biofilm deficiency was achieved by inactivation of global regulators
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remA (pMA130) and sIrA (pMA128) or the successive deletion of epsA-O (pMA112), tapA-sipW-tasA
(PMA116) and bsIA (pMA168). All strains were characterized regarding their ability to form biofilms as
described above. Since all combinatorial mutants carry the degU32, AsigD or Ahag mutation, loss of
swimming motility was confirmed for selected progenitor strains only. The resulting phenotypes are
summarized in Figure 11 and Figure 12. In addition to MSggTY, LBGM medium was used in the biofilm
formation assay, as medium-dependent effects on biofilm formation were reported for different B.

subtilis strains (Kobayashi 2007a; Mhatre et al. 2016).
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Figure 10: B. licheniformis strain lineage. Relevant strains constructed in this thesis are shown. Strains mutated for genes involved in biofilm formation (yellow),
motility (blue, including the autolysin lytC), those carrying the degU32 mutation (orange) and reporter strains carrying chromosomal integration of gfomut2
(Papr, PtasA; green) or mScarlet! (P3degU, PtasA; red) are depicted. Strain number and most recent mutations introduced into the progenitor strain are as
indicated. Expression of gfpmut2 is driven by the truncated (M609.1, M609.2) or the full-length (M609.3) B. licheniformis DSM641 apr promoter or the full-length
B. licheniformis DSM13 apr promoter (M609.5). Expression of the B. lentus alkaline protease BLAP was under control of the truncated B. licheniformis DSM641
apr promoter as used for M609.1.
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Figure 11: Biofilm formation and swimming motility of B. licheniformis degU32 combinatorial mu-
tants. ‘Colony’ column depicts images of strains incubated for 5 — 7 days at 30 °C on solid MSggTY or
LBGM medium. ‘Pellicle’ column depicts top-down images of microtiter plate wells (diameter: 3 cm)
incubated for 5 days at 30 °C without agitation. ‘Motility’ column depicts images of petri dishes con-
taining LB solidified with 0.4 % agar centrally inoculated and incubated for 18 h at 30 °C. White areas
show zones of bacterial growth and correlate with swimming motility. Assay plates were inoculated
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from mid-exponential pre-cultures grown in LB medium. Genotypes were as indicated below the strain
number on the left. At least three biological replicates were analyzed, representative results are
shown. Scale bars are 1 cm.

The phenotype of single deletion strains derived from B. licheniformis M4Q09 is in line with the target
evaluation in B. licheniformis M308. Consequently, the Aapr, AsigF, pga::BLAP mutations which distin-
guish B. licheniformis M409 from M308 did not influence the outcome of the phenotypical characteri-
zation (Figure 7). Loss of motility was observed for all strains carrying the degU32 or AsigD mutation
(Figure 11), and likewise for AmotB and Ahag (Figure 12) mutants. Motility was abolished independent
from further strain modification, as shown for B. licheniformis M439 (AtapA-sipW-tasA, degU32),
M441 (AtapA-sipW-tasA, AepsA-O, deqgU32) and M447 (AtapA-sipW-tasA, AepsA-O, AsigD) (Figure 11).
Importantly, increased biofilm formation observed for B. licheniformis M320 (M308 degU32; Figure 9)
was confirmed for B. licheniformis M436 (M409 degU32; Figure 11). Due to the known role of DegU-P
in exoenzyme production and the strong morphological changes observed for B. licheniformis degU32
single mutants, special focus was put on the construction of degU32 strains deficient in biofilm for-
mation. Both, complex colony architecture and the ability to form pellicles was lost or strongly reduced
in degU32 strains when simultaneously targeting structural genes for biofilm formation or regulators
thereof. Similar to the results from B. licheniformis M315 (M308 AtapA-sipW-tasA) deletion of tapA-
sipW-tasA did not fully prevent biofilm formation in the degU32 strain background (B. licheniformis
M439, Figure 11). No residual biofilm formation was observed for B. licheniformis M441 (AtapA-sipW-
tasA, A epsA-O, degU32) and M451 (remA R18W P29S, degU32). Deletion of bslA did not affect the
complex colony morphology in the degU32, AbslA strain B. licheniformis MA455 (Figure 11) which is in
line with the robust colony morphology of the bslA single deletion mutant B. licheniformis M454 (Fig-
ure 8). But, unlike B. licheniformis M454, B. licheniformis M455 formed less-stable pellicles, which be-
came apparent only in LBGM medium (Figure S2). Moreover, consistent with results from pellicle for-
mation assay of B. licheniformis M317 (Figure 8), deletion of slrA was unable to fully prevent biofilm
formation in the degU32 combinatorial mutant B. licheniformis M451. Both strains showed limited,
but clearly visible pellicle formation and slightly elevated colonies on LBGM agar (Figure 8 and Figure
11). Similar to degU32 single mutants B. licheniformis M320 (M308 degU32) and M436 (M409
degU32), introduction of degU32 in strains deficient in biofilm formation resulted in colonization of a
wider surface area (Figure 11). This effect is specific for degU32 and not related to the non-motile
phenotype in general as B. licheniformis M312 (AsigD), M313 (AmotB) and M314 (Ahag) (Figure 8) and
the sigD combinatorial mutant B. licheniformis M447 (Aeps, AtasA, AsigD Figure 11) displayed regular

growth characteristics on solid media. Interestingly, the sigD, degU32 mutant B. licheniformis M449
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was slightly impaired in pellicle formation, which was not observed for either of the corresponding

single mutant (Figure 8), while colony architecture was comparable to B. licheniformis M436.
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Figure 12: Summary of phenotypical analysis of B. licheniformis strain derivatives. Colony: Ability to
develop complex colony morphology on solid medium. Pellicle: Formation of biofilms at the air-liquid
interphase in liquid culture without agitation. Motility: Spreading on soft agar plates solidified with
0.4 % agar. Strain numbers and relevant genotypes are listed. Orange-blue color scheme refers to en-
hanced and reduced characteristics of the respective phenotype. Note, that the non-motile phenotype
of B. licheniformis M449, M451, M452, M455, M456 and M457 was not experimentally determined
but concluded from loss of motility observed for progenitor strains carrying the degU32 or AsigD mu-
tation.

By analyzing a comprehensive set of biofilm and motility deficient mutants as well as strains deficient
in both cellular adaptations (B. licheniformis M447 to M457, Figure 12), the mutually exclusive charac-
ter of these fundamentally opposing cellular adaptations in B. licheniformis was demonstrated. Null
mutants deficient in either of the two processes showed upregulation of the respective other devel-

opmental program (Figure 12). This became apparent in particular, in case of motility deficient strains
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displaying increased biofilm formation, while biofilm deficient strains did not necessarily show in-
creased motility. However, further analyses are required to confirm the observations made. In sum-
mary, including the deletion of sigF in the parental strain B. licheniformis M409, the resulting most
advanced strains are deficient in three cellular differentiation processes, sporulation, biofilm for-

mation and motility.

3.2 Biofilm and motility in batch and fed-batch fermentation

The previous experiments were conducted under cultivation conditions frequently used in basic re-
search to promote biofilm formation. While this simplifies phenotypical analysis of strains and mutants
in general or may reflect limiting conditions in the natural habitat, the controlled environment in bio-
processes differs strongly regarding most parameters applied. Therefore, one aim of this thesis was to
analyze cellular differentiation of B. licheniformis in optimized, nutrient-rich media in batch and fed-
batch cultivations. To monitor the physiology and productivity on-line at the population level and at-
line/off-line at the single cell level, four different promoters were transcriptional fused the genes en-
coding the green fluorescent protein gfpmut2 or the red fluorescent protein mScarlet!. Quantification
of the motile subpopulation was done using the promoter sequence of the late flagellar gene hag,
while biofilm formation was analyzed using PtapA, driving transcription of the gene for matrix protein
synthesis (tapA-sipW-tasA). The exoprotease producing subpopulation was characterized by monitor-
ing of Papr activity. All reporter constructs were preferably chromosomally integrated into the amyB
or cat locus to prevent artificial results resulting from plasmid-based effects like altered promoter-
regulator stoichiometry. The integration loci were previously evaluated regarding transcriptional read-
through to exclude artificial results. In addition, the reporter cassettes were flanked by (bidirectional)
transcriptional terminators. But, because construction of amyB::Phag-gfpmut2 and cat::Phag-gfpmut2
integration constructs failed repeatedly, the Phag reporter construct was introduced into B. licheni-
formis M409 on the low-copy vector p#0692 carrying a pBS72 derived origin of replication. Analysis at
the population level were conducted in batch cultures using the on-line microbioreactor system Bio-
Lector®. Single cell analyses were performed with samples from batch or fed-batch cultures analyzed

via flow cytometry or fluorescence microscopy.

3.2.1 Development of motility in batch and fed-batch cultivations

To investigate whether B. licheniformis develops a motile, chemotactic state in nutrient-rich media
under batch and fed-batch conditions, the Phag reporter strain B. licheniformis M409 pWG2rH was

constructed, expressing gfomut2 under control of a 237 bp fragment containing the hag promoter
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region and the 3’ region of the upstream located gene encoding CsrA as described before (Vlamakis et
al. 2008). To improve translation of GFP, the native hag ribosome binding site was replaced with a
standardized sequence GATTAACTAATAAGGAGGACAAAC (Guiziou et al. 2016). The plasmid-based re-
porter strain was cultivated in LSJ-CT and V3 medium with 20 ug/ml kanamycin sulfate. GFP fluores-
cence and biomass was monitored (Figure 13A, B) and Phag promoter activity was calculated (AGFP x

AtY; Figure 13C, D).
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Figure 13: Development of motility in B. licheniformis M409 under batch conditions. The pWG2rH
(Phag) reporter strain was cultivated in (A,C) LSJ-CT and (B,D) V3 medium in 48-well deep-well micro-
titer plates with flower geometry. (A, B) Biomass and GFP fluorescence were monitored online using
the Biolector system; shaking frequency; 1,000 rpm shaking diameter, 3 mm; filling volume, 0.8 ml;

temperature 30 °C. (C, D) Promoter activity was calculated from the increase in GFP fluorescence over
time (AGFP x At?). Note the different vertical axis scale in C and D.

In both media, upregulation of Phag was observed from early exponential growth phase on, reaching
maximum promoter activities during mid-exponential growth around 12 h and 15 h in LSJ-CT and V3
medium (Figure 13C, D). Entering the stationary phase promoter activity rapidly declined and no fur-
ther GFP expression was observed in LSJ-CT medium while low expression occurred in V3 throughout

stationary growth. Importantly, overall fluorescence and promoter activity was strongly elevated in
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cultivations with complex LSJ-CT medium compared to chemically defined, but nutrient rich V3 me-
dium. Both parameters were 8 to 16-fold higher in complex medium suggesting strong differences in
the distribution of the motile subpopulation. To quantify the motile subpopulation, flow cytometry
was applied (Figure 14). Based on the fluorescence distribution after 20 h of growth in LSJ-CT, in which
highest fluorescence intensity were measured, GFP positive cells were divided into high and low ex-
pressing cells with a threshold of 1 x 10* (arbitrary units; (Figure 14C, D). The threshold value includes
90 % of all cells in the population in the 20 h sample. As Bacillus cells are known to exist in either a SigD
ON or SigD OFF state (Cozy and Kearns 2010), cells displaying low GFP intensity have either recently
activated Phag or promoter activity diminished and GFP turnover exceeds the synthesis rate. When
grown in LSJ-CT medium, B. licheniformis M409 pWG2rH is characterized by bimodal distribution of
cells which have activated Phag in the late-exponential and transition phase with the vast majority of
cells showing high GFP fluorescence (85 to 90 %; Figure 14C). In fact, due to the large subpopulation,
motility appears almost unimodal and homogeneous. While the total GFP positive population remains
stable with 95 % of all cells expressing or having expressed GFP throughout growth, the number of
cells gated as high expressing cells decreased between 24 and 40 h. The results are consistent with the
global Phag expression profile showing a slightly decreasing GFP intensity during stationary growth
(Figure 13A). Compared to samples from LSJ-CT cultures, bimodal distribution of motile cells was more
pronounced and clearly detectable in defined medium, but showing the opposite trend as compared
to LSJ-CT cultures as most cells (60 to 70 %) have not activated Phag (Figure 14B, D). The highest frac-
tion of cells exhibiting high GFP expression was detected in samples analyzed after 24 h. Afterwards,
the Phag expression pattern remained unchanged which is consistent with analysis at the population

level (Figure 13B, D).
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Figure 14: Quantification of the motile subpopulation in B. licheniformis M409 under batch condi-
tions. The pWG2rH (Phag) reporter strain was cultivated in (A,C) LSJ-CT and (B,D) V3 medium in 48-
well deep-well microtiter plates with flower geometry; shaking frequency, 1000 rpm; shaking diame-
ter, 3 mm; filling volume, 0.8 ml; temperature 30 °C. Samples from late-exponential (16 h), transition
state (20 h), early (40 h) and late (48 h) growth were analyzed and approximately 50,000 events were
analyzed by flow cytometry. (A, B) Frequency distribution of motile cells. The Y-axis represents cell
counts for each strain at 16, 24, 40, and 48 h time points. The X-axis is arbitrary units (AU) of fluores-
cence in a logarithmic scale. (C, D) GFP positive cells were divided in high and low expressing cells with
a fluorescence intensity threshold value of 1 x 10%.

Under fed-batch conditions the number of cells developing into a motile chemotactic state was lower
compared to batch cultures. However, throughout full cultivation, GFP positive cells were detected
(Figure 15). To exclude that GFP signals analyzed resulted from accumulation during growth in
preculture, 1 % instead of 10 % inoculum was used, extending the batch phase to 24 h. By analyzing
700 - 2100 cells, 3.4 % were shown to have activated P4, after 12 h, likely representing non-limiting
growth conditions. Entering the glucose limited fed-batch phase, the number of GFP positive cells was
5.9 % (24 h) and further increased to 9.4 % after 72 h. However, it is important to note, that it was not

distinguished between high and low GFP expressing cells, as maximum GFP intensity was above the
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detector limit for selected cells (compare Figure 15, 72 h; fluorescence intensity (AU) ranging from 0.17

to 3.35 and signal saturated “sat.”).

12 h

GFP

PC + GFP

Figure 15: Development of motility in B. licheniformis M409 under fed-batch conditions. GFP images
and phase contrast GFP overlays show frequency of cells expressing GFP under control of the flagellin
promoter Phag. Exposure times for GFP images were 500 ms except for the 12 h sample (1000 ms).
Main cultures were inoculated with 1 % of preculture resulting in a batch phase of 24 h. GFP intensities
72 h are indicated for selected cells (sat. = signal saturation).

3.2.2 Biofilm formation at population and single cell level

To investigate biofilm formation in B. licheniformis M409 in more detail, the PtasA reporter strains
B. licheniformis M409.t1 and M409.t2 were constructed, expressing gfpmut2 or mScarlet!/ under con-
trol of a 491 bp fragment containing the tapA-sipW-tasA promoter region as described before (Vlama-
kis et al. 2008). To improve translation, the native ribosome binding site was replaced with a standard-
ized sequence GATTAACTAATAAGGAGGACAAAC (Guiziou et al. 2016). The GFP and mScarletl expres-
sion cassettes were chromosomally integrated into the amyB respectively the cat locus, with the latter
natively conferring chloramphenicol resistance to B. licheniformis. The GFP reporter strain B. licheni-
formis M409.t1 was analyzed in batch cultivations, while the mScarlet reporter strain B. licheniformis
M409.t2 was used in fed-batch cultivations. In batch cultures GFP fluorescence and biomass were mon-
itored (Figure 16A, B) and PtasA promoter activity was calculated (Figure 16C; AGFP x At?). Fed-batch

samples were evaluated qualitatively only.
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Figure 16: Biofilm formation of B. licheniformis M409.t1 in batch cultivations. The PtasA reporter
strain M409.t1 was cultivated in (A,C) LSJ-CT and (B) V3 medium in 48-well deep-well microtiter plates
with flower geometry. (A, B) Biomass and GFP fluorescence were monitored online using the BioLector
system; shaking frequency; 1,000 rpm shaking diameter, 3 mm; filling volume, 0.8 ml; temperature 30
°C. (C) Promoter activity was calculated from the increase in GFP fluorescence over time (AGFP x At-
1).

In LSJ-CT batch cultures, activation of the PtasA promoter leading to matrix formation occurred in tran-
sition phase (Figure 16A). Highest PtasA activity was determined after 24 h during early stationary
growth followed by a steady decrease in promoter activity in later cultivation phases (Figure 16C).
Surprisingly, no GFP expression was detected in batch culture with chemically defined medium (Figure
16B) and likewise biofilm formation was scarce in fed-batch cultures of B. licheniformis M409.t2 (Figure
17). However, cells expressing mScarlet! under control of PtasA were occasionally detected in small

clusters presumably embedded in an extracellular matrix as phase contrast images suggest (Figure 17).
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Figure 17: Development of the matrix producing subpopulation in B. licheniformis M409.t2 under
fed-batch conditions. Phase contrast and mScarlet overlays show the frequency of cells expressing
mScarlet under control of the PtasA promoter. Main cultures were inoculated with 1 % of preculture
resulting in a batch phase of 24 h. Images were taken after 48 h. (B) Enlarged view of the cells extracted
from the frame in image A. Scale bars are 10 um.

The results presented demonstrate that phenotypical heterogeneity occurs under nutrient-rich, opti-
mized growth conditions as differentiation. However, single cell analysis revealed a strong media-de-
pendent effect on cellular heterogeneity, with a higher number of cells activating Phag in LSJ-CT me-
dium. The difference in PtasA promoter activity was even more pronounced, as indicated by analysis
at the population level (Figure 16). The strong differences in GFP frequency distribution indicate that
V3 medium and fed-batch conditions reduce cellular heterogeneity regarding motility and biofilm for-
mation. However, it remains to be clarified how fed-batch cultivation using complex nitrogen sources
such as casitone and tryptone in LSJ-CT medium affect the formation of subpopulations, as the exper-
imental setup using feedplates requires inorganic N-sources to enable carbon limited fed-batch culti-

vation.

3.2.3 Cell morphology

In Bacillus, developing a motile, chemotactic state is inevitable associated with cell separation and
many autolysins are co-regulated with early and late flagellar genes (Marquez et al. 1990; Serizawa et
al. 2004; Kearns and Losick 2005; Chai et al. 2010b). In contrast to planktonic growth, biofilm formation
is associated with filamentous or chaining cells (Branda et al. 2001; Kearns et al. 2005; Branda et al.
2006; Kobayashi 2007a). Initial observations with B. licheniformis DSM641 derivates revealed altera-
tions in the cell morphology of the AsigD and degU32 mutant B. licheniformis M312 and M320, both
causing a growth condition-dependent filamentous cell morphology. To analyze the effect of single
and multiple mutations on the cell morphology in more detail, selected B. licheniformis M409 strains
were characterized under fed-batch conditions. To exclude that the cell morphology observed results

from the high inoculum with cells from the stationary pre-cultures (10% in the standard feedplate cul-
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tivation), main cultures were inoculated with 1% resulting in an initial ODgoonm of 0.1 + 0.01. This ex-
tends the batch phase characterized by a glucose release rate higher than the glucose uptake rate from
to 24 h (Habicher et al. 2019c). The cell morphology was analyzed by microscopy (phase contrast and
DAPI staining of nucleic acids) throughout the fed-batch phase.

As shown in Figure 18, B. licheniformis M409, the single deletion strains B. licheniformis M430 (AtapA-
sipW-tasA) and B. licheniformis M422 (AsigD) grew exclusively as individual cells under fed-batch con-
ditions, except for rarely observed filaments in B. licheniformis M409 and M422 samples after 72 h.
Similar to its phenotype during the fed-batch phase, B. licheniformis M422 was characterized by indi-
vidual cells from the transition state onwards in batch cultivations using LB medium, while cell chaining
of sigD mutants was observed during early to mid-exponential growth only (Figure S3). Whether B. /i-
cheniformis M422 displays alterations in cell morphology in batch cultures with chemically defined
medium remains to be clarified. In contrast to other strains analyzed, the degU32 mutant B. licheni-
formis M436 showed a highly filamentous or rather chaining phenotype at the onset of the fed-batch
phase (24h). As staining of nucleic acids using DAPI showed (Figure S4), it is important to differentiate
between filamentous and chaining cells. While the latter describes individual cells, that display regular
septum formation but are unable to separate, filaments are hereafter referred to as (highly) elongated,
multi-nucleoid cells lacking septum formation and sharing cytoplasmic content (Takeuchi et al. 2005;
Vejborg and Klemm 2009). At 24 h most of the B. licheniformis M436 cells were found in cell chains,
with a few filamentous cells and both cell types diminished afterwards (Figure 18 and Figure S4). After
48 h an increasing number of cells was found in cell aggregates which was the predominant growth
form at 72 h (Figure 19A). Aggregates seemed to contain single cells or duplets rather than cell chains,
although multilayer aggregation impeded detailed analyses of the individual cell morphology. Moreo-
ver, adherence of cells to the polystyrene surface of shaking feedplates was observed. Thus, the in-
creased biofilm formation observed for B. licheniformis M436 (degU32) in macroscopic analyses of
static cultures using specialized media also occurred in dispersed cultures with nutrient rich media. In
fact, increased biofilm formation was observed under all growth conditions tested, including complex
and defined media, batch and fed-batch cultivations as well as static and dispersed cultures. Im-
portantly, although biofilm formation did not play a major role in the parental strain B. licheniformis
M409 under simulated fed-batch conditions, it becomes relevant in the degU32 strain background

(B. licheniformis M436).
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M409
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Figure 18: Cell morphology of selected B. licheniformis mutant strains under fed-batch conditions.
Strains carrying single or multiple mutations (as indicated) were cultivated in feedplates. Samples were
taken after 24, 48 and 72 h and analyzed by microscopy without further processing. Phase contrast
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images are shown. Selected cell chains or aggregates are highlighted with arrow heads. White scale
bars are 10 um. Optical densities at sampling points are shown in Figure 19B.

To target biofilm formation in degU32 mutants, the tapA-sipW-tasA and epsA-O operons were deleted,
among others. Interestingly, deletion of tapA-sipW-tasA or in combination with AepsA-O in the degU32
strain background (B. licheniformis M439 and M441) did not only reduce or prevent biofilm formation
at population level (Section 3.1.3), but also strongly altered the cell morphology in microscopic anal-
yses (Figure 18). Entering the fed-batch phase, a reduced number of filaments and cell chains was
observed for the degU32, AtasA double mutant B. licheniformis M439. Most cells were individual cells
but slightly elongated compared to the parental strain B. licheniformis M409. In case of B. licheniformis
M441, differing from M439 by additional deletion of the epsA-O operon, the cell size was wildtype-
like, and filaments were rare throughout the fed-batch phase. Most importantly, the formation of cell
aggregates was strongly reduced in B. licheniformis M439 (Figure 19A) and completely abolished in

B. licheniformis M441.
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Figure 19: Formation of cell aggregates in B. licheniformis degU32 strains. (A) Samples were taken
from fed-batch cultivation after 72 h and analyzed by microscopy without further processing. Phase
contrast images are shown. White scale bar is 10 um. Cell aggregates were observed for B. licheniformis
M436 and to limited extend for M439 and most pronounced at 48 h and 7 2h. (B) Growth of B. lichen-
iformis M409 (parental strain; squares) and M439 (triangles) in the polymer-based simulated fed-batch
process with 1 % inoculum.

3.2.4 Cell lysis assay

Morphological analysis revealed increased cell chaining for B. licheniformis M312 (AsigD) and B. lichen-
iformis M320 (degU32) mutants, resulting at least in part from lack of SigD-dependent transcription of
autolysins with DegU-P indirectly repressing SigD levels (section 1.4.2). To compare the autolysin ac-

tivity between both strains in more detail, a sodium azide-based cell lysis assay was conducted. In
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addition to B. licheniformis M312 (AsigD) and M320 (degU32), the motB and hag deficient strains B. li-
cheniformis M313 and M314 were included in the analysis due to their highly similar phenotype (Figure
8 and Figure S6). Moreover, we were interested whether deletion of genes most downstream in the
regulatory cascade for motility (motB, hag) affects host cell physiology on a more global level. Figure
20 shows the relative autolysin activity as the decrease in optical density (ODeoonm) after growth was
inhibited by addition of sodium azide to mid-exponentially growing cultures of B. licheniformis. Auto-
lysins expressed up to this point cause hydrolysis of peptidoglycan and consequently the assay shows

autolysin activity at the selected time point only.
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Figure 20: Cell lysis assay of motility deficient B. licheniformis strains. Strains were cultivated in LB
medium at 37 °C until mid-exponential phase. To inhibit growth, 0.05 M sodium azide was added (t
=0). The degree of cell lysis was determined by measuring the decrease in optical density. Error bars
indicate the standard deviation of at least three individual replicates. Key mutations for each strain
were as indicated.

Comparison of cell lysis revealed highly similar and strongly reduced autolysin activity for motility de-
ficient strains including the degU32 mutant B. licheniformis M320. After an initial decrease in optical
densities to 80 % observed for all strains, ODgoonm Values of the control strain B. licheniformis M308
dropped to 8 % and 4 % after 2.8 h respectively 3.9 h. In contrast, biomass of B. licheniformis M312,
M313, M314 and M320 decreased only gradually over the course of the experiment with final ODsoonm
values around 50 % relative to levels when sodium azide was added to the cultures, except for the
motB mutant B. licheniformis M313, which showed slightly stronger cell lysis. The mutants tested are
related to the SigD regulon, which also comprises the major autolysin lytC. As deletion of IytC in B. sub-

tilis was shown to prevent cell lysis to a level comparable to B. licheniformis M312, M313 and M320,
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the IlytC deficient B. licheniformis M329 was included as a reference strain (Kabisch et al. 2013). How-
ever, unlike B. subtilis ATCC6051, B. licheniformis M329 showed only delayed cell lysis, but deletion of

lytC did not prevent cell lysis under the conditions tested.

3.3 Growth and productivity

By targeting structural genes and regulators required for biofilm formation and motility, B. licheni-
formis strains deficient in both cellular differentiation processes were constructed. To analyze the ef-
fect of these mutations on growth and productivity, batch and fed-batch cultivations were performed.
While batch cultivations are frequently applied in literature for strain characterization, fed-batch con-
ditions represent the predominant mode of process control in industrial biotechnology. Expression of

the alkaline protease BLAP served as a model enzyme for secretory enzyme production.

3.3.1 Characterization of B. licheniformis M409 mutants in batch cultivations

Growth in batch cultures was monitored on-line during 48 h of cultivation the on-line microbioreactor
system BiolLector®. Selected B. licheniformis strains were cultivated in rich (LSJ-CT) and chemically de-
fined (V3) medium. Biomass (ODeoonm), PH and dissolved oxygen tension (DOT) were determined and
the maximum specific growth rate (umax h?) was calculated. In addition, protease expression was

analyzed after 48 h of cultivation.

3.3.1.1 Growth characteristics and maximum specific growth rates

Strain specific differences were rather small in V3 cultivations while strong differences were observed
for growth in LSJ-CT. However, for both media, comparison of B. licheniformis M409 mutants revealed
three distinct types of growth curves each representing a specific subset of strains. The first group
comprises the parental strain B. licheniformis M409 and strains deficient in biofilm formation B. lichen-
iformis M430 (AtasA) and M440 (Aeps, AtasA) (Figure 21 and Figure S6, grey). Additionally, further
analysis showed highly similar growth characteristics for B. licheniformis M431 (Aeps), M432 (AsirA)
and M434 (remA missense) at least during the first 24 h of cultivation (data not shown). Secondly,
strains carrying the degU32 mutation showed similar growth behaviour independent from further
strain modification as shown for B. licheniformis M436 (deqgU32), B. licheniformis M441 (Aeps AtasA
degU32) and B. licheniformis M457 (Aeps AtasA degU32 AsigD) (Figure 21 and Figure S6, orange). Nei-
ther inactivation of genes required for biofilm formation nor deletion of sigD affected growth of strains
carrying the degU32 mutation. The last group summarizes strains mutated for late flagellar genes
(motB, hag) and the motility specific sigma factor SigD as well as the AsigD, Aeps, AtasA combinatorial

mutant B. licheniformis M447 (Figure 21 and Figure S6, blue).
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Figure 21: Batch cultivation of B. licheniformis strains in A) rich (LSJ-CT) and B) chemically defined
(V3) medium. Biomass (scattered light, upper panel), dissolved oxygen tension (DOT, middle panel)
and pH (lower panel) were monitored during 48 h of cultivation using the online microbioreactor sys-
tem Biolector (1000 rpm, 3 mm shaking diameter, 30 °C, 85 % relative humidity). The growth curves
shown are representative for three groups of strains: (Grey) B. licheniformis M409, M430 (AtasA) and
M440 (Aeps, AtasA). (Orange) Strains harbouring the degU32 mutation B. licheniformis M436
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(degU32), M441 (Aeps, AtasA, degU32). (Blue) B. licheniformis M422 (AsigD) and M435 (Ahag). LSJ-CT
and V3 main cultures were inoculated with 0.1 % and 1 % of synchronized pre-cultures respectively.
Shaded areas indicate standard deviation of three biological replicates. Maximum specific growth rate
in C) LSJ-CT and D) V3 medium calculated from five individual replicates (except for M431, n = 2). As-
terisks indicate the level of significance compared to the parental strain B. licheniformis M409.

Cultivation in LSJ-CT led to differentiation of strains during the exponential growth phase (Figure 21A).
Both, degU32 mutants and strains from the sigD group showed increased growth rates in LSJ-CT me-
dium by 22 % to 30 % compared to B. licheniformis M409 (Figure 21C, umax: M409 = 0.23 h'1; M436,
M441 = 0.28 h''; M422 = 0.30 h}; M435 = 0.28 h'). Moreover, B. licheniformis M436 (degU32) and
related strains showed a reduced lag phase with exponential growth observed 1.5 — 2 h earlier than
for strains clustering in the other two groups. However, exponential growth was not prolonged as
degU32 strains also entered the transition state earlier than B. licheniformis M409. It is important to
note, that the initial growth phase not necessarily displays the lag phase, but possibly ODgoonm Values
were below detector limits. Nevertheless, possibly two factors contributed to improved growth of
degU32 mutants in LSJ-CT medium, a reduced lag phase and higher growth rates. Entering transition
state and throughout stationary growth differences in growth were even more pronounced. While
B. licheniformis M409 and single mutants deficient in biofilm formation (B. licheniformis M430, M431,
M440) were characterized by a smooth transition from exponential to stationary growth, the degU32
mutants B. licheniformis M436, M441 and M457 as well as B. licheniformis M422 (AsigD) and B. lichen-
iformis M435 (Ahag) showed a sharp decrease or rather abrupt stagnation in growth. Subsequently,
biomass increased again for degU32 strains reaching a second maximum in the late stationary growth
phase after 40 h, while biomass of B. licheniformis M422 and M435 maintained stable. Interestingly,
growth of degU32 strains in LSJ-CT medium was superior to B. licheniformis M409 throughout the full
cultivation period when increasing the inoculum from 0.1 % to 1 % (section Figure S5). Moreover, a
decrease in biomass at the end of exponential growth was not observed under these conditions. Ex-
ponential growth was accompanied by a decrease in pH from 7.1 to 6.2 and a drop in DOT to 11 %
(M409), 17 % (M436) and 5 % (M422). While the decrease was comparable, strains differed in the sub-
sequent increase regarding both parameters. DOT values rapidly increased to initial values for the
AsigD and degU32 strain cluster in the transition state. In contrast, DOT values showed a slightly slower
increase for B. licheniformis M409. The opposite trend was observed for pH values. Strains clustering
with B. licheniformis M409 displayed a rapid increase, while only a slow, but steady increase was ob-
served for B. licheniformis M422, M436 and related strains.

Compared to LSJ-CT, cultivation in V3 medium resulted in more homogeneous growth patterns (Figure
21B). All strains reached a similar maximum ODegoonm at the end of exponential growth followed by a

decrease in biomass. Similar to cultivation in LSJ-CT, degU32 strains showed a reduced lag phase by

62



Results

about 3 h, but unlike in LSJ-CT, growth during the exponential phase was comparable to B. licheni-
formis M409 as confirmed by determination of the maximum specific growth rate (Figure 21D). In con-
trast to degU32 strains, sigD, hag and motB mutants showed a higher growth rate in both media, alt-
hough less pronounced in V3 (15 %; umax: M409 = 0.20 ht, M422 = 0.23 h) than in LSJ-CT medium
(30 %). Like growth (ODgoonm), DOT and pH values were comparable in V3 medium for all three groups
of strains. Compared to LSJ-CT cultures, DOT values decreased more strongly in V3 cultivations reach-

ing 0 % DOT at the end of exponential growth.

To compare changes in growth rates between different media, relative pumax values were determined
for all B. licheniformis M409 derived mutants. The resulting scatterplot confirmed clustering of three
different groups of strains (Figure 22). Strains harboring the degU32 mutation (Figure 22, orange)
showed higher growth rates in LSJ-CT medium only, with only small differences upon introduction of
further mutations that prevent biofilm formation. Highest growth rates in complex medium were ob-
served for B. licheniformis M448 (Aeps, AtasA, degU32, AsigD) and M455 (degU32, AbslA) which dis-
played a 1.4-fold increase compared to B. licheniformis M409. Unlike strains from the degU32 cluster,
mutations in the sigD regulon including the triple mutant B. licheniformis M447 (Aeps, AtasA, AsigD)
resulted in faster growth in both media, with B. licheniformis M423 (AmotB) having the lowest growth
rate from this group in LSJ-CT medium. Interestingly, growth parameters for the degU32, AsigD strain
B. licheniformis M449 resembled those of the degU32 rather than sigD cluster which is in line with
results from phenotypical analysis (Section 3.1.3). Finally, only minor differences were observed for

biofilm deficient strains harboring the wildtype degU allele (Figure 22, orange).
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Figure 22: Correlation of relative maximum specific growth rates (umax ht) of B. licheniformis strains
in LSJ-CT and V3 medium. Individual growth rates were set relative to the parental strain M409 for
each medium. Error bars indicate the standard deviation from at least two biological replicates. The
grey trend line indicates hypothetical linear correlation of changes of the growth rate in both media.
(black) parental strain M409. (brown) Biofilm deficient strains without further mutations. (blue) Strains
carrying mutation in motB, hag or sigD (M423, M435, M422) and M447 Aeps AtasA AsigD (left to right).
Strains clustering down-right (orange) carry the degU32 mutation. See Table S1 for absolute values of
pmax.

3.3.1.2 Protease expression in batch cultures

Protease expression of selected B. licheniformis mutants was analyzed after 48 h of batch cultivation.
Deletion of the tasA operon resulted in slightly reduced protease activity in rich medium (B. licheni-
formis M430) which was restored to wildtype-like levels upon additional deletion of epsA-O (B. lichen-
iformis M440, Figure 23A). In V3 medium, protease expression was not affected in either of the two
strains (Figure 23B). In contrast, strains carrying the degU32 mutation displayed 1.3 to 1.6-fold higher
enzyme activity in both media. Protease activity was not altered upon further strain modification as
comparison of B. licheniformis M436 (degU32), B. licheniformis M441 (Aeps AtasA degU32), and B. li-
cheniformis M457 (Aeps AtasA degU32 Ahag AbslA) showed. Moreover, protease expression of
degU32 strains in LSJ-CT medium varied depending on the inoculation strategy with lower titers result-
ing from higher inoculum. However, this effect was not observed in V3 cultivations and time-resolved
analyses are required to investigate expression dynamics in more detail. To address this need, pro-
moter activity was monitored on-line using fluorescence reporter constructs (Section 3.4). Surprisingly,

deletion of sigD (B. licheniformis M422) or hag (B. licheniformis M435) increased protease expression
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1.3 to 1.4 fold in LSJ-CT cultivations, but, unlike degU32 strains, enzyme activity was reduced in V3
medium by 15 to 30 % (Figure 23B).
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Figure 23: Protease expression of selected mutant strains in batch cultures using A) complex (LSJ-CT)
and B) chemically defined (V3) medium. Protease activity was determined after 48 h. Relative prote-
ase activity is depicted, normalized for each cultivation condition (medium, inoculum) by the protease
activity measured for the parental strain B. licheniformis M409. (Grey) B. licheniformis M409, M430
(AtasA) and M440 (Aeps, AtasA). (Orange) Strains harbouring the degU32 mutation B. licheniformis
M436 (degU32), M441 (Aeps, AtasA, degU32) and M457 (Aeps, AtasA, degU32, AsigD, AbsIA). (Blue) B.
licheniformis M422 (AsigD) and M435 (Ahag). Error bars indicate standard deviation of three biological
replicates

3.3.2 Protease expression under simulated fed-batch conditions

In industrial biotechnology, substrate-limited fed-batch cultivation represents the predominant mode
of fermentation processes allowing to minimize catabolite repression and overflow metabolism
amongst other reasons (Habicher et al. 2019a). To avoid misinterpretation of screening results ob-

tained from batch cultures, fed-batch cultivations need to be implemented in early phases of strain
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optimization and evaluation (Habicher et al. 2019c). To address this requirement, the B. licheniformis
strain derivatives constructed in this thesis were evaluated using the recently published polymer-based
fed-batch system (Habicher et al. 2019c). The analyses include expression of the model enzyme BLAP,
determination of biomass (cellular dry weight, CDW) and characterization of the extracellular prote-

ome by applying SDS-PAGE and mass spectrometry.

3.3.2.1 Determination of biomass from fed-batch culture samples

Growth of B. licheniformis in the simulated fed-batch process was analyzed by measuring the optical
density ODgoonm for B. licheniformis and selected mutants after 24, 24 and 72 h (Figure S8). While
ODeoonm Values were comparable in the initial cultivation phase, B. licheniformis M409, B. licheniformis
M440 (AtasA, Aeps) showed a decrease in biomass between 24 and 72 h. In contrast, B. licheniformis
M439 (AtasA, degU32) and B. licheniformis M441 (AtasA, AepsA, degU32) showed a steady increase in
ODeoonm throughout the microtiter plate-based fed-batch process resulting in 1.8 to 2.0-fold higher op-
tical densities ODgoonm after 72 h of cultivation as compared to the parental strain B. licheniformis M409
(Figure 25 and Figure S8). But, as cell morphology, integrity or pigmentation may cause artificial results
when measuring scattered light, cellular dry weight is considered the more accurate parameter to
qguantify biomass. Therefore, cellular dry weight (CDW) was determined to verify growth (Figure 24).
Biomass of B. licheniformis strains carrying the degU32 mutation was enhanced by 10 to 18 % for B. Ii-
cheniformis M436 (degU32), M439 (AtasA, degU32) and M441 (AtasA, Aeps, degU32). As a comparable
increase was observed for these strains, deletion of epsA-O or tapA-sipW-tasA had no effect on final
biomass in the degU32 strain background. Surprisingly, inactivation of the transcriptional regulator
RemA or SIrA in combination with the degU32 mutation reduced biomass to wildtype levels (B. lichen-
iformis M451, M452), although further verification is required. Nevertheless, the degU32 allele was
able to compensate for lower biomass of biofilm deficient single mutants of B. licheniformis which
displayed a 20 % reduction (M430, M431, M440, M432, M434; Figure 24). Consistent with previous
results from phenotypical analysis, deletion of bslA did not affect biomass in the single mutant B. /i-
cheniformis MA454. Therefore, it is surprising, that targeting bsl/A in the degU32 background (M455)
further increased cellular dry weight as compared to B. licheniformis M436, but again further analysis
is required to verify these initial observations. This also applies to the multiple mutant B. licheniformis
M456, lacking the genes for all three major structural components of Bacillus biofilms, suggesting that
enhanced DegU-P dependent expression of bslA does affect growth of B. licheniformis degU32 strains,
possibly due to the enhanced metabolic burden or process dependent effects (DOT, OTR, surface ten-

sion). Finally, single mutants deficient in sigD, motB or hag showed no changes in final biomass.
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Figure 24: Biomass of B. licheniformis strains after 72 h of fed-batch cultivation. Samples from six
biological replicates were pooled and cellular dry weight (CDW) was determined. Relevant genotypes
were as indicated next to the strain number. Error bars for B. licheniformis M409, M441, M456 indicate
standard deviation from three replicates each derived from six pooled samples.

Although higher cellular dry weight confirmed improved growth of (combinatorial) degU32 mutants,
the increase in CDW was less pronounced than measurements of optical density ODgoonm indicated
(Figure 22, yellow cluster). Similarly, ODsgonm Values were overrepresented for single mutants deficient
in biofilm formation (Figure 22, brown cluster). In this context, it is important to note, that the low
correlation of ODgoonm and CDW is specific for late cultivation phases (72 h) of the standardized
feedplate setup with high initial inoculum of 10 % (v/v). When decreasing the inoculum to 1 % (v/v),
strong correlation of ODgoonm and CDW was observed except for B. licheniformis M436 (Figure 25, grey
data points and trendline). As lower initial inoculum results in prolonged batch phase, the net time in
which cells face glucose limited fed-batch conditions is reduced in the experimental setup with 1%
inoculum, implying low correlation of ODgoonm and CDW only as the bacterial population ages. In con-
trast to biofilm deficient degU32 mutants, the opposite effect was observed for the single mutant B. /i-
cheniformis M436 (degU32) and M455 (AbslA, degU32) in which ODggonm Values were underrepre-
sented (Figure 25), possibly due to strong biofilm formation and cell aggregation affecting measure-
ments of scattered light (Figure 11 and Figure 18). Due to the low correlation of both growth parame-
ters in the simulated fed-batch process, specific enzyme activity was calculated based on CDW rather

than ODgoonm Values (Section 3.3.2.2, Figure 26).
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Figure 25: Correlation of relative cellular dry weight and optical density ODsoonm Of B. licheniformis
strains under fed-batch conditions. Samples were analyzed after 72 h of fed-batch cultivation. Dataset
1 (grey and orange): The grey trend line indicates linear correlation of CDW and ODgoonm experimentally
obtained from feedplate cultivation with 1 % inoculum. Strain numbers are indicated next to the data-
point. M409 reference, M436 degU32, M455 degU32 AbsIA, M430 AtasA, M439 AtasA degU32; Da-
taset 2 (blue, brown, yellow): Relative ODgoonm and CDW values from feedplate cultivations operated
in the standardized setup with 10 % inoculum. (brown) Biofilm deficient strains without further muta-
tions. (blue) Strains carrying mutation in motB, hag or sigD. Strains clustering right (yellow) carry the
degU32 mutation in combination with mutations resulting in biofilm deficiency. See Table S1 for abso-
lute values of umax.

3.3.2.2 Targeting biofilm formation in degU32 strains increases productivity

The productivity of B. licheniformis DSM641 strain derivatives was analyzed after 72 h of fed-batch
cultivations. Relative as well as specific protease activity normalized by cellular dry weight were deter-
mined using N-Suc-AAPF-pNA (AAPF) as a substrate. AAPF is specific for serine proteases. As the major
extracellular serine protease apr was deleted in B. licheniformis M309 and M409, no protease activity
was measured for the empty control strain B. licheniformis M309 which lacked pga::BLAP present in
B. licheniformis M409 (Figure 26). Thus, the protease activity determined for strains derived from B.
licheniformis M409 correlates with expression of the BLAP model enzyme, while site reactivities from
additional proteases usually found in the Bacillus secretome can be neglected. As shown in Figure 26,
targeting either motility (M422 AsigD, M423 AmotB, M435 Ahag) or biofilm formation (M430 AtasA,
M455 AbslIA, M434 remA R18W P29S, M432 AslrA) caused only minor changes in protease activity
compared to the parental strain B. licheniformis M409. The only exception was B. licheniformis M431
(AepsA-O) showing a 16.4 % higher protease expression. The specific protease activity of was even

further enhanced for B. licheniformis M431 as biomass was lower compared to B. licheniformis M409.
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Similarly, an increase in specific productivity was observed for the Aeps, AtasA double mutant B. /i-
cheniformis M440, while global protease activity was comparable to the parental strain. The second
single mutant characterized by improved productivity was the degU32 strain B. licheniformis M436
showing 27.4 % higher protease activity. As B. licheniformis M436 also displayed strongly enhanced
biofilm formation, construction of degU32 strains paired with mutations preventing biofilm formation
was a promising approach for further streamlining of the B. licheniformis expression host. The group
of biofilm-deficient degU32 strains comprises B. licheniformis M439 (AtasA degU32), M438 (Aeps
degU32), M441 (Aeps AtasA deqgU32), M456 (Aeps AtasA deqU32 AbslIA), M451 (AsirA degU32) and
M452 (remA R18W P29S, degU32). Surprisingly, all strains from this cluster showed a significant in-
crease in protease expression under simulated fed-batch conditions (Figure 26). Compared to the pa-
rental strain, global protease activity increased by 47 to 67 %, while the increase in biomass normal-
ized, specific activity is within the range of 23 to 58 %. More importantly, unlike in batch cultivations,
BLAP expression was enhanced by 19 to 28 % compared to the degU32 single mutant B. licheniformis

M436. Finally, deletion of bs/A did not improve productivity in the degU32 strain.
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Figure 26: Protease activity of B. licheniformis strains in fed-batch cultivations. Protease activity was
determined after 72 h of microtiter plate-based fed-batch cultivation using a N-Suc-AAPF-pNA based
assay after. Relative and biomass-normalized specific protease activity is shown, both referring to the
activity determined for the parental strain B. licheniformis M409. (Grey) B. licheniformis M409 and
biofilm deficient strains. (Orange) Strains harboring the degU32 mutation and (blue) motility deficient
strains. Error bars indicate standard deviation of at least six biological replicates.
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3.3.2.3 Increased productivity of biofilm deficient strains is specific for degU32 but

not sigbh

The strong increase in protease expression of strains deficient in biofilm formation combined with the
degU32 allele raises the question whether this is a common feature resulting from simultaneous inac-
tivation of biofilm formation and motility. Therefore, B. licheniformis M441 (AtapA-sipW-tasA, AepsA-
O, degU32) was compared to B. licheniformis M447 (AtapA-sipW-tasA, AepsA-O, AsigD). Both strains
are non-motile, resulting from the degU32 allele or deletion of sigD, and display loss of ability to form
biofilms (Section 3.1.3). Comparison of protease expression under microtiter plate-based fed-batch
conditions revealed strong difference in the productivity for B. licheniformis M441 and M447 (Figure
27). While deletion the AsigD combinatorial mutant B. licheniformis M447 showed an increases in pro-
tease activity by 10 % compared to B. licheniformis M409, introduction of the degU32 mutation in the
AtapA-sipW-tasA, AepsA-O strain resulted in 55 % higher product formation (B. licheniformis M441,
Figure 27A). Compared to the progenitor strain B. licheniformis M440, the protease titer did not sig-
nificantly increase for B. licheniformis M447, but M441. Finally, no significant changes were observed
upon additional deletion of hag or sigD (B. licheniformis M453 and M448) in the AtapA-sipW-tasA,
AepsA-O, degU32 strain B. licheniformis M441 (Figure 27).
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Figure 27: Productivity of biofilm and motility deficient strains regarding degU32 or AsigD mutation.
Samples are taken from microtiter plate-based fed-batch cultivation after 72 h. A) Relative protease
activity from six biological replicates. B) Relative, specific protease activity calculated from the mean
protease activity of six individual samples divided by the XX Asterisks indicate level of significance ob-
tained from unpaired t-test with Welch'’s correction p-value (* < 0.05, ** < 0.01, *** < 0.001; ns = not
significant).
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3.3.2.4 Time resolved protease expression

To analyze the effect of degU32 paired with biofilm deficiency in more detail, time resolved BLAP ex-
pression analysis was performed (Figure 28). Single mutants deficient in motility (AsigD, AmotB, Ahag;
data not shown) or biofilm formation (B. licheniformis M430, M440) showed BLAP expression levels
comparable to B. licheniformis M409 throughout fed-batch cultivation. Strikingly, strains harboring the
degU32 allele showed delayed expression of the model enzyme with 40 % lower protease activity after
24 h of cultivation. After 48 h no significant differences in protease activity were observed among all
strains analyzed and, thus, B. licheniformis M436, M439 and M441 overcame the initial defect in prod-
uct formation. Comparable to the increase in protease activity from 24 to 48 h, strains carrying the
degU32 allele continue to express BLAP, while protease activity only slightly increased for B. licheni-
formis M409 and M440. After 72 h 15 to 32 % higher protease activity was determined for B. licheni-
formis M436, M439 and M441 compared to the otherwise genotypically identical progenitor strains
carrying the wildtype degU allele.

250 1

24 h 48 h 72h

+ = degl wt

O degl32

200 1
150 A
100 1

il 1T

FFLEFFF LI FFSE & F

Relative protease activity [%]

O O O N
G SN
§u §v §\> ;u

Figure 28: Time resolved protease expression. B. licheniformis strains harboring the wildtype degU
(grey) or degU32 allele (yellow) were analyzed in microtiter plate-based fed-batch cultivations. Pro-
tease expression was analyzed after 24, 48 and 72 h. Mean protease activity from six biological repli-
cates is plotted as relative values compared to B. licheniformis M409 (24 h). Strains: M409 parental
strain, M430 AtasA, M440 AtasA DAeps, M436 degU32, M439 AtasA degU32, M441 AtasA Aeps degU32

Expression of Apr, and likewise BLAP driven by a truncated fragment of the native B. licheniformis
DSM®641 apr promoter region, requires activation of two cellular pathways. First, repression of the apr
promoter by ScoC, SinR and AbrB must be relieved through SpoOA-P. In addition, transcriptional acti-
vation by binding of DegU-P is required pathways (Veening et al. 2008a). To analyze whether transcrip-
tion of apr (BLAP) was impaired due to insufficient activation of the Papr promoter, expression dynam-

ics were analyzed in more detail by performing single cell (section 3.4.1).
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3.4 Productivity at the single cell level

Global analysis revealed increased BLAP expression for B. licheniformis strains harboring the degU32
allele in batch and fed-batch cultivations. In the fed-batch process, protease activity was further en-
hanced upon targeting biofilm formation int the degU32 strain background. In contrast, protease ac-
tivity was significantly lower during the early phase of the polymer-based fed-batch process (Section
3.3.2.4). To analyze apr expression dynamics in more detail, as well as to investigate the effect of strain
modification on cellular heterogeneity, single cell analysis was performed. For this purpose, the trun-
cated apr promoter fragment driving expression of BLAP was transcriptionally fused to gfpmut2 en-
coding the green fluorescent protein GFPmut2 and integrated into the neutral amyB locus of B. lichen-
iformis and selected mutant strains using plasmid pMA124. To prevent transcriptional read-through
the reporter gene cassette was flanked by transcriptional terminators. Moreover, a promoter-less
gfpmut2 was cloned downstream of the strong ribosome binding site GATTAACTAATAAGGAG-
GACAAAC (Guiziou et al. 2016) and integrated into the amyB locus of B. licheniformis M308 using plas-
mid pJOE_amyB::G2r. As no GFP fluorescence was observed for the resulting control strain B. licheni-

formis M308::G2r, transcriptional readthrough into amyB does not occur (Figure S7).

3.4.1 Protease expression dynamics and heterogeneity during simulated fed-
batch cultivations

To analyze the Pg,r promoter activity under fed-batch conditions, feedplate cultivation was performed.
The biofilm deficient degU32 strain B. licheniformis M641 (AtasA, Aeps, degU32) was compared to B.
licheniformis M609.1 both carrying the amyB::Papr-gfpmut2 reporter gene fusion. Samples were taken
from 24 h on and analyzed by fluorescence microscopy (Figure 29; A, C, E) including quantification of
GFP intensity at the single cell level to show the distribution of cells which have activated the Py, pro-

moter (Figure 29; B, D, F).
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Figure 29: Protease expression dynamics and heterogeneity of B. licheniformis under microtiter
plate-based fed-batch conditions. B. licheniformis M609.1 (Arms, Aapr, AsigF, pga::BLAP, amyB::Papr-
gfpmut2; green) and M641 (Arms, Aapr, AsigF, pga::BLAP, AtapA-sipW-tasA, AepsA-O, degU32,
amyB::Papr-gfpmut2; orange) were cultivated for 72 h in defined medium (V3FP) in feedplates. (A, C,
E) GFP and phase contrast images of samples taken after (A) 24 h, (C) 48 h and (E) 72 h. Pgp- promoter
activity was determined by quantification of GFP fluorescence at the single cell level. GFP exposure
time = 100 ms for image A, C and E, but 50 ms exposure time was used in images for quantification of
samples taken after 72 h due to signal saturation (50 s images not shown). The white arrow marks
noisy GFP background signals observed in samples of M609.1 from 48 h on. 600 to 800 individual cells
were evaluated in Imagel using the plugin Object]. (B, D, F) Relative cell count resulting from binning
of cells based on their GFP intensity (42 bins, bin width = 0.1).

Both, B. licheniformis M641 and the control strain B. licheniformis M609.1 showed P, dependent GFP
expression throughout the full cultivation period and the vast majority of cells showed GFP fluores-
cence. In the initial fermentation phase (24 h, Figure 29A and C), GFP intensity and signal distribution
was comparable between B. licheniformis M609.1 and M641, both showing a highly homogeneous
expression pattern. However, the mean fluorescence intensity was slightly lower for B. licheniformis
M641 (1.66 AU + 0.31) compared to B. licheniformis M609.1 (1.81 AU + 0.30). Samples analyzed after
48 h and 72 h revealed increasing cellular heterogeneity for B. licheniformis M609.1 at later fermenta-

tion stages, which was most pronounced after 60 h (data not shown) and 72 h of cultivation (Figure
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29E and F). Higher heterogeneity was accompanied by a steady decrease in the mean fluorescence
intensity to 1.19 AU £ 0.37 after 72 h. Unlike its parental strain, B. licheniformis M641 showed a con-
stant increase in the mean GFP intensity and both strains are clearly distinguishable after 72 h (and 60
h). Moreover, signal distribution was homogeneous for B. licheniformis M641 in samples from later
cultivation stages. In addition to differences in intracellular GFP intensity, an increasingly higher back-
ground fluorescence for B. licheniformis M609.1 became apparent from 48 h onwards. Notably, extra-
cellular accumulation of GFP (or particles emitting light in the range of GFP) was frequently observed
for B. licheniformis M609.1 (Figure 29C and E), while samples from B. licheniformis M641 showed only
low background fluorescence. The higher background fluorescence was accompanied by accumulation

of cell debris and more severe cell lysis for B. licheniformis M609.1 (Figure 29E).

The observations made are in strong contrast to previous results from B. subtilis and B. licheniformis
DSM13 strains harboring the wildtype degU allele, in which DegU-P responsive promoters are only
activated in a small subpopulation (Veening et al. 2008a; Borgmeier et al. 2012; Marlow et al. 2014a).
Moreover, in case of these type strains homogeneous promoter activity at the single cell level was
achieved only after introduction of the degU32 mutation. These data may suggest, that the DegU-P
auto stimulatory loop is intrinsically strong in B. licheniformis DSM641 as compared to the type strain
DSM13 and other B. subtilis strains. Alternatively, differences in cultivation conditions or truncation of
the Papr promoter fragment driving BLAP (and GFP) expression may account for higher homogeneity.
To analyze the DegU-P dependent promoter activation in B. licheniformis M409, the P3 promoter frag-
ment comprising the degS-degU intergenic and the DegS N-terminal coding region was transcription-
ally fused to mScarlet-1 encoding a red fluorescent protein. The P3degU promoter is activated by DegU-
P and promotes DegU-P auto stimulation (Yasumura et al. 2008). The reporter gene fusion was chro-
mosomally integrated into the cat locus using plasmid pMA137. The resulting strain B. licheniformis
M809.1 and the otherwise isogenic Papr reporter strain B. licheniformis M609.1 were cultivated in
feedplates and analyzed by fluorescence microscopy. Since homogeneous Papr-dependent GFP ex-
pression was observed in samples taken after 24 h (Figure 29A), we were interested in expression dy-
namics during earlier cultivation stages, in particular around 12 h marking the onset of the glucose-
limited fed-batch process (see Figure 2A from Habicher et al. 2019). Moreover, to increase temporal
resolution of the analysis, less stable fluorescence protein variants were included in the analysis. By
fusing a N-terminal SsrA degradation tag to GFPmut2 (DAV tag) and mScarlet (ASV tag), higher turnover
rates by ClpXP-dependent proteolysis are achieved (Guiziou et al. 2016). The SsrA-tag reporter gene
fusions were integrated into B. licheniformis M409 using plasmid pMA109 and pMA138 resulting in
B. licheniformis M609.2 (M409 amyB::PaprE-gfpmut2-DAV) and M809.2 (M409 cat::P3degU-mScar-
letl-ASV).
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Figure 30: Expression pattern of the DegU-P dependent promoter Papr and P3degU during the initial
phase of a glucose-limited fed-batch process. (A, C, E, G) P3degU-mScarlet reporter strains B. licheni-
formis M809.1 and M809.2 (with ssrA tag) and (B, D, F, H) Papr-gfpmut2 strains M609.1 and M609.2
(with ssrA tag) were cultivated in defined medium (V3FP) in feedplates. Main cultures were inoculated
with an initial ODgoonm 0f 0.9 * 0.1 resulting in onset of the fed-batch phase after around 10 h of culti-
vation as described in Habicher et al. (2020). (A, C, E) mScarlet, (B, D, F) GFP and phase contrast images
of samples taken after (A, B) 8 h, (C, D) 12 h and (E, F) 16 h. Exposure times for fluorescence channels
are indicated below image E and F, with brightness adjusted for images M809.2 due to low signal in-
tensity. Note, that the exposure time for M609.2 in 8 h sample was 300 ms instead of 500 ms. Promoter
activity was determined by quantification of mScarlet and GFP fluorescence at the single cell level from
strain M809.1 and M609.1. (G, H) Relative cell count resulting from binning of cells based on their
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mScarlet and GFP intensity (bin width = 0.1). At least 700 individual cells were evaluated in Image)
using the plugin Object).

Analysis of Papr and P3degU activity revealed homogeneous expression patterns for both DegU-P re-
sponsive promoters before (8 h; Figure 30A, B) and after (16 h; Figure 30E, F) onset of glucose starva-
tion. Mean GFP and mScarlet signal intensities were highest after 8 h of cultivation and decreased
afterwards (Figure 30 G, H). Fusion of C-terminal ssrA degradation tags to GFP and mScarlet resulted
in lower signal intensities confirming higher turnover of both proteins. Consequently, adjustment of
the brightness was required for images from B. licheniformis M809.2 allowing for qualitative analysis
only. Heterogeneous signal distribution was more pronounced for reporter strains expressing unstable
GFP (M609.2) and mScarlet (M809.2). The differences observed may result from true heterogeneous
promoter activity, noise in the CIpXP system or differences in the metabolic capacity (e.g. protein syn-
thesis) in general. In fact, noise in availability of cellular components was shown to affect signal output
in particular when expression strength was low (Veening et al. 2008b; Cozy and Kearns 2010), suggest-
ing that in case of B. licheniformis M609.2 and M809.2 where fluorescence protein levels are low,
mScarlet and GFP levels are prone to cell specific fluctuations in the ClpXP system or components of
the transcription and translation machinery.

The initially high fluorescence intensity under excess glucose conditions is surprising due to the known
catabolite repression of protease expression in B. licheniformis and the closely related B. subtilis (Priest
1977; Hanlon et al. 1982; Frankena et al. 1986; Mao et al. 1992; Barbieri et al. 2016; Habicher et al.
2019b). The first 10 to 12 h of feedplate cultivation are characterized by excess glucose availability,
with a glucose release rate from the polymer matrix higher than the glucose uptake rate (Habicher et
al. 2019c). These conditions represent the batch phase with presumably high catabolite repression.
However, the high initial inoculum (10 % v/v) from stationary pre-cultures in the feedplate cultivation
protocol resulted in only two generation cycles before cells enter the fed-batch phase thereby mini-
mizing the exponential growth phase (initial ODgoonm = 0.9 to 4.4 after 12 h). Consequently, cytoplasmic
content including GFP, mScarlet and regulators of Papr and P3degU resulted in part from late station-
ary growth in the pre-culture and presumably caused a delay in the response to the glucose pulse
during the initial batch phase. However, GFP expression dynamics in B. licheniformis M609.2 was com-
parable B. licheniformis M609.1 with only lower overall fluorescence intensity, and, thus de novo GFP
(and mScarlet) synthesis during the first 8 h has occurred. After 12 h to 14 h, cells entered the fed-
batch phase, characterized by reduced catabolite repression, which would explain the increase in Papr

promoter activity between 12 h and 16 h (Figure 30H).
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3.4.2 Papr expression dynamics and heterogeneity in batch cultures

Compared to the parental strain B. licheniformis M409, strains carrying the degU32 mutation are char-
acterized by a steady increase in protease expression and Papr dependent GFP expression, exceeding
productivity of B. licheniformis M409 especially during late fermentation stages (Section 3.3.2.4 and
3.4.1). Moreover, single cell analysis during fed-batch cultivations indicated that the DegU-P autostim-
ulatory loop is intrinsically strong in B. licheniformis DSM641. To analyze the underlying factors affect-
ing Papr activity in more detail, batch cultivations were performed. Unlike in fed-batch cultivations,
batch conditions are characterized by substrate inhibition, higher overflow metabolism and growth
phase-dependent oxygen limitation all of them negatively affecting protease expression and possibly
enhancing cellular heterogeneity (Hanlon et al. 1982; Jeude et al. 2006; Bahr et al. 2012; Ploss et al.
2016; Habicher et al. 2019b). Therefore, single cell analysis from batch cultures may provide further
information on the robustness of strains in general, in particular in the context of cellular heterogene-
ity. Papr dependent GFP expression was determined in complex (LSJ-CT) and chemically defined (V3)
medium at the population level using the on-line micro-bioreactor system BiolLector. Based on the
fluorescence intensity promoter activity was calculated (AGFP x At?). In addition, single cell analysis

was performed by applying flow cytometry.

In addition to B. licheniformis M609.1 (M409 amyB::Papr-gfomut2) and M641 (M409 AtasA, Aeps,
degU32, amyB::Papr-gfpmut2) B. licheniformis M639 (AtasA, degU32, amyB::Papr-gfomut2) and B. li-
cheniformis M648 (AtasA, Aeps, degU32, AsigD amyB::Papr-gfpmut2) were included in the analyses
to investigate potential effects resulting from deletion of epsA-O and sigD. Integration of the Papr-
gfpmut2 cassette into B. licheniformis M439 was performed by CRISPR/Cas9 using plasmid pMA124.
Batch analysis of GFP reporter strains revealed strain and growth medium dependent differences in
Papr expression strength and dynamics (Figure 31). No promoter activity was observed during expo-
nential growth in both media tested (Figure 31A, B), indicating that the truncated Papr promoter un-
derlies growth phase dependent regulation as described for native apr promoters in B. subtilis and
B. licheniformis (Jacobs 1995). Entering stationary growth, Papr activity increased. Notably, in LSJ-CT
medium GFP expression by B. licheniformis M639 (AtasA, deqgU32, amyB::Papr-gfpmut2) and M641
(AtasA, (Aeps, degU32, amyB::Papr-gfpmut2) was observed 6 to 7 h early as compared to the reference
strain B. licheniformis M609.1 (amyB::Papr-gfomut2), while the corresponding growth curves were
shifted by only 2 h. Moreover, GFP intensity for strains carrying the degU32 mutation was superior to
B. licheniformis M609.1 throughout the full cultivation period (Figure 31A). Analysis of the promoter
activity showed highest activities after 18 h (M639, M641) and 22 h (M609.1) in the early stationary
growth phase (Figure 31C). Subsequently, promoter activities declined before reaching a plateau and

remaining constant throughout growth. Similar to the results from cultivation in complex medium, a
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time shift was observed for growth and GFP synthesis in V3 medium. Differences in absolute GFP flu-
orescence were even more pronounced than in LSJ-CT and, notably, GFP intensities remained low for
B. licheniformis M609.1 during stationary growth (Figure 31B). Highest promoter activity was deter-
mined in the late-stationary growth phase (Figure 31D). This was in strong contrast to B. licheniformis
M639 and M641 which displayed higher promoter activities through the full cultivation period, tem-
porally peaking during early stationary growth which is consistent with results from LSJ-CT cultures. It
isimportant to note, that the onset of GFP expression or rather the increase in GFP fluorescence during
late stationary growth coincided with the recovery of dissolved oxygen values (DOT; Figure 31E, F),

which dropped dramatically during exponential growth.
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Figure 31: Papr promoter activity in B. licheniformis degU32 strains in batch cultivations. Reporter
strains carrying the amyB::Papr-gfpmut2 reporter gene fusion were cultivated in (A, C, E, G) rich and
(B, D, F, H) defined medium using the microbioreactor system BiolLector (1000 rpm, 3 mm shaking
diameter, 30 °C, 85 % relative humidity). Strain number and relevant genotype were as indicated. Papr
promoter activity was determined throughout growth by measuring GFP fluorescence. (A, B) growth
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(scattered light, ODgoonm) and GFP fluorescence are shown. pH (G, H) and DOT (E, F) profiles were de-
rived from otherwise isogenic strains lacking reporter constructs as fluorescence-based determination
of pH and DOT interfered with GFP signals. Growth between empty and reporter strains was compa-
rable (compare Figure 21). Shaded areas indicate standard deviation from two biological replicates. (C,
D) Promoter activity profiles were smoothened using GraphPad Prism 8 (12 neighbors, 2" order). Note
that B. licheniformis M648 (AtasA, Aeps, degU32, AsigD) behaved identical to B. licheniformis M641
(AtasA, Aeps, degU32) and is therefore not shown.

Investigation of Papr expression dynamics revealed higher activation of the protease promoter in
strains carrying the degU32 mutation. But promoter activity was analyzed at the population level, lack-
ing information about cellular heterogeneity. To differentiate between either higher productivity of
individual cells or a higher proportion of cells, which have activated the Papr promoter (or both), flow
cytometry was performed (Figure 32). Samples were derived from offline cultivation in 48-well flower
plates with cultivation parameters identical to previous BiolLector experiments. Cells were harvested
at selected time points during late-exponential, early and late stationary growth as well as the transi-

tion phase and approximately 50,000 events were analyzed by flow cytometry.
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Figure 32: Protease promoter activity of B. licheniformis degU32 strains under batch conditions. The amyB::Papr-gfomut2 reporter strains B. licheniformis
M609.1 (light blue; parental strain), B. licheniformis M639 (orange; AtasA, degU32), B. licheniformis M641 (brown; AtasA, Aeps, degU32) and B. licheniformis
M648 (dark blue; AtasA, Aeps, degU32, AsigD) and the negative control B. licheniformis M409 (grey) were cultivated in V3 chemically defined (A,B,C,D,E) and LSJ-
CT complex (F,G,H,1,J) medium. Samples from (A, F) late-exponential, (B, G) transition state, (C, H) early stationary and (D, E, |, J) stationary growth were analyzed
by flow cytometry. Approximately 50,000 events were analyzed.



Results

As in fed-batch cultivations, Papr expression was highly homogeneous for B. licheniformis M639 and
M641 harboring the degU32 mutation, except for a marginal number of cells after 48 h in V3 (Figure
32E). In contrast to degU32 mutants, a bimodal expression pattern was observed for the parental strain
B. licheniformis M609.1 after 16 h of growth in V3 batch cultures resulting in a more homogeneous
distribution after 24 h with most cells showing low to medium promoter activity. This is consistent with
the small increase in GFP fluorescence between 20 and 24 h at the population level and the subsequent
constant GFP intensity (Figure 31B). At 48 h, the mean fluorescence intensity of B. licheniformis M609.1
exceeded those from degU32 strains, which in part resulted from a decrease in the GFP intensity of
B. licheniformis M639, M641 and M648. Note, that B. licheniformis M648, differing from B. licheni-
formis M641 by additionally lacking sigD, behaved identical to B. licheniformis M639 and M641, which
is in line with epistasis of degU32 over AsigD (Figure 11; Méader et al. 2002; Mukherjee and Kearns
2014). In LSJ-CT, fluorescence intensity remained high for degU32 strains, and was superior to B. li-
cheniformis M609.1 throughout the full cultivation. Moreover, single cell analysis confirmed early ac-
tivation of the apr promoter in degU32 strains, while no GFP expression was detected for B. licheni-
formis M609.1 after 16 h (Figure 32F). In case of the parental strain, homogeneous distribution of Papr
positive cells was observed in the early stationary phase after 24 h, with highly heterogeneous GFP

expression during the transition state (20 h; Figure 32G).

3.4.3 Analysis of the effect of Papr promoter variants on cellular heterogeneity

The experiments described in section 3.4.3 and 3.4.4 were conducted together with Maximilian Hilk-
mann within his master thesis project.

Expression of aprE in B. subtilis and apr in B. licheniformis is controlled by several global regulators
namely DegU-P, SinR, ScoC, AbrB, CodY and SpoOA-P (Perego et al. 1988; Strauch et al. 1989; Shafikhani
et al. 2002; Zhou et al. 2020a). The Papr promoter used to drive expression of BLAP in B. licheniformis
M409 and strains derived thereof was a truncated version comprising a 227 bp fragment upstream of
the translational start codon. The same promoter was used to analyze productivity at the single cell
level in B. licheniformis M609.1 showing high homogeneity in Papr activity. To analyze whether the
promoter truncation contributed to increased homogeneity, B. licheniformis M609.3 was constructed
carrying gfpmut2 under transcriptional control of the full length apr promoter region from B. licheni-
formis DSM641 (375 bp fragment; Papr (DSM641 fl.)). Moreover, the B. licheniformis DSM13 full length
apr promoter region (374 bp Papr (DSM13 fl.)) was tested in B. licheniformis M409 resulting in strain
B. licheniformis M609.5. Both promoters differ by 21 bp. B. licheniformis M609.3 and M609.5 were
constructed by integration of the promoter reporter gene fusion into the amyB locus of B. licheniformis

M409 using plasmid pMA149 and pMA147 respectively. The reporter strains were cultivated using the
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microtiter plate-based fed-batch process. The initial ODgoonm Was set to 0.9 + 0.1 resulting in onset of
the fed-batch phase after around 10 h as described in Habicher et al. (2020). To monitor Papr activity
during this cultivation stage, which supposedly shows highest differences in single distribution due to
growth phase dependent regulation of apr/aprE expression, sample after 8, 12 and 16 h of cultivation
were analyzed by fluorescence microscopy (Figure 33 A, C, E). The distribution of cells depending on

their mean GFP signal intensity is shown in Figure 33 (B, D, F).
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Figure 33: Promoter activity of different Papr variants in B. licheniformis under microtiter plate-
based fed-batch conditions. B. licheniformis M609.1 (M409 amyB::Papr(DSM641 trunc.)-gfomut2;
green), M609.3 (M409 amyB::Papr(DSM641 full)-gfomut2; olive) and M609.5 (M409
amyB::Papr(DSM13 full)-gfpmut2; blue) were cultivated in defined medium (V3FP) in feedplate. Main
cultures were inoculated with an initial ODgoonm of 0.9 * 0.1 resulting in onset of the fed-batch phase
after around 10 h of cultivation as described in Habicher et al. (2020). (A, C, E) GFP channel and overlays
of GFP and phase contrast images of samples taken after (A) 8 h, (C) 12 h and (E) 16 h are shown. Pgp,
promoter activity was determined by quantification of GFP fluorescence at the single cell level. GFP
channel exposure time = 100 ms. At least 200 individual cells were evaluated in ImagelJ using the plugin
Objectl. (B, D, F) Relative cell count resulting from binning of cells based on their GFP intensity (33 bins,
bin width =0.2).

84



Results

As shown in Figure 33 (A and B), B. licheniformis M609.1, M609.3 and M609.5 showed Papr dependent
GFP expression already after 8 h and the vast majority of cells showed GFP fluorescence at 8, 12 and
16 h of cultivation. However, differences were observed in the fluorescence intensity and signal ho-
mogeneity depending on the Papr promoter and the cultivation phase. The fluorescence intensity was
comparable between B. licheniformis M609.1 (Papr DSM641 trunc.; median Fl = 3.8 AU) and M609.5
(Papr DSM13 full; median Fl = 3.6 AU) in samples taken after 8 h of cultivation. In contrast, B. licheni-
formis M609.3 (Papr DSM641 full) showed almost 40 % lower GFP expression (median FlI = 2.3 AU).
The fluorescence intensity of B. licheniformis M609.5 remained high and clearly exceeded the values
determined for B. licheniformis M609.1 and M609.3 after 12 and 16 h (Figure 33 C to F). The differ-
ences in GFP intensity resulted from a drop from 8 to 12 h, which was observed for all three strains but
less pronounced in case of B. licheniformis M609.5. The median of the fluorescence intensity at 12 h
was 2.9 for B. licheniformis M609.5 compared to 2.0 for B. licheniformis M609.1 and M609.3 (Figure
33 C, D). Over 50 % of all B. licheniformis M609.5 cells showed a higher GFP intensity than the maxi-
mum values determined for B. licheniformis M609.1 and M609.3. After 16 h of cultivation, the GFP
intensity increased for B. licheniformis M609.1 (median Fl = 2.5 AU) and M609.5 (median Fl = 4.0 AU)
but remained constant for B. licheniformis M609.3 (Figure 33 E, F). While the signal intensity was high-
est for B. licheniformis M609.5 throughout all samples analyzed, B. licheniformis M609.1 and M609.3
showed a higher signal homogeneity (i.e. lower heterogeneity) in GFP expression. However, activation
of Papr was observed for the vast majority of cells independent from the promoter fragment used,
which is in contrast to data from literature. Thus, truncation of Papr contributes to the GFP expression
pattern, but is not the primary cause for the strong homogeneity observed. To further investigate the
homogeneous Papr activity in B. licheniformis M409, two different B. licheniformis strains were com-

pared regarding Papr activity as described in the following section.

3.4.4 Comparison of cellular heterogeneity in Papr activity in B. licheniformis
DSM13 and DSM641

To analyze the effect of different strain backgrounds on Papr promoter activity, B. licheniformis
M609.5 was compared to the corresponding reporter strain derived from the type strain B. licheni-
formis DSM13. Therefore, the Papr(DSM13 full)-gfomut2 expression cassette was integrated into the
amysS locus of the methylase-deficient B. lichenformis DSM13 derivative MW3 using plasmid pMA147.
The resulting strain was named B. lichenformis MH1. Both strains were cultivated and analyzed as de-
scribed in the previous section (3.4.3). The results from fluorescence microscopy and the frequency

distribution of cells depending on their mean GFP signal intensity are shown in Figure 34.

85



M609.5

B 504 MH1 (DSM13)
201 M609.5 (DSM641)

30+

20+

Cell count [%)]

10+

0

0 1 2 3 4 5 6 7
GFP fluorescence [AU]

D 50,
401
301

12 h 204

Cell count [%]

101

0 — T T T r "
0 1 2 3 4 5 6 7
GFP fluorescence [AU]

F 501
40
301

16 h 20+

Cell count [%)]

10+

0

0 1 2 3 4 5 6 7
GFP fluorescence [AU]

Figure 34: Comparison of Papr promoter activity in B. lichenformis DSM641 (M609.5) and DSM13
(MH1) in microtiter plate-based fed-batch cultivation. B. licheniformis M609.5 (M409 amyB::
Papr(DSM13 full)-gfpmut2; green) and MH1 (MW3 amyB::Papr(DSM13 full)-gfpmut2; cyan) were cul-
tivated in feedplates as described in the caption of Figure 33. (A, C, E) GFP channel and overlays of GFP
and phase contrast images of samples taken after (A) 8 h, (C) 12 hand (E) 16 h are shown. Pg,- promoter
activity was determined by quantification of GFP fluorescence at the single cell level. Note: The GFP
channel exposure time was 100 ms for M609.5 and 500 ms for MH1. At least 200 individual cells were
evaluated in Image) using the plugin Object). White arrows mark endospores observed for MH1. (B, D,
F) Relative cell count resulting from binning of cells based on their GFP intensity (33 bins, bin width =
0.2).

Analysis of Papr promoter activity in B. licheniformis M609.5 and MH1 (DSM13 derivative) revealed
strong differences in apr expression at the single level between both strains. In particular, the number
of cells showing GFP expression is much lower for B. licheniformis MH1 than for M609.5 throughout
the full cultivation period (Figure 34). Whereas the majority of B. licheniformis M609.5 cells have acti-
vated the Papr promoter, only 2 % of B. licheniformis MH1 cells showed high GFP expression levels (Fl
> 3.0 AU). This pattern did not change significantly over time. Note that the exposure time for GFP
channel images is five times higher for B. licheniformis MH1 (500 ms) than for B. licheniformis M609.5

(100 ms) limiting direct comparison of Fl values. However, the required higher exposure time for B.
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licheniformis MH1 underline the strong difference between both strains. In summary, although many
cells of B. licheniformis MH1 showed GFP expression to very limited extend (Figure 34 A, C, E), the B.
licheniformis DSM13 derived strain showed a bimodal expression pattern with a minority of that have
activated the Papr(DSM13 full) promoter. In contrast, B. licheniformis M609.5 was not characterized

by bimodal GFP expression and showed strong GFP expression for most cells.

3.5 Characterization of the extracellular proteome

To gain further insights into the host cell physiology, the extracellular proteome of selected B. licheni-
formis strains was analyzed by one-dimensional SDS-PAGE and subsequent mass spectrometry (Figure
35 A-D). In addition to acquisition of nutrients, secreted proteins are crucial for cell-to-cell communi-
cation, intra- and interspecies competition, detoxification of the environment, cell wall metabolism,
motility, chemotaxis, and biofilm formation among others (Tjalsma et al. 2004a). As most of these
processes affect neighboring cells, the physiological response resulting from changes in the extracel-
lular proteome strongly depends on population density. Considering the high cell density in industrial

fermentation processes, extracellular proteomics provides valuable information on the host strain

physiology.

Due to the highly similar band pattern observed in the analysis of supernatant by SDS-PAGE (Figure 35
A, B), the extracellular proteome was characterized for selected strains only. In addition to B. licheni-
formis M409 (Arms, Aapr, AsigF, pga::BLAP), the progenitor strains B. licheniformis M321 (Arms, Apga,
Aapr) and B. licheniformis M309 (Arms, Apga, Aapr, AsigF) were included to analyze the effect of the
AsigF mutation and integration of the BLAP expression cassette into the host genome. Equal volumes
of supernatant were loaded to the gel allowing for estimation of protein abundance.
Comparison of B. licheniformis M321 (Arms, Apga, Aapr) and B. licheniformis M309 (Arms, Apga, Aapr,
AsigF) showed that deletion of sigF encoding the early-sporulation sigma factor SigF resulted in higher
intensity of most protein bands while only minor changes in the band pattern were observed. In par-
ticular, deletion of sigF resulted in one additional protein band below the 66 kDa marker band identi-
fied as a fragment of the extracellular bacillopeptidase F (Bpr). Full length Bpr has a molecular weight
of 154.9 kDa. Moreover, the intensity of the low-molecular weight band containing the bacteriocin
ForD (BLO0275, 14.1 kDa) increased more significantly than other protein bands identified in the se-
cretome of B. licheniformis M309. Integration of the BLAP expression cassette into B. licheniformis
M409 resulted in a prominent band below the 29 kDa reference band identified as BLAP. BLAP was
also found in a faint protein band above the 29 kDa marker. Integration of BLAP decreases the intensity

of selected protein bands as compared to B. licheniformis M309, albeit to limited extend.
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B. licheniformis M409 derived-strains carrying the wildtype degU allele showed a similar pattern re-
garding the molecular weight and intensity of protein bands independent from mutations in genes
required for biofilm formation or motility (B. licheniformis M422 to M434, Figure 35A,B). Therefore,
the extracellular proteome of B. licheniformis M309 and M409 was considered representative for this
group of strains (B. licheniformis M409 to M434; Figure 35 A and B). More significant changes were
observed for strains carrying the degU32 allele, but again further mutations in the degU32 background
did not affect the size or intensity of the vast majority of protein bands visualized by SDS PAGE (B.
licheniformis M436 to M452, Figure 35 B). Thus, the extracellular proteome of B. licheniformis M436
(M409 degU32) and B. licheniformis M439 (M409 AtapA-sipW-tasA, degU32) was considered repre-

sentative for degU32 strains.
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Figure 35: Characterization of the extracellular proteome of selected B. licheniformis strains under
simulated fed-batch conditions. Biomass was separated from the culture broth by sterile filtration
after 72 h of microtiter plate-based fed-batch cultivation following TCA precipitation of proteins in the
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supernatant and sample preparation as described in section 7.4.2. A) and B) Proteins were separated
by SDS-PAGE using a 4 - 20 % polyacrylamide Tris-Glycine gel. The extracellular proteome was charac-
terized for C) the control strains B. licheniformis M309, M409 and D) the degU32 mutants B. licheni-
formis M436 (degU32), M439 (AtapA-sipW-tasA, degU32) by MALDI-TOF. The identified extracellular
(green) and cytoplasmic (orange) proteins are indicated next to the corresponding protein band. C)
and D) represent closeups of the section indicated by the dotted line in A) and B) respectively. A full
list of the proteins identified is shown in the supplemental material (section 6.1.11). The genotype for
all strains is shown in A) and B). As B. licheniformis M422 to M452 are derived from B. licheniformis
M409, only the key mutation introduced in these strains is indicated.

The secretome of B. licheniformis M309 and M409 comprises several peptidases. In fact, six out of nine
proteins, that are known or predicted to be secreted, have proteolytic activity (Figure 35 C, highlighted
in green). This includes the extracellular serine protease Vpr (85.6 kDa), the bacillopeptidase F Bpr
(154.9 kDa), a putative carboxypeptidase (BL03063, 60.6 kDa), the aminopeptidases YwaD (48.2 kDa),
the gamma-glutamyltranspeptidase Ggt (60.9 kDa) and the glutamyl endopeptidase GluBL (33.6 kDa).
Secreted proteins not belonging to peptidases are the endo-1,4-beta-glucanase BgIC (58.7 kDa), the
alpha-amylase AmyL (58.5 kDa) and the bacteriocin ForD (BL00275, 14.1 kDa). While these proteins
are known or predicted to be secreted in B. licheniformis, several cytoplasmic proteins were detected
as well. The cytoplasmic proteins identified in the supernatant of B. licheniformis M309 and M409 were
the phosphodiesterase YfkN (155.6 kDa), the beta-galactosidase BgaB (79 kDa), the 1-pyrroline-5-car-
boxylate dehydrogenase PutC (YcgN, 56.6 kDa), the hydroperoxide reductase AhpA (YkuU, 20.4 kDa),
the superoxide dismutase SodA (22.5 kDa), the intracellular proteinase inhibitor Ipi (13.9 kDa) and the
RNA chaperone Hfq (8.4 kDa) (Figure 35 C, highlighted in orange).

In B. licheniformis M436 (M409 degU32), the BLAP protein band has a higher intensity compared to
strains carrying the degU wildtype allele (Figure 35 B and D). Except for B. licheniformis M455 (M409
degU32, AbslA), the intensity of BLAP is further enhanced in biofilm deficient degU32 mutants (B. li-
cheniformis M439, M441, M456, M451, M452). Most significant differences between wildtype degU
and degU32 strain were observed in the loss of high molecular weight protein bands (around 66 kDa)
and loss of ForD (below 14 kDa) identified only in degU wildtype strains. In addition, BglC was not found
in the secretome of B. licheniformis M436 and B. licheniformis M439. Finally, the number of cytoplas-
mic proteins was reduced in degU32 single and combinatorial mutants (Figure 35 D) compared to the
control strains B. licheniformis M309 and M409. The beta-galactosidase BgaB, the hydroperoxide re-
ductase AhpA and the phosphodiesterase YfkN were not detected in B. licheniformis M436 and M439.
But, for YfkN the band intensity already decreased when integrating the BLAP expression cassette as
comparison of B. licheniformis M309 and M409 showed (Figure 35 C). The 1-pyrroline-5-carboxylate
dehydrogenase PutC was identified in B. licheniformis M436 and M439 as for the control strains, but

the corresponding protein band had a lower intensity. Similarly, the superoxide dismutase SodA was
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less frequently found in the extracellular proteome of B. licheniformis M436 and M439. Only one pro-
tein identified in B. licheniformis M436 and M439 was absent from the samples of the control strains.
The low molecular weight band migrating below the 14 kDa reference band included the protein of

unknown function BL05117 (12.7 kDa).

In summary, the most significant changes in the extracellular proteome of the analyzed strains resulted
from introduction of the degU32 mutation. Strikingly, the bacteriocin ForD is absent from the secre-
tome of B. licheniformis M436 and M439 both carrying the degU32 allele, while ForD represents the
most abundant protein in the extracellular proteome of B. licheniformis M409. Moreover, higher in-
tensity of the BLAP protease was shown for B. licheniformis M436 and M439 accompanied by a lower

number of cytoplasmic proteins.
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Discussion

4 Discussion

The aim of this thesis was to analyze and reduce cell heterogeneity in the context of strain optimization
of B. licheniformis DSM641. Although not fully understood, differentiation of subpopulations is well
characterized in the closely related B. subtilis enabling knowledge-based approaches in strain optimi-
zation. However, species and strain-dependent differences in the regulatory network governing cellu-
lar heterogeneity were reported and strain design ‘from scratch’ is still limited. Consequently, system-
atic analysis of potential gene targets for strain optimization is required. The strategies applied in this
thesis included the deletion of genes encoding structural components of the biofilm matrix and the
flagellar apparatus and those directly involved in their biosynthesis. Moreover, by modifying central
regulators, cell differentiation was targeted at the initiation step of the corresponding developmental

program thereby preventing cell heterogeneity on a global level.

4.1 Single target evaluation to prevent motility and biofilm

formation in B. licheniformis

To evaluate potential targets for strain optimization in the context of cellular heterogeneity, the effect
of individual gene deletions on biofilm formation and motility was analyzed. Subsequently, promising
mutations were combined to construct strains deficient in both cellular adaptation mechanisms. Loss
of swimming motility in B. licheniformis DSM641 was achieved by deletion of hag, motB and sigD, en-
coding the major flagellar protein flagellin (Hag), the proton channel MotB and the motility-specific
sigma factor SigD respectively. Consequently, the corresponding mutant strains B. licheniformis
M314/M435, M313/M423 and M312/M422 either do not synthesize flagellar or do not generate
torque that drives flagellar rotation or lack both functions (Shioi et al. 1978; Mirel and Chamberlin
1989; Serizawa et al. 2004; Ito et al. 2005; Chen et al. 2009; Mukherjee and Kearns 2014). In addition
to deletion of sigD, motB and hag, allelic exchange of the native degU coding region by degU32 re-
sulted in loss of motility in B. licheniformis, which is consistent with previous reports on B. subtilis and
B. licheniformis (Msadek et al. 1990; Borgmeier et al. 2012). Compared to deletion of hag or motB,
inactivation of sigD was presumed to have the most global impact on host cell physiology as the SigD
regulon comprises over 150 genes related to motility, chemotaxis and autolysis (Helmann et al. 1988;
Mirel and Chamberlin 1989; Marquez et al. 1990; Serizawa et al. 2004). But, recent findings from
B. subtilis point towards a more global effect even when mutating early and late flagellar structural
genes including hag and motB. While the detailed mechanism remains unclear, several studies on
B. subtilis demonstrated a feedback mechanism, in which assembly of the flagellar apparatus as well
as flagellar rotation is coupled to phosphorylation of DegU (Cairns et al. 2013; Chan et al. 2014; Dieth-

maier et al. 2017; Holscher et al. 2018). DegU-P in turn promotes expression of the anti-SigD factor
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FlgM, which sequesters SigD (Caramori et al. 1996; Bertero et al. 1999; Hsueh et al. 2011). Thus, by
indirectly quenching intracellular levels of SigD, DegU-P prevents the sigma factor from initiating pos-
itive feedback regulation required to develop a motile, chemotactic state (Tokunaga et al. 1994; All-
mansberger 1997; Estacio et al. 1998; West et al. 2000; Calvio et al. 2008; Cozy and Kearns 2010; Cozy
et al. 2012; Mordini et al. 2013; Mukherjee and Kearns 2014). The highly similar phenotype of B. li-
cheniformis Ahag, AmotB and AsigD mutants suggests a similar regulatory feedback loop in B. licheni-
formis coupling assembly of the flagellar apparatus to expression of SigD and the SigD regulon. In fact,
cell lysis in B. licheniformis M314 (Ahag) and M313 (AmotB) was almost identical to B. licheniformis
M312 (AsigD), indicating reduced expression of SigD-dependent autolysins LytC, LytD and LytF in all
three strains. Consistent with this feedback mechanism involving DegU-P, cell lysis of the degU32 mu-
tant B. licheniformis M320 was comparable to B. licheniformis M312, M313 and M314. Moreover, the
corresponding BLAP expression strains B. licheniformis M422, M423 and M435 displayed similar
growth behavior and protease expression. As activation of the Papr promoter driving BLAP expression
depends on DegU-P, the latter indicates comparable levels of DegU-P in Ahag, AmotB and AsigD mu-
tants further confirming the hypothesized feedback mechanism. However, it remains to be clarified to
which extend expression of the SigD-regulon is affected in strains deficient for hag or motB, as activa-
tion of Phag in B. subtilis Ahag mutants was recently reported demonstrating functional expression of
SigD in the hag deficient B. subtilis strain (Kampf et al. 2018; Steinberg et al. 2020). In addition to DegU-
P dependent expression of flgM, the non-motile phenotype of the degU32 mutants B. licheniformis
M320 and M436 can be explained by a more direct role of DegU-P in regulating motility. Depending
on its degree of phosphorylation, DegU is considered to regulate different cellular processes including
natural genetic competence, motility, biofilm formation and secretion of exoenzymes (Kobayashi
2007b; Verhamme et al. 2007). The level of DegU-P required to initiate the corresponding develop-
mental program increases from the first to the latter. While low levels of DegU-P promote expression
of the fla/che operon, high levels of the response regulator inhibit motility at the transcriptional and
the post-transcriptional level (Tokunaga et al. 1994; Msadek 1999; Mader et al. 2002; Amati et al. 2004,
Kobayashi 2007b; Verhamme et al. 2007; Hsueh et al. 2011). However, this gradual schema is compli-
cated by the fact, that DegU-P is converted from a repressor to an activator of the fla/che operon upon
interaction with SwrA (Mordini et al. 2013). Interestingly, this is only true for strains carrying wildtype
alleles of degSU or degS200, but not for degU32 (Mordini et al. 2013). Unlike wildtype DegS, DegS200
is impaired in its dephosphorylation activity leading to accumulation of DegU-P (Msadek et al. 1990;
Tanaka et al. 1991; Dahl et al. 1992). The resulting pleiotropic phenotype of B. subtilis degS200 mutants
is indistinguishable from degU32 mutants regarding extracellular protease activity (Msadek et al. 1990;

Dahl et al. 1992; Tokunaga et al. 1994), transformation frequency (Msadek et al. 1990; Dahl et al. 1992)
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and pga formation (Osera et al. 2009). In contrast to previous reports that B. subtilis degS200 and
degU32 strains also share the non-motile phenotype, Mordini et al. (2013) demonstrated that only
degU32 mutants are impaired in motility (Msadek et al. 1990; Tokunaga et al. 1994; Mader et al. 2002;
Kobayashi 2007b; Verhamme et al. 2007; Mordini et al. 2013). The degU32 allele leads to a H12L sub-
stitution in the N-terminal domain of the DegU protein stabilizing its phosphorylated form (Msadek et
al. 1990). But, the N-terminal domain was also shown to be required for interaction with SwrA (Ogura
and Tsukahara 2012). Therefore, Mordini et al. (2013) concluded that the level of phosphorylation
attained by DegU is not the cause of motility inhibition per se but DegU(32)-P, unlike wildtype DegU-
P, is impaired in its interaction with SwrA (Msadek et al. 1990; Ogura and Tsukahara 2012; Mordini et
al. 2013). It is important to note, that conflicting observations regarding the motility of degS200 mu-
tants possibly result from a frameshift mutation in swrA present in most domesticated B. subtilis
strains (Kearns et al. 2004; Zeigler et al. 2008; Mordini et al. 2013). Thus, loss of motility in B. licheni-
formis degU32 strains is possibly due to the artificial nature of the DegU(32)-P protein rather than the
overall DegU-P level. In addition to the regulatory function in motility, the positive effect of
SwrA/DegU-P for protease (aprE) expression was demonstrated in the wildtype degSU background in
a swrA* B. subtilis 168 derivative (Mordini et al. 2013). But, in contrast to control of the fla/che operon,
DegU(32)-P promotes aprE expression and protease activity is independent from SwrA in degU32
strains (Figure S3, Mordini et al. 2013; Dahl et al. 1992). Therefore, despite its artificial mode of action,
the degU32 mutation was included in this study as a promising target to prevent motility, while simul-

taneously promoting exoenzyme expression (Msadek et al. 1990).

While the non-motile phenotype of B. licheniformis DSM641 sigD, motB, hag and degU32 strains was
consistent with results from B. subtilis, phenotypical characterization of putative biofilm-deficient
strains provided new insights into biofilm formation in B. licheniformis DSM641. As described for
B. subtilis, deletion of the epsA-O and tapA-sipW-tasA operon abolished biofilm formation confirming
their function in synthesis of the two major matrix components exopolysaccharides and amyloid fibers
(Branda et al. 2001; Kearns et al. 2005; Branda et al. 2006). The third structural component of Bacillus
biofilms is the amphiphilic biofilm-surface layer protein BslA (YuaB). BslA confers hydrophobicity to
biofilms formed by B. subtilis and related strains (Kobayashi and lwano 2012; Morris et al. 2017). More-
over, BslA is required for complex colony architecture independent from its function in forming the
hydrophobic coat (Kobayashi 2007b; Arnaouteli et al. 2017). In contrast to previous reports on B. sub-
tilis, deletion of bs/A neither prevented pellicle formation (Kobayashi 2007b) nor affected complex col-
ony architecture in B. licheniformis DSM641 (Arnaouteli et al. 2017). Thus, different from B. subtilis,

bslIA might not be required or is less important for modulating colony architecture in B. licheniformis
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DSM®641. Possibly, the bslA paralogue yweA or another yet to be identified gene may play a more im-
portant role in biofilm formation in B. licheniformis DSM641 (Kobayashi and Iwano 2012; Morris et al.
2017). Whether deletion of bs/A affects hydrophobicity of B. licheniformis DSM641 biofilms remains to
be clarified. First results from pellicle formation assays with bs/A single and combinatorial mutants
revealed less-stable pellicles in static liquid cultures indicating altered hydrophobicity upon deletion of

bslA.

To prevent biofilm formation at the initiating step of the corresponding developmental pathway, global
regulators were targeted. By either activating transcription of the epsA-O and tapA-sipW-tasA operon
(remA) or mediating anti-repression of SinR (sinl, slrA) the regulators selected are essential for biofilm
formation in B. subtilis (Kearns et al. 2005; Winkelman et al. 2013). In case of B. subtilis, strain depend-
ent differences were reported regarding the role of Sinl and SIrA in antagonizing SinR (Kobayashi. Sim-
ilar to the phenotype observed for epsA-O and tapA-sipW-tasA mutants, inactivation of remA abolishes
biofilm formation in B. licheniformis M308 and M409 which is consistent with B. subtilis (Winkelman
et al. 2013). In contrast, inconclusive results were obtained for strains deficient in the SinR anti-re-
pressors Sinl and SIrA regarding their role in regulating biofilm formation in B. licheniformis. Both, com-
plete and partial deletion of sinl resulted in enhanced rather than reduced biofilm formation. The con-
flicting results regarding the phenotype of B. licheniformis sinl deletion strains became apparent also
when analyzing their motility, showing that both strains are non-motile. In contrast, B. subtilis Asinl
mutants are deficient in biofilm formation, due to the lack of Sinl antagonizing SinR and the resulting
constitutive repression of biofilm matrix synthesis genes (Kearns et al. 2005; Chai et al. 2010b). More-
over, formation of the SinR-SIrR heterodimer is abolished in B. subtilis Asinl mutants locking cells in a
motile, chemotactic state (Bai et al. 1993; Chai et al. 2010b). Unlike sin/ deficient strains, sinR mutants
of B. subtilis display robust biofilm formation and loss of motility (Kearns et al. 2005). Thus, the phe-
notype of B. licheniformis Asinl strains (M311, M311.2) constructed in this thesis is reminiscent of
B. subtilis AsinR rather than Asin/ strains, which likely results from the sin/-sinR operon structure and
polar effects on sinR expression. To reduce potential polar effects, the sinl/ frameshift mutation
p.L11AfsX8 was constructed leading to introduction of a translational stop codon. The resulting strain
B. licheniformis M318 showed wildtype-like pellicle formation and motility as well as an altered but
still complex colony architecture. In contrast to mutations in sinl, deletion of sIrA prevented formation
of complex colonies, while pellicle formation was wildtype-like. Moreover, time-resolved analysis of
swimming motility indicated increased motility of the AsIrA strain B. licheniformis M317 similar to the
remA inactivation strain B. licheniformis M310.2, but further analyses are required to confirm these
initial observations. The wildtype-like phenotype of B. licheniformis M318 carrying the sinl frameshift

mutation and the reduced ability of AsIrA strains to form biofilms along with their increased motility
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indicate that SIrA rather than Sinl antagonizes SinR in B. licheniformis DSM641 as observed for B. sub-
tilis ATCC6051 (Kobayashi 2008). However, in B. subtilis ATCC6051 this was due to an inactive ywcC
allele, encoding the SIrA transcriptional repressor YwcC (Kobayashi 2008), whereas the ywcC homo-
logue of B. licheniformis DSM641 encodes a functional YwcC, as sequence analysis confirmed. Moreo-
ver, phenotypical analysis might be further complicated by the rapid emergence of suppressor muta-
tions under conditions forcing biofilm formation as previously described for B. subtilis (Richter et al.
2018). Similarly, suppressor mutations cannot be excluded to cause conflicting observations regarding
the phenotype of B. licheniformis Asinl strains as well as the ability of As/rA strains to form pellicles,
but not complex colonies. In fact, suppressor mutations were observed in motility assays of B. licheni-
formis M311 and M311.2 as well as for B. licheniformis M318 in colony architecture analysis (Figure

s1).

4.2 The mutually exclusive character of motility and biofilm

development

Another challenge in engineering strains deficient in motility, biofilm formation or both processes is
the underlying intertwining regulatory network controlling both developmental processes (Cairns et
al. 2014). As described above, first results hint towards increased motility in remA and slrA mutant
strains which can be explained by the SinR-SIrR developmental switch as well as functional regulation
of flagellar by EpsE (Bai et al. 1993; Cairns et al. 2014). Cells that develop into a biofilm forming state,
express EpsE as part of the epsA-O operon. EpsE inhibits motility through binding to the rotor protein
FIiG thereby further promoting rapid transition from planktonic to sessile lifestyle (Blair et al. 2008;
Guttenplan et al. 2010). Consequently, lack of expression of EpsE in remA and sIrA mutant strains could
be responsible for increased motility similar to B. subtilis mutants lacking epsA-O operon expression
(Bai et al. 1993). But, unlike the remA and sIrA mutants B. licheniformis M310.2 and M317, the epsA-
O (epsE) deficient strain B. licheniformis M431 did not display increased motility. However, swimming
behavior was altered in the soft agar-plate based assay and further analysis are required to quantify
motility in these biofilm deficient strains.

While the results from the swimming assay were less clear regarding upregulation of motility in biofilm
deficient strains, upregulation of biofilm formation in motility deficient strains (Ahag, AmotB, AsigD,
degU32) was clearly observed. Most severe phenotypical alterations resulted from allelic exchange of
the native degU by the degU32 allele in B. licheniformis M320 and M436. B. licheniformis degU32
strains analyzed in this thesis showed a strong increase in biofilm formation under all conditions tested,

including liquid and solid LB medium (5 g/L NaCl) as well as chemically defined media. In particular, the
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formation of cell aggregates in static and shaking liquid cultures and a strongly increased complex col-
ony morphology was observed. Pellicles at the liquid-air interphase were less structured probably due
to loss of motility and the resulting dysfunctional aerotaxis (Bridier et al. 2011). Nevertheless, by ana-
lyzing both, colony morphology and pellicle formation the degU32 mutation and, to lesser extent, de-
letion of hag, motB and sigD was shown to enhance biofilm formation. The degU32 mutation is known
to cause a pleiotropic phenotype in B. subtilis and B. licheniformis, including loss of motility and in-
creased expression of exoenzymes (Msadek et al. 1990; Amati et al. 2004; Borgmeier et al. 2012).
Moreover, it is well known that intermediate levels of DegU-P are required for biofilm formation in
B. subtilis (Kobayashi 2007a; Verhamme et al. 2007; Verhamme et al. 2009), but an increase in biofilm
robustness similar to that observed in this thesis has not been reported in literature. The role of DegU-
P in biofilm formation has been linked to controlling transcription of bslA, yvcA and, although not es-
sential for complex colony architecture, y-PGA (Stanley and Lazazzera 2005; Kobayashi 2007a; Ver-
hamme et al. 2007; Verhamme et al. 2009; Ostrowski et al. 2011; Hobley et al. 2013). Synthesis of
v-PGA was prevented by deletion of the complete capB-capC-capD-capE operon in B. licheniformis
M308 and M409 excluding excess y-PGA formation as the underlying biofilm enhancing mechanism in
strains carrying the degU32 allele. Similarly, DegU-P dependent expression of BslA was not responsible
for the phenotype observed, as colony architecture was not affected upon deletion of bslA (B. licheni-
formis M454 and M455). Thus, increased expression of the lipoprotein YvcA involved in complex colony
development in B. subtilis possibly promoted biofilm formation in the B. licheniformis degU32 strain
background. In contrast to this hypothesis, B. subtilis strains overexpressing yvcA showed wildtype-like
colony morphology (Verhamme et al. 2007). Another possible explanation for the stronger biofilm for-
mation in B. licheniformis degU32 involves a previously hypothesized, yet to be identified regulatory
link. In B. subtilis overexpression of the degU32 allele inhibits epsA-O and tapA-sipW-tasA operon tran-
scription (Verhamme et al. 2007; Marlow et al. 2014a), which is in contrast to the observed increase
in biofilm formation in B. licheniformis DSM641 degU32. But, artificial induction of degU32 in the com-
plementation analysis by Marlow et al. limits comparability to strains constructed in this thesis, in
which expression of degU32 was under control of its native promoter. As the frequency of cells initiat-
ing sporulation increased in B. subtilis when expressing degU32 under control of an IPTG-inducible
promoter, DegU-P is hypothesized to promote increased levels of SpoOA-P eventually inhibiting biofilm
formation as cells commence to sporulation (Cairns et al. 2014; Marlow et al. 2014b). Similarly, DegU-
P levels in B. licheniformis M320 and M436 may promote SpoOA-P levels sufficient to trigger anti-re-
pression of the biofilm matrix synthesis genes but not as high as in IPTG-based overexpression of

degU32 which promoted sporulation in B. subtilis. Thus, the results obtained in this work provide fur-
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ther evidence on the previously hypothesized but still elusive link from DegU-P on Spo0OA-P and conse-
qguently on tapA-sipW-tasA and epsA-O operon expression (Marlow et al. 2014b). Future studies should
aim at analyzing SpoOA-P levels and dynamics in the degU32 strain background to gain further insights
into interaction of these central regulators shaping Bacillus cell physiology.

Intriguingly, introduction of the degU32 mutation led to colonization of a wider surface area in addition
to enhanced biofilm formation. Both phenotypes are genetically separable as deletion of genes encod-
ing biofilm matrix components did not reduce surface colonization. Moreover, B. licheniformis degU32
mutants displayed a higher maximum specific growth rate in LSJ-CT rich medium containing complex
nitrogen sources, which may indicate a functional relation between growth rate and surface expansion.
However, deletion of sigD or hag increased the growth rate similar to degU32 while resulting in
wildtype-like surface expansion. Considering the epistatic effect of degU32 to AsigD and following the
assumption of maximum parsimony, these data narrow down the number of genes which may cause
the phenotype observed. First, the cellular mechanism causing higher maximum specific growth rates
most likely resulted from deregulation of one or multiple genes within the SigD regulon, with DegU-P
acting upstream of SigD. In contrast, surface expansion, exclusively observed for degU32 mutants, pre-
sumably resulted from deregulation of genes within the DegU-P regulon that do not underly regulation

by SigD.

The findings presented lead to the conclusion that inhibiting either of the two developmental process,
motility, and biofilm formation, increases the respective other adaptation in B. licheniformis DSM641.
However, further quantitative analyses are required to confirm this hypothesis (Cairns et al. 2014,
Steinberg et al. 2020). Consequently, construction of strains carrying multiple mutations targeting both

cellular adaptations are required to channel cellular resources towards product formation.

4.3 Cell differentiation and morphology under simulated fed-batch

conditions

Previous studies on the formation of motile and biofilm forming subpopulations focused on investigat-
ing B. subtilis wildtype and domesticated strains under conditions promoting cellular differentiation
such as in minimal MSgg medium. While this may resemble limiting conditions in nature, or empirically
determined conditions inducing cellular differentiation, the controlled environment in industrial bio-
processes differs strongly regarding most parameters applied. One major goal of this thesis was to
analyze cell differentiation of B. licheniformis in nutrient-rich media under batch and fed-batch condi-

tions. By analyzing Phag and PtasA reporter strains using the online micro bioreactor system BiolLector,
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flow cytometry and fluorescence microscopy, media-dependent differences in the biofilm forming and
motile subpopulation were observed. Both subpopulations were strongly enhanced in batch cultures
with casitone-tryptone containing LSJ-CT medium compared to V3 with ammonium as sole nitrogen
source. The expression dynamics of the Phag and PtapA promoter showed that B. licheniformis M409
develops a motile-chemotactic state during mid-exponential growth, as observed for B. subtilis
wildtype strains (Kearns and Losick 2005; Chen et al. 2009). Moreover, motility was characterized by
bimodal distribution with 40 % (V3) to 90 % (LSJ-CT) of the population expressing GFP under control of
Phag. The lower number of motile cells in chemically defined medium compared to growth on complex
nitrogen sources is in line with results from B. subtilis showing that hag is under direct and indirect
negative control of CodY (Ababneh and Herman 2015). Presumably, branched chain amino acids re-
sulting from degradation of casitone and tryptone serve as an effector of CodY increasing the affinity
of the pleiotropic transcriptional regulator to its target sites (Ratnayake-Lecamwasam et al. 2001; Shiv-
ers and Sonenshein 2004; Brinsmade and Sonenshein 2011). Entering stationary growth, Phag pro-
moter activity was no longer observed while biofilm formation increases as concluded from activation
of PtapA. These data are consistent with previous reports from B. subtilis, showing precise timing in
the development of these mutually exclusive adaptation processes driven by the level of SpoOA-P and
DegU-P, both of which increase entering stationary growth (Mirel et al. 2000; Kobayashi 2007b;
Verhamme et al. 2007; Hsueh et al. 2011; Mars et al. 2015). Unlike motility, biofilm formation was
detected in LSJ-CT batch cultivations only. Likewise, analysis of the PtapA reporter strain B. licheni-
formis M409.12 revealed, that only a small number of cells exhibits biofilm formation in fed-batch cul-
tivations, while up to 9 % of the cells developed a motile chemotactic state. It is important to note,
that due to the high stability and the resulting intracellular accumulation of GFPmut2 (Blokpoel et al.
2003), the actual number of motile cells is presumably lower. The fact, that activation of PtapA was
low in LSJ-CT medium and not observed in chemically defined V3 medium is surprising as activation of
PtapA requires similar conditions as PaprE. Transcriptional activation of both promoters requires
Spo0A-P mediated anti-repression of SinR and AbrB (Gaur et al. 1991; Stover and Driks 1999a; Strauch
et al. 2007) and single cell analysis of B. licheniformis M609.3 confirmed strong activation under batch
and fed-batch conditions. In this context, it is important to note, that M609.3 carries gfpmut2 under
control of the native, full length B. licheniformis DSM641 Papr fragment, which includes the SinR bind-
ing site located at the 5’ end as described for B. subtilis (Gaur et al. 1991; Olmos et al. 1997; Ogura et
al. 2003). In addition to derepression, expression of tapA-sipW-tasA and the likewise regulated epsA-
O operon, but not aprE requires transcriptional activation by RemA (Winkelman et al. 2009; Winkel-
man et al. 2013). Thus, batch and fed-batch cultivation in chemically defined media may prevent RemA

activity and consequently expression of matrix synthesis genes. The regulatory mechanism upstream
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of RemA is yet to be discovered, but its genomic localization in an operon with the guanylate kinase
gmk suggests a function related to stringent response and the nutrient status of the cell (Winkelman
et al. 2013; Cairns et al. 2014; Steinchen and Bange 2016). Moreover, further yet to be identified en-
vironmental stimuli or a combination thereof might be required for biofilm formation. This included
higher concentrations of manganese, plant derived polysaccharides and changes in osmolarity, some
of which resemble conditions found in the natural habitat of Bacilli (Mhatre et al. 2014; Mhatre et al.

2016).

The data presented showed that only a minority of cells exhibited biofilm formation in batch and fed-
batch cultures with chemically defined V3 medium, while up to 10 % of the population developed a
motile-chemotactic state under simulated fed-batch conditions. Hence, preventing biofilm formation
by strain engineering may have only minor effects on the host strain physiology under these conditions
as the process parameter are ‘epistatic’ to the single gene inactivation. This applies to motility as well,
although to lesser extent. However, considering the mutually exclusive character of both phenotypes
and the strong intertwining regulatory network in Bacillus cell physiology, the distribution of subpop-
ulations is likely to change with further strain optimization steps, as demonstrated by increased biofilm

formation upon introduction of the degU32 allele.

4.3.1 The cell morphology of B. licheniformis degU32 strains is altered upon

deletion of genes involved in biofilm formation

While biofilm formation in the progenitor strain B. licheniformis M409 is limited to complex or biofilm
inducing media, B. licheniformis M436 (M409 degU32) displayed strong biofilm formation under all
conditions tested. In fed-batch cultures, this became apparent as chaining cells during earlier cultiva-
tion phases turning into robust cell aggregates. These findings lead to the conclusion that strong bio-
film formation resulted from deregulation of the gene regulatory network, and thus is intrinsic to the
B. licheniformis degU32 mutant rather than depending on extrinsic factors like growth conditions. A
mechanism how DegU32/DegU(-P) may promote biofilm formation was discussed in the previous sec-
tion (4.1). The strong biofilm formation in B. licheniformis M436 and M320 is particularly interesting
as the degU32 allele is frequently addressed in optimization of industrially relevant Bacillus species
due to its positive impact of degU32 on secretion of extracellular enzymes. Possible limitations due to
cell chaining and aggregation resulted in special focus of this thesis on performing further strain engi-
neering of degU32 mutants. Importantly, improving process conditions by performing fed-batch rather
than batch cultivations did not prevent matrix synthesis in B. licheniformis M436. Thus, avoiding bio-

film formation in B. licheniformis M436 required further streamlining of the host genome. By deleting
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tapA-sipW-tasA, B. licheniformis (M439) was no longer able to form cell aggregates in fed-batch cul-
tures, which is in line with less complex colony architecture and pellicles (see section 4.1). Moreover,
deletion of tapA-sipW-tasA resulted in loss of cell chaining and restored wildtype-like cell morphology
to a B. licheniformis degU32 mutant when combined with the AepsA-O mutation (B. licheniformis
M441). Similar to these findings, cell chaining and the formation of cell aggregates is lost upon deletion
of the tapA-sipW-tasA or epsA-O operon in the undomesticated B. subtilis NCIB3610, (Branda et al.
2001; Branda et al. 2006; Kobayashi 2007b; Kobayashi and lwano 2012). Although not analyzed in de-
tail, introduction of the remA or sirA mutation is likely to affect the cell morphology of B. licheniformis
degU32 strains in a similar manner. The detailed nature of how deletion of tasA-sipW-tapA and epsA-
O affects cell chaining remains unclear, as neither of the two operons has been shown to regulate
autolysin expression. In a wildtype degU background, functional regulation of SigD activity in response
to inhibition of flagellar rotation represents the regulatory link. Both, absence of the flagellar clutch
EpsE and reduced force on the flagellar motor resulting from the lack of rigid extracellular matrix pro-
mote increased levels of SigD, which in turn enhances autolysin expression (Cairns et al. 2013; Cairns
et al. 2014; Diethmaier et al. 2017; Dragos et al. 2018). But, as Bacillus strains carrying the degU32
allele show strongly reduced SigD-dependent gene expression (Mader et al. 2002), the regulatory link
described does not explain loss of cell chaining in B. licheniformis M439 and M441. In this context, it
remains to be clarified, if B. licheniformis degU32 combinatorial mutants displayed cell chaining during
cultivation stages earlier than 24 h or if this phenotype is completely abolished by deletion of tapA-
sipW-tasA and epsA-O.

In addition to the genetic background, the cell morphology of B. licheniformis M436 was strongly af-
fected by the growth phase. Cell chaining was observed during earlier cultivation phases (24 h,
feedplate), whereas most cells were found in cell aggregates without showing cell chaining as the fed-
batch cultivation proceeded. Cell chaining and cell separation requires remodeling of the cell wall me-
diated by peptidoglycan hydrolases commonly known as autolysins. B. subtilis and B. licheniformis pos-
sesses over ten different autolysins to address the diverse requirements for cell wall turnover in cell
division, cell elongation, sporulation, protein secretion and insertion of proteins spanning the cell wall
such as flagellin (Blackman et al. 1998; Smith et al. 2000). Growth phase-specific regulation of individ-
ual autolysins maintains cell wall homeostasis throughout exponential and stationary growth. One well
known example is the SigD-dependent expression of the major vegetative growth phase autolysins
LytC, LytD and LytF during exponential growth (Lazarevic et al. 1992; Margot et al. 1999; Ohnishi et al.
1999). Mutants deficient in sigD show a filamentous phenotype during exponential growth (Marquez

et al. 1990; Chai et al. 2010b), which is in line with the filamentous morphology of B. licheniformis
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M422 during LB batch cultivation. Similarly, degU32 strains lack expression of SigD-dependent autoly-
sins due to repression of sigD by DegU-P (Mader et al. 2002; Mukherjee and Kearns 2014) which may
explain the filamentous phenotype observed for B. licheniformis M436 (degU32) after 24 h of cultiva-
tion in the simulated fed-batch process. In contrast to this hypothesis, cell chaining was not observed
for B. licheniformis M422 under these conditions and further analyses are required to investigate reg-
ulation of autolysins in sigD and degU32 mutants. Entering stationary growth, and possibly the fed-
batch phase during cultivation in feedplates, SigD-dependent gene expression decreases, and alterna-
tive autolysins become increasingly important, including CwlS and LytE. Expression of cwlS and IytE is
regulated by the late stationary phase sigma factor SigH and the housekeeping sigma factor SigA (Ishi-
kawa et al. 1998; Margot et al. 1999; Hashimoto et al. 2012). Thus, growth phase specific autolysin
activity is likely to contribute to loss of cell chaining in B. licheniformis M436 during later cultivation

stages.

The results discussed in this section highlight the importance of in-depth strain characterization for
identification of novel strain targets. Analyses of biofilm formation and cell morphology under simu-
lated fed-batch conditions revealed possible limitations of the B. licheniformis degU32 mutant due to
filamentous growth and cell aggregation. This phenotype is undesirable due to highly viscous fermen-
tation broth, gradients in the availability of oxygen and nutrients along cell aggregates, and possibly
increased mechanical stress due to higher stirrer speed required. To overcome similar drawbacks in
production hosts, which typically grow as filaments including actinomycetes, morphological engineer-
ing approaches are frequently performed (van Wezel et al. 2006). Similarly, targeting biofilm formation
represents a promising strategy to overcome these limitations not just in B. licheniformis M436 but
possibly in the domestication of Bacillus wildtype isolates for industrial applications, many of which
naturally display strong biofilm formation (Branda et al. 2001; Branda et al. 2006; Kobayashi 2007b;
Kobayashi and Iwano 2012).

4.4 Productivity of optimized B. licheniformis mutant strains

4.4.1 Targeting biofilm formation in B. licheniformis degU32 increases

protease expression

In industrial biotechnology, substrate-limited fed-batch cultivation represents the predominant mode
of fermentation processes allowing to minimize catabolite repression and overflow metabolism among
other reasons (Habicher et al. 2019a). However, due to the simple experimental setup and low tech-
nical requirements, screening of production strains is still frequently performed in batch mode (Ha-

bicher et al. 2019a). To avoid misinterpretation of screening results obtained from batch cultures, fed-
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batch cultivations need to be implemented in early phases of strain optimization and evaluation (Ha-
bicher et al. 2019c). To address this requirement, the B. licheniformis DSM641 strain derivatives con-
structed in this thesis were evaluated using the recently published polymer-based fed-batch system
(Habicher et al. 2019c). To enable carbon limited growth, these so-called feedplates require inorganic
nitrogen sources preventing utilization of complex nitrogen sources as alternative carbon sources.
However, as complex media become increasingly important in the context of utilization of waste
streams to create high value products, strain characterization was performed in both, chemically de-
fined V3 medium (batch and fed-batch) and complex LSJ-CT medium (batch only). Comparison of B. li-
cheniformis M409 mutants revealed three distinct subsets of strains regarding productivity. Under the
three conditions tested, single deletion strains deficient in biofilm formation (Group 1) showed no
changes in protease activity except for the AepsA-O strain B. licheniformis M431. The latter is in line
with previous reports on increased exoenzyme secretion of a epsA-O deficient B. licheniformis mutant
(zhou et al. 2020b). Reduced viscosity of the fermentation broth is hypothesized to improve oxygen
transfer leading to improved productivity. Strains deficient in motility (Group 2) are characterized by
higher protease expression in LSJ-CT batch cultures. In contrast, wildtype-like or slightly reduced
productivity was observed in V3 batch and fed-batch cultivations. As V3 and LSJ-CT primarily differ in
the nitrogen source these findings indicate improved metabolization of complex nitrogen sources re-
sulting from deletion of sigD, hag and possibly motB, but no direct or indirect role in modulating central
metabolic pathways has been assigned to SigD (Mdrquez et al. 1990; Serizawa et al. 2004). Moreover,
a higher maximum specific-growth rate observed for B. licheniformis M422 (AsigD) and M435 (Ahag)
may explain a lower productivity in V3 medium, although this does not apply to growth and produc-
tivity in LSJ-CT medium. A higher growth rate indicates increased flux through glycolysis which in turn
may result in stronger carbon catabolite repression eventually repressing protease expression as
shown for B. licheniformis S1684 (Frankena et al. 1986; Christiansen and Nielsen 2002). The increase
in the specific growth rate upon deletion of sigD is in line with previous results from a B. subtilis AsigD
mutant (Fischer and Sauer 2005). The last group summarizes strains carrying the degU32 allele, which
resulted in enhanced protease expression in batch and fed-batch cultivations (Group 3). These strains
can be divided into two subgroups when comparing batch and fed-batch cultivations. Protease activity
and growth in batch cultures was comparable for all degU32 strains analyzed, independent from fur-
ther genetic modification of the host cell. In contrast, introduction of mutations causing biofilm defi-
ciency in the degU32 strain background (Group 3.1) further enhanced protease activity in fed-batch
cultivations compared to biofilm-proficient degU32 strains (Group 3.2). The different results obtained
from batch and fed-batch cultivations underline the importance of implementing fed-batch cultiva-

tions in the early phase of strain evaluation (Habicher et al. 2019a). It is tempting to speculate, that in
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B. licheniformis M436, the high number of cellular resources spent for biofilm formation decrease the
productivity compared to biofilm-deficient degU32 strains and that relieving this metabolic burden
resulted in channeling of cellular resources towards product formation. However, further factors must
be considered. Only recently, deletion of the epsA-O operon in B. licheniformis 2709 was shown to
improve AprE expression which was at least in part due to more homogeneous growth, lower viscosity
of the growth medium and the resulting improved oxygen transfer (Zhou et al. 2020b). In this regard,
it is important to note, that improved growth contributes only in part to higher productivity of B. i-
cheniformis M438, M439, M441, M451, M452 and related strains as biomass-normalized specific ac-
tivity showed. The underlying reason for the higher specific activity is discussed in section 4.5. The
degU32, AbslA mutant B. licheniformis M455 represents the only exception from the group of degU32
combinatorial mutants. Compared to its progenitor strain, deletion of bs/A in B. licheniformis M436
(degU32) did not affect protease activity. This is surprising as the role of DegU-P in biofilm formation
in B. subtilis was assigned to transcriptional activation of bs/A and possibly higher BslA synthesis may
represent a metabolic burden to degU32 strains (Kobayashi 2007b; Verhamme et al. 2009). However,
the observation that deletion of bslA did not affect protease expression is in line with its low impact
on biofilm formation in B. licheniformis, as AbslA mutants still formed robust biofilms.
Interestingly, time-resolved protease activity assays from fed-batch samples revealed lower produc-
tivity during earlier cultivation phases for B. licheniformis degU32 strains, while degU32 strains out-
perform degU wildtype strains in the long-term (from 48 to 72 h). The initial lower product titers did
not result from lower cell densities or impaired growth of degU32 mutants, as biomass (ODgoonm) Was
comparable after 24 h (Figure S8). Furthermore, cell aggregation or higher viscosity of the fermenta-
tion broth are not the underlying reason for delayed protease expression, as cell aggregates and fila-
ments are resolved upon deletion of the tapA-sipW-tasA and epsA-O operon, but the resulting strain
B. licheniformis M441 showed similar BLAP activity as the degU32 single mutant B. licheniformis M436.
Instead, a regulatory effect specific for degU32, or DegU-P in general, possibly affected protease activ-
ity in the initial phase of the polymer-based fed-batch process. Expression of Apr/AprE, and likewise
Papr-BLAP, requires activation of two cellular pathways. First, repression of the apr promoter by ScoC,
SinR and AbrB must be relieved through SpoOA-P and only recently, SpoOA-P was shown to directly
bind to and activate the aprE promoter (Msadek et al. 1993; Msadek 1999). In addition, transcriptional
activation by binding of DegU-P is required (Veening et al. 2008a). Since the degU32 allele is well
known to increase transcription of apr expression by increased stability of phosphorylated DegU-P,
lack of DegU-P was excluded as the reason for initially lower BLAP activity (Msadek et al. 1990). Possi-

bly, insufficient levels of Spo0OA-P in degU32 mutants hampered protease expression during early
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stages in the simulated fed-batch process, but this hypothesis was also rejected for the following rea-
sons. First, degU32 was shown to promote high levels of SpoOA-P in B. subtilis (Marlow et al. 2014b).
Secondly, single cell analysis showed similar promoter activities for the Papr-gfpmut2 reporter strain
B. licheniformis M641 (Aeps, AtasA, degU32) compared to the control strain M609.1 after 24 h of fed-
batch cultivation. Finally, earlier activation of the protease promoter in batch cultivations was ob-
served, which is in line with the positive effect of degU32 on protease expression in B. subtilis and B.
licheniformis (Mader et al. 2002; Ogura et al. 2003; Verhamme et al. 2007; Veening et al. 2008a; Borg-
meier et al. 2012). These findings clearly demonstrate that SpoOA-P levels are sufficient to trigger the
Papr promoter. Therefore, the underlying mechanism leading to lower protease expression in B. li-

cheniformis degU32 strains during early stages of the simulated fed-batch conditions remains elusive.

4.4.2 Increased productivity is specific for combined mutation of biofilm form-
ing genes and degU32 but not AsigD

The strong increase in protease expression of strains deficient in biofilm formation combined with the
degU32 allele raises the question whether this is a common feature resulting from simultaneous inac-
tivation of biofilm formation and motility. Therefore, B. licheniformis M441 (AtapA-sipW-tasA, AepsA-
O, deqgU32) was compared to B. licheniformis M447 (AtapA-sipW-tasA, AepsA-O, AsigD). Both strains
are non-motile, resulting from the degU32 allele or deletion of sigD, and lost the ability to form bio-
films. However, when analyzing protease activity under simulated fed-batch conditions, strong differ-
ence in the productivity became apparent. Compared to the progenitor strain B. licheniformis M440,
protease expression did not significantly increase for B. licheniformis M447, unlike B. licheniformis
M441, which showed 43 % higher protease activity under fed-batch conditions. Consequently, in-
creased protease expression did not result from preventing motility and biofilm per se under the con-
ditions tested. Instead, a yet unknown combined effect of the degU32 mutation and biofilm deficiency
led to construction of optimized B. licheniformis DSM641 strains. Possibly, the high amount of cellular
resources spent for biofilm formation prevented degU32 single mutants from exploiting their full pro-
tease expression capacity and inhibiting biofilm formation resulted in streamlining of these strains.
Moreover, loss of cell aggregation and reduced viscosity of the fermentation broth due to deletion of
epsA-O presumably improved oxygen transfer thereby contributing to a higher metabolic capacity and
product formation (Zhou et al. 2020b). It is worth mentioning, that motility and biofilm formation
were observed to only limited extend in the parental strain B. licheniformis M409 under fed-batch
conditions and, thus, these cellular mechanisms do not represent a strong metabolic burden to the

host cell. Therefore, it would be interesting to compare B. licheniformis M447 (Aeps AtasA AsigD) and
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B. licheniformis M441 under conditions using complex media, in which the formation of both subpop-
ulations was more pronounced. 85 % of the population express or have expressed gfpmut2 under con-
trol of Phag in LSJ-CT batch cultures. Moreover, biofilm formation was observed under these condi-
tions. Therefore, targeting both cellular adaption process may indeed reduce the metabolic burden to

the host cell and channel cellular resources towards product formation.

4.5 Productivity at the single cell level

4.5.1 The effect of degU32 on cellular heterogeneity in batch cultures

To analyze the activity of the Papr promoter driving BLAP expression in more detail, the amyB::Papr-
gfpmut2 reporter strains B. licheniformis M609.1 and B. licheniformis M641 (AtasA, Aeps, degU32)
were compared. In batch cultivations, Papr activity was repressed during exponential growth and in-
creased in the transition state. This expression profile is in line with precise timing of aprE expression
in B. subtilis (and B. licheniformis), which underlies negative control by ScoC, SinR, AbrB and CodY un-
der non-limiting growth conditions and transcriptional activation by DegU-P and SpoOA-P as cells enter
stationary growth (Perego et al. 1988; Strauch et al. 1989; Shafikhani et al. 2002; Zhou et al. 2020a).
Compared to B. licheniformis M609.1, B. licheniformis M641 showed earlier and stronger activation of
the Papr promoter, which is in line with the known function of DegU-P in promoting exoenzyme ex-
pression in B. subtilis and B. licheniformis DSM13 (Henner et al. 1988a; Veening et al. 2008a; Borgmeier
et al. 2012; Marlow et al. 2014a; Ploss et al. 2016). Importantly, the temporal difference in initiating
protease expression in B. licheniformis M609.1 and M639/M641 was more pronounced than the shift
in growth curves. Thus, changes in apr expression dynamics resulted from the regulatory role of DegU-
P in promoting transcription of apr rather than the slightly different growth phase the samples were
taken from (Henner et al. 1988a; Shimane and Ogura 2004). Flow cytometry of early stationary phase
samples revealed high homogeneity in the exoprotease producing population for B. licheniformis
M641, whereas the control strain B. licheniformis M609.1 showed heterogeneous (LSJ-CT) and bimodal
(V3) expression during the transition state. Heterogeneity in PaprE activity is well known for B. subtilis
and B. licheniformis DSM13 and results from only a small fraction of cells reaching SpoOA-P and DegU-
P levels sufficient to trigger aprE expression. In these model strains, bimodality is maintained through-
out stationary growth and the aprE producing cells represent only a small subpopulation (Veening et
al. 2008a; Borgmeier et al. 2012; Marlow et al. 2014a). Presumably, exoenzyme expression by a small
number of cells is sufficient to provide nutrients to the whole population allowing for division of labor
and increased biological fitness (Aguilar et al. 2007). In contrast, the H12L amino acid substitution in
the degU32 allele stabilizes the phosphorylated form of DegU-P and increases its halftime sevenfold
from 20 to 140 min (Dahl et al. 1992). Driven by the auto-stimulatory loop of DegU-P, the number of
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cells reaching high levels of DegU-P is dramatically enhanced in the degU32 background, which results
in higher homogeneity in Papr activity as observed for B. licheniformis M641 (and M639, M648) (Ya-
sumura et al. 2008; Borgmeier et al. 2012). As construction of the degU32 single mutant Papr-gfpmut2
reporter strain B. licheniformis M636 succeeded only at the end of this project phase, the strain was
not included in the analysis. Therefore, it remains to be clarified whether deletion of epsA-O or tapA-
sipW-tasA affects timing or strength of Papr dependent GFP expression in the degU32 strain back-
ground. But, comparable growth characteristics and protease activity on global expression level sug-
gest a similar behavior of degU32 single and combinatorial mutants in batch cultures (Figure 21 and

Figure 23), which is likely also reflected at single cell level.

4.5.2 Stimulation of DegU-P is intrinsically high in B. licheniformis M409

In case of B. subtilis 168 and B. licheniformis DSM13, homogeneous PaprE activity is observed only
upon introduction of the degU32 mutation (Veening et al. 2008a; Borgmeier et al. 2012; Marlow et al.
2014a). In strong contrast, the B. licheniformis DSM641 (M409) reporter strain M609.1, carrying the
native degU allele, showed high homogeneity in apr activity during stationary growth in batch culture
as well as in earlier stages of simulated fed-batch cultivation. These observations suggest that the
DegU-P autostimulatory loop is intrinsically strong in B. licheniformis DSM641 (M409). This hypothesis
was confirmed by single cell analysis of B. licheniformis M809.1 expressing mScarlet!/ under control of
the degU P3 promoter, which is subjected to auto stimulation by DegU-P (Yasumura et al. 2008). Fur-
ther evidence came from comparison of the B. licheniformis DSM13 Papr reporter strain MH1 and B. /i-
cheniformis M609.5. Both strains expressed gfpmut2 under control of the Papr(DSM13 full) promoter
to exclude promoter-dependent effects. In line with the results from Borgmeier et al. (2012), the
DSM13 type strain was characterized by a bimodal expression pattern with a minority of cells activating
the Papr promoter. In contrast, B. licheniformis M609.5 showed strong GFP expression for the majority
of cells confirming the strong impact of the strain background on protease expression. In B. subtills,
differences between wildtype and domesticated strains are well known to affect cellular heterogene-
ity. For example, the presence of SwrA affects the distribution of motile and sessile cells. As many
domesticated B. subtilis strains lack a functional swrA gene, including B. subtilis PY79, the number of
cells developing a motile chemotactic state is reduced as compared to wildtype isolates such as B. sub-
tilis NCIB3610 (Kearns and Losick 2005; Chen et al. 2009). Another example of how domestication af-
fected cellular heterogeneity is illustrated by the degQ36 allele (Stanley and Lazazzera 2005; McLoon
et al. 2011). DegQ stimulates autophosphorylation of DegS, thereby facilitates higher level of DegU-P

and promotes exoenzyme secretion (Msadek et al. 1991; Do et al. 2011). Moreover, genetic compe-
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tence is reduced due to the requirement of unphosphorylated DegU for expression of the master reg-
ulator of genetic competence comK (Miras and Dubnau 2016). The degQ36 allele was identified as one
of the so called ‘hy’ (hypersecretion) mutation in screening for improved exoenzyme secretion in B.
subtilis and describes a C to T mutation within the -10 region of the degQ promoter (Yang et al. 1986;
Amory et al. 1987). The resulting higher levels of DegQ lead to a pleiotropic phenotype similar to strains
carrying the degU32 and degS200 ‘hy’ mutations (Msadek et al. 1991). But, unlike the mutations in the
sensor kinase and the response regulator itself, degQ36 was shown to represent the actual wildtype
allele, which was lost as a consequence of domestication, in particular selecting for high genetic com-
petence (Stanley and Lazazzera 2005; McLoon et al. 2011; Miras and Dubnau 2016). Although the
degQ36 is native to B. licheniformis DSM641 and DSM13, and thus, does not explain the strain depend-
ent differences in cellular heterogeneity, these studies exemplify how domestication, isolation, and
screening of strains for desired characteristics results in strain dependent differences. It is important
to note, that unlike B. licheniformis M409, B. licheniformis MH1 carries a functional sigF gene and ini-
tiation of spore formation may contribute to the lower number of cells activating Papr. However, de-
letion of sigF does not result in homogeneous expression of aprE in B. subtilis (Veening et al. 2008a).
Thus, the underlying physiological reason for intrinsically strong DegU-P autostimulatory loop in B. /i-

cheniformis M409 (and DSM641) remains elusive.

4.5.3 Fed-batch cultivation and promoter engineering contribute to homogene-

ity in protease expression

Although the strain background had the strongest impact on protease expression in B. licheniformis,
results from single cell analysis showed that cultivation under fed-batch conditions contributed to
higher homogeneity in the protease producing subpopulation of B. licheniformis M409 (M609.1). The
glucose limited growth results in lower catabolite repression, which otherwise inhibits protease ex-
pression in B. subtilis and B. licheniformis (Priest 1977; Hanlon et al. 1982; Frankena et al. 1986; Mao
et al. 1992; Barbieri et al. 2016; Habicher et al. 2019b). Similarly, increased homogeneity of the DegU-
P dependent PamyQ promoter was observed for B. subtilis 168 when simulated fed-batch conditions
were applied (Ploss et al. 2016). Moreover, truncation of the Papr promoter fragment, driving expres-
sion of BLAP and GFPmut2, contributed to higher homogeneity in the protease producing population
as well. The 227 bp promoter fragment was derived from the native B. licheniformis DSM641 Papr
promoter region, but lacks the most upstream (Wilson et al. 1993; Jacobs 1995). In B. subtilis, the
transcriptional repressors CodY, AbrB, ScoC and SinR bind to this 5’ region of the aprE promoter,
thereby repressing aprE during exponential growth (Strauch 1995; Olmos et al. 1997; Msadek 1999;

Barbieri et al. 2016). Thus, lack of these repressor sites in the 227 bp promoter fragment may explain
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stronger activiation of the truncated DSM641 Papr compared to the full-length promoter fragment
present in B. licheniformis M609.3. Accordingly, transcriptional activity of a 154 bp promoter fragment

from B. licheniformis 6816 aprE did not underly ScoC (Hpr) dependent repression (Jacobs 1995).

4.5.4 degU32 affects cellular heterogeneity and cell viability in B. licheniformis

during late stages of fed-batch cultivation

The initial hypothesis in this thesis, was that the degU32 allele improves protease expression in B. /i-
cheniformis DSM641 by increasing the homogeneity in the apr expressing population, as described for
B. subtilis and B. licheniformis DSM13 (Veening et al. 2008a; Borgmeier et al. 2012). While this indeed
applied to apr expression during the transition state in batch cultivations, high homogeneity was ob-
served even for the degU control strain B. licheniformis M609.1 under simulated fed-batch conditions.
In fact, the distribution in Papr-gfpmut2 positive cells was similar for B. licheniformis M609.1 (control)
and B. licheniformis M641 (Aeps, AtasA, degU32) after 24 h of fed-batch cultivation. Thus, higher ho-
mogeneity in activation of the protease promoter is not the cause for higher productivity of B. lichen-
iformis M441/M641 per se. Surprisingly, single cell analysis revealed strongly improved strain charac-
teristics for B. licheniformis M641 during later stages in the simulated fed-batch process. Unlike the
control strain B. licheniformis M609.1, B. licheniformis M641 showed a constant increase in the mean
GFP intensity, which is in line with the results from steady increase in BLAP activity. Moreover, GFP
signal distribution was homogeneous for M641 throughout fed-batch cultivation, whereas high cellular
heterogeneity became apparent for B. licheniformis M609.1 from 48 h onwards. Most importantly,
strong background fluorescence was observed for B. licheniformis M609.1 accompanied by the accu-
mulation of cell debris. These findings suggest, that B. licheniformis M609.1 is severely affected by cell
lysis and that cell viability is improved upon introduction of the Aeps, AtasA and degU32 mutations.
Note, that construction of the degU32 single mutant Papr-gfomut2 reporter strain B. licheniformis
M636 was finished at the end of this project phase, and therefore the effect of degU32 single mutation
was not investigated. Future work should aim at comparing B. licheniformis M636 and M641 to eluci-
date the impact of Aeps and AtasA on Papr activity and cell viability in B. licheniformis strains carrying

the degU32 allele.

4.6 Analysis of the extracellular proteome of B. licheniformis

mutant strain

To gain further insights into the host cell physiology, the extracellular proteome of selected B. licheni-
formis strains was analyzed by one-dimensional SDS-PAGE and subsequent mass spectrometry. In ad-

dition to acquisition of nutrients, secreted proteins are crucial for cell-to-cell communication, intra-
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and interspecies competition, detoxification of the environment, cell wall metabolism, motility, chem-
otaxis and biofilm formation among others (Tjalsma et al. 2004b). As most of these processes affect
neighboring cells, the physiological response resulting from changes in the extracellular proteome
strongly depends on population density. Considering the high cell density in industrial fermentation
processes, extracellular proteomics provides valuable information on the host strain physiology and

potentially new approaches for further strain optimization.

4.6.1 AsigF and integration of the BLAP expression cassette in B. licheni-
formis M409 have minor effects on the extracellular proteome under sim-
ulated fed-batch conditions

In industrial biotechnology of Bacilli, sporulation-deficiency is a pre-requisite except for applications,
which take advantage of spore formation including the spore-display technology and utilization of Ba-
cillus spores as probiotics in food and feed applications or as biologicals in plant protection (Cutting
2011). Spore formation is undesirable due to the risk of contamination and non-producing subpopula-
tions and, consequently, is among the first targets in Bacillus expression host optimization (Pierce et
al. 1992; Nahrstedt et al. 2005; Vary et al. 2007). Within this thesis, the most advanced B. licheniformis
mutants were constructed based on the sporulation-deficient B. licheniformis M409 (Arms, Aapr,
AsigF, pga::BLAP), in which the sigF (spollAC) gene, encoding the forespore-specific sigma factor SigF,
was deleted (Stragier and Losick 1996; Errington 2003; Steil et al. 2005; Hoon et al. 2010). In B. subtilis,
more than 900 genes are deregulated in a AsigF mutant under sporulation conditions and 117 gene
were differentially expressed even during exponential growth in LB medium (Overkamp and Kuipers
2015). To differentiate between changes in the extracellular proteome that resulted from inactivation
of SigF and those caused by the gene deletion targets evaluated within this thesis, B. licheniformis
M321 (Arms, Apga, Aapr) was included in the analysis of supernatant from simulated fed-batch culti-
vation by SDS-PAGE. Only minor changes in the protein band pattern were observed between B. [i-
cheniformis M321 and M309. However, deletion of sigF resulted in higher intensity of most protein
bands, in particular the low-molecular weight band containing the bacteriocin ForD (BL00275,
14.1 kDa). SigF mutants are not irreversibly committed to sporulation but can resume vegetative
growth under non-limiting conditions, which may explain enhanced secretory enzyme production ob-
served upon deletion of sigF B. subtilis and B. licheniformis (Dworkin and Losick 2005; Ara et al. 2007,
Zhou et al. 2019).

Integration of the BLAP expression cassette into B. licheniformis M409 resulted in a prominent band
below the 29 kDa reference identified as the mature BLAP protein. Like all subtilisin proteases, BLAP is

synthesized as a pre-pro-enzyme (ZITAT). Pre-pro-BLAP has a size of 39.6 kDa. During secretion, the

109



signal peptide is cleaved resulting in the 36.4 kDa pro-enzyme. Subsequently, BLAP undergoes auto-
catalytic cleavage for removal of the pro-peptide resulting in a 26.9 kDa protein. Moreover, the pres-
ence of BLAP in the supernatant decreased the intensity of selected protein bands as compared to B.
licheniformis M309. In particular, the intensity of the secreted endo-1,4-beta-glucanase BglC
(58.7 kDa), alpha-amylase AmyL (58.5 kDa) and a gamma-glutamyltranspeptidase Ggt (60.9 kDa) was
reduced. In addition, the protein band, in which the intracellular 1-pyrroline-5-carboxylate dehydro-
genase PutC (YcgN, 56.6 kDa) was identified, had a lower intensity in B. licheniformis M409. Higher
proteolytic activity upon expression of BLAP may resulted in stronger degradation of proteins from the
supernatant, which explains the reduced intensity of selected protein bands. Moreover, shifting cellu-
lar resources, protein production and secretion capacities towards BLAP expression cannot be ex-
cluded as an underlying reason for reduced levels of natively secreted proteins. However, in strains
carrying the single-copy BLAP expression cassette, protein production capacities are most likely not

limiting.

4.6.2 The extracellular proteome of B. licheniformis under simulated fed-batch

conditions

Most significant changes in the extracellular proteome of B. licheniformis M409 strain derivatives were
observed for strains carrying the degU32 mutation. In contrast, none of the alternative mutations pre-
venting biofilm formation (Aeps, AtasA, remA R19W P29S, AsirA) or motility (AsigD, Ahag, AmotB) had
an impact on the extracellular proteome under simulated fed-batch conditions. This is surprising at
first glance, as previous studies on the extracellular proteome of B. licheniformis DSM13 showed high
abundance of proteins related to cellular heterogeneity, foremost Hag and TasA (Voigt et al. 2006;
Voigt et al. 2007). However, differences in the process conditions, in particular batch cultivations with
minimal medium used by compared to fed-batch cultivation with V3 medium (this thesis) may explain
the contrasting observations. In fact, the lack of Hag and TasA in the secretome of B. licheniformis
M409 single mutants is in line with the single cell analysis of B. licheniformis Phag and PtapA reporter
strains, showing that only a minority of cells exhibited motility or biofilm formation in V3 mineral salt
medium (section 4.3). As for B. licheniformis M409 derived single mutants, combinatorial B. licheni-
formis mutants carrying the degU32 allele (M439, M441, M451, M452, M455 and M456), did not differ
from the degU32 single mutant B. licheniformis M436 under the conditions tested. Compared to
strains carrying the degU wildtype allele, degU32 mutants were characterized by a lower number of
cytoplasmic proteins identified in the supernatant, which is likely to result from lower cell lysis (see

section 4.6.3) or higher proteolytic activity causing degradation of cytoplasmic proteins. Except for
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ForD, which was absent from samples taken from B. licheniformis M436 and M439 (discussed in sec-
tion 4.6.3), only minor differences in the number of secreted proteins were detected compared to
B. licheniformis M409. The secretome of both, degU32 and degU wildtype strains, was characterized
by several peptidases. In fact, six out of nine proteins, that are known or predicted to be secreted, have
proteolytic activity. This includes the extracellular serine protease Vpr, the bacillopeptidase F Bpr, a
putative carboxypeptidase BL0O3063, the aminopeptidases YwaD, the gamma-glutamyl transpeptidase
Ggt and the glutamyl endopeptidase GIuBL. In contrast, only a limited number of glycosyl hydrolases,
AmyL and BglC, were found in the secretome of B. licheniformis M409, which is surprising due to the
carbon limited growth conditions and a high number of genes in the genome of B. licheniformis encod-
ing extracellular carbohydrate-hydrolyzing enzymes (Rey et al. 2004; Veith et al. 2004). However, ex-
pression of enzymes for metabolization of alternative carbon sources often depends on substrate in-
duction in addition to derepression of CcpA-mediated carbon catabolite repression in B. subtilis and
related strains (Laoide et al. 1989; Blencke et al. 2003; Gérke and Stiilke 2008). Thus, the absence of
an inducer e.g. cellobiose as in expression of the glucomannan utilization operon gmuBACDREFG, may
explain the low number of carbohydrate-active enzymes under the conditions tested (Sonenshein
2007; Sadaie et al. 2008). Moreover, these observations are in line with previous characterization of
the extracellular proteome of B. licheniformis under glucose starvation conditions (Voigt et al. 2006;
Voigt et al. 2007). The high number of peptidases may allow B. licheniformis to inhabit ecological niches
different from B. subtilis by utilizing non-carbohydrate C-sources. Noticeably, Ggt was among the most
abundant proteins detected in the secretome of all B. licheniformis strain derivatives. In B. subtilis, the
gamma-glutamyl transpeptidase Ggt degrades poly-y-glutamic acid (y-PGA) natively produced by many
Bacillus strains (Suzuki and Tahara 2003; Ashiuchi et al. 2006). Considering the strong y-PGA production
observed for the B. licheniformis DSM641 wildtype strain, expression of Ggt possibly allows the host
strain to reutilize cellular resources invested into y-PGA formation under limiting growth conditions.
In line with these observations, expression of ggt in B. subtilis is upregulated upon glucose starvation
(Jong et al. 2012; Scoffone et al. 2013). Alternatively, degradation of y-PGA might be simply required
for biofilm dispersal allowing cells to escape from the biofilm or mucoid colony as nutrients become
limiting. A similar mechanism was postulated for disruption of the biofilm matrix proteins by upregu-
lation of proteases (Marlow et al. 2014a). It is important to note, that efficient y-PGA degradation by
the exo-type hydrolase Ggt requires the presence of an endo-type y-PGA hydrolase (Scoffone et al.
2013). In B. subtilis, the gamma-glutamyl hydrolase PgdS exerts this function, but despite being genet-
ically encoded in the B. licheniformis DSM641 chromosome, PgdS was not detected in this thesis (Su-
zuki and Tahara 2003; Scoffone et al. 2013). This might be due to low activity of SigD under simulated

fed-batch conditions in chemically defined medium (section 4.3), as expression of pgdS depends on

111



SigD (Serizawa et al. 2004). In contrast, PgdS was identified in the secretome of B. licheniformis DSM13
during early stationary growth in LB medium (Voigt et al. 2007), which is in line with increased SigD-
dependent gene expression in B. licheniformis M409 in complex LSJ-CT medium.

In summary, analysis of the extracellular proteome revealed two subgroups of strains, carrying the
degU or degU32 allele, that differ by only a limited number of proteins. Independent from the strain
background, a high number of extracellular degradative enzymes was detected, many of which are
under direct or indirect control by catabolite repression (Kim et al. 1995; Blencke et al. 2003; Scoffone
et al. 2013; Barbieri et al. 2016). The polymer-based glucose limited fed-batch process, which was de-
veloped to mimic industrial fermentations often operated in fed-batch mode, overcomes this catabo-
lite repression (Habicher et al. 2019c; Habicher et al. 2019b). It remains to be clarified how the single
and multiple gene deletions affect the extracellular proteome in cultivations using complex media, in
which motile and biofilm forming cells represent a larger fraction of the cell population as demon-

strated within this thesis.

4.6.3 Introduction of degU32 into B. licheniformis prevents ForD expression

Most significant changes in the extracellular proteome of B. licheniformis resulted from introduction
of the degU32 mutation. Strikingly, the bacteriocin formosin D (ForD, BL00275) was absent from the
secretome of B. licheniformis M436 and M439 both carrying the degU32 allele, while ForD represented
the most abundant protein in the extracellular proteome of B. licheniformis M409. ForD has no homol-
ogy to any protein of known function and was functionally characterized by only two studies working
with the B. licheniformis type strain DSM13 and the tropic marine isolate B. licheniformis D1
(Lundstrém 2012; Dusane et al. 2013). ForD is a 9.6 kDa antimicrobial peptide belonging to the lacto-
coccin 972 family and was shown to exert bacteriolytic activity towards B. subtilis, B. pumilus, Candida
albicans and Pseudomonas aeruginosa (Lundstrém 2012; Dusane et al. 2013). Bacteriocins typically
target closely related species, which inhabit a similar ecological niche, thereby providing a fitness ad-
vantage to the host in inter-species competition (Tagg et al. 1976). A second, presumably equally im-
portant function of bacteriocins in B. subtilis is the killing of sensitive sibling cells to release nutrients
that feed the bacteriocin-producing subpopulation. This so-called cannibalism is a common strategy to
delay entry into sporulation as well as to provide nutrients to finalize the energy intensive spore for-
mation by sacrificing a fraction of cells. This eventually provides a fitness advantage to the population
(Gonzalez-Pastor et al. 2003; Claverys and Havarstein 2007; Gonzalez-Pastor 2011). Well known exam-
ples for bacteriocins or toxins that have evolved in this way are the spore killing factor SkfA and the
sporulation delay protein SdpC produced by B. subtilis (Gonzalez-Pastor 2011). B. licheniformis does

not synthesize SkfA or SdpC and cannibalism has not been reported for this species. But, considering
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Discussion

the high homology between these two closely related species and similar environmental constrains
they are facing, a mechanism similar to SdpC or SkfA is likely to have evolved for B. licheniformis. ForD
may possess such function in B. licheniformis, as concluded from the following observations. First, ForD
is the most abundant protein in the supernatant of B. licheniformis M409 after 72 h of cultivation and
single cell analysis revealed strong cell lysis at this cultivation stage. More importantly, a fraction of
the cells in B. licheniformis M609.1 is seemingly not affected in cellular integrity. In this scenario, the
intact cells represent the ForD producing subpopulation which co-express the immunity factors located
in the for-operon (see below), while those struggling with cell lysis do not produce ForD on their own
and are sensitive to the bacteriocin. Secondly, cell lysis after 72 h is prevented and cell integrity was
highly homogeneous for degU32 mutants, which lack ForD. Interestingly, DegU controls the expres-
sion of at least three bacteriocins and toxin/anti-toxin systems in B. subtilis. This includes DegU-P-de-
pendent repression of the wapA-wap! operon, encoding the toxic WapA and its anti-toxin Wapl as well
as expression of the SdpC-paralog YitM and its anti-toxin YitQ by DegU (Kobayashi 2007b; Baptista et
al. 2013; Stempler et al. 2017). YitQ is directly associated with biofilm formation in B. subtilis (Koba-
yashi and lkemoto 2019), but neither YitM/YitQ nor WapA/Wapl are encoded in the genome of B. li-
cheniformis. Alternative to lack of ForD, lower autolysin activity due to repression of sigD/SigD in
degU32 strains cannot be excluded to affect cell integrity. However, phenotypical analysis within this
thesis showed that the degU32 and sigD mutation affect cell morphology and cell lysis in a media- and
growth phase-dependent manner. The findings presented led to the conclusion, that inhibition of SigD-
dependent autolysin expression by degU32 most likely does not affect cell morphology and cell lysis
during later fermentation stages in the simulated fed-batch process using chemically defined media.
These observations are in line with the known function of SigD as a (late) exponential-phase sigma
factor in B. subtilis, whereas SigD-dependent gene expression decreases after entering stationary

growth (Kearns and Losick 2005; Chen et al. 2009).

The observation of reduced or complete loss of ForD expression in B. licheniformis strains carrying the
degU32 allele raises the question how degU32 affects forD expression. In B. subtilis, DegU(-P) controls
expression of at least three bacteriocins and toxin/anti-toxin systems. Moreover, the DegS-DegU sys-
tem controls synthesis of non-ribosomal synthesized peptide antibiotics in various Bacillus species sug-
gesting a conserved role of the response regulators in intra- and interspecies competition (Kobayashi
2007b; Baptista et al. 2013; Stempler et al. 2017; Kobayashi and Ikemoto 2019). ForD may represent
an additional target of DegU(-P), which is specific for B. licheniformis, but no direct role of DegU/DegU-
P in forD expression has been described. ForD is chromosomally encoded in the polycistronic forD-
forE-forF-forG operon, with forE, forF and forG being involved in processing of ForD and conferring

immunity to the host cell (Lundstrém 2012). However, only little is known about transcriptional control
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and the expression profile of forDEFG, except for a predicted sigma factor H-type (SigH) promoter se-
qguence (Britton et al. 2002; Lundstrém 2012). In Bacillus, SigH controls transcription of early stationary
phase genes, many of which are involved in sporulation, genetic competence and physiological pro-
cesses associated with transition to stationary phase in general (Dubnau et al. 1988; Grossman 1995;
Britton et al. 2002). One central function of SigH is to initiate a positive feedback loop formed by Spo0OA-
P, AbrB and SigH that promotes high levels of Spo0A-P in the pre-divisional cell. Thereby, SigH exerts a
direct and indirect function in sporulation initiation (Weir et al. 1991; Predich et al. 1992; Strauch 1995;
Fujita and Sadaie 1998). Once polar septation is accomplished, SigH becomes dispensable for subse-
guent sporulation stages and SigH-dependent gene expression decreases (Healy et al. 1991; Nicolas et
al. 2012; Riley et al. 2018). In line with the temporal expression pattern of SigH activity, analysis by
Dusan et al. (2012) indicated, that the antimicrobial activity of supernatants obtained from B. licheni-
formis D1 increases during late exponential growth in LB cultures and maintains at a high level before
decreasing during late stationary growth. However, it is unlikely that B. licheniformis degU32 strains
expressed ForD at an earlier point during cultivation, as single cell analysis showed high cell integrity
throughout the full simulated fed-batch process. The lack of predicted DegU-binding site suggests an
indirect role of DegU/DegU-P in regulating forDEFG expression. However, the exact function remains
elusive and was not further studied within this thesis. Alternative to indirect or direct transcriptional
control of forDEFG by DegU/DegU-P, higher proteolytic activity in B. licheniformis degU32 strains may
resulted in degradation of ForD, as previous analysis indicate that ForD is susceptible to proteolytic
digestion (Dusane et al. 2013). However, no reduction in ForD was observed when introducing the

BLAP expression cassette as comparison of B. licheniformis M309 and M409 showed.

Taken together, the findings presented suggest ForD-induced cell lysis under simulated fed-batch con-
ditions, which is prevented upon introduction of the degU32 allele. Future analysis should aim at ana-
lyzing whether B. licheniformis M409 cells, that seem vital after 72 h, maintain integrity beyond 72 h,
which would indicate immunity to the bacteriocin. The presence of immune and sensitive cells is char-
acteristic and fundamental to cannibalistic behavior in Bacillus as shown for SdpC and SkfA (Gonzalez-
Pastor 2011). In contrast, if cell lysis in B. licheniformis M409 is a gradual process, the coexistence of
immune and sensitive cells can be excluded, and cell lysis is likely to result from induction of autolysis
during later cultivation stages. To analyze potential bistability in ForD expression, forD promoter re-
porter gene fusion could complement the analysis. This setting should include a strain background
defective in forD, as otherwise the ForD sensitive subpopulation undergoes cell lysis. Finally, single
deletion of ForD would allow to demonstrate, whether reduced cell lysis in degU32 mutants results
from lack of ForD or rewiring of the global gene regulatory network. A B. licheniformis AforD strain is

also of interest to elucidate the underlying reason for increased biofilm formation in B. licheniformis
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M436 (degU32). Previous analysis showed disruption of C. albicans, P. aeruginosa and B. pumilus bio-
films upon addition of purified ForD suggesting that loss of ForD may contribute to higher biofilm ro-

bustness in B. licheniformis M436 (Lundstrom 2012; Dusane et al. 2013).
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5 Summary and conclusion

Bacillus species invest substantial resources in inherent cellular processes for pre-adaptation to envi-
ronmental changes, many of which are dispensable in the controlled environment of industrial biopro-
cesses. The underlying physiological mechanisms are well characterized in B. subtilis, but only little is
known about these processes in the closely related B. licheniformis. Moreover, experimental condi-
tions in previous studies differ from industrial settings in most parameters, foremost in batch cultures
or plate-based analysis over fed-batch processes. In this thesis, cellular heterogeneity was analyzed in
B. licheniformis DSM641 in optimized, nutrient-rich media in batch and fed-batch cultivations. System-
atic inactivation of genes involved in biofilm formation and synthesis of the flagellar apparatus or
global regulators thereof resulted in higher protein production and provided new insights in biofilm
formation and cellular heterogeneity in this strain. Unlike B. subtilis, the hydrophobic coat protein BslA
is dispensable for complex colony architecture in B. licheniformis DSM641. Moreover, SIrA rather than
Sinl seems to be the major anti-repressor of SinR in biofilm formation in B. licheniformis DSM641.
Characterization of mutants deficient in sigD, hag or motB provided further evidence for a regulatory
loop in which expression of SigD and the whole SigD-regulon is coupled to functional assembly of the
flagellar apparatus as can be concluded from several studies in B. subtilis. The strongest alterations in
morphology and physiology became apparent in B. licheniformis DSM641 strains carrying the degU32
allele. Although the degU32 allele has been extensively analyzed in B. subtilis and related species, new
findings were provided within this thesis. It is well known that DegU-P is required for biofilm formation
in B. subtilis, but an increase in biofilm robustness similar to that observed in this thesis has not been
reported. Moreover, the function of DegU-P in biofilm formation has been assigned to regulation of
yvcE, pga and bslA, but neither of the latter two was required for the phenotype of B. licheniformis
DSM641 degU32 strains. Instead, DegU-P may indirectly affect expression of the major matrix compo-
nents encoded by tapA-sipW-tasA and epsA-O, providing further evidence for a previously hypothe-
sized yet unknown regulatory link to SpoOA-P in B. subtilis. Single cell analyses of fluorescence reporter
strains showed that improved process conditions can reduce the formation of undesirable cell types
and subpopulations. However, introduction of the degU32 allele resulted in strong biofilm formation
under all conditions tested and, thus, is intrinsic to B. licheniformis DSM641 strains carrying the degU32
allele. To overcome possible limitations resulting from filamentation and cell aggregation, including
oxygen and nutrient gradients within these microenvironments, morphological engineering was per-
formed by deletion of remA, sirA, epsA-O and tapA-sipW-tasA. The resulting biofilm deficient strains,
carrying the degU32 allele, showed almost wildtype-like cell morphology and an increase in protease

expression when compared to the already improved product titer in the degU32 single mutant B. /i-
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cheniformis M436. Comprehensive characterization of optimized strains, including single cell experi-
ments, analysis of Papr expression dynamics, and extracellular proteomics, suggest that the higher
protease expression resulted from a combination of multiple factors. As expected from the known
positive effect of DegU-P on exoenzyme expression, protease expression was earlier, stronger, and
more homogeneous in B. licheniformis M441 carrying the degU32 allele combined with deletion of
epsA-0O and tapA-sipW-tasA under batch conditions. However, the DegU-P autostimulatory loop was
intrinsically strong in B. licheniformis DSM641, as concluded from single cell analysis, and B. licheni-
formis M441 (M641) was not superior to the control strain B. licheniformis M409 (M609.1) during the
early phase of simulated fed-batch cultivation. The strongly improved strain characteristics became
apparent for B. licheniformis M641 in later cultivation stages only, in which B. licheniformis M409
(M609.1) was severely affected by cell lysis and showed high heterogeneity in Papr activity. In contrast,
B. licheniformis M641 was characterized by a steady increase and high homogeneity in Papr dependent
GFP expression, which most likely results from strongly improved cell viability upon introduction of the
Aeps, AtasA and degU32 mutations. Since inactivation of remA and sirA had a similar effect on protease
expression, the improved strain characteristics presumably apply to biofilm-deficient degU32 strains
of B. licheniformis DSM641 in general. Evidence for the underlying physiological reason for improved
cell viability was provided by extracellular proteomics, in which the bacteriocin ForD was among the
most abundant proteins in the secretome of B. licheniformis degU wildtype strains. In contrast, ForD
was absent from strains carrying the degU32 allele. The functional relation of DegU(32)-P and expres-
sion of ForD was described for the first time, thereby assigning a new function to the global response
regulator DegU. Finally, a potential role of the poorly characterized ForD as a cannibalism factor in
B. licheniformis to delay commitment to sporulation was proposed.

In this thesis systematic analysis of cellular responses of B. licheniformis to limiting environmental con-
ditions was performed and new targets for strain improvement were identified. Similarly, only recently
systematic inactivation of stress-related genes identified new targets for improved protein production
in E. coli (Sharma et al. 2020). Considering the high number of cellular adaptation processes and stress
response mechanisms in Bacillus and beyond, the potential of similar strain development approaches

in the future is emphasized.
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6 Supplemental material

6.1.1 Characterization of B. licheniformis remA, sinl, sIlrA mutants

colony motility
pellicle MSggTY LBGM

M308
reference

M310.1
remA
R18W, P29S

M310.2
remA::bleoR

M311
Asinl

M311.21
Asinl
p.E14-P45del

M318
sinl fs
p.L11Afs8X

M317
AsIrA

Figure S1: Biofilm formation and maotility of B. licheniformis remA and sinl mutants. The ability to
form biofilms was analyzed by pellicle formation and colony architecture assays using liquid and solid
MSggTY medium respectively. Unlike all other samples, pellicle formation assay of the Asin/ strain
M311 was performed with modified LB medium containing 0.05 mM MnSO,4 and 1 % glycerol initially
used to assess biofilm formation (LBGM). Swimming motility was analyzed after 14 h, 18 h and 33 h of
growth on semi-solid LB agar (0.4 %). All strains are based on the wildtype-close B. licheniformis M308.
White scale bars indicate 1 cm.
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6.1.2 Biofilm formation assay of B. licheniformis AbsIA mutants

colony pellicle

MSggTY MSggTY LBGM

M409
reference

M436
degU32

M454
AbsIA

M455
degU32,
AbsIA

Figure S2: Biofilm formation assay of B. licheniformis single (M454) and combinatorial (M455) bs/A
mutants. The ability to form biofilms was analyzed by pellicle formation and colony architecture assays
using liquid and solid MSggTY medium respectively. In addition to MSggTY, LBGM medium was used
in the pellicle formation assay. Expression of bslA is the main target of DegU-P in B. subtilis, but deletion
of bs/A in B. licheniformis did not prevent biofilm formation. However, deletion of bslA affects pellicle
structure.
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6.1.3 Cell morphology of B. licheniformis M312 AsigD in LB medium

M308 parental strain M312 AsigD

exp.

late exp.

trans.

stat.

Figure S3: Cell morphology of B. licheniformis M312 (AsigD) in LB batch cultivations. B. licheniformis
M308 and M312 (AsigD) were cultivated at 37 °C in shake flasks in LB medium. Phase contrast and
DAPI channel images are shown. White scale bar indicates 10 um. The filamentous phenotype resulting
from deletion of sigD was observed most pronounced during exponential growth. Samples from sta-
tionary phase showed almost wildtype-like (M308) cell morphology.
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6.1.4 Cell morphology of degU32 mutants in fed-batch cultivation

M441
M439
M409 M436 . AtapA-sipW-tasA,
arental strain degU32 AtapA-sipW-tasA, AepsA-O,
P 9 deqU32 PSA-S,

degU32

Figure S4: Cell morphology of B. licheniformis degU32 mutants in fed-batch cultivation. Strains car-
rying single or multiple mutations (as indicated) were cultivated in the simulated polymer-based feed-
back process (feedplates). Samples were taken after 24 h and analyzed by microscopy without further
processing (staining was conducted by supplementing the agarose patch with DAPI. Phase contrast
(top) and DAPI staining of nucleic acid (bottom) images are shown. White scale bar indicates 10 um. B.
licheniformis M436 showed filamentous growth and cell chaining, which was reduced upon deletion
of tapA-sipW-tasA (M439). Additional deletion of epsA-O (M441) resulted in wildtype-like cell mor-
phology as comparison to the control strain B. licheniformis M409 showed.
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6.1.5 Maximum specific growth rates of B. licheniformis mutants

Table S1: Maximum specific growth rate of B. licheniformis mutants in LSJ-CT and V3 medium. All
strains with a M400 number are derived from B. licheniformis M409.

V3 medium LSJ-CT medium

Strain  Key mutation N= pmax ht c umaxh?! o

M409  Aapr, AsigF, pga::BLAP 5 0.199 0.018 0.226 0.005
M422  AsigD 5 0.230 0.018 0.295 0.009
M423  AmotB 2 0.224 0.000 0.262 0.001
M435  Ahag 5 0.227 0.013 0.281 0.008
M430  AtasA 5 0.215 0.019 0.222 0.008
M431  Aeps 2 0.215 0.008 0.240 0.002
M440  Aeps, AtasA 5 0.205 0.021 0.235 0.002
N454  AbsiA 2 0.195 0.008 0.234 0.005
M432  AsIrA 2 0.220 0.006  0.228 0.002
M434  remA 2 0.230 0.005 0.245 0.001
M436  degU32 5 0.191 0.009 0.282 0.017
M455  AbslA, degU32 2 0.204 0.000 0.312 0.002
M439  AtasA, degU32 2 0.186 0.009 0.296 0.005
M441  Aeps, AtasA, degU32 5 0.195 0.010 0.280 0.021
M447  Aeps, AtasA, AsigD 2 0.226 0.014 0.304 0.005
M448  Aeps, AtasA, AsigD, degU32 2 0.197 0.003 0.313 0.006
M456  Aeps, AtasA, AbsIA, degU32 2 n.a. n.a. 0.283 0.010
M451  AsirA, degU32 2 0.178 0.001 0.285 0.002
M452  remA, degU32 2 0.176 0.005 0.283 0.003
M453  Aeps, AtasA, Ahag, degU32 2 0.193 0.011 0.301 0.002
M457  Aeps, AtasA, AbslA, AsigD, degU32 5 0.185 0.009 0.272 0.017
M449  AsigD, degU32 2 0.187 0.010 0.285 0.001
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6.1.6 Inoculum dependent growth behavior of B. licheniformis degU32 mu-

tants
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Figure S5: Effect of the inoculum on growth in LSJ-CT batch cultures of B. licheniformis strains. Bio-
mass (scattered light, upper panel), dissolved oxygen tension (DOT, middle panel) and pH (lower panel)
were monitored during 48 h of cultivation. LSJ-CT main cultures were inoculated with 0.1 % and 1 % of
growth-synchronized pre-cultures respectively. Shaded areas indicated standard deviations of three
biological replicates. The growth curves shown are representative for three groups of strains: (Grey) B.
licheniformis M409, M430 (AtasA) and M440 (Aeps, AtasA). (Orange) Strains harbouring the degU32
mutation B. licheniformis M436 (degU32), M441 (Aeps, AtasA, degU32). (Blue) B. licheniformis M422

(AsigD) and M435 (Ahag).
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6.1.7 Clustering of growth curves of B. licheniformis mutants
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Figure S6: Growth of selected mutants in batch cultures during 48 h of cultivation using rich (LSJ-CT)
and chemically defined (V3) medium. Biomass (OD600nm) was monitored online. For both media
comparison of B. licheniformis M409 mutants revealed three distinct types of growth curves each rep-
resenting a specific subset (cluster) of strains. The first group comprises the parental strain M409 and
strains exclusively deficient in/for biofilm formation M430 (AtasA) and M440 (Aeps, AtasA) (black,
grey). Secondly, all strains harbouring the degU32 mutation showed similar growth behaviour inde-
pendent from additional mutations (orange). The last group summarizes strains mutated for hag or
sigD required for motility (blue).
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6.1.8 Locus evaluation in B. licheniformis M308 amyB::G2r

Bli M308 Bli M308 Bli M308
empty strain pWG2r amyB::G2r
A 2000 ms 2000 ms

exponential

stationary

Figure S7: Evaluation of the B. licheniformis DSM641 amyB locus regarding transcriptional read-
through. To evaluate the amyB locus for integration of promoter reporter gene cassettes potential
read-through from promoters located upstream of amyB was analyzed. A promoter-less gfpmut2 with
a standardized, strong ribosome binding site (RO, Guiziou et al. 2016) was integrated into amyB using
plasmid pJOE_amyB::G2r. As for all reporter gene fusions constructed in this thesis, the gfp cassette
was flanked by transcriptional terminators as described for amyB::Papr-gfpmut2 constructs (see 7.8).
The plasmid carrying B. licheniformis M308 pWG2r was used as a positive control. Previous experi-
ments confirmed transcriptional read-through from the upstream located promoter driving expression
of the kanamycin resistance gene present on the pBW944 backbone into the promoter-less RO-
gfpmut2. All strains were cultivated in shakes flask in LB medium and GFP expression was analyzed by
fluorescence microscopy during exponential (A) or stationary growth (B). For B. licheniformis M308
pWG2r 20 pg/ml kanamycin sulfate was added. As no GFP expression was observed for B. licheniformis
M308 amyB::G2r the amyB locus was suitable for integration of reporter gene constructs.
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6.1.9 Growth (ODeoonm) Of B. licheniformis mutants at selected time points dur-

ing fed-batch cultivation
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Figure S8: Growth of selected B. licheniformis strains during fed-batch phase. Optical density
(ODeoonm) Was determined after 24, 48 and 72 h of microtiter plate-based fed-batch cultivation. The
initial ODgoonm (t=0) was 0.9 — 1.1 for all strains. Strain number and genotype were as indicated. Note,
that the optical density of degU32 single mutant B. licheniformis M436 decreased from 24 to 72 h sim-
ilar to the control strain B. licheniformis M409 and the biofilm-deficient B. licheniformis M440. In con-
trast, the biofilm-deficient degU32 combinatorial mutants B. licheniformis M439 and M441 showed a
steady increase in ODgoonm throughout growth. But, the differences observed between B. licheniformis
M436 and B. licheniformis M439/M441 are not line with the results from determination of cellular dry
weight, which showed a comparable increase in biomass for these strains.
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6.1.10 Normalized protease promoter activity in batch cultivation
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Figure S9: Normalized Papr promoter activity for selected B. licheniformis strains in batch culture.
Reporter strain carrying the amyB::Papr-gfomut2 reporter gene fusion were cultivated in (A) rich and
(B) defined medium using the microbioreactor system BioLector (1000 rpm, 3 mm shaking diameter,
30 °C, 85 % relative humidity). Strain number and relevant genotype were as indicated. Scattered light
(ODgoonm) and biomass-normalized GFP fluorescence, representing Papr activity, are shown. Shaded
areas indicate standard deviation from two biological replicates. Promoter activity profiles were
smoothened using GraphPad Prism 8 (12 neighbors, 2" order). Note that B. licheniformis M648 be-
haved identical to B. licheniformis M641 and is therefore not shown.
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6.1.11 Extracellular proteome of B. licheniformis M309, M409, M436 and M409
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Figure S10: Sample overview of protein bands analyzed by MALDI-TOF MS/MS. Biomass was separated from the culture broth by sterile filtration after 72 h of
microtiter plate-based fed-batch cultivation following TCA precipitation of proteins in the supernatant and sample preparation as described in section 7.4.2. A)
and B) Proteins were separated by SDS-PAGE using a 4 - 20 % polyacrylamide Tris-Glycine gel. The extracellular proteome was characterized for the control strains
B. licheniformis M309, M409 and the degU32 mutants B. licheniformis M436 (degU32), M439 (AtapA-sipW-tasA, deqgU32) by MALDI-TOF. The protein bands
analyzed are marked in red with the corresponding sample number next to band. The genotype for the strains is shown in A) and B). As B. licheniformis M422 to

M452 are derived from B. licheniformis M409, only the key mutations introduced in these strains are indicated.
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Table S2: Identification of protein bands via MALDI-TOF. Proteins with a score higher 49 are considered as significant. Only significant hits are listed. Colour
code: dark green = B. licheniformis M321 (Arms, Apga, Aapr), blue = B. licheniformis M309 (Arms, Apga, Aapr, AsigF), green= B. licheniformis M409 (Arms, Aapr,
AsigF, pga::BLAP), yellow = B. licheniformis M436 (Arms, Aapr, AsigF, pga::BLAP, degU32), orange = B. licheniformis M439 (Arms, Aapr, AsigF, pga::BLAP, AtapA-
sipW-tasA, degU32).

Sample . Protein Peptide | Protein Protein Total Total lon Total MS lon MS lon Cluster

. Rank | Protein Name; locus tag Score C.I. | lon Score C.I. Area Matched
No.: MW [Da] | Count Score % Score % Cluster Area %

1 YfkN 5'-nucleotidase, N-terminal, degrades cyclic di-AMP; BL03110 155.603 17 190 100 142 100 130.257 88

2 AhpA (YkuU) alkyl hydroperoxide reductase; BL05145 20.390 5 273 100 242 100 1.378.091 27

1 48.162 10 385 100 331 100 1.378.091 127

27| 2 48.162 6 101 100 81 100 575.112 65

28| 1 Aminopeptidase YwaD; BL03935 48.162 10 354 100 301 100 402.493 140

45| 1 48.162 5 223 100 208 100 248.940 116

62| 1 48.162 3 190 100 182 100 125.932 49

1 AmyL alpha amylase; also identified in B. licheniformis M439 (sample 60) 58.493 12 114 100 53 100 642.040 37

2 but protein score = 44.9; BL0O0499 58.493 11 104 100 50 100 536.882 26

2 154.934 10 152 100 136 100 467.485 20

1 154.934 20 230 100 161 100 368.503 44

22| 1 154.934 6 214 100 206 100 390.566 38

23| 1 154.934 11 230 100 209 100 499.549 69

24| 1 154.934 14 478 100 446 100 405.377 55

39 1 154.934 3 123 100 123 100 123.264 17

40| 1 154.934 10 213 100 195 100 325.285 84

41| 1 . ) 154.934 12 370 100 347 100 403.850 58

42 1 Bacillopeptidase F; BL02253 154.934 11 188 100 169 100 250.828 26

43| 1 154.934 7 99 100 89 100 140.851 36

55 3 154.934 5 64 100 64 100 264.631 14

57| 1 154.934 11 199 100 177 100 250.191 89

58| 1 154.934 15 294 100 257 100 544.692 63

59| 1 154.934 11 221 100 202 100 616.960 45

60| 3 154.934 7 78 100 69 100 72.148 16

78| 3 154.934 7 128 100 120 100 1.164.635 19

2] 1 | BgaB, beta-galactosidase; not identified in B. licheniformis M436/M439 79.108 13 363 100 313 100 664.768 94

22 3 (also not with protein score < 50); BL01749 79.108 12 77 100 33 100 390.566 44

30| 3 BgIC, endo-1,4-beta-glucanase; BL01471 58.684 3 51 97 44 100 212.433 7

55| 1 BLO5117. unknown 12.699 2 344 100 331 100 264.631 73

78| 1 ' 12.699 2 219 100 206 100 1.164.635 16
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Table S2, continued

Protein

Total

Total lon

MS lon Cluster

zﬁTple Rank | Protein Name; locus tag 'I\DAer\)Itﬁljna] (P:zztr:ctje g::%tr(:n 3core C.l. | lon Score C.I. E?J?tgrli'rzg Area Matched
( Score % %

1 56.620 11 156 100 110 100 449.453 32

2 56.620 7 97 100 75 100 642.040 16

25| 1 56.620 8 115 100 91 100 894.645 25
26 1 PutC (YcgN) delta-1-pyrroline-5-carboxylate dehydrogenase; BL01710 56.620 10 149 100 106 100 536.882 41
42| 2 56.620 5 114 100 101 100 250.828 12
59| 2 56.620 4 92 100 82 100 616.960 10
60 2 56.620 5 88 100 73 100 72.148 11
=i 85.573 15 66 100 5 0 664.768 40
L Extracellular serine protease Vpr; also identified in sample 7, 40 and 57 85.573 19 305 100 211 100 467.485 67

e 2 (in all strains) but with protein score < 50; BL0O3950 85.573 13 128 100 81 100 390.566 26
23| 2 ' 85.573 11 71 100 37 100 499.549 20
39| 2 85.573 8 54 98 35 100 123.264 9
1 14.050 6 237 100 191 100 2.302.851 63

2 14.050 5 116 100 79 100 4.138.330 47

75 1 ForD bacteriocin; BL00275 14.050 4 148 100 120 100 3.495.585 6
76| 1 14.050 2 89 100 79 100 1.963.735 70
1 14.050 5 204 100 167 100 3.026.183 66

3 60.935 12 54 98 958.604 18

1 60.935 14 368 100 294 100 1.483.743 145

1 60.935 8 228 100 200 100 908.783 44

1 60.935 7 111 100 88 100 505.454 22

1 60.935 10 155 100 113 100 3.056.831 32

1 60.935 13 446 100 382 100 1.332.625 148

S0 1 Ggt gamma-glutamyltranspeptidase; gamma-glutamlytransferase family 60.935 10 121 100 82 100 212.433 42
35| 1 . ’ 60.935 9 145 100 108 100 2.497.401 28

(EC 2.3.2.2 and EC 3.4.19.13); BL03798

46| 1 60.935 14 314 100 238 100 930.173 150
47| 1 60.935 12 305 100 248 100 969.163 139
52| 1 60.935 10 141 100 98 100 1.585.792 37
63| 1 60.935 14 359 100 284 100 996.231 151
64| 1 60.935 13 351 100 286 100 1.099.295 134
65| 1 60.935 9 138 100 107 100 388.238 23
69| 2 60.935 10 92 100 50 100 2.016.763 20
2 33.590 7 143 100 107 100 1.718.380 50

2 33.590 7 243 100 206 100 3.194.202 54
2 I zg
68| 2 33.590 7 83 100 46 100 909.597 46
72| 2 33.590 4 59 99 44 100 721.273 20
an 1| 8.482 5 218 100 171 100 4.138.330 14
gi g Hfq, host factor-1 protein, RNA chaperone; BL05175 Sjgg g gg 188 gg 188 gggigé 12
78| 2 8.482 4 133 100 98 100 1.164.635 30
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Table S2, continued

Sample . Protein Peptide | Protein Protein Total Total lon Total MS lon MS lon Cluster

. Rank | Protein Name; locus tag Score C.l. | lon Score C.I. Area Matched
No.: MW [Da] Count Score % Score % Cluster Area %

70 1 Intracellular proteinase inhibitor Ipi; BL02625 16.947 2 124 100 115 100 501.610 10

25 2 PdhD dihydrolipoamide dehydrogenase subunit; BL01619 49.650 6 97 100 77 100 894.645 21

30| 2 36.387 1 85 100 85 100 212.433 9

48 1 pro-BLAP (Bacillus lentus alkaline protease) 36.387 7 469 100 436 100 1.584.638 59

65| 2 36.387 7 106 100 73 100 388.238 24

31| 1 36.387 8 609 100 566 100 220.543 130

32| 1 36.387 9 418 100 358 100 261.662 106

33| 2 36.387 8 109 100 67 100 862.311 36

50| 1 36.387 8 380 100 334 100 776.564 106

51| 1 36.387 7 230 100 196 100 425.242 61

gs i BLAP (Bacillus lentus alkaline protease) gggg; 3 ggg 188 i‘g 188 Bgiggi 122

68| 1 36.387 8 247 100 204 100 909.597 46

72| 1 36.387 7 137 100 104 100 721.273 15

54| 1 36.387 2 90 100 84 100 318.094 10

42| 3 36.387 6 73 100 46 100 250.828 18

71] 1 36.387 5 124 100 104 100 899.106 10

e 1 | 60.645 11 438 100 388 100 1.019.471 60

27| 1 60.645 13 460 100 393 100 575.112 68

4| 1 60.645 16 412 100 318 100 795.516 83

45 2 Putative carboxypeptidase; BLO3063 60.645 7 111 100 88 100 248.940 18

60| 1 60.645 9 88 100 53 100 72.148 26

61| 1 60.645 13 353 100 286 100 236.699 64

69| 1 60.645 5 331 100 316 100 2.016.763 22

1 Putative chitin binding protein; BL00145 22.641 5 221 100 191 100 958.604 37

1 22.530 11 517 100 425 100 2.546.033 98

1 22.530 7 348 100 301 100 3.194.202 44

1 22.530 6 459 100 422 100 1.879.821 93

1 SodA superoxide dismutase; BLO3706 22.530 5 314 100 285 100 862.311 49

1 22.530 5 461 100 432 100 2.026.907 97

1 22.530 3 170 100 157 100 174.086 22

1 22.530 5 151 100 122 100 1.718.380 7

2 YvgN, 2,5-diketo-D-gluconic acid reductase; BLO0701 31.780 9 168 100 119 100 908.783 26
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7 Material and Methods
7.1 Strains, plasmids and oligonucleotides used in this study

Table S3: Strains, plasmids and oligonucleotides used in this study

Strain Relevant genotype Reference

E. coli DH10B F, mcrA, A(mrr-hsdRMS-mcrBC), $80lacZAM15, AlacX74, = (Grant et al. 1990; Durfee et
recAl, araD139, A(ara-leu)7697, galU, galK, \-, rpsL(StrR), = al. 2008)

endAl, nupG

F* [traA36, proAB, lacl?, lacZAM15], rpsL (StrR), thr, leu, endA, = Thermo Fisher Scientific;

thi-1, lacY, galK, galT, ara, tonA, tsx, dam, dcm, supE44, A(lac- = Waltham, USA

E. coliINV110
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proAB), A(mcrC-mrr)102::Tn10(TetR)

B. licheniformis DSM641 Wildtype strain Wilson et al. (1993)
B. licheniformis P304 Arms BASF SE
B. licheniformis P305 Arms, AsigF BASF SE
B. licheniformis P306 Arms, DaprE BASF SE
B. licheniformis P307 Arms, AsigF, AaprE BASF SE
B. licheniformis M308 Arms, Apga This study
B. licheniformis M309 Arms, AsigF, AaprE, Apga This study
B. licheniformis M321 Arms, Apga, AaprE This study
B. licheniformis M409 Arms, AsigF, AaprE, pga::BLAP This study
B. licheniformis MW3 AhsdR1, AhsdR2 Waschkau et al. (2008)
B. licheniformis M308 derivates:

B. licheniformis M310.1 remA R18W, P29S (loss of function) This study
B. licheniformis M310.2 remA::bleoR (insertion deletion) This study
B. licheniformis M311 Asinl (clean deletion) This study
B. licheniformis M311.2 Asinl p.E14-P45del (partial deletion) This study
B. licheniformis M312 AsigD This study
B. licheniformis M313 AmotB This study
B. licheniformis M314 Ahag This study
B. licheniformis M315 AtapA-sipW-tasA This study
B. licheniformis M317 AsIrA This study
B. licheniformis M318 Asinl p.L11Afs8X (frameshift mutation, stop codon) This study
B. licheniformis M320 degU32(Hy) (H12L) This study
B. licheniformis M329 AlytC This study
B. licheniformis M409 derivates:

B. licheniformis M422 AsigD This study
B. licheniformis M423 AmotB This study
B. licheniformis M430 AtapA-sipW-tasA This study
B. licheniformis M431 AepsA-epsO This study
B. licheniformis M432 AsirA This study
B. licheniformis M434 remA R18W, P29S (loss of function) This study
B. licheniformis M435 Ahag This study
B. licheniformis M436 degU32 (H12L) This study
B. licheniformis M439 AtapA-sipW-tasA, degU32 This study
B. licheniformis M440 AepsA-epsO, AtapA-sipW-tasA This study
B. licheniformis M441 AepsA-epsO, AtapA-sipW-tasA, degU32 This study
B. licheniformis M447 AepsA-epsO, AtapA-sipW-tasA, AsigD, degU32 This study
B. licheniformis M448 AepsA-epsO, AtapA-sipW-tasA, degU32, AsigD This study
B. licheniformis M449 degU32, AsigD This study
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. licheniformis M451
. licheniformis M452
. licheniformis M453
. licheniformis M454
. licheniformis M455
. licheniformis M456
. licheniformis M457
. licheniformis reporter strains
. licheniformis M409.t1
. licheniformis M409.t2
. licheniformis M609.1
. licheniformis M609.2
. licheniformis M609.3
. licheniformis M609.5
. licheniformis M639.1
. licheniformis M641.1
. licheniformis M648.1
. licheniformis M809.1
. licheniformis M809.2
. licheniformis MH1

. li. M308 amyB::G2r

Plasmid

pBWO0034
pBW0230
pBW0231
pBW0301
pBW0302
pBWO0304
pBWO0305
pBWO0654
pBW0944
pCB56C
pDAN8O
pEC194RS
pJOE8999.1
pJOE-T2A
pJOE_amyl

pJOE_amy?2
pJOE_catl
pJOE_amyB::G2r
pMA23
pMA73
pMA30
pMA98
pMA79
pMA96
pMA91
pMAG5
pMA92

AslrA, degU32

remA R18W, P29S (loss of function), degU32
Aeps, AtasA, Ahag, degU32

Aeps, AbsIA

degU32, AbsIA

AepsA-epsO, AtapA-sipW-tasA, degU32, AbsIA
Aeps, AtasA, AbslA, AsigD, degU32

M409 amyB::PtasA-gfpmut2
M409 cat::PtasA-mScarlet!
M409 amyB::Papr-gfpmut2 (Papr DSM641 truncated)

M409 amyB::Papr-gfpmut2-DAV (Papr DSM641 truncated)

M409 amyB::Papr-gfpomut2 (Papr DSM641 full length)
M409 amyB::Papr-gfpmut2 (Papr DSM13 full length)
M439 amyB::Papr-gfpmut2 (Papr DSM641 truncated)
M441 amyB::Papr-gfomut2 (Papr DSM641 truncated)
M448 amyB::Papr-gfomut2 (Papr DSM641 truncated)
M409 cat::P3degU-RBS-mScarlet!

M409 cat::P3degU-RBS-mScarlet!-ASV

MW3 amysS:: Papr-gfpmut2 (Papr DSM13 full length)
M308 amyB::RBS-gfpmut2 (promoter-less)

Function

pUC19 Papr type-lls-assembly donor

HomA amyB type-lls-assembly donor

HomB amyB type-lIs-assembly donor

HomA cat type-lls-assembly donor

HomB cat type-lls-assembly donor

HomA pga type-lls-assembly donor

HomB pga type-lls-assembly donor

pEC194RS degU32 H12L

pBS72 ori, ColE1 ori, kanR

BLAP template

pEC194RS AtapA-sipW-tasA

pE194ts-pUC18 derivative, type-lIs-assembly cassette
CRISPR/Cas9 single plasmid

pJOE8999.1 type-lls-assembly cassette, mRFP marker
pJOE-T2A with amyB targeting spacer (1)
pJOE-T2A with amyB targeting spacer (2)
pJOE-T2A with cat targeting spacer

pJOE_amy2 amyB::RBS-gfomut2 (promoter-less)
pEC194RS ApgsB-pgsE

pEC194RS AsiIrA

pEC194RS Asin/

PEC194RS Asinl p.E14-P45del

PEC194RS sinl p.L11AfsX8

pPEC194RS remA R18W, P29S (loss of function)
PEC194RS remA::bleoR (insertion deletion)
pEC194RS AmotB

pEC194RS Ahag

Material and Methods

This study
This study
This study
This study
This study
This study
This study

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

Reference

BASF SE
BASF SE
BASF SE
BASF SE
BASF SE
BASF SE
BASF SE
BASF SE
BASF SE
Wilson et al. (1993)

Daniel Gotze, Ag Schweder

BASF SE

Altenbuchner et al. (2016)

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
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pMA109

pMA110
pMA112
pAM114
pMAl1l6
pMA117
pMA124
pMA128
pMA130
pMA134
pMA136
pMA137
pMA138
pMA147
pMA149
pMA163
pMA1l64
pMA168
pUC19
pUCG2
pUCG22
pUCG2r
pUCS1r
pUCS11r
pUCPhag
pWG2r
pWt1t2t0G2r
pWG2rH
pWG22rH
p0226
p0558
p0689
p0690
p0692
p0732

Oligonucleotide
19041
19042
19104
19105
19120
19124
19125
19126
19127
19143
19144
19156
19157
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pJOE_amyl amyB::Papr-gfomut2-DAV (Papr DSM641 trun-
cated)

pEC194RS pga::BLAP

pJOE-T2A AepsA-O

pJOE-T2A AsigD

pJOE-T2A AtapA-sipW-tasA

pJOE-T2A degU32 H12L

pJOE_amyl amyB::Papr-gfpmut2 (Papr DSM641 truncated)
pJOE-T2A AsIrA

pJOE-T2A remA R18W P29S

pJOE-T2A Ahag

pJOE-T2A AmotB

pJOE-T2A cat::P3degU-RBS-mScarlet!

pJOE-T2A cat::P3degU-RBS-mScarlet!-ASV

pJOE_amyl amyB::Papr-gfpmut2 (Papr DSM13 full length)
pJOE_amy2 amyB::Papr-gfpmut2 (Papr DSM641 full length)
pJOE_amy2 amyB::PtapA-RBS-mScarlet!

pJOE_catl cat::PtapA-RBS-mScarlet!

pJOE-T2A AbsIA

E. coli cloning vector

pUC19 gfpmut2 type-lis-assembly donor

pUC19 gfpmut2-DAV type-IlIs-assembly donor

pUC19 RBS-gfpmut2 type-lls-assembly donor

pUC19 mScarlet! type-lls-assembly donor

pUC19 mScarletl-ASV type-lls-assembly donor

pUC19 Phag type-lls-assembly donor
pBWO0944-RBS-gfpmut2 (promoter-less)
p0692-RBS-gfpmut2 (promoter-less)
p0692-Phag-RBS-gfpmut2

p0692-Phag-RBS-gfpmut2-DAV

ApgsB-pgsE HomA-HomB

pUC19 derivative, type-lls-assembly cassette from p0732
p0558 with mScarlet! replaced by lacZ

p0558 with mScarlet! replaced by mRFP

pBWO0944 with t1t2t0 terminator downstream of kanR
Gene synthesis of type-lls-assembly cassette from pBSd141R

5>3

CAGCGGGTGTTGGCGGGTGTCG

CTGGCACGACAGGTTTCCCGACTGG
GCTGCCAAAAGACAGCTTCCTTATCTAGCCATTGCTGCTGTCC
GGACAGCAGCAATGGCTAGATAAGGAAGCTGTCTTTTGGCAG
CCAAAATGACAAGCTTGAAGAGG
GGTGGTGGTACCCAAGAGCAAATGGAAGCACG
CTTCCTTTCGATATTATAGCACATTCACATACATTTCCCCCCCAAAATAC
GTATTTTGGGGGGGAAATGTATGTGAATGTGCTATAATATCGAAAGGAAG
GGTGGTGAATTCGAACGAAAGAGCGCACAGTG
GGTGGTGAATTCGAAGACTTATATATGAGTAAAGGAGAAGAAC
GGTGGTAAGCTTGAAGACCCGCTATTATTATTTGTATAGTTCATCCATGC
GGTGGTAAGCTTAAGTCGCACTGTTTGCAGAC
GGTGGTGGTACCTCCCTTCCGCTTTCAAGC

This study

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
Yanisch-Perron et al. (1985)
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
BASF SE
BASF SE
This study
This study
This study
Radeck et al. (2017)



19168

19171
19172
19173
19174
19186
19189
19191
19192
19202
19212
19214
19215
19216
19217
19231
19232
19233
19236
19237
19238
19239
19252
19253
19254
19255
19256
19257
19268
19276
19293
19302
19304
19305
19315
19316
19330
19332
19342
19343
19344
19345
19352
19353
19354
19355
19362
19363
19377
19378
19379

Material and Methods

GGTGGTAAGCTTGAAGACCCGCTATTATTAAACAGCGTCAGCAACATTTTGATTAAAT-
GAATTTGTTTTGCCTGCTTTGTATAGTTCATCCATGC
GGTGGTCTCGAGTTCCACTTAATGCTGATCGG
ACGCTTAGGATCCCATAGCTTCCTCCAATATGATAAGAC
TCTTATCATATTGGAGGAAGCTATGGGATCCTAAGCGTTTAAAAGCATCAGTTATCC
CTGGAATGGGTCATGAATTCAG
CAAGTCTGTCCACTCCTCATCCAAGCTTCTTCTTTCTC
GCTCTTGAACAAGGCATTAGGATCCAGAGGAAATACG
GTTGCAGACAAACTAGCGCGTGG

GACAGCCTCGCAGAGCACAC

CAAGCTATGCTTGCTCAAGC
TCGATATCAGCCAATTCGCGGATATGATATTTCCAAAGC
TACGTTCCCCCTGTACTTGGAC

CGTATAGGATGACGATTAAACTGATC
CAGGTTAAACTAGAGACGTCCAAGTACAGGGGGAACGTACGATGACCTCTAATAATTGTTAATCATGTTG
CAAAGCCGATATTGATCAGTTTAATCGTCATCCTATACGATTGCTGAACAGATTAATAATAGATTTTAGC
GGAGCGGCCGCTTCCTCTGTCCGATTGTCC
CTGTTGGTTCGCTTGAGCAAGCATAGCTTGGACGGTTCAGCGTGTTAAGC
GGAACTAGTCGATCGAAGAGCCATTCGAG
TGGTAAGCTTGAAGACCTTCGACATATCGAAATTCACCGCAAGG
TGGTGGATCCGAAGACTTATATTGAAATGTGTTTGATTGCACGTCC
TGGTAAGCTTGAAGACCTTCGATGTGACATGGTATTGTTTGACC
TGGTGGATCCGAAGACTTATATAGCGAGTATGTAATGGCTTTTG
TGGTAAGCTTGAAGACCTTCGACAATGCATCGGAGAATCCGAAG
TGGTGGATCCGAAGACTTATATCCATTCTCATTGTTAAACACACC
GGAGGAGGTACCACTAGTCAAGAGCAAATGGAAGCACG
CTCATCCAATTCTTCTTTCTC
GATAAAAATGAGAAAGAAGAATTGGATGAGCCTTCCACATCAATTGAAAGAAG
GGAGGAGAATTCGAACGAAAGAGCGCACAGTG
GGTGGTGGATCCGAAGACTTATATGATTAACTAATAAGGAGGACAAACATGAGTAAAGGAGAAGAAC
GGTGGTCTGCAGAAGACCCGCTATTATTATTTGTACAACTCGTCCATG
GGTGGTGGTACCGAAGACTTATATGATTAACTAATAAGGAGGACAAACATGGTGTCAAAAGGTGAAGC
GGTGGTGAATTCGAAGACTTTCGAGATTAACTAATAAGGAGGACAAACATGAGTAAAGGAGAAGAAC
GAGGAGGCAGTCAAGCATGTGACAGGCGGTTTTTTTGCTATGC
GCATAGCAAAAAAACCGCCTGTCACATGCTTGACTGCCTCCTC
AAGCCAGCCCCGACACCCGCCAACACCCGCTGCCGCGTTTATAATGAAGACC
CGCTTTCCAGTCGGGAAACCTGTCGTGCCAGCATATGTAAATCGCGGTACCG
AGAATTCGAGCTCGGTACC
GTTAAGCCAGCCCCGACACCCGCCAACACCCGCTGCCGCGTTTATAATGAAGACC
CTTTATCCGACAAGGTACCATATGTAAATCGCGGTACCG
CATAGCACAGGCGCGTAAGCCGCGTTTATAATGAAGACC
GTACCGCGATTTACATATGGTACCTTGTCGGATAAAGCTG
CTTCATTATAAACGCGGCTTACGCGCCTGTGCTATGTC
GAAGACCCTCGACATATGTAATCTAGAGCAACGTTCTTGCCATTG
CTAAAAAGGAGCGATGAGTCGCTTTTGTAAATTTGGAAAGTTAC
TCCAAATTTACAAAAGCGACTCATCGCTCCTTTTTAGGTGGCAC
GAACGTTGCTCTAGATTACATATGTCGAGGGTCTTCG
GGAGAAGACCTTCGACCTCGGGACCTCTTTCCCTG
TCCGAAGACCCGCTATTATTAGCGTGTTGCCGCTTCTGC
GGAGGAGGCCAACGAGGCCTGATCGGGGAATATCGGAGTC
GGAGGAGGCCTTATTGGCCCCTGTACAAGATGGGTTCTCC
TACGGCATTCGGACGGTAGCCCGT
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19380
19388
19389
19392
19393
19394
19395
19396
19397
19398
19399
19400
19401
19402
19403
19424
19425
19430
19431
19432
19433
19441
19442
19443
19444
19445
19446
19448
19449
19452
19453
19454
19455
19458
19459
19462
19463
19466
19467
19468
19469
19470
19471
19496
19497
19498
19499
19502
19503
191447
191448
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AAACACGGGCTACCGTCCGAATGC
TACGGACCAAATCGTCTTTATGAA
AAACTTCATAAAGACGATTTGGTC
GGTGGTGGTCTCTACCCGTCTCGTCCACGTCATGCTTC
GGTGGTGGTCTCTTGAGTGGATGCTTCCTGCTCCTT
TACGGCTAAAGCAATTGAAGCCGC
AAACGCGGCTTCAATTGCTTTAGC
GGTGGTGGTCTCTACCCGAAGTCATTCAATAAATCCTTTC
GGTGGTGGTCTCTTGAGCTCAATGTGACATGGTATTG
TACGGGATTTCGAACCTACCTTTG
AAACCAAAGGTAGGTTCGAAATCC
GGTGGTGGTCTCTACCCGATTTGGGATTGATACCGACGCTC
GCCACTACTTCAAAGGTAGGCTCGAAATCCAAAATCC
GGATTTCGAGCCTACCTTTGAAGTAGTGGCCGAAGG
GGTGGTGGTCTCTTGAGTCTCCGGATTTCCGGATACAC
TACGGTGCTATGCGATTTTTCATC
AAACGATGAAAAATCGCATAGCAC
TACGAGATTGGGTGATTTTGATGA
AAACTCATCAAAATCACCCAATCT
GGTGGTCTCTACCCTTCCACTTAATGCTGATCGG
GGTGGTCTCTTGAGTGAATCCAGGGGCTGCAGG
TACGTCCTGGATCATCCGCTTAAT
AAACATTAAGCGGATGATCCAGGA
TGGTGGTCTCTACCCAAGTCGCACTGTTTGCAGAC
CTATAAGCATGCCTCTGTCGCGGGCATCCTGGATCATCC
GATGCCCGCGACAGAGGCATGCTTATAGATGCTAC
GGTGGTGGTCTCTTGAGAGTCGACGCCGTCTCTTTC
GGTGGTGGTCTCTACCCCGATCGAAGAGCCATTCGAG
GGTGGTGGTCTCTTGAGCTTCCTCTGTCCGATTGTCC
TACGGCAATCTCTGAAAAAATGAG
AAACCTCATTTTTTCAGAGATTGC
GGTGGTGGTCTCTACCCGAGTAATAGAGAACAGGAAC
GGTGGTGGTCTCTTGAGGATCGAAATCAACGAACTGA
TACGTTTAATGCCGTATTTACCGG
AAACCCGGTAAATACGGCATTAAA
CGATAGAAGACCTTCGACACCCGTTTCTGTATGCG
GTGATAGAAGACTTATATCTCACTCTCCTCC
GGTGGTGGTCTCTACCCGGCCAACGAGGCCAGACGAGCAGGTGAGAAGTC
GGTGGTGGTCTCTTGAGGGCCTTATTGGCCTCACCCTTGGCGTCCAAC
TACGTGCGACCGAAGATGTAACCG
AAACCGGTTACATCTTCGGTCGCA
CTGGGCCTTTTTAATACGACTCACTATAGGGTCACCCTTGGCGTCCAAC
CTGAAGTATATTTTAGATGAAGATTATTTCTTAATTGTCCGCTGCAGGTGAAAAG
GGTGGTGGTCTCTACCCGGCCAACGAGGCCTCAATCATAAACTCGGTTCGTG
GGAGCTTTTTTGCCTATTTACACAGCAATTCCCCCAAGTC
GACTTGGGGGAATTGCTGTGTAAATAGGCAAAAAAGCTCCAAAG
GGTGGTGGTCTCTTGAGGGCCTTATTGGCCATGTCTGCTTCTATCCGATG
TACGAACTGAATCTGTCTACCGCC
AAACGGCGGTAGACAGATTCAGTT
TACGTCGCAGCAGAAATTAAGAGA
AAACTCTCTTAATTTCTGCTGCGA
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7.2 Strain cultivation, media and phenotypical characterization

7.2.1 Growth media and strain cultivation

All chemicals in this study were of analytical grade and purchased from Carl Roth GmbH & Co. KG
(Karlsruhe, Germany), VWR (Darmstadt, Germany), Sigma—Aldrich Chemie GmbH (Taufkirchen, Ger-

many), Merck (Darmstadt, Germany) and AppliChem (Darmstadt, Germany).

For cultivation of E. coli Lysogeny Broth medium (LB; Carl Roth, Karlsruhe) containing 10 g/L tryptone,
5 g/L yeast extract and 5 g/L NaCl, was used. B. licheniformis was cultivated in LB, TB (10 g/L glycerol,
12 g/L tryptone, 24 g/L yeast extract, 12,54 g/L K;HPOy4, 2,31 g/L KH,PO4; pH 7.2-7.4) or LSJ-CT medium
(4.44 g/L tryptone, 8.89 g/L casitone, 15 g/L glucose, 10 g/L K;HPO,4, 10 g/L MOPS, 1 g/L MgS04 x 7 H,0,
0.05 g/L FeSO4 x 7 H,0, 0.1 g/L CaCl, x 2 H20, 0.05 g/L MnCl, x 4 H,0). LSJ-CT was prepared freshly
from separate solutions except for the casitone tryptone broth. When using mineral salt media for
B. licheniformis V3 (batch) or V3FP (fed-batch; feedplates) was used (Wilming et al. 2013; Habicher et
al. 2019c). V3 medium contained per liter: 20 g glucose, 10.6 g (NH4)>S04, 1.01 g MgS04 x 7 H,0, 0.026
g CaCly x 2 H,0, 0.05 g MnCI2 x 4 H,0, 0.05 g FeSO4 x 7 H,0, 41.9 g MOPS, 3.4 g K;HPO,4, 0.53 mg CoCl2
x 6 H20, 0.26 mg ZnCI2, 0.66 mg NiSO4 x 6 H,0, 0.31 mg CuSO4 x 5 H20, 0.65 mg NazMoOs x 2 H,O0.
V3FP was identical to V3 except for glucose which was absent from V3FP. V3 and V3FP were prepared
freshly. All components were added separately. The resulting pH was 8 = 0.1. Prior to cultivation in
liquid media Bacillus strains were streaked freshly on LB agar plates, solidified with 12 g/L agar. If re-
quired, antibiotics where added in the following concentration. Erythromycin (10 pg/ml), kanamycin
(20 pg/ml), chloramphenicol (5 pg/ml), zeocin/phleomycin (10 pug/ml) for B. licheniformis. When using
zeocin/phleomycin the pH was adjusted to 7.5 to improve selectivity. Kanamycin (20 ug/ml), strepto-
mycin (10 pg/ml) and ampicillin (100 pg/ml) were used for selection of E. coli transformants. For stor-
age of Bacillus and E. coli at -80 °C, cryo cultures were prepared by adding 200 ul of sterile glycerol to

800 pl of cells.

7.2.2 Microtiter plate-based batch cultivation

Batch cultivations, including precultures, for on-line monitoring of cultivation parameters were per-
formed in 48-well deep-well microtiter plates with flower geometry in the BioLector® Pro system (m2p-
labs GmBH, Baesweiler, Germany; article number for microtiter plates: pre-culture: MTP-48-B, main
culture: MTP-48-BOH 1) with a shaking frequency of 1000 rpm, a shaking diameter of 3 mm and a rel-
ative humidity > 75 %. The BiolLector® systems enables parallel online monitoring of scattered light
(ODe20nm), fluorescence, dissolved oxygen tension and pH (Kensy et al. 2009). Precultures were pre-

pared by a two-step protocol (Habicher et al. 2019c). The first preculture was carried out in 800 pl

137



complex TB medium inoculated with a single colony from the strain streaked onto LB agar plates. After
16 -18 hat 30 °C, 8 ul were transferred to 800 ul fresh V3 mineral medium with glucose or LSJ-CT broth
depending on the medium used in the main culture. In contrast to Habicher et al. (2019b) the second
preculture was incubated for 24 h until stationary growth to synchronize growth of different strain
derivates. For main cultures, each well was filled with 800 ul of V3 or LSJ-CT medium and inoculated
with 1% or 0.1 % (v/v) of the second pre-culture. The inoculum used in the experiments is indicated in
the corresponding caption. Microtiter plates for batch cultivations were covered with a sterile, evapo-
ration reducing barrier (m2p-labs GmBH, Baesweiler, Germany; article number: F-GPR48-10). In case
of strains carrying plasmid-based reporter constructs 20 pg/ml kanamycin-sulfate were added to the
medium. LED and bandpass filter modules used for online monitoring of fluorescence intensities were
E-OP-404 (GFP, excitation 480/10 nm, emission 520/25 nm) and E-OP-419 (mScarlet, excitation 580/10
nm, emission 610/10 nm). Offline batch cultivation in microtiter plates was performed analogous to
the online cultivation but plates were incubated in a standard incubator shaker (Infors HT Multitron
Pro, Infors GmbH, Basel, Switzerland), with a shaking frequency of 1000 rpm, a shaking diameter of
3 mm and a relative humidity of 85 %. Growth was monitored by measurement of scattered light

(ODeoonm) in @ microplate reader (Infinite M200 or M1000, Tecan Group Ltd., Madnnedorf, Switzerland).

7.2.3 Microtiter plate-based fed-batch cultivation

Small scale fed-batch main cultivations were conducted as described previously (Habicher et al. 2019c).
In brief, 48-well deep-well microtiter plates with a glucose-containing polymer (Feed Plate ® Kuhner
Shaker GmbH, Herzogenrath, Germany; article number: SMFP08004) and 700 pl V3FP were inoculated
with 70 pl of the second preculture (see above) and incubated for 72 h at 30 °C and 400 rpm in a stand-
ard incubator shaker with an orbit diameter of 25 mm (New Brunswick Innova 42R, Eppendorf AG,
Hamburg Germany). The resulting initial ODgoonm in Main cultures was comparable between different
strains and within the range of 1.0 - 1.2. To avoid contamination and evaporation, main cultures were
sealed with a sterile, gas-permeable, evaporation reducing foil (m2p-labs GmBH, Baesweiler, Germany;
article number: F-GPR48-10). Precultures for fed-batch cultivations were incubated under the same
conditions as the main culture in a standard incubator shaker. Offline analyses of small-scale fed-batch
cultivations included measurement of scattered light (ODgoonm), determination of cellular dry weight

(CDW) and protease activity.

7.2.4 Determination of cellular dry weight (CDW)

Determination of biomass was performed in 2 ml reaction tubes using 1.8 — 2.0 ml of cell culture. In
case of feedplate cultivation six replicates were pooled to increase sample volume. Calculation of final

cellular dry weight requires the following steps. The weight of the empty tube (Wt) is determined prior
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to sample transfer. The weight of the filled tube (Wb) is determined followed by harvesting of the cells
by centrifugation for 10 min at 10.000 xg. After removing the supernatant, the cell pellet is washed
once by resuspending the cells in 500 ul of deionized water. When feedplate samples were analyzed,
the water was used to wash the corresponding microtiter wells prior to resuspending the cell pellet.
This step was of particularly important in case of degU32 single mutants displaying strong biofilm for-
mation which is accompanied by stronger surface adhesion. To minimize technical errors, the pipette
tip is washed in an additional 500 ul of water in a separate tube. The wash fraction is combined with
the resuspended sample. Washing of cell pellets was carried out by carefully pipetting up and down
using a 1000 ul pipette to minimize shearing forces. To completely remove the supernatant after wash-
ing of the cell pellet, the reaction tube was placed upside down on a paper towel. Subsequently, the
weight of the reaction tube with the wet biomass (Wpw) is determined. The samples were prepared
for lyophilization by freezing the cell pellet at -20 °C over night. Freeze drying was carried out for 24 h
until excess liquid was removed from biomass yielding the weight of the reaction tube including the

dried sample (Wpd). The cellular dry weight (mg biomass / mg broth) is calculated as follows.

CDW = (Wpd — Wt)/(Wb — wt)

7.2.5 Biofilm formation assay

The ability to form biofilms was analyzed using a modified MSgg medium in liquid culture (pellicle
formation) and agar plates (colony architecture) (Branda et al. 2001). Due to poor growth of B. lichen-
iformis DSM641 strains, MSgg was supplemented with 0.5 % yeast extract and 1 % Bacto tryptone
yielding MSggTY. Tryptophan and phenylalanine were removed from the MSggTY formulation. Agar
plates (33 ml medium per 92 x 16 mm plate) were solidified with 1.5 % Bacto agar and allowed to dry
for 35 min in a laminar flow hood. Overnight cultures were diluted 100-fold in LB medium and grown
for 6 hours at 30 °C and 250 rpm. From this preculture, 5 ml of fresh LB medium were inoculated ad-
justing the ODgoonm to 0.05 and incubated until the culture reached the mid-exponential growth phase
(ODgoonm of 0.8 — 1.2). For colony architecture assays, 20 pl of cells were spotted centrally on MSggTY
agar. Pellicle formation experiments were conducted in 12-well microtiter plates (Sarstedt AG & Co.
KG, Nimbrecht, Germany; article number: 3921500) by inoculation of 3 mI MSggTY medium with 20 pl
cell suspension. Microtiter and agar plates were incubated without agitation for respectively 7 and 5
days at 30 °C. Alternative to MSggTY, LB medium supplemented with 0.05 mM MnCl, and 1 g/L glucose
was used for pellicle and colony morphology assays (LBGM). As LB medium containing glycercol fre-
qguently used in biofilm formation assays (Shemesh and Chai 2013) resulted in a mucuous colony mor-

phology, glycerol was replaced with glucose. However, despite being less frequently used than glycerol
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containing media, glucose-containing media were previously used in biofilm formation assays as well

(Mhatre et al. 2016).

7.2.6 Motility assay

Swimming motility was analyzed as described before (Kearns and Losick 2003; Guttenplan et al. 2013).
The following modifications were made. Precultures were prepared as described for the biofilm for-
mation assay. LB agar plates containing 0.4 % agar (25 ml medium per 92 x 16 mm plate) were pre-
pared freshly and dried without lid for 25 min in a laminar flow hood and centrally inoculated with 3 pl
of the mid-exponential growing preculture. After drying of the cell suspension, the plates were incu-
bated for 14 — 18 hours at 30 °C and qualitatively analyzed for motility. Non-motile strains did not
spread from the central inoculation spot, whereas motile strains were able to colonize the full soft agar

plate.

7.2.7 Cell lysis assay

Functional analysis of autolysin activity was analyzed as described previously (Blackman et al. 1998).
Two subsequent pre-cultures were prepared. To synchronize growth of different strains overnight cul-
ture grown at 37 °Cin LB medium were prepared. The second LB pre-culture was inoculated 1:100 and
grown to an ODggonm Of 1. Subsequently, 50 ml LB medium in a 500 ml shaking flask without baffles
were inoculated adjusting the initial ODgoonm to 0.05. The main culture was grown to mid-exponential
phase at 37 °C, 250 rpm. Reaching an ODegonm 0f 1.2 and 2.0, growth was inhibited by addition of 0.05 M
sodium azide. Lysis of cells was followed spectrophotometrically while continuing incubation at 37 °C

and 250 rpm.

7.3 Transformation methods

7.3.1 Electroporation of E. coli

Transformation of E. coli DH10B and INV110 was conducted by electroporation as described by
Sambrook et al. (2012) with minor adjustments to the protocol. The preculture was prepared by inoc-
ulation of 10 ml LB containing 10 ug/ml streptomycin with cells from a fresh LB agar plate and incu-
bated at 37 °C and 250 rpm overnight. Two main cultures were prepared in parallel each containing
100 ml LB medium inoculated with 2 ml of the overnight culture in a 500 ml shake flask without baffles.
As soon as cells reached an ODgoonm Of 0.5 — 0.7, growth was stopped by cooling of the cultures on ice
for at least 15 min. From now on all steps were performed on ice. Cells were transferred to 50 ml
reaction tubes and harvested by centrifugation for 15 min at 1500 x g and 4 °C. Subsequently, three

washing steps were conducted using 40, 25 and 10 ml of sterile, ice-cooled 10 % glycerol. Two cell
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pellets were combined after the first and second washing step. Finally, cells were resuspended in
700 ul of washing buffer. 50 ul aliquots of competent cells were stored at -80 °C until transformation.
To transform competent E. coli cells, 50 pl cells per transformation mix were thawed on ice. 10 — 50 ng
plasmid DNA or up to 5 ul ligation mix were added and mixed by carefully pipetting twice. The trans-
formation mix was then transferred to a precooled electroporation cuvette (2 mm gap width; VWR,
Darmstadt, Germany). An electrical field was applied setting the parameter to 2500 V, 20 uF and 200 Q
(Gene Pulser Xcell; Bio-Rad). Immediately after the electrical pulse, cells were recovered by addition
of prewarmed 950 pl SOC medium (5 g/L yeast extract, 20 g/L tryptone, 10 mM NaCl, 2.5 mM KCl, 10
mM MgCl,, 10 mM MgS0O4, 20 mM glucose, pH 7.5) to the cuvette. The cells were transferred to a 2 ml
reaction tubes and incubated horizontally at 37 °C, 250 rpm, to allow for regeneration and develop-
ment of antibiotic resistance. Transformants were spread on LB agar plates containing appropriate

antibiotics for selection and incubated over night at 37 °C.

7.3.2 Electroporation of B. licheniformis

Transformation of B. licheniformis was performed by electroporation according to Brigidi et al. (1991)
with following modifications. Regeneration of cells was performed using 1 ml LBSPG consisting of LB
supplemented with 0.25 M sucrose, 50 mM KH,PQO,4, 10 % glycerol; (Vehmaanperd 1989). When work-
ing with temperature sensitive plasmids, regeneration was conducted for 3 h at 33 °Cinstead of 1 h at
37 °C. Plasmid DNA for transformation of B. licheniformis was isolated from the restrictase-deficient E.

coli INV110, to overcome the E. coli methylation pattern-dependent restriction of DNA.

7.4 Biochemical methods

7.4.1 Protease activity assay

Protease activity was determined using N-succinyl-alanine-alanine-proline-phenylalanine-p-nitroan-
ilide (N-Suc-AAPF-pNA) as a substrate. The assay was carried out as described in Habicher et al. (2019)
based on the method developed by DelMar et al. (1979). The samples supernatant was separate from
the biomass by filtration. 200 pl of culture broth to a 96-well filter plate (AcroPrep Advanced 96 well
Filter Plate 0.45 um polyethersulfone filter; Pall Biotech, Dreiech, Germany) following centrifugation
at 1200 xg for 50 min at 4 °C. To avoid clogging of the filter plate, an additional centrifugation step
prior to the filter plate can be included in the protocol, following filtration of the supernatant. How-
ever, this step was part of the standard operation procedure for final strain analysis resulting in the
data of this thesis. Samples were then diluted with sample buffer (0.1 M Tris HCI buffer (pH 8.6), 0.1 %
(w/v) Brij 35) to keep the absorption between 0.05 and 2 (see below). The concentration of the sub-

strate stock was 60 mg/ml N-Suc-AAPF-pNA dissolved in water free dimethyl sulfoxide. If necessary,
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storage of substrate stocks at -20 °C is possible for no longer than 6 months. The substrate containing
starter solution was prepared freshly by 50-fold dilution of the substrate stock with 0.1 M Tris HCI
buffer (pH 8.6) and 0.1 % (w/v) Brij 35. To start the reaction, 100 pl of starter solution was added to
50 ul of diluted sample in a 96-well microtiter plate (Sarstedt AG & Co. KG, Nimbrecht, Germany; ar-
ticle number: 1581). Release of 4-Nitroaniline was measured at 30 °C for 15 min in a microplate reader
(Infinite M200, Tecan Group Ltd., Mannedorf, Switzerland) at a wavelength of 405 nm. Protease activ-
ity was calculated from the change of absorption, the extinction coefficient € = 8900 M cm™ and a
path length of 0.43 cm. To allow for adjustment of the reaction temperature, values from the first 3
minutes were omitted from the calculation. If not stated otherwise, relative protease activity values

were calculated in relation to the parental strain B. licheniformis M409.

7.4.2 SDS-PAGE procedure and sample preparation

For the analysis of secreted proteins one-dimensional sodium dodecyl sulphate polyacrylamide gel
electrophoresis (SDS-PAGE) was conducted (Laemmli 1970). Samples were taken after 72 h of micro-
titer plate-based fed-batch cultivation. The supernatant was separated from the cells by applying
200 pl of culture broth to a 96-well filter plate (AcroPrep Advanced 96 well Filter Plate 0.45 um poly-
ethersulfone filter; Pall Biotech, Dreiech, Germany) following centrifugation at 1200 xg for 50 min
at 4 °C. Subsequently, 180 pl supernatant were treated with 25 pl 100 % pre-cooled trichloroacetic
acid (TCA) to precipitate proteins. The samples were mixed by pipetting and incubated on ice for 2 h
before centrifugation for 20 min at 12000 xg. The supernatant was discarded and the resulting pellet
containing the precipitated proteins was washed once with 1 ml acetone (HPLC grade; Carl Roth, Karls-
ruhe, Germany). After centrifugation for 20 min at 12000 xg, the pellet was dried under a fume hood.
The dried pellet was dissolved in 45 ul 1x SDS sample buffer (0.02 % (w/v) Bromophenol blue, 10 mM
DTT, 12.5 mM EDTA pH 8, 10 % (v/v) glycerol, 2 % (w/v) SDS, 62.5 mM Tris-HCI pH 6.8) and incubated
for 15 min at 95 °C. After brief centrifugation for 15 s at 8000 xg, 7.5 ul of dissolved sample were loaded
on a Tris-Glycine gradient gel (8—16% Mini-PROTEAN® TGX™ Precast Protein Gel; Bio-Rad, article num-
ber: 4561103). Proteins were separated by applying 120 V and 80 mA for 50 — 60 min. After fixation
for 10 — 20 min (10 % glacial acetic acid, 40 % ethanol), proteins were stained overnight with Coo-
massie Brilliant Blue solution (94 uM Coomassie Brilliant Blue G250, 20 % ethanol, 605 mM ammonium
sulfate, 191 mM phosphoric acid). Destaining was achieved by applying fixation solution for 10 minutes
followed by several incubation steps in purified water for 4 — 8 hours at room temperature. For storage,

stained gels were moistened, sealed in polypropylene foil and stored at 4 °C.
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7.4.3 Protein analysis by mass spectrometry

Identification of proteins in the supernatant was performed by MALDI-TOF MS/MS essentially as de-
scribed in Kabisch et al. (2013) and was conducted by Dr. Dirk Albrecht (Institute of Microbiology, Uni-
versity of Greifswald). Protein bands were excised from SDS-PAGE gels with a sterile scalpel and
washed twice with 100 pl of a solution of 50 % CH3OH and 50 mM NH4HCO; for 30 min followed by
third washing step using 100 ul 75 % CH3CN for 10 min. Gel pieces were dried for 17 min at 37 °C to
allow for evaporation of acetonitrile prior to tryptic digest. In gel digestion of proteins was performed
by rehydration of dried gel pieces in 10 pl trypsin solution (4 pg/ml trypsin; Promega; Madison, Wis-
consin, USA) and incubation for 120 min at 37 °C. For extraction of the peptides, two subsequent ex-
traction steps were performed with 60 pul and 40 ul of a solution of 0.1 % trifluoroacetic acid (TFA) in
50 % CH3CN was added and incubated for 30 min at 40 °C. The supernatant was transferred into a new
microtiter plate and dried at 40 °Cfor 220 min. Samples were resuspended in 0.9 ul a-cyano-4-hydroxy-
cinnamic acid (3.3 mg/ml in 50 % CH3CN, 0.5 % TFA). 0.7 pl of the matrix-embedded sample was de-
posited on the MALDI target plate. The samples were allowed to dry for 10 - 15 min before measure-
ment by MALDI-TOF mass spectrometry. MALDI-TOF MS/MS analysis was carried out on the AB SCIEX
TOF/TOF™ 5800 Analyzer (ABSciex /MDS; Analytical Technologies, Darmstadt, Germany). Mass spec-
trometry data were analyzed using the Mascot search engine (version 2.4.0; Matrix Science Ltd, Lon-
don, UK) with a specific user sequence database and a specific B. licheniformis database including the

heterologous BLAP protein.

7.5 Single cell analysis

7.5.1 Fluorescence microscopy and image analysis

For the analysis of cell morphology and fluorescence protein reporter gene expression, fluorescence
microscopy was performed. Samples were diluted in 0.9 % NaCl adjusting the optical density ODsoonm
to 1 —2. Then, 0.5 pl of cells were applied to an agarose pad prepared by moulding 1.5 % agarose in
phosphate buffered saline (8 g/L NaCl, 0.2 g/L KCl, 1.78 g/L Na;HPOQ4, 0.24 g/L KH,PO4) in a 125 pl gene
frame on a microscope slide. Storage of precast agarose slides was possible for up to 2 h. For optimal
fit of the cover slide, agarose frames were cut into eight pads, each allowing for analysis of one indi-
vidual sample. The cell suspension was allowed to dry before applying the cover slip. The agarose slides
immobilized the cells and ensured an even focus plane thereby improving the analysis. For staining of
the nucleoid, 2 ug/ml DAPI (4’,6-diamidino-2-phenylindole) were added to the agarose. Microscopy
images were captured with a Zeiss Axio Imager.M2 epifluorescence microscope (Carl Zeiss Microscopy
GmbH; Jena, Germany) equipped with an EC Plan-Neofluar objective (100x, 1.3 Qil Ph3 M27) and a

Zeiss AxioCam controlled by the ZEN software. The filter sets used were obtained from Zeiss (Carl Zeiss
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Microscopy GmbH; Jena, Germany) with the indicated excitation (ex) and emission (em) spectra in nm:
DAPI filter set 49 (ex 365, em 445/50), GFP filter set 38 (ex 470/40, em 525/50), mScarlet filter set 63
HE (ex 572/25 HE, em 629/62 HE). Microscopy images were analyzed using the Image) software run-
ning the plugin Object) with the NucTracer script developed for single cell analysis (Syvertsson et al.
2016). 16-bit tiff files of phase-contrast, DAPI and GFP/mScarlet images were imported into Imagel
and stored in a TIFF-stack format containing the images arranged by channels. Cells were identified
based on the nucleoid stained with DAPI. Subsequently, the region of interest to measure fluorescence
(GFP/mScarlet) is defined and taken as a proxy for mean fluorescence of a single cell. The Nuctracer
script was modified by adjusting the diameter for the region of interest to 0.5 um. For GFP/mScarlet
the measured values were blanked against the average background fluorescence of the image. At least
200 individual cells were analyzed per sample. The fluorescence intensity values were exported as
comma separated values (.csv) and analyzed using the software GraphPad Prism 8 (GraphPad Soft-

ware, Incorporation; San Diego, California, USA).

7.5.2 Flow cytometry

To increase sample size in single cell analysis, flow cytometry was performed using the CytoFLEX (AOO-
1-1102; Beckman Coulter GmbH; Krefeld, Germany), equipped with a 488 nm excitation laser and a
GFP emission filter (B90303, 495 — 565 nm). Samples were taken and diluted in PBS if needed prior to
analysis. 50,000 events were analyzed. All measurements were ungated. The gain was set to 25 for the
side and forward scatter (SSC, FSC) and to 50 for GFP (FITC). The resulting distribution of the fluores-
cence intensity was analyzed using the software FlowJo (Becton, Dickinson & Company; Ashland, Ore-

gon, USA).

7.6 DNA isolation and purification

7.6.1 Isolation of plasmid DNA

For isolation and purification of plasmid DNA from E. coli and Bacillus the High Pure Plasmid Isolation
Kit (Roche, Sigma—Aldrich Chemie GmbH; Taufkirchen, Germany) was used according to the manufac-
turer instructions with the following changes made. For Bacillus, the cells suspended in suspension
buffer were treated with 10 pg/ml lysozyme for 30 min at 37 °C prior to alkaline cell lysis. Lysis at room
temperature was performed for 3 min. Wash buffer 1 was omitted from the protocol. 50 ul instead of
100 pl buffer were used for elution of the DNA. The elution buffer was prewarmed to 65 °C before
applying to the column. After applying the buffer, the column was incubated at room temperature for
1 -3 min prior to centrifugation. All centrifugation steps were conducted at 17000 xg. Isolated plasmid

DNA was stored at 4 °C.
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7.6.2 Isolation and purification of chromosomal DNA from Bacillus

For isolation and purification of chromosomal DNA from Bacillus the High Pure PCR Template Prepa-
ration Kit (Roche, Sigma—Aldrich Chemie GmbH; Taufkirchen, Germany) was used according to the
manufacturer instructions with the following modifications made. 200 pl cells were harvested by cen-
trifugation and suspended in 200 pl suspension buffer (High Pure Plasmid Isolation Kit; Roche) and
treated with 10 pug/ml lysozyme for 30 min at 37 °C prior to cell lysis. 400 pl inhibitor removal buffer
were used. The second wash step was performed with 200 pl wash buffer. The DNA was eluted with
65 °C prewarmed elution buffer (10 mM TRIS-HCI, pH 8.5). After applying the buffer, the column was
incubated at room temperature for 3 min prior to centrifugation. All centrifugation steps were con-

ducted at 17000 xg.

7.6.3 Extraction of crude genomic DNA from Bacillus

For screening of Bacillus colonies crude genomic DNA was extracted providing DNA sufficient for PCR
analysis while increasing the throughput. The method is based on heating of cells in an alkaline ethanol
solution (Vingataramin and Frost 2015). 125 pl cells from an overnight culture were treated with 210 pl
extraction solution (240 mM NaOH, 74 % EtOH, 2.7 mM EDTA), 5 ul lysozyme (20 mg/ml) and 5 ul
RNase (20 mg/ml) solution for 45 min at 37 °C. The sample was then incubated for 30 min at 80 °C and
1000 rpm (Eppendorf ThermoMixer; Eppendorf, Hamburg, Germany) following centrifugation for 45
min at 1300 xg and 4 °C. The supernatant was discarded. The pellet was dried for 30 min at 60 °C.
Finally, the crude DNA was dissolved in elution buffer (10 mM TRIS-HCI pH 8.5) and stored at 4 °C.

7.6.4 Gel electrophoresis

Separation of DNA for analytical or purification purposes was conducted by agarose gel electrophore-
sis. Agarose gels contained 0.8 to 1.4 % (w/v) agarose in TAE buffer (0.8 mM Tris-HCl, 0.4 mM acetic
acid, 1 mM EDTA, pH 8) and peqGREEN (VWR; Darmstadt, Germany). Samples were mixed with loading
dye (BLUE, EuRx; Danzig, Poland) prior to loading the gel. As a reference, the Perfect Plus 1 kb DNA

Ladder was used (EuRx; Danzig, Poland). Gel electrophoresis was performed for 15 — 30 min at 120 V.

7.6.5 Extraction of DNA from agarose gels

Extraction and purification of DNA from agarose gels was performed using the QlAquick Gel Extraction
Kit (Qiagen; Hilden, Germany). All steps were conducted according to the manufacturer instructions
with the following changes made. The gel slice was dissolved at 65 °C. The wash buffer (PE) volume
was reduced to 500 pl. The elution buffer was prewarmed to 65 °C before applying to the column. 25

— 40 pl elution buffer were used.
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7.6.6 PCR product purification

Purification of DNA from PCR or restriction digest samples was performed using the High Pure PCR
Product Purification Kit (Roche, Sigma—Aldrich Chemie GmbH; Taufkirchen, Germany). All steps were
conducted according to the manufacturer instructions except for the elution buffer which was pre-
warmed to 65 °C before applying to the column. After applying the buffer, the column was incubated

at room temperature for 1 — 3 min prior to centrifugation.

7.7 DNA manipulation

7.7.1 Polymerase chain reaction (PCR)

In vitro amplification of DNA was conducted via PCR using Taq (Roboklon; Berlin, Germany) or Q5 High-
Fidelity (New England Biolabs GmbH, NEB; Frankfurt am Main, Germany) DNA polymerase for analyti-
cal and preparative purposes respectively. The composition of both PCR reaction mixes is shown in the
tables below. PCR reaction conditions were as follows. Q5 polymerase: Initial denaturation at 98 °C for
30 s followed by 30 times cycling of denaturation at 98 °C for 10 s, oligonucleotide annealing for 30 s
at 50 °C—72 °Cand elongation of the product at 72 °C with 30 s/kb. The final elongation was performed
for 5 min at 72 °C. Taq polymerase: initial denaturation for 3 min at 95 °C was completed before 32
cycles of a denaturation for 15 s at 95 °C, annealing for 30 s at 50 °C — 72 °C, elongation at 72 °C with
1 min/kb and a final extension at 72 °C for 5 min. DNA oligonucleotides were obtained from Invitrogen
(ThermoFisher Scientific Inc., Waltham, Massachusetts, USA). When using cell suspension obtained
from colonies or liquid cultures as template DNA, the initial denaturation step was increased to 3 min

to improve cell lysis.
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Component Volume Final concentration
10 x Taq buffer C 2 ul 1x

Primer 1 (100 uM) 0.2 ul 1uM

Primer 2 (100 uM) 0.2 ul 1uM

dNTPs (5 mM each) 0.8 ul 0.2 mM each dNTP
DNA template variable <100 ng

Taq DNA Polymerase 0.1l 0.5 Units / 20 pl
Aqua dest. ad 20 ul

Component Volume Final concentration
5 x Q5 reaction buffer | 5 ul 1x

Primer 1 (100 uM) 0.2 ul 0.8 uM

Primer 2 (100 uM) 0.2 ul 0.8 uM

dNTPs (5 mM each) 1l 0.2 mM each dNTP
DNA template variable <100 ng

Taq DNA Polymerase 0.25 ul 0.5 Units / 25 pl
Aqua dest. ad 25 ul

7.7.2 Conventional cloning (restriction, ligation, dephosphorylation)

For conventional cloning of DNA 0.5 - 2 ug of insert and vector were digested with 10 — 20 U of each
restriction enzyme for 1 — 3 h according to the manufacturer’s instruction (NEB; Frankfurt am Main,
Germany). Alternatively, overnight digestion was performed. Digested DNA fragments were purified
by gel extraction or direct column purification with the latter routinely applied for digested PCR prod-
ucts. In case the cloning strategy required dephosphorylation of digested vector DNA, 5 U of Antarctic
Phosphatase (AnP; NEB; Frankfurt am Main, Germany and the required amount of AnP buffer (final
concentration 1x) were added after the restriction digest was performed prior to purification.
Dephosphorylation was conducted for 60 min at 37 °C. DNA fragments prepared for ligation were an-
alyzed by agarose gel electrophoresis to confirm purity and determine DNA concentration. DNA liga-
tion was conducted in 10 pl reaction volume with 0.7 ul of T4 DNA ligase (NEB; Frankfurt am Main,
Germany). Vector and insert were added in the molar ratio of 1:3 using 50 ng of vector DNA and incu-
bated at either room temperature for 1 h or 16 °C overnight. Up to 5 ul of ligation mixture was used in

electroporation of E. coli cells.
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7.7.3 Type lls assembly

The type lls assembly technology allows for directed cloning of DNA fragments in a single reaction
(Engler et al. 2008; Radeck et al. 2017). Type lls restriction enzymes such as Bsal and Bbsl (Bpil) cleave
outside of their recognition sequence enabling the design of unique, customized restriction overhangs.
Consequently, multiple fragments can be ligated in the desired order. Moreover, the reaction product
does not contain the recognition sites for the specific enzyme allowing for a spatially and temporarily
joined restriction ligation reaction. For assembly of two or multiple fragments, 30 — 100 ng DNA per
fragment were combined in an equimolar ratio or two-fold excess of insert(s). The total reaction vol-
ume of 15 plincluded 1 pl of restriction enzyme and T4 DNA ligase each and 1.5 ul of 10x T4 DNA ligase
buffer. To improve initial digestion of DNA the reaction mixture was incubated for 30 min at 37 °C prior
to the temperature shift applied for optimized assembly. Repetitive restriction and ligation took place
in 15 cycles at 37 °C and 21 °C each applied for 10 min. Inactivation of the ligase and the restriction
enzyme was performed for 10 min at 50 °C and 20 min at 80 °C. The reaction mixture was stored at

4 °C. Up to 5 pl were used for transformation of the cloning host.

7.7.4 Gibson assembly

The Gibson assembly technology allows for directed cloning of linearized DNA fragments in a single
reaction independent from restriction enzymes (Gibson et al. 2009). Thereby, Gibson assembly over-
comes potential limitations resulting from the requirement of restriction enzymes binding motifs while
usually showing improved cloning efficiencies. The reaction requires complementary single-stranded
3’ overhangs for annealing of DNA fragments which are generated by an exonuclease. In addition, DNA
polymerase and DNA ligase activity are required for filling of gaps and sealing nicks in the DNA. Linear
DNA fragments were generated by restriction of circular plasmid DNA or amplification of DNA frag-
ments (insert and plasmid backbone) in independent PCR reactions. In case of PCR based linearization
of plasmid DNA, the reaction product was treated with Dpnl for 1 — 3 h to remove template DNA prior
to purification. Complementary overlapping regions of 30 — 35 bp between DNA fragments were intro-
duced as extensions to the oligonucleotides used for amplification. 10 pl assembly reactions included
5 ul of NEBuilder® HiFi DNA Assembly Master Mix (E2621L, NEB; Frankfurt am Main, Germany),
50 — 100 ng of vector DNA and a 2:1 molar ratio of insert to vector DNA. After incubation for 1 h at

50 °C, 3 ul of the reaction mix were transformed into competent E. coli DH10B cells.

7.7.5 DNA sequencing

Automated DNA sequencing was conducted by Eurofins Genomics (Ebersberg, Germany) using the

chain termination method according to Sanger. This is based on the termination of DNA elongation
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due to incorporation of fluorescent labeled dideoxynucleotides into the newly synthesized DNA
strand. For sample preparation, 500 — 1000 ng of plasmid DNA or 75 ng of purified PCR product
were transferred into a sequencing tube, filled to 17 ul with purified water and 0.7 ul of the se-
guencing primer (100 mM) were added. The sequencing results were analyzed using the Geneious

software package (Biomatters; Auckland, New Zealand).

7.7.6 Splicing by overlap extension (SOE-) PCR

Homology directed repair (HDR) templates were synthesized by SOE-PCR (Horton et al. 1990) of two
PCR fragments comprising the 5’ and 3’ flanking region of the target gene. Bsal restriction sites were
introduced as overhangs to the 5’ region forward primer and the 3’ region reverse primer. To allow for
splicing of both fragments, the internal oligonucleotides were extended by 15 — 20 bp complementary
to the respective other flanking region resulting in an overlap of 30 — 40 bp in total. The 5’ and 3’
fragments were column purified prior to SOE-PCR to remove oligonucleotides used in the first reaction.
50 — 100 ng of each fragment were added to a 100 pl SOE-PCR mix using Q5 DNA polymerase and split
into four 25 pl reactions. Splicing was performed by running 15 PCR cycles without oligonucleotides.
The annealing temperature was calculated based on the melting temperature of the overlapping re-
gion. Subsequently, the 5’ region forward primer and the 3’ region reverse primer were added allowing
for amplification of the joined HDR template. After 25 PCR cycles, purification of the HDR template was

conducted by agarose gel extraction.

7.8 Plasmid and strain construction

7.8.1 Plasmids for pE194-based gene deletion and integration

To allow for markerless gene deletion and integration in B. licheniformis, a homologous recombination
method exploiting a temperature sensitive pE194-derived shuttle vector was applied similar to the
pMAD system (Villafane et al. 1987; Dempsey and Dubnau 1989; Vehmaanpera 1989). The pE194-
based shuttle vector pEC194RS (provided by BASF SE) consist of the temperature-sensitive ori and
erythromycin resistance marker gene from pE194ts (Villafane et al. 1987) cloned into the Smal site of
pUC18, in which the native Bsal site was removed. Moreover, pEC194RS carries a type-ll-assembly
MRFP cassette from pBSd141R (GenBank accession number: KY995200) integrated into the BamHl site
of pUC18. In the following paragraph, construction of target-specific deletion plasmids is described.

The pEC194RS based gene deletion procedure is described in section 0.

For deletion of the poly-y-glutamic acid (pga) synthesis operon which consist of ywsC (pgsB), ywtA

(pgsC), ywtB (pgsA) and ywtC (pgsE), the 5’ and 3’ homologous flanking region was amplified by PCR
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as a single fragment from plasmid p0226 (provided by BASF SE). The oligonucleotides introduce Bsal
restriction sites with unique overhangs. The PCR fragment was purified by agarose gel extraction and
cloned into pEC194RS in a one-step type-lIS-assembly reaction. 3 pl of the reaction mix were trans-
formed into E. coli DH10B. Transformants were selected on LB agar plates containing 100 pg/ml ampi-
cillin. Positive clones were identified by screening for white colonies and verified by sequencing of the

deletion cassette. The resulting plasmid was named pMA23.

For deletion of the B. licheniformis DSM641 sIrA gene, the homologous flanking regions were amplified
by PCR using oligonucleotides 19171 and 19172 for the 5’ flanking region and 19173 and 19174 for the
3’ flanking region and gDNA from B. licheniformis DSM641. Both fragments were ligated by SOE-PCR
(section 7.7.6) and cloned into pEC194RS as described for pMA23. The resulting plasmid was named
pMA73.

For deletion of the B. licheniformis DSM641 sinl gene, the homologous flanking regions were amplified
by PCR using oligonucleotides 19124 and 19125 for the 5’ flanking region and 19126 and 19127 for the
3’ flanking region and gDNA as a template. Both fragments were ligated by SOE-PCR (section 7.7.6) and
cloned into pEC194RS as described for pMA23. The resulting plasmid was named pMA30. Plasmid
pMA98 for partial deletion of sinl was constructed as described for pMA30. However, the 5’ and 3’
homologous region were amplified using oligonucleotide 19254 and 19255 and 19256 and 19257 re-
spectively. The partial Asinl p.E14-P45del mutation was constructed analogous to Bai et al. and is de-
scribed as non-polar regarding expression of sinR (Bai et al. 1993). Finally, sin/ was inactivated by in-
troduction of the frameshift mutation p.L11AfsX8 resulting in a translational stop codon eight codons
downstream of leucin at position 11, which was changed to alanine. To simplify screening of positive
clones, and artificial Hindlll restriction site was introduced with the L11A amino acid exchange. The
inactivated sin/ gene allele was constructed as described fpr pMA30. However, the two PCR fragments
were amplified with 19124 and 19186 for the 5’ region and 19126 and 19189 for the 3’ region of sinl.

The resulting plasmid was named pMA79.

Inactivation of the B. licheniformis DSM641 remA gene was conducted by allelic exchange with a mu-
tated copy resulting in the R18W and P29S amino acid exchanges (Blair et al. 2008; Winkelman et al.
2009). The plasmid pMA96 was constructed as described for pMA79. However, oligonucleotides 19120
and 19212 as well as 19215 and 19157 were used for the 5’ and the 3’ region. Alternative to the loss
of function mutation, remA was inactivated by disruption of the ribosome binding site with the bleo-
mycin resistance cassette (bleo®) from pUB110. The 5’ and 3’ region were amplified with oligonucleo-
tide 19120 and 19214 as well as 19157 and 19215. The bleomycin resistance marker gene was ampli-
fied from pUB110 with oligonucleotides 19219 and 19217. Subsequently, the 5’ flanking region and
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bleo® were ligated by SOE-PCR following purification of the desired fragment and a second SOE-PCR
with the 3’ flanking region. The resulting fragment was cloned into pEC194RS as described for pMA23.
The remA::bleo® insertion plasmid was named pMA91. The insertion site for bleo® was selected as de-

scribed for B. subtilis by Winkelmann et al. (2009).

Construction of the motB deletion plasmid for B. licheniformis DSM641 was performed as described
for pMA73. However, oligonucleotides 19156 and 19104 for the 5’ flanking region and 19105 and

19157 for the 3’ flanking region were used. The resulting plasmid was named pMAB65.

Construction of the hag deletion plasmid for B. licheniformis DSM641 was performed as described for
pMA73. However, oligonucleotides 19231 and 19202 for the 5’ flanking region and 19232 and 19233

for the 3’ flanking region were used. The resulting plasmid was named pMA92.

Construction of DegU H12L hyperphosphorylation mutants was achieved by exchange of the wildtype
gene with the degU32 allele using plasmid pBW0654 (Kunst et al. 1974; Henner et al. 1988b). pBW0654
was provided by BASF SE. A Pstl restriction site was introduced along with the H12L amino acid ex-

change allowing for improved screening for positive clones.

Plasmid pMA110 for integration of the blap expression cassette into the pga locus was constructed by
a two-step cloning strategy. The blap gene encodes the Bacillus lentus alkaline protease. First, the
complete protease expression cassette from pCB56C (Wilson et al. 1993) was amplified by PCR using
oligonucleotides 19362 and 19363 and subcloned into p0689 in a type-ll-assembly reaction with re-
striction endonuclease Bpil resulting in p0689_BLAP (see section 7.8.5.1 for further details on p0689).
Expression of BLAP was under control of a 227 bp fragment of the native B. licheniformis DSM641 Papr
promoter region present in pCB56C. In a second type-ll-assembly reaction with pEC194RS, p0689-
BLAP, pBW0304 and pBWO0305, the pga::BLAP integration plasmid pMA110 was constructed using
Bsal. pBW0304 and pBWO0305 carry the 5’ and 3’ homology regions of the pga locus (both provided by
BASF SE).

7.8.2 pE194-based gene deletion procedure

To allow for marker-less gene deletion and integration in B. licheniformis, a homologous recombination
method exploiting a temperature sensitive pE194-derived shuttle vector was performed essentially as
described by Vehmaanperi et al. (1991). The shuttle plasmid pEC194RS used for gene deletion has a
temperature-sensitive ori and carries a erythromycin resistance cassette as described in section 7.8.1.
The plasmid does not replicate at temperatures higher than 42 °C. Consequently, a temperature up-
shift allows for integration of the plasmid into the host strain gene via a Campbell-type crossover event,
when applying selective pressure, or allows for curing of the plasmid under non-selective conditions.
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Deletion of the target gene started with transformation of the target-specific pEC194RS-based plasmid
into B. licheniformis by electroporation. Regeneration and handling of transformants was performed
at 33 °C enabling replication of the plasmid in the host cell. Due to slower growth at 33 °C, regeneration
was conducted for at least 3 h. Transformants were spread on LB agar plates containing 10 pug/ml
erythromycin and incubated at 33 °C for 1 — 2 days. Positive transformants were verified by plasmid
isolation and PCR analysis of the deletion cassette. Deletion of the target gene started with a single
colony grown at 33 °C over night in LB medium containing 10 ug/ml erythromycin. The next day, 40 ml
of pre-warmed LB-Lennox medium with 10 pg/ml erythromycin were inoculated with 800 pl of the
overnight culture in a 500 ml Erlenmeyer flask without baffles and incubated for 2 h at 45 °C and 200
rpm until an ODggonm Of 0.3 — 0.5 was reached. Subsequently, a second main culture with pre-warmed
LB without erythromycin was inoculated with 800 pl of the first main culture and further incubated at
45 °C and 200 rpm. After 5 —6 h, 10* and 10°®° dilutions were prepared, spread on LB agar plates con-
taining 10 pug/ml erythromycin with 100 pl cell suspension per plate and incubated for 3 —5 days at
33 °C. Putative positive mutants were identified by isolation of gDNA and PCR analysis of the modified
gene locus with special focus on later growing colonies and colonies showing altered morphology. For
curing of the gene deletion plasmid after successful removal of the wildtype allele from the chromo-
some, the clone is spread on a LB agar plate containing 10 pg/ml erythromycin and incubated overnight
at 33 °C. The following day, 40 ml of prewarmed LB medium were inoculated with an inoculation loop
taking one streak of cells from the agar plate and incubated for at least 8 h at 42 °C and 200 rpm. 400 pl
of cells were used for inoculation of a second 40 ml LB culture, which was incubated overnight at 42
°C and 200 rpm. The next day, a third LB culture war prepared the same way. After 8 h, 10 to 10”7
dilutions were prepared and spread on LB agar plates without antibiotics. Following incubation over-
night at 37 °C, single colonies were transferred to LB and LB agar plates containing 10 pg/ml erythro-
mycin and incubated for 2 days at 33 °C. Finally, erythromycin-sensitive clones that have lost the plas-
mid were analyzed for the desired genomic modification by gDNA extraction, PCR analysis and se-

guencing of the target locus.

7.8.3 Construction of CRISPR/Cas9 based genome editing plasmids

Within this thesis, CRISPR/Cas9 based genome editing was established as a routine technology for
modification of B. licheniformis DSM641. The system applied was developed by Altenbuchner (2016)
and is based on a single plasmid pJOE8999.1 providing the Streptococcus pyogenes Cas9 (SpCas9, here-
after referred as Cas9), a single guide RNA (sgRNA) and the editing template for homology directed
repair (HDR) of the Cas9-induced DNA double-strand break. Expression of Cas9 is under control of the

mannose-inducible promoter PmanP. This section describes the construction of plasmids for
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CRISPR/Cas9 based genome editing. The gene deletion procedure is described in section 7.8.4 (page
156). Cloning of the target-specific 20 bp spacer and the HDR template is achieved by two consecutive
steps. Applying the Type llIs Assembly method (Bsal; see 7.7.3), the 20 bp target-specific spacer se-
guence replaces a lacZ reporter gene. The HDR template is inserted into the plasmid via restriction

(5fil) and ligation.

7.8.3.1 Construction of the CRISPR/Cas9 pJOE-T2A basis vector

To allow for one-step cloning of spacer and HDR templates, a type-lls-assembly compatible cloning
module was ordered as a gene synthesis construct (p0732, BASF SE) and integrated into the two most
distal Sfil sites of pJOE8999.1. The type-lls-assembly cassette was designed based on pBSd141R (ac-
cession number: KY995200; Radeck et al. 2017) and consists of a constitutively expressed mRFP re-
porter gene flanked by Bsal restriction sites. The mRFP gene simplifies identification of putatively pos-
itive clones, which appear colorless on X-Gal (5-bromo-4-chloro-3-indolyl-B-D-galactopyranoside),
IPTG (isopropyl B-d-1-thio-galactopyranoside) and kanamycin (20 pug/ml) containing transformation
plates, while negative clones are either blue (lacZ), red (mRFP) or purple (lacZ and mRFP). The donor
plasmid p0732 and pJOE8999.1 were digested with Sfil and the desired fragments were purified by
extraction from agarose gels. After ligation of both fragments using T4 DNA ligase the reaction mixture
was transformed into E. coli DH10B cells. Transformants were spread on LB agar plates containing kan-
amycin (20 pg/ml) and incubated overnight at 37 °C. Plasmid DNA was isolated from individual clones

and analyzed by PCR and DNA. The resulting plasmid was named pJOE-T2A.

7.8.3.2 General procedure for cloning of target specific CRISPR/Cas9 plasmids

To construct target-specific pJOE-T2A plasmids, a 20 bp spacer sequence was designed using Geneious
10.1.5 (Biomatters, Ltd.; Auckland, New Zealand). The spacer was assembled by annealing of two com-
plementary oligonucleotides each carrying a 4 bp extension suitable for cloning into Bsal sites of pJOE-
T2A. Annealing of oligos was performed by heating of 2.5 pl of each primer (100 uM) in 90 ul 30 mM
HEPES buffer (pH7.8) for 5 min at 95 °C and stepwise cooling to 4 °C with 0.1 °C/s (Cobb et al. 2015).
The HDR template was synthesized by SOE-PCR of two PCR fragments comprising the 5’ and 3’ flanking
region of the target gene. Bsal restriction sites were introduced as overhangs to the 5’ region forward
primer and the 3’ region reverse primer. The 5’ and 3’ fragments were column purified prior to SOE-
PCR to remove oligonucleotides used in the first reaction. Purification of the HDR template fused by
SOE-PCR was conducted by agarose gel extraction. In case of (single) point mutations, the selected
flanking regions are directly adjacent to each other with the point mutation(s) located in the oligonu-
cleotide used to amplify the fragments. For integrative reporter constructs, the promoter reporter

gene fusion and the flanking regions are subcloned into p#195 followed by amplification and purifica-
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tion of the full cassette prior to their usage in type-lls-assembly reactions. The type-lls-assembly reac-
tion mixture was transformed into E. coli DH10B cells (Life technologies). Transformants were spread
on LB agar plates containing kanamycin (20 pg/ml) and 60 pl IPTG (100 uM), 70 ul X-Gal (30 mg/ml)
spread onto of the surface and incubated overnight at 37 °C. Plasmid DNA was isolated from individual

clones and analyzed by restriction digest or PCR. All plasmids were sequence verified.

7.8.3.3 CRISPR/Cas9 plasmids for modification of biofilm genes and regulators

The BslA coding region (GenBank accession number AAU42812; locus tag: B. licheniformis DSM13 =
BLi03999) was cross-checked by identification of a characteristic N-terminal sequence and the C-ter-
minal CxC motif to distinguish BslA from its paralogue YweA (Morris et al. 2017). B. licheniformis
DSM13 and DSM641 BslA differ in the L130M substitution. To construct the bs/A deletion vector, the
homologous flanking region were amplified with oligonucleotides 19496, 19497 and 19498, 19499 us-
ing gDNA of B. licheniformis DSM641 as a template. The bslA specific spacer sequence was constructed
by annealing of oligonucleotides 19501 and 19502. The oligonucleotide duplex and the HDR template
were prepared as described above (7.8.3.2) and cloned into pJOE-T2A in a one-step type-ll-assembly

reaction. The resulting plasmid was named pMA168.

To delete the epsABCDEFGHIJKLMNO operon (yveK — yvfF) the homologous flanking region were am-
plified with oligonucleotides 19377,19304 and 19305, 19378 using gDNA of B. licheniformis DSM641
as a template. The spacer sequence targeting epsG was constructed by annealing of oligonucleotides
19379 and 19380. The oligonucleotide duplex and the HDR template were prepared as described
above (7.8.3.2) and cloned into pJOE-T2A in a one-step type-ll-assembly reaction. The resulting plasmid

was named pMA112.

The sIrA (accession number AAU42855; locus tag: B. licheniformis DSM13 = BLi04042) deletion vector
was constructed by amplification of the HDR template from the previously constructed s/rA deletion
plasmid pMA73 using oligonucleotides 19432 and 19433. For simplified screening of deletion mutants,
an artifical BamHlI site was introduced between the homology flanking regions (already present in
pMA73). The sirA specific spacer sequence was constructed by annealing of oligonucleotides 19430
and 19431. The oligonucleotide duplex and the HDR template were cloned into pJOE-T2A in a one-step

type-ll-assembly reaction as described above (7.8.3.2). The resulting plasmid was named pMA128.

For deletion of the tapA-sipW-tasA operon the HDR template was PCR amplified from the previously
constructed tapA-sipW-tasA deletion plasmid pDAN8O (Daniel Gotze, Ag Schweder, unpublished) using
oligonucleotides 19396 and 19397. The tapA specific spacer sequence was constructed by annealing

of oligonucleotides 19394 and 19395. The oligonucleotide duplex and the HDR template were cloned
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into pJOE-T2A in a one-step type-ll-assembly reaction as described above (7.8.3.2). The resulting plas-

mid was named pMA116.

To inactivate RemA, the wildtype allele was exchanged by a mutated copy of the remA gene at its
native locus, resulting in expression of a RemA with the combined loss of function mutations R18W
and P29S previously described (Blair et al. 2008; Winkelman et al. 2009). The homology flanks for remA
R18W, P29S regions were amplified from pMA96 using oligonucleotides 19443, 19444 and 19445,
19446. In addition to the R18W and P29S mutations already present in pMA96, this step introduces a
silent mutation of arginin at position 36 to remove a Bsal restriction site located in remA. The remA
specific spacer sequence was constructed by annealing of oligonucleotides 19441 and 19442. The bind-
ing region of the spacer is directly adjacent to the P29S mutations, with P29S simultaneously resulting
in loss of the PAM sequence. The oligonucleotide duplex and the HDR template were cloned into pJOE-
T2A in a one-step type-ll-assembly reaction as described above (7.8.3.2). The resulting plasmid was

named pMA130.

7.8.3.4 Plasmid construction for introduction of the degU32 mutation

Construction of DegU H12L hyperphosphorylation mutants was achieved by exchange of the wildtype
gene with the degU32 allele (Kunst et al. 1974; Henner et al. 1988b). The mutated allele was synthe-
sized by SOE-PCR of the degU region with oligonucleotides 19400, 19401 and 19402, 19403 using gDNA
of B. licheniformis M320 (M308 degU32) as a template. In addition to the H12L mutation, two silent
mutations in the codons of glutamic acid at positions 26 and 30 located in the PAM and spacer binding
region were introduced by oligonucleotides 19401 and 19402. The degU spacer sequence was con-
structed by annealing of oligonucleotides 19398 and 19399. The oligonucleotide duplex and the HDR
template were cloned into pJOE-T2A in a one-step type-ll-assembly reaction as described above

(7.8.3.2). The resulting plasmid was named pMA117.

7.8.3.5 Plasmids for deletion of motility related genes

To delete sigD, the HDR template was amplified from pBW022 (Daniel Gotze, Ag Schweder, un-
published) with oligonucleotides 19392 and 19393. The spacer sequence was constructed by annealing
of oligonucleotides 19388 and 19389. The oligonucleotide duplex and the HDR template were cloned
into pJOE-T2A in a one-step type-ll-assembly reaction as described above (7.8.3.2). The resulting plas-

mid was named pMA114.

The motB deletion vector was constructed by amplification of the HDR template from the previously

constructed motB deletion plasmid pMAB5 using oligonucleotides 19454 and 19455. The spacer se-
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guence was constructed by annealing of oligonucleotides 19458 and 19459. The oligonucleotide du-
plex and the HDR template were cloned into pJOE-T2A in a one-step type-ll-assembly reaction as de-

scribed above (7.8.3.2). The resulting plasmid was named pMA136.

For construction of the hag deletion vector the HDR template from the previously constructed hag
deletion plasmid pMA92 using oligonucleotides 19448 and 19449. The spacer sequence was con-
structed by annealing of oligonucleotides 19452 and 19453. The oligonucleotide duplex and the HDR
template were cloned into pJOE-T2A in a one-step type-ll-assembly reaction as described above

(7.8.3.2). The resulting plasmid was named pMA134.

7.8.4 CRISPR/Cas9 based genome editing

The protocol applied for CRISPR/Cas9 based genome editing in B. licheniformis was first developed by
Altenbuchner 2016 and is based on a single plasmid pJOE8999.1 providing the Cas9, sgRNA and the
editing template for homology directed repair (HDR) of the Cas9-induced DNA double-strand break.
Expression of Cas9 is under control of the mannose-inducible promoter PmanP (Altenbuchner 2016).
The pJOE-T2A based gene editing plasmids were isolated from E. coli INV110 and introduced into B.
licheniformis via electroporation. After regeneration at 37 °C transformants were selected on LB agar
plates containing 20 ug/ml kanamycin and 0.2 % D-Mannose. Transformation plates were incubated
for 1 — 6 days with long incubation times being required for integration of gfp reporter constructs. The
resulting transformants were transferred to fresh LB agar plates and incubated overnight at 50 °C to
promote plasmid curing. In parallel, gDNA was isolated (section 7.6.3) and analyzed by PCR. The fol-
lowing day, isolation streaks of positive clones were performed. This step represented the second cur-
ing step resulting in isolation of single clones. Single clones were then transferred to LB plates and LB
plates containing 20 mg/ml kanamycin to confirm plasmid curing. Kanamycin-sensitive clones, which
have lost the plasmid, were analyzed by PCR analysis of extracted gDNA. Successful genome editing
was confirmed by sequencing of the modified locus. In case the first transformation attempt fails, the
following parameters can be changed individually or in combination. The temperature for regeneration
and incubation of transformation plates is reduced to 30 or 33 °C simultaneously extending the regen-
eration time to 3 h. 0.2 % D-Mannose can be added already and only during regeneration in liquid

medium, following plating on LB plates containing 20 mg/ml kanamycin only.

7.8.5 Construction of B. licheniformis reporter strain

7.8.5.1 Type-lIS assembly donor and receiver plasmids
The GFPmut2 gene variant (GenBank accession number AF302837) was ordered as gene synthesis frag-

ment (Geneart; Regensburg, Germany) with flanking Bpil restriction sites and amplified with primer
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19143 and 19144 thereby introducing BamHI/HindlIl restriction sites. The PCR fragment was cloned
into pUC19 by restriction digest and ligation and transformed into E. coli DH10B. Transformants were
selected on LB agar plates containing 100 pg/ml ampicillin. For blue-white selection of putatively pos-
itive clones, 60 pl IPTG (100 uM) and 70 pl X-Gal (30 mg/ml) were spread on prewarmed agar plates
prior to plating. Positive clones were verified by sequencing. The resulting GFPmut2 donor plasmid was

named pUCG2.

The donor plasmid carrying the GFPmut2 gene with the C-terminal SsrA degradation tag was con-
structed as described for pUCG2. But, primer 19143 and 19168 were used. 19168 introduced the se-
guence encoding a 14 amino acids SsrA proteolysis tag. Aspartic acid (D), alanine (A) and valine (V)
constitute the last three C-terminal amino acids, which have the strongest impact on proteolysis. The

GFPmut2-DAV donor plasmid was named pUCG22.

The donor plasmid carrying the GFPmut2 gene with the strong, standardized ribosome binding site
(RBS) RO (GATTAACTAATAAGGAGGACAAAC; Guiziou et al. 2016) was constructed as described for
pUCG2. But, primer 19268 and 19144 were used. The resulting plasmid was named pUCG2r.

The mScarlet! donor plasmid with the strong, standardized RBS RO (Guiziou et al. 2016) was con-
structed as described for pUCG2r. The mScarletl gene (GenBank accession number KY021424) sites
was ordered as gene synthesis fragment (Geneart; Regensburg, Germany) with flanking Bpil restriction
and amplified with primer 19293 and 19276 thereby introducing BamHI/Hindlll restriction sites and

the standardized RBS. The resulting plasmid was named pUCS1ir.

Similar to pUCS1r, pUCS11r was constructed with the SsrA proteolysis tag fused to mScarletl. The SsrA
proteolysis tag with the last three C-terminal amino acids being alanine (A), serine (S) and valine (V)

was introduced by amplification with primer 19287. The forward primer used was 19293.

For assembly of the gfpmut2 and mScarlet! reporter gene with subpopulation-specific promotors,
pUCPhag, pUCPtapA and pBW0034 were used. pPBW0034 was provided by BASF SE and carries a 227
bp fragment of the native B. licheniformis DSM641 Papr promoter region as described in Wilson et al.
(1993). The TA dinucleotide upstream of the apr ATG codon was changed to AT to allow for standard-

ized type-lls-cloning.

pUCPhag provided the B. licheniformis DSM641 hag promoter region. pUCPhag was constructed was
described for pUCG2. The 229 bp promoter fragment was amplified from gDNA with primer 19236 and
19237 thereby omitting the native RBS to allow for tuning of gene expression by a standardized RBS
fused to the gfpmut2 reporter gene (pUCG2r). The hag promoter region was selected as described by
Vlamakis et al. (2008).
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For plasmid-based read-out of promoter activity, the low-copy plasmid p0692 was constructed. p0692
is based on the shuttle vector pBW0944 provided by BASF SE. pBW0944 carries the low-copy Bacillus
origin of replication (ori) from pBS72, the ColE1 E. coli ori, a kanamycin resistance marker gene for
selection in both organisms and a type-lis-assembly cloning site. To prevent transcriptional read-
through form the plasmid backbone into the reporter gene cassette, the t1t2t0 terminator region from
PMUTIN2 (Vagner et al. 1998) was cloned upstream of the type-lIs-cloning site. This was achieved by
amplification of the terminator region using primer 19352 and 19353 as well as PCR-based linearization
of pPBW0944 using primer 19354 and 19355. After Dpnl treatment of the pBW0944 fragment for 1 h at
37 °Ca Gibson assembly reaction was performed. 2 ul of the reaction mix were transformed into E. coli
DH10B. Transformants were selected on LB agar plates containing 20 pg/ml kanamycin. Positive clones
were verified by colony PCR and sequencing using primer 19191 and 19192. The resulting plasmid was
named p0692. To confirm that the t1t2t0 terminator region prevents transcriptional read-through the
promoter-less RBS-gfpmut2 fragment from pUCG2r was amplified with primer 19302 and 19268 intro-
ducing Bpil restriction sites suitable for direct cloning into pBW0944 and p0692. The resulting plasmids
were named pWG2r and pWt1t2t0G2r. Both plasmids were introduced into B. licheniformis M308. The
reporter strains were cultivated in LB and sample were analyzed for GFP expression during exponential
and stationary growth. No GFP fluorescence was observed for the p0692-based pWt1t2t0G2 (data not

shown), whereas the pWG2r reporter strain showed significant GFP expression (Figure S7).

For subcloning of promoter reporter gene fusion constructs the E. coli plasmid p0689 and p0690 were
constructed based on p0558 provided by BASF SE. p0558 carries a cloning site that consists of a mScar-
let] gene for screening of positive clones flanked by Bpil restriction sites. Due to technical reasons the
mScarlet! gene was replaced by lacZ (p0689) or mRFP (p0690). For construction of p0689, p0558 was
linearized by PCR amplification using primer 19315 and 19316. The lacZ insert was amplified from
pUC19 with primer 19041 and 19042. Ligation of both fragments was conducted by Gibson assembly.
As sequencing of the resulting plasmid revealed, the Bpil / Bsal restriction site located downstream of
lacZ, hereafter referred as C-site, was lost during cloning. The intermediate plasmid was named
p0558_lacZAC-site. To reconstruct the missing C-site, p0558 lacZAC-site was linearized by PCR ampli-
fication using primer 19041 and 19333. The missing Bpil / Bsal site was amplified from p0558 using
primer 19330 and 19332. Both fragments were ligated by Gibson assembly. 2 ul of the reaction mix
were transformed into E. coli DH10B. Transformants were selected on LB agar plates containing 20
pug/ml kanamycin. Positive clones were verified by colony PCR. The resulting plasmid p0689 was veri-
fied by sequencing. For construction of p0690, p0558 was linearized by PCR amplification using primer

19342 and 19343. The mRFP insert was amplified from p0195 with primer 19344 and 19345. Ligation
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of both fragments was conducted by Gibson assembly. Both plasmids were verified by functional anal-

ysis of lacZ (X-Gal plate-based test) and mRFP expression as well as sequencing of the modified region.

7.8.5.2 Plasmid-based read-out of hag promoter activity in B. licheniformis

To analyze the hag promoter activity at the single cell level, pWG2rH was constructed. The hag pro-
moter fragment and the RBS-gfpmut2 fragment were cloned into the low-copy vector p0692 by type-
lIs-assembly of pUCPhag, pUCG2r and p0692. 2 ul of the reaction mix were transformed into E. coli
INV110. Transformants were selected on LB agar plates containing 20 pug/ml kanamycin and screened
for white or yellow clones that have lost the red-fluorescent screening marker present in the cloning
site of p0692 as described previously (Radeck et al. 2017). Plasmid DNA was isolated and verified by
sequencing. The resulting plasmid was named pWG2rH. pWG2rH was transformed into B. licheniformis
M409 by electroporation and positive transformants were verified by amplification and sequencing of

the Phag-RBS-gfpmut2 cassette using primer 19191 and 19192.

7.8.5.3 CRISPR/Cas9 plasmids for chromosomal integration of reporter gene fusions

To prepare the pJOE8999.1 basis vector for cloning of expression cassettes for integration into the
B. licheniformis amyB or cat locus, protospacers targeting the wildtype locus were cloned into
pJOE8999.1 as described by Altenbuchner et al. (2016). Two different protospacer sequences were
tested for amyB. Oligonucleotides 191447 and 191447 were aligned and cloned into pJOE8999.1 in a
type-lIS-assembly reaction resulting in pJOE_amy1 as described in section 7.8.3.2. Cloning of the spacer
generated by oligonucleotide 19468 and 19469 resulted in pJOE_amy2. To target the B. licheniformis
cat locus, oligonucleotides 19424 and 19425 were aligned and cloned into pJOE8999.1 in a type-IIS-

assembly reaction resulting in pJOE_cat1.

Plasmids for marker-less chromosomal integration of promoter reporter gene fusion cassettes were
constructed by two consecutive type-lls-assembly reactions. In the first step, cloning of the promoter
fragment and the reporter gene into the E. coli plasmid p0689 or p0690 was performed using Bpil. The
resulting plasmids were used in a second type-lIS-assembly reaction to join the reporter cassette and
the homologous flanking region required for genomic integration. The fragments were cloned into the
E. coli plasmid p0195 using Bsal. p0195 is a pSEVA141 derivative (GenBank accession number
JX560324) carrying the ColE1 ori, an ampicillin resistance marker gene and a mRFP screening marker
gene flanked by type-IIS cloning sites as described before (Radeck et al. 2017). Finally, the full expres-
sion cassette was amplified by PCR for cloning into the CRISPR/Cas9 plasmids carrying the target-spe-
cific sgRNA (pJOE_amy1, pJOE_amy2 and pJOE_cat1).
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7.8.5.4 Cloning and integration of amyB::Papr-gfpmut2 reporter gene cassettes

For integration of the gfpmut2 gene under control of the truncated, but otherwise native Papr pro-
moter fragment from B. licheniformis DSM641 plasmid, pMA124 was constructed. First, Papr and
gfpmut2 were cloned into p0690 using pBW0034, pUCG2 and p0690 in a type-lls-assembly reaction
with Bpil. 2 ul of the reaction mix were transformed into E. coli DH10B. Transformants were selected
on LB agar plates containing 20 pug/ml kanamycin and screened for white or yellow clones that have
lost the red-fluorescent screening marker present in the cloning site of p0690 as described previously
(Radeck et al. 2017). Plasmid DNA was isolated and verified by sequencing. The resulting plasmid
p0690 G2A was used in a second type-lIS-assembly reaction with pBW0230, pBW0231 and p0195 to
insert the expression cassette between the amyB homologous flanking regions. pBW0230 and
pBWO0231 are derivatives of pSEVA250 carrying the upstream and downstream flanking regions of the
B. licheniformis amyB gene. 2 ul of the reaction mix were transformed into E. coli DH10B. Trans-
formants were selected on LB agar plates containing 100 pg/ml ampicillin and screened for white or
yellow clones that have lost the red-fluorescent screening marker present in the cloning site of p0195.
The resulting plasmid was named pMA119. To clone the amyB::Papr-gfpmut2 cassette into the
CRISPR/Cas9 vector pJOE_amy1, the corresponding fragment was amplified from pMA119 using oligo-
nucleotides 19466 and 19467. The PCR product and pJOE_amy1 were digested with Sfil at 50 °C over-
night and purified by gel extraction following ligation. 3 pl of the ligation mix were transformed into E.
coli DH10B. Transformants were selected on LB agar plates containing 100 pg/ml ampicillin and
screened by colony PCR. Plasmid DNA was isolated and verified by sequencing. The resulting plasmid
pMA124 was transformed into the methylase-deficient E. coli INV110. Plasmid DNA was isolated and
used for electroporation of B. licheniformis. CRISPR/Cas9 based genomic integration of the
amyB::Papr-gfpmut2 cassette was performed as described in section 7.8.4 , but transformation plates
were incubated for 4 — 6 days, as outgrowth of putative positive clones was delayed. The modified

amyB locus was verified by sequencing.

Construction of pMA109 for integration of gfpmut2 with the C-terminal SsrA degradation tag under
control of the truncated, but otherwise native Papr promoter fragment from B. licheniformis DSM641

plasmid was performed as described for pMA124. However, pUCG22 was used instead of pUCG2.

Construction of pMA149 for integration of gfpomut2 under control of the native, full-length apr pro-
moter Papr(DSM641 fl.) from B. licheniformis DSM641 was conducted as described for pMA124. How-
ever, the apr promoter was amplified from genomic DNA of B. licheniformis DSM641 with oligonucle-
otides 19462 and 19463 introducing Bpil sites for subsequent type-lIS-assembly of the PCR fragment
with pUCG2 and p0690. Moreover, pJOE_amy2 was used instead of pJOE_amy1.
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Construction of pMA147 for integration of gfomut2 under control of the native, full-length apr pro-
moter from B. licheniformis DSM13 Papr(DSM13 fl.) was conducted as described for pMA149. How-
ever, the apr promoter was amplified from genomic DNA of B. licheniformis DSM13 with oligonucleo-
tides 19462 and 19463. pMA147 can be used for integration of the Papr(DSM13)-gfpmut2 cassette
into the amyB locus of B. licheniformis DSM641 and the amysS locus of B. licheniformis DSM13.

7.8.5.5 Cloning and integration of tapA-sipW-tasA reporter gene cassettes

Construction of pMA163 for integration of gfpmut2 under control of the tapA-sipW-tasA promoter
from B. licheniformis DSM641 into the amyB locus was performed as described for pMA124, with the
following modifications. A 483 bp fragment comprising the promoter region was amplified by PCR with
oligonucleotides 19238 and 19239. The promoter region was selected as described by Vlamakis et al.
(2008). The PCR fragment was directly used for a type-lIS-assembly reaction with pUCG2r and p0690.

Moreover, pJOE_amy2 was used instead of pJOE_amy1.

Plasmid pM164 for integration of mScarlet/ under control of the tapA-sipW-tasA promoter into the cat
locus from B. licheniformis DSM641 was constructed as described for pMA163 with the following mod-
ifications made. The tapA-sipW-tasA promoter fragment was directly used for a type-1IS-assembly re-
action with pUCS1r and p0689. The resulting plasmid, named pMA160, was used in a second type-IIS-
assembly reaction together with p0195 and the cat homologous flanking regions provided on
pBWO0301 and pBWO0302 resulting in plasmid pMA162. pBW0301 and pBW0302 are derivatives of
pSEVA250 carrying the upstream and downstream flanking regions of the B. licheniformis DSM641 cat
gene. The PtapA-RBS-mScarletl expression cassette was amplified by PCR with oligonucleotide 19470
and 19471 and cloned via Gibson assembly into pJOE_cat1 linearized by restriction digest with Xbal
and Sall. The resulting plasmid pMA164 was verified by sequencing and used for integration of the

promoter reporter gene fusion into B. licheniformis M409 as described for pMA124.

7.8.5.6 Cloning of the promoter-less RBS-gfpmut2 gene for integration into amyB

Construction of pJOE_amyB::G2r for integration of the promoter-less gfpmut2 with a standardized RBS
was conducted as described for pMA124. However, the RBS-gfpmut2 fragment from pUCG2r was am-
plified with primer 19302 and 19268 introducing Bpil restriction sites suitable for direct cloning into

p0690. Moreover, pJOE_amy2 was used instead of pJOE_amy1.

7.8.5.7 Cloning and integration of cat::P3degU-mScarletl reporter constructs
Construction of pMA137 for integration of mScarlet! under control of the P3degU promoter region

from B. licheniformis DSM641 into the cat locus was conducted as described for pMA164, with the
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following modifications. The degU P3 promoter located in the degS-degU intergenic region was ampli-
fied by PCR with oligonucleotides 19252 and 19253. The promoter region was selected as described
by Borgmeier et al. (2012).

Construction of pMA138 for integration of mScarlet! with the C-terminal SsrA degradation tag under
control of the P3degU promoter region from B. licheniformis DSM641 into the cat locus was conducted

as described for pMA137. However, pUCS11r was used instead of pUCS1r.

7.9 Software

Cloning and sequence analysis was performed using Geneious (Version 10.1, Biomatters; Auckland,
New Zealand). Data evaluation and visualization was conducted with MS Excel (Microsoft Corp.; Red-
mond, Washington, USA) and GraphPad Prism (Version 8, GraphPad Software; San Diego, California,
USA). Flowcytometry data were analyzed with CytExpert (Version 2.3; Beckmann Coulter GmbH; Kre-
feld, Germany) and FlowlJo (Becton, Dickinson & Company; Ashland, Oregon, USA). Fluorescence mi-
croscopy images were analyzed using the ZEN Image software (Version 2.6; Carl Zeiss, Jena, Germany)

and Imagel using the plugin Object) with the NucTracer script (NIH; Syvertsson et al. 2016).
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