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Zusammenfassung
Bei Myxococcus xanthus handelt es sich um ein Modellorganismus zur Untersuchung des
soziale Verhaltens und der Zelldifferenzierung von Bakterien. Induziert durch Nährstoffmangel,
starten die M.xanthus Zellen ein Entwicklungsprogramm, welches zur Bildung von Sporen
gefüllten Fruchtkörpern und peripheren stäbchenförmigen Zellen außerhalb dieser Fruchtkörper
führt. Der Abschluss dieses Entwicklungsprogramms hängt von der Regulierung der Motilität und
der inter- und intrazellulären Signalübertragung durch nukleotid basierte Second Messenger wie
(p) ppGpp und c-di-GMP ab. c-di-GMP ist ein allgegenwärtiges Signalmolekül, das verschiedene
Prozesse in Bakterien reguliert. Zu diesen gehören Biofilmbildung, Synthese von
Exopolysacchariden (EPS), Adhäsinen sowie Regulation der Beweglichkeit, das Fortschreiten des
Zellzyklus und der Entwicklung.Für den abschluss des Entwicklungsprogramms von M. Xanthus
ist eine Erhöhung und Anreicherung von c-di-GMP während des Prozesses nötig.
Verantwortlich für diese Anreicherung von c-di-GMP und essentiell für die Entwicklung ist
die Diguanylatcyclase (DGC), DmxB. PmxA hingegen ist eine aktive Phosphodiesterase (PDE)
vom Typ der HD-GYP-Domäne. Eine ∆pmxA-Mutante weist einen Defekt in der
Fruchtkörperbildung und eine verringerte Sporulation auf. In dieser Arbeit zeigen wir, dass dieser
Defekte durch eine Komplementierung mit dem Wildtyp PmxA Protein wiederhergestellt werden
kann. Dies ist mit einer enzymatisch inaktive PmxA-Variante des Proteins ist jedoch nicht
möglich.
PmxA keinen Einfluss auf den globalen zelluläre c-di-GMP Pool. Es reicherte sich in
ähnlichen Mengen in aggregierenden Zellen und peripheren Stäben in dem WT und dem ∆pmxA
Stamm an. Allerdings suggerieren die gewonnen Daten, dass PmxA zu einem lokalen
intrazellulären Pool von c-di-GMP beitragen kann. PmxA war weder für die EPS-Akkumulation
noch für die Typ-IV-Pili-Bildung in sich entwickelnden Zellen von Bedeutung. Für diese beiden
Prozesse konnte bereits zuvor in M. xanthus gezeigt werden, dass sie während der Entwicklung
durch c-di-GMP reguliert werden. ∆pmxA Mutantenzellen zeigen Hyperagglutination und
Hyperadhäsion aufgrund einer beeinträchtigten extrazellulären Matrixverarbeitung. Globale
Transkriptomanalysen der sich entwickelnden Wildtyp und ΔpmxA Zellen ergabte, dass 189 Gene
unterschiedlich exprimiert werden. 120 und 69 waren damit höre oder niedriger in der ΔpmxA8

Mutante exprimiert als im Wildtype. Interessanterweise, kodieren neun der 69 Genen, die im
reduziertem Ausmaß exprimiert werden, für Serin-Protein-Kinasen, was auf einen Zusammenhang
zwischen der c-di-GMP-Regulation und der Signalübertragung durch solche Kinasen während der
Entwicklung hindeutet.
Zusätzlich untersuchten wir die Expression von Genen, die Proteine codieren, die
möglicherweise am Metabolismus und der Bindung von c-di-GMP beteiligt sind. Globale
Transkriptomanalysen zeigten, dass neun von 66 Genen während der Entwicklung stark hoch
reguliert werden. Unter Verwendung veröffentlichter ChIP-Seq-Daten stellten wir fest, dass 18
Gene (einschließlich dmxB und pmxA) Kandidaten für eine direkte Regulation durch den CRPähnlichen Transkriptionsfaktor MrpC sind.
Dieser stellt ein Hauptregulator der Entwicklung da. Weiter zeigen wir, dass MrpC direkt
an die pmxA- und dmxB-Promotoren binden kann und deren Aktivität positiv bzw. negativ
reguliert. Um weiter zu verstehen welche Auswirkungen der schwankenden c-di-GMP-Spiegels
auf M. xanthus hat, haben wir systematisch In-Frame-Deletionsmutationen in allen Genen
generiert, die für PilZ-Domänenproteine kodieren, und ihre Rolle bei der Motilität und
Entwicklung analysiert. Dadurch identifizierten wir zwei PilZ-Domänen-Proteine (MXAN_1087
und MXAN_2604), die die Umkehrfrequenz in T4P-abhängigen und gleitenden Bewegungen
regulieren.

9

Abstract
Myxococcus xanthus is a model organism for studying social behaviors and cell
differentiation in bacteria. Upon nutrient depletion, M. xanthus cells initiate a developmental
program that culminates in formation of spore-filled fruiting bodies and peripheral rods outside of
fruiting bodies. Completion of this developmental program depends on an increased level of c-diGMP. c-di-GMP is a ubiquitous signaling molecule that regulates diverse processes in bacteria
including biofilm formation, synthesis of exopolysaccharides and adhesins, motility, cell cycle
progression and development. DmxB is a diguanylate cyclase (DGC) that is essential for
development and is responsible for the increase in c-di-GMP accumulation during development.
PmxA is an active phosphodiesterase (PDE) of the HD-GYP domain type and is also important
for fruiting body formation and sporulation.
Here, we show that the developmental defects in a ∆pmxA mutant are restored by
complementation with wild-type (WT) PmxA but not by an enzymatically inactive PmxA variant.
Lack of PmxA did not measurably alter the global cellular pool of c-di-GMP and c-di-GMP
accumulated at similar levels in aggregating cells and peripheral rods of both WT and ∆pmxA
strains suggesting that PmxA may contribute to a local, intracellular pool of c-di-GMP. PmxA was
neither important for exopolysaccharide accumulation nor for type IV pili formation in developing
cells, two processes known to be regulated by c-di-GMP in M. xanthus during growth. ∆pmxA
mutant cells showed hyper-agglutination and hyper-adhesion. Global transcriptomic analysis of
developing WT and ∆pmxA cells revealed that 189 genes were differentially expressed in the
∆pmxA mutant and with 69 and 120 expressed at lower or higher levels, respectively in the mutant.
Interestingly, among 69 genes expressed at a reduced level, nine encode Ser/Thr protein kinases
suggesting a link between c-di-GMP regulation and signaling by such kinases during development.
To understand regulation by c-di-GMP during development, we analyzed the expression of
genes encoding proteins likely involved in c-di-GMP metabolism and regulation. Global
transcriptomic analysis demonstrated that nine out of 66 such genes were highly induced during
development. Using published ChIP-Seq data, we found that 18 genes (including dmxB and pmxA)
were candidates for being regulated directly by the CRP-like transcriptional factor MrpC, which
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is a master regulator of development. We demonstrate that MrpC directly binds to the pmxA and
dmxB promoters and regulates their activity positively and negatively, respectively.
To further our understanding of how effects of changing levels of c-di-GMP are
implemented in M. xanthus, we systematically generated in-frame deletion mutations in all genes
encoding PilZ domain proteins and analyzed their role in motility and development. We identified
two PilZ-domain proteins (MXAN_1087 and MXAN_2604) that regulate the reversal frequency
in T4P-dependent and gliding motility.
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Abbreviation
ATP/ADP
bp
cAMP
cDNA
c-di-GMP
cGAMP
ChIPseq
C-terminus
CRP
CTT
CV
DGC
DNA
DMSO
DTT
EBP
EDTA
EMSA
ECM
EM
EPS
GFP
GTP/GDP
hrs
IPTG
kDa
min
MOPS
N2liq
OD
PDE
(p)ppGpp
RNA
RNAseq
rRNA
s
SD
SDS-page
T4P
TB
TEMED
TIRF
WT

adenosin tri-/diphosphate
base pair
3”,5′-cyclic monophosphate
single-stranded complementaty DNA
bis-(3”-5”)-cyclic dimeric guanosine monophosphate
cyclic AMP-GMP
chromatin immunoprecipitation sequencing
carboxyl-terminus
catabolite activator protein
casitone Tris medium
crystal violet
diguanylate cyclase
deoxyribonucleic acid
dimethyl sulfoxide
dithiothreitol
enhancer binding protein
ethylenediaminetetraacetic acid
electrophoretic mobility shift assay
extracellular matrix
electron microscopy
exopolysaccharides
green fluorescent protein
guanosine tri-/diphosphate
hours
isopropyl β-D-1-thiogalaktopyranoside
kilodalton
minutes
3-(N-morpholino) propanesulfonic acid
liquid nitrogen
optical density
phosphodiesterase
guanosine 3”-diphosphate 5”-triphosphate
ribonucleic acid
RNA sequencing
ribosomal RNA
seconds
standard deviation
sodium dodecyl sulfate polyacrylamide gel electrophoresis
type IV pili
trypan blue
N,N,N′,N′-Tetramethylethane-1,2-diamine
total internal reflection fluorescence microscope
wild type
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Introduction

1.1 c-di-GMP – a small regulatory molecule
c-di-GMP is a bacterial second messenger involved in regulation of numerous physiological
processes including exopolysaccharide (EPS) accumulation, biofilm formation, cell cycle
progression, virulence, motility and multicellular development (Hengge, 2009; Romling et al.,
2013) (Figure 1).
c-di-GMP is synthesized from two molecules of GTP by diguanylate cyclases (DGCs),
which are dimeric enzymes that contain a so-called GGDEF domain, named after the conserved
sequence motif in the active site. Often, DGCs also contain an inhibitory (I-site) with the RxxD
motif that binds c-di-GMP and is involved in allosteric, negative feedback inhibition. Proteins with
a degenerate GGDEF motif, which cannot perform the catalytic function, may function as c-diGMP receptors (Hengge, 2009).

Figure 1. c-di-GMP: metabolism, structure, function (Hengge, 2016).
Degradation of c-di-GMP is performed by specific phosphodiesterases (PDEs) containing
either an EAL or HD-GYP domains. Generally, EAL domain PDEs degrade c-di-GMP to the
pGpG molecule and require dimerization for its enzymatic activity, while HD-GYP domain PDEs
do not form dimers and hydrolyze c-di-GMP to two GMP or one pGpG molecule (Ryan et al.,
13

2006; Skotnicka et al., 2016b; Tamayo et al., 2005). In Pseudomonas aeruginosa it has been shown
than pGpG can be degraded by the Orn ribonuclease to two GMP molecules (Cohen et al., 2015).
c-di-GMP binds to effectors, also referred to as receptors, to generate an output response. There
are diverse classes of c-di-GMP receptors including PilZ domains, degenerate DGCs and EAL
domain proteins, transcription factors and riboswitches (Figure 1) (Sondermann et al., 2012).
GGDEF/EAL/HD-GYP proteins are widespread in Actinobacteria, Cyanobacteria,
Deinococcus-Thermus, Firmicutes, Proteobacteria, Spirochetes and Thermotogae (Romling et al.,
2013). Notably, free-living bacteria often possess more genes for c-di-GMP metabolism than
obligate parasites. Generally, c-di-GMP-metabolizing enzymes and receptors are present in
combination with other domains including PAS, GAF, HAMP, REC and HTH domains, that may
either regulate enzyme activity or help generate an output response (Tamayo et al., 2007). All these
observations suggest that c-di-GMP regulates bacterial life style in response to changing
environmental signals (Romling et al., 2013). In current models, c-di-GMP signal transduction
networks can be regulated spatially, temporarily and via a local pool of c-di-GMP (Hengge, 2009,
2016).
Figure 2 shows an example of spatial control by c-di-GMP in Caulobacter crescentus. PdeA
is an active PDE localized to the flagellated cell pole. PdeA keeps the c-di-GMP level low in order
to maintain motile swarmer cells. During the swarmer-to-stalked cell transition, PdeA is degraded,
while the DGC PleD become active. Both events lead to increased c-di-GMP accumulation at the
early stage of the S phase (Abel et al., 2011). DGC activity of PleD is regulated by its
phosphorylation by DivJ in stalked cells and by PleC, which keeps low level of phosphorylated
PleD in swarmer cells (Paul et al., 2008). Before cell division, TipF protein localize to future
flagellated pole. TipF in c-di-GMP bound form recruits proteins to initiate flagellar assembly
(Davis et al., 2013). Meanwhile, the bifunctional histidine protein kinase CckA localize at both
cell poles. CckA phosphorylates CtrA, which in turn binds to ori and inhibits replication. It was
proposed, that asymmetric accumulation of c-di-GMP is responsible for regulating the dual
activities of CckA: CckA in c-di-GMP bound form acts as a phosphatase while the unbound form
has kinase activity (Lori et al., 2015). At the flagellated pole CckA performs kinase activity, while
it acts as phosphatase at the stalked pole, creating a gradient of phosphorylated CtrA in order to
14

initiate replication from ori at the stalked cell pole and inhibit replication at the flagellated pole
remains inactive (Chen et al., 2011).

Figure 2. c-di-GMP controls the cell cycle in C. crescentus (Jenal et al., 2017).
The abundancy of metabolizing and c-di-GMP binding proteins in a single species raised
the question: how is specificity of signaling achieved, i.e. potential crosstalk avoided, with so many
proteins that make and break c-di-GMP? Bacteria exhibits variety of life-styles: growth-phasedependent, biofilm, single/multicellular, motile/sessile, parasitic, persistent and etc. Regulation of
different life cycle stages is mediated by temporal expression of complex gene cascades (Bervoets
and Charlier, 2019).
c-di-GMP is involved in regulation of bacterial life-style switch. In Escherichia coli and
Vibrio cholerae it has been shown that c-di-GMP-related genes are differentially expressed
depending on life-style. In E. coli many GGDEF and EAL domain-encoding genes are regulated
by the sigma factor RpoS only during late stationary phase. In turn, these c-di-GMP metabolizing
and signaling proteins inhibit flagellar activity and activate transcription of genes for synthesis of
biofilm components such as cellulose and curli fimbria (Hengge, 2009). In growing cells of V.
cholerae the cAMP–CRP transcriptional factor negatively regulates expression of GGDEF and
EAL domain-encoding genes, which are involved in regulation of biofilm formation (Fong and
Yildiz, 2008). In response to quorum sensing signals, HapR inhibits expression of genes for c-di15

GMP metabolism resulting in a low level of c-di-GMP and inhibition of biofilm formation at high
cell density. Additionally, HapR inhibits expression of the gene encoding VpsT, a c-di-GMP
binding transcriptional factor regulating extracellular matrix production (Krasteva et al., 2010;
Waters et al., 2008)
Inactivation of c-di-GMP-related genes in many cases does not result in significant changes
in the total cellular c-di-GMP concentration (Hengge, 2016). Based on this observation, the model
of “local c-di-GMP signaling” or “local c-di-GMP pool” was proposed (Hengge, 2016). Two
additional observations support this model. Firstly, DGCs and PDEs may directly interact with
effector proteins, modulating their activity via a local source of c-di-GMP (GDEEF/EAL protein
LapD and LapG protease, see later) (Dahlstrom et al., 2015). Secondly, the identification of a
specific class of so-called trigger PDEs. The primary function of a trigger PDE is to sense c-diGMP and, in response to it, perform PDE enzymatic activity, which changes PDE conformation
and promotes interaction with partner/effector protein(s) and modulate their activity (Hengge,
2016). Figure 3 provides an example of a trigger PDE. PdeR is an active PDE, which initially
inhibits activity of the transcription factor MlrA and its co-activator DgcM – an active DGC. Both
MlrA and DgcM are important for transcription of curli-specific genes (csg). During stationary
phase, c-di-GMP concentration increases, PdeR performs its enzymatic activity causing the release
of MlrA and its co-activator DgcM. Consequently, MlrA stimulates transcription of csgDEFG
operon resulting in curli and cellulose production (Lindenberg et al., 2013).

Figure 3. Regulation of gene expression by the trigger PDEs PdeR of E. coli (Hengge, 2016).
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1.2 HD-GYP phosphodiesterases
Major part of this work is focused on determination of the role of an HD-GYP type PDE.
Therefore, this chapter provides current information of HD-GYP PDEs and their roles in bacteria.
Genes encoding for PDEs with a HD-GYP domain are found in many bacterial genera including
Xanthomonas, Pseudomonas, Borrelia, Vibrio and Myxococcus (Romling et al., 2013). The PDE
activity of the HD-GYP domain depends on Fe2+ or Mn2+ cofactor (Bellini et al., 2014).
One of the best-studied HD-GYP PDEs is RpfG – a response regulator required for motility
and synthesis of virulence factors in Xanthomonas campestris (Ryan et al., 2006). RpfG contains
a CheY-like receiver (REC) domain and a catalytically active HD-GYP domain. PDE activity of
RpfG is important for motility (Ryan and Dow, 2010).

Figure 4. Model of T4P pilus regulation in X. campestris by c-di-GMP (Ryan, 2013).
Figure 4 illustrates the proposed model for motility regulation by RpfG. The RpfC histidine
protein kinase detects the bacterial fatty acid cell-cell signaling molecule DSF, autophosphorylates
and then transfers a phosphate group to the REC domain of RpfG. Phosphorylated RpfG localizes
at the cell poles and interacts with the two GGDEF domain proteins, XC_0249 and XC_0420. This
complex recruits an adaptor protein with a PilZ domain and allows interaction with the T4-pilus
motor proteins PilU and PilT to regulate T4-pili motility(Ryan, 2013). Additionally, RpfG is
17

involved in negative regulation of 300 pathogenesis-related gene expression via c-di-GMP binding
transcription factor Clp (Leduc and Roberts, 2009; Ryan, 2013).

1.3 c-di-GMP effectors and their role in the lifestyle of microorganisms
Members of different protein families can bind c-di-GMP. Among them, are proteins with
degenerate EAL or GGDEF domains that do not have catalytic activity, PilZ domains and MshEN
domains. c-di-GMP can also bind to transcription factors and riboswitches to regulate expression
of genes (Romling et al., 2013).
PilZ domains contain a c-di-GMP binding motif, that was identified bioinformatically
(Galperin, 2005). Further studies have shown that PilZ domain proteins usually serve as adaptor
proteins for regulation of motility, biofilm formation and virulence (Romling et al., 2013). For
example, in E. coli the level of c-di-GMP, generated by DGCs, increases in response to starvation.
The PilZ-domain protein YcgR binds c-di-GMP and, in turn, binds to the flagellar stator-motor
protein MotA and slows flagella rotation (Ryjenkov et al., 2006) (Figure 5). In actively growing
cells, the active PDE PdeH keeps the level of c-di-GMP low in order to enable flagellar rotation
(Paul et al., 2010). Similar mechanisms of flagella motility regulation by c-di-GMP was found in
Bacillus subtilis, P. aeruginosa and Salmonella enterica (Baker et al., 2016; Chen et al., 2012);
(Zorraquino et al., 2013).

Figure 5. PilZ-domain protein YcgR regulates flagellar motor rotation upon c-di-GMP binding
(Armitage and Berry, 2010).
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In Komagataeibacter xylinus c-di-GMP regulate BcsA–BcsB cellulose synthase activity. cdi-GMP binds to the PilZ domain of BcsA resulting in increased production of the cellulose
(Morgan et al., 2014).
Proteins with degenerate GGDEF and EAL domains are unable to perform an enzymatic
activity, but they are still capable of binding c-di-GMP to control processes such as motility,
biofilm formation and cell-cycle progression (Romling et al., 2013). In P. aeruginosa the
degenerate GGDEF domain protein PelD binds c-di-GMP and regulates biofilm formation through
PEL polysaccharide biosynthesis (Lee et al., 2007). Another example of a degenerate GGDEF
domain protein is PopA from C. crescentus. PopA binds c-di-GMP and serves as an adaptor protein
for the ClpXP complex to degrade the replication inhibitor CtrA allowing replication to proceed
cell cycle progression (Ozaki et al., 2014). The degenerate GGDEF-EAL domain protein FimX
from P. aeruginosa binds c-di-GMP by its EAL domain to regulate T4P assembly and twitching
motility. Both, the degenerate GGDEF domain and the degenerate EAL domain of FimX are
important for its polar localization (Guzzo et al., 2009; Huang et al., 2003).
LapD is an integral membrane PDE from P. fluorescens that contains both a degenerate
GGDEF and a degenerate EAL domain. c-di-GMP binds to the degenerate EAL domain in the
cytoplasm. Upon c-di-GMP binding, the N-terminal domain of LapD interacts with the periplasmic
protease LapG and this interaction inhibits LapG-dependent cleavage of the adhesin protein LapA
resulting in stimulation of biofilm formation (Newell et al., 2011) (Figure 6).

Figure 6. Regulation of biofilm formation by degenerate GGDEF and EAL domain proteins (Kalia
et al., 2013).
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MshEN domain proteins were found in genomes of Proteobacteria, Cyanobacteria,
Deinococcus-Thermus and Firmicutes (Wang et al., 2016). In V. cholerae it has been shown that
biofilm formation requires surface attachment mediated by the MshA pilus. MshA pilus assembly
is powered by the MshE ATPase that contains two highly conserved 24-residue motifs responsible
for c-di-GMP binding. c-di-GMP stimulates ATPase activity of MshE , and thus stimulate MshA
pilus formation. (Wang et al., 2016) (Figure 7).

Figure 7 Mechanism of surface attachment controlled by
MshE protein in V. cholerae (Conner et al., 2017).
Transcription factors such as FleQ from P. aeruginosa and VpsR from V. cholerae bind cdi-GMP via their AAA+ ATPase domain, while the CRP-like transcriptional factor Clp form
Xanthomonas sp. binds c-di-GMP via a cNMP domain (Chin et al., 2010; Hickman and Harwood,
2008; Krasteva et al., 2010). MrkH from Klebsiella pneumonia, LtmA from Mycobacterium
smegmatis and Bcam1349 from Burkholderia cenocepacia have also been shown to be c-di-GMP
binding transcription factors (Romling et al., 2013).
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c-di-GMP was shown to regulate multicellular development. In Streptomyces venezuelae cdi-GMP controls formation of spore-containing aerial hyphae. High level of c-di-GMP inhibits
formation of aerial hyphae, while a low level of c-di-GMP stimulates cell differentiation (den
Hengst et al., 2010); (Hull et al., 2012). BldD in c-di-GMP-bound form was shown to repress
spore-related gene expression and thereby control timing of development (Tschowri et al., 2014)
(Figure 8). The BldD DNA-binding protein from S. venezuelae binds a tetrameric form of c-diGMP with its C-terminal domain resulting in BldD dimerization. BldD in dimeric form binds to
DNA and repress expression of sporulation genes (Tschowri et al., 2014).

Figure 8. c-di-GMP regulates sporulation in S. venezuelae
(Tschowri et al., 2014).
Interestingly, in eukaryotes, c-di-GMP was found to regulate multicellular development as
well. Specifically, in the social amoeba Dictyostelium discoideum c-di-GMP positively regulates
cell differentiation and formation of spore-containing fruiting bodies while a low level of c-diGMP prevents fruiting body formation (Chen and Schaap, 2016).
Two classes of riboswitches that directly bind c-di-GMP and regulate gene expression at the
transcription or post-transcriptional level have been identified. Class I riboswitches were identified
in Proteobacteria and Firmicutes while class II riboswitches were identified in Chloroflexi and
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Clostridia. Riboswitches are involved in regulation of gene transcription and translation involved
in c-di-GMP metabolism, motility and pili synthesis (Romling et al., 2013).

1.4 Myxococcus xanthus life cycle
Myxococcus xanthus is a Gram-negative, rod shaped, soil delta-proteobacterium with a
complex life cycle. In the presence of nutrients, M. xanthus cells grow, divide and actively move
on a solid surface. In response to nutrient depletion, a developmental program is initiated that
results in the formation of spore-filled fruiting bodies (Wireman and Dworkin, 1977) (Figure 9).
Carbon, nitrogen or phosphate starvation initiates development (Harris et al., 1998; Voelz
and Dworkin, 1962). Initially, cells form aggregates, which have turned into dense mounds by 24
hours after initiation of starvation. By 72 hours, mounds have become mature fruiting bodies filled
with spores (Kuner and Kaiser, 1982) (Figure 9). During this developmental program, cells
segregate into three different cell fates: spores that accumulate inside fruiting bodies, peripheral
rods that remain outside of fruiting bodies and cells that undergo lysis (O”Connor and Zusman,
1991). During spore formation, the rod-shaped M. xanthus cells remodel into spherical cells
covered by a thick polysaccharide layer. The Exo proteins synthesize the spore coat polysaccharide
while the Nfs proteins assemble the secreted spore coat polysaccharide into a rigid spore coat
(Holkenbrink et al., 2014). Development depends on intercellular communication, signaling by
nucleotide-based second messengers, spatially and temporally regulated gene expression,
extracellular matrix accumulation and motility.

Figure 9. Life cycle of Myxococcus xanthus (Zusman et al., 2007).
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1.5 Regulation of M. xanthus development
Nutrient starvation triggers initiation of the developmental program by activating the
(p)ppGpp-dependent stringent response, which activate three gene regulatory modules that are
important for development: the enhancer-binding protein (EBP) module, the MrpC/FruAdependent module, and the recently discovered c-di-GMP-dependent Nla24 module (Kroos, 2017)
(Figure 10). Detailed description of (p)ppGpp-dependent stringent response see Section 1.9.
EBP are σ54-dependent transcription factors. Generally, EBPs activity is regulated by their
phosphorylation by a partner kinase in response to a signal. However the input signals and kinases
for many EBP are not yet identified (Bretl and Kirby, 2016). EBP cascade signaling is mediated
by combinatorial regulation of several transcriptional factors and their positive autoregulation
(Kroos, 2017). The EBP signaling cascade regulates (p)ppGpp accumulation, the quorum sensinglike intercellular A-signal and the intercellular C-signal (Kroos, 2017).

Figure 10. Regulatory network of M. xanthus development at the transcriptional level (Kroos,
2017).
The Mrp module consists of three proteins: MrpA/B/C. MrpB in its phosphorylated form
positively regulates transcription of the mrpAB operon and the mrpC gene (Sun and Shi, 2001).
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MrpA has been proposed to act as a phosphatase of MrpB~P, while the kinase phosphorylating
MrpB has not been identified (Sun and Shi, 2001). MrpC binds to its own promoter to negatively
regulate its own transcription (McLaughlin et al., 2018). MrpC is a developmental transcriptional
factor, which binds to the promoter regions of approximately 300 developmentally regulated genes
(Robinson et al., 2014). MrpC is a member of the CRP-like family of transcription factors, which
are known to often bind cyclic nucleotides, however, ligand-binding by MrpC has not been
demonstrated. MrpC accumulation during development is regulated not only at the transcriptional
level (by MrpB and MrpC itself), but also on the post-translation level. It has been reported that
MrpC is phosphorylated by the Pkn8 and Pkn14 Ser/Thr kinases resulting in altered MrpC binding
binding to DNA (Nariya and Inouye, 2005, 2006). Additionally, MrpC proteolytic turnover is
regulated by the two-component system Esp (Schramm et al., 2012).
MrpC directly binds to the fruA promoter and activates its transcription (Ueki and Inouye,
2003). FruA consist of receiver and DNA-binding domains (Ellehauge et al., 1998). It has been
proposed that FruA in response to the C-signal is phosphorylated (Ellehauge et al., 1998). FruA in
its phosphorylated state (FruA*) regulates expression of the genes involved in control of
aggregation (Ogawa et al., 1996). It was shown that FruA regulates cell reversal frequency during
aggregation phase, which is important for enhancing cell-contact-dependent C-signal (Ellehauge
et al., 1998).
Despite the fact, that MrpC and FruA independently regulate their own set of genes, MrpC
and FruA also bind together to promoter regions of several genes that are important for fruiting
body formation and/or sporulation and cooperatively regulate their expression (Campbell et al.,
2015; Lee et al., 2011b; Son et al., 2011) (Figure 11).
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Figure 11. MrpC and FruA cooperatively regulate developmental gene expression (Kroos, 2017).
Expression of these cooperatively regulated genes also depends on the intercellular C-signal
(Figure 11). It has been shown, that those genes (like fmgD and fmgE), which are strongly
dependent on the C-signal, are expressed late during development. Additionally, FruA, MrpC and
the C-signal accumulate at higher levels in aggregating (future spores) than in non-aggregating
(future peripheral rods) cells, mediating spatial control of development at the transcriptional level
and, therefore, formation of distinct cell populations (Lee et al., 2012).
Nla24 is EBP transcription factor has been shown to be important for exopolysaccharide
(EPS) accumulation (Lancero et al., 2004). It was shown that Nla24 binds c-di-GMP (Skotnicka
et al., 2016b) and it was suggested that Nla24, upon c-di-GMP binding, activates expression of eps
genes during development (Skotnicka et al., 2016b).
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1.6 Intercellular communication during development
In order to coordinate multicellular development, M. xanthus cells use five intercellular
signal systems (A-, B-, C-, D-, and E-signal system), however only two types (A- and C-signal)
have been characterized in some details.
A-signaling functions like a quorum sensing signaling system to ensure that high and
sufficient amount of cells are starving in order to induce development. A-signal is a mixture of
peptides and amino acids generated by putative secreted proteases (Kuspa et al., 1992). Lack of
the asg genes (A-signal genes) leads to defects in fruiting body formation and sporulation
(LaRossa et al., 1983). Exogenous addition of the A-signal amino acids or trypsin can rescue asg
developmental phenotypes (Plamann et al., 1992).
The intercellular C-signal is important for aggregation of cells into fruiting bodies (Julien et
al., 2000; Kruse et al., 2001). C-signal is an outer membrane protein, generated via proteolysis of
CsgA (p25) to a 17-kDa fragment (p17) by the secreted subtilisin-like protease PopC (Lobedanz
and Søgaard-Andersen, 2003; Rolbetzki et al., 2008). PopC accumulates in both vegetative and
developmental cells in periplasm (Gomez-Santos et al., 2019; Rolbetzki et al., 2008). During
growth PopC is thought to interact with the PopD protein, which was proposed to inhibit PopC
secretion (Konovalova et al., 2012a). Upon starvation, PopD is degraded and PopC is secreted in
a proton motive force-dependent manner by an ExbB/ExbD/TonB system and the outer membrane
TonB-dependent transporter Oar (Gomez-Santos et al., 2019; Konovalova et al., 2012a). C-signal
transduction has been proposed to be dependent on direct pole-to-pole contact between cells (Kim
and Kaiser, 1990b; Lobedanz and Søgaard-Andersen, 2003). It has been shown, that C-signal is
important for aggregation and sporulation at distinct thresholds (Kim and Kaiser, 1991; Kruse et
al., 2001). Lack of csgA can be complemented extracellularly by co-development with WT cells
or addition of purified p17 protein (Kim and Kaiser, 1990a; Lobedanz and Søgaard-Andersen,
2003).

1.7 Extracellular matrix of M. xanthus
The extracellular matrix (ECM) is important for cell-cell contact, T4P-dependent motility
and fruiting body formation in M. xanthus. In M. xanthus the ECM consists of EPS, proteins and
extracellular DNA (eDNA) (Behmlander and Dworkin, 1994b; Hu et al., 2012). The EPS fraction
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contains five monosaccharides: galactose, glucosamine, glucose, rhamnose and xylose
(Behmlander and Dworkin, 1994a). The protein fraction contains mostly the FibA protein also
known as the protein C (Curtis et al., 2007); (McCleary et al., 1991). FibA is also one of the
predominant proteins of the spore coat (McCleary et al., 1991) and accumulates exclusively in the
aggregating cell population (Lee et al., 2011a). FibA belongs to M4 family of zinc
metalloproteases. Inactivation of fibA affects neither cell agglutination nor motility (Kearns et al.,
2002). During development, ∆fibA mutant forms slightly misshaped fruiting bodies (Kearns et al.,
2002).
Different regulators are involved in ECM synthesis and formation (Konovalova et al., 2010).
The most well-studied system involved in EPS formation is the Dif (Dsp) chemosensory-like
system (Yang et al., 1998). The current model suggests that T4-pili function as a sensor for the Dif
system to regulate EPS production (Black et al., 2006) (Figure 12). Recently, it has been show,
that during development DifE is important for accumulation of DmxB, the major developmental
DGC that produces high level of c-di-GMP during development (Skotnicka et al., 2016b).
Nla24 and Nla19 are EBP transcriptional factors, involved in regulation of ECM
accumulation. Nla24 regulates EPS accumulation positively, while Nla19 negatively (Lancero et
al., 2004; Lancero et al., 2005). Nla19 has been shown to directly interact with DifE making Nla19
a part of the Dif-dependent signal transduction system (Figure 12). Nla24 was proposed to activate
eps gene transcription upon binding c-di-GMP (Skotnicka et al., 2016b).
The two component signal transduction system SgmT/DigR regulates ECM formation.
SgmT is the cognate hybrid histidine kinase of the DNA binding response regulator DigR. This
system regulates expression of genes for secreted proteins, secondary metabolite enzymes and
FibA (Petters et al., 2012) (Figure 12).
SglK and StkA are DnaK homologues, which are also involved in regulation of ECM
production in M. xanthus (Figure 12). Absence of SglK leads to a decrease in EPS accumulation
and to a defect in T4P-dependent motility and fruiting body formation. Moreover, SglK is
important for FibA accumulation (Weimer et al., 1998). StkA is a negative regulator of EPS
accumulation (Dana and Shimkets, 1993). Interestingly, lack of StkA restores EPS accumulation
in a pilA mutant, but not in a difA mutant.
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Figure 12. Regulation of ECM in M. xanthus. Red connectors indicate positive or negative effects
on EPS accumulation, blue arrows indicate a positive effect on FibA accumulation. Modified from
(Konovalova et al., 2010).

1.8 Regulation of M. xanthus motility
M. xanthus cells move by means of two motility systems that are both important for
successful development (Hodgkin and Kaiser, 1977). Gliding motility, previously described as “Amotility”, is favorable on hard surfaces for single cell movement (Hodgkin and Kaiser, 1977).
Gliding motility depends on Agl/Glt complexes that assemble at the leading cell pole, attach to the
substratum and disassemble as they reach the lagging cell pole (Islam and Mignot, 2015). T4Pdependent motility, previously described as “S-motility”, is favorable on soft surfaces and used
mostly for movement of groups of cells (Wu and Kaiser, 1995). T4P assemble at the leading cell
pole and in cycles of pilus extension, surface attachment and retraction generate force to move
cells forward (Islam and Mignot, 2015). Occasionally M. xanthus cells reverse direction of
movement. During the reversal process, cells change polarity and subsequently Agl/Glt complexes
and T4P assemble at the new leading cell pole (Kaimer et al., 2012).
Interestingly, outer membrane exchange (OME) has also been implicated in motility. (Wei
et al., 2011). OME is the transient fusion of the outer membranes between cells during physical
contact, mediated by cell-surface polymorphic receptors TraA and OmpA-like protein TraB
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(Pathak et al., 2013). OME performs transfer of proteins, lipoproteins and lipids (Cao et al., 2015).
Genetic screening identified six OM lipoproteins for OME transfer: CglB/C/D/E/F and Tgl. Cgl
proteins regulate contact dependent gliding motility and Tgl is important for T4-pilus formation
(Wall, 2014). Cgl proteins transferred via OME restore gliding motility in Cgl- strains respectively,
while transferred Tgl restore T4P motility in Tgl- cells (Wall, 2014).
OME is also important for kin recognition in M. xanthus (Pathak et al., 2013). OME
transports the SitA lipoprotein - toxins mediating kin discrimination (Vassallo et al., 2017).There
are 21 genes encoding SitA toxins in M. xanthus genome. (Wall, personal communication). Each
sitA gene contains downstream in their genomic loci a cognate sitI immunity gene. SitI proteins
are homologues to the SUKH-family of immunity proteins, which are common for polymorphic
toxin systems (Vassallo et al., 2017). Currently, only one toxin (SitA3) have been shown to
contribute to overall fitness in population (Vassallo et al., 2017).

1.9 Nucleotide-based second messengers in M. xanthus
For many organism it has been shown, that nucleotide-based second messengers are
involved in regulation of physiological processes in response to changing environmental
conditions. In M. xanthus (p)ppGpp, cAMP, cGAMP and c-di-GMP have been studied.
(p)ppGpp
(p)ppGpp is part of the stringent response to nutrient limitation. In Proteobacteria (p)ppGpp
synthesis and degradation is controlled by RelA and SpoT homologs (Potrykus and Cashel, 2008).
In M. xanthus (p)ppGpp metabolism involves a single RelA/SpoT protein associated with the
ribosomal large subunit. (Harris et al., 1998). Detection of uncharged tRNA in the A-site of the
ribosome by RelA induces synthesis of (p)ppGpp by phosphorylation of GTP or GDP using ATP
as the phosphate donor (Raina and Ibba, 2014). (p)ppGpp binds to RNA polymerase and inhibits
transcription of rRNA and tRNA genes, and activates transcription of genes related to amino acids
biosynthesis (Srivatsan and Wang, 2008). (p)ppGpp is involved in the regulation of many bacterial
functions including multicellular development, virulence and quorum sensing (Potrykus and
Cashel, 2008).
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cAMP
Generally, in Proteobacteria, cAMP regulates catabolism of alternative carbon sources,
flagellum biosynthesis, biofilm formation and virulence (Gorke and Stulke, 2008). As a rule,
cAMP is synthesized by a single adenylate cyclase and degraded by a single phosphodiesterase
(Gorke and Stulke, 2008). In E. coli in response to carbon limitation, the Cya adenylate cyclase
generates cAMP, which is bound by cAMP receptor protein (CRP). CRP in the cAMP-bound form
binds to its specific binding site in promoter regions and positively or negatively regulates
transcription of enzyme genes involved in catabolism of alternative carbon sources (Botsford and
Harman, 1992). In M. xanthus the cAMP-mediated signal transduction pathway regulates
temperature and osmotic tolerance by unknown mechanism (Kimura et al., 2005).
cGAMP
c-GAMP is the most recently identified second messenger in bacteria. In V. cholerae the
DncV dinucleotide cyclase was found to synthetize 3′3′-cGAMP, which regulates virulence via
repression of chemotaxis and enhanced intestinal colonization (Severin et al., 2018). Additionally,
it was demonstrated that the MshEN domain binds cGAMP and, therefore, might be involved in
regulation of cell attachment during intestinal colonization of the host (Wang et al., 2016). In E.
coli overexpression of DncV caused enhanced biofilm formation (Li et al., 2019). In Geobacter
riboswitches were identified that bind c-GAMP in order to regulate expression of genes involved
in utilization of extracellular iron(III) and genes related to surface adhesion (Nelson et al., 2015).
In M. xanthus two GGDEF-domain DGCs HyprA (MXAN_4463) and HyprB (MXAN_2643)
were identified that can synthetize c-GAMP (Hallberg et al., 2016). The role of this molecule in
M. xanthus physiology is not clear.

1.10 Role of c-di-GMP in M. xanthus
In M. xanthus c-di-GMP is important for T4P-dependent motility, development and cell
agglutination (Skotnicka et al., 2016a; Skotnicka et al., 2016b). Overexpression of a heterologous
DGC results in increased levels of c-di-GMP during growth and development and causes reduced
T4P-dependent motility and reduced agglutination in comparison to WT but had no effect on
development (Skotnicka et al., 2016a). Overexpression of a heterologous PDE results in decreased
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levels of c-di-GMP and reduced T4P-dependent motility, agglutination and a defect in
development (Skotnicka et al., 2016a).
Bioinformatic analysis of M. xanthus genome revealed 17 genes encoding proteins with a
GGDEF domain, two genes encoding EAL domain proteins and five genes encoding HD-GYP
domain proteins. All genes were inactivated and the mutants screened for motility and/or
developmental defects. As a result, five mutants were identified with defects in motility and/or
development (Skotnicka et al., 2016a).
DmxA is an active DGC with four transmembrane domains, two GAF domains and an
enzymatically active GGDEF domain. DmxA was found to be important for T4P-dependent
motility in the presence of nutrients (Skotnicka et al., 2016a).
TmoK is a hybrid histidine kinase containing a C-terminal GGDEF domain, which is not
catalytically active and does not bind c-di-GMP. Lack of TmoK in the presence of nutrients causes
a slight defect in T4P-motility, increased EPS accumulation and increased agglutination. A ∆tmoK
mutant is also affected in development (Skotnicka et al., 2016a; Skotnicka et al., 2016b).
SgmT is the hybrid histidine kinase of the SgmT/DigR two-component system, which
controls the composition of the extracellular matrix (Petters et al., 2012). The degenerate Cterminal GGDEF domain of SgmT functions as a c-di-GMP receptor. c-di-GMP binding is
important for SgmT localization to clusters along the cell body. A ∆sgmT mutant has defects in
T4P-dependent motility and agglutination and increased EPS and c-di-GMP accumulation
(Skotnicka et al., 2016a). In addition, ∆sgmT mutant shows defect in fruiting body formation and
sporulation (Skotnicka et al., 2016b).
DmxB is an active DGC important for fruiting body formation and sporulation. dmxB gene
transcription is induced upon starvation. DmxB is responsible for the approximately 10-fold
increase in the c-di-GMP level during development. Lack of DmxB causes defects in fruiting body
formation and sporulation. Moreover, in the absence of DmxB, EPS accumulation is reduced.
Interestingly, development of the ∆dmxB mutant is rescued by extracellular complementation
when co-developed with a strain proficient in EPS synthesis. Several genes of the eps-locus are
expressed at a reduced level during development in the ∆dmxB mutant. It was proposed that the
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EBP Nla24 in its c-di-GMP bound form regulate expression of eps-genes during development
(Skotnicka et al., 2016b) (Figure 13).

Figure 13. Regulation of M. xanthus development by DmxB DGC
(Skotnicka et al., 2016).
PmxA is an active PDE of the HD-GYP type, important for fruiting body formation and
sporulation. However, lack of pmxA does not lead to a significant changes in c-di-GMP level
during development (Skotnicka et al., 2016b).
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Scope of the study
c-di-GMP is important for development in M. xanthus. DmxB and PmxA were found to be
specifically important for fruiting body formation and sporulation. DmxB is an active DGC
responsible for the increased level of c-di-GMP during development. PmxA is an active PDE of
the HD-GYP type. However, lack of PmxA does not appear to cause a change in the global c-diGMP level during development.
In this study, we focus on revealing the role of PmxA in M. xanthus development.
Additionally, we addressed the question of how c-di-GMP metabolism and signaling are regulated
on the transcriptional level during development. In M. xanthus genome there are 25 genes likely
encoding c-di-GMP metabolizing proteins, 24 genes for PilZ domain proteins and 17 genes for
MshEN domain proteins. We analyzed expression of these genes during growth and development.
Additional, we systematically inactivated genes for PilZ domain proteins and studied their roles in
growth, motility and development.
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2

Role of c-di-GMP phosphodiesterase PmxA in fruiting body formation and
sporulation

2.1 Results
2.1.1

PmxA is an active PDE that is important for development
PmxA protein is a catalytically active PDE containing a HD-GYP domain (Skotnicka et al.,

2016b). In addition to the HD-GYP domain, PmxA also possesses two transmembrane helices
(TM), a periplasmic sensor CaChe (CAlcium channels and CHEmotaxis) domain and a HAMP
domain (Figure 14A). The pmxA locus is conserved in Myxococcaceae, Cystobacteraceae and
Archangiaceae species that all form fruiting bodies (Figure 14BC).

Figure 14. Bioinformatic analysis of PmxA.
A Domain structure of PmxA protein. Numbers indicate N- and C-terminal end of domains.
B Schematic organization of pmxA locus. Numbers below indicate distance between pmxA gene
and up- or downstream genes.
C Conservation of pmxA locus in Myxococcales species.
It was previously shown that a ∆pmxA mutant was exclusively deficient in development,
while growth as well as T4P-dependent and gliding motility were not affected (Skotnicka et al.,
2016a); (Skotnicka et al., 2016b). Here, we verified these observations and found that the ∆pmxA
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mutant was affected neither in T4P-dependent nor in gliding motility (Figure 15). ∆pmxA was able
to form fruiting bodies on an agar surface; however, under submerged conditions it failed to do so.
On both surfaces, the ∆pmxA mutant sporulated at a reduced level. As previously shown
(Skotnicka et al., 2016), the developmental defect of the ΔpmxA mutant was restored by ectopic
expression of the full-length gene under control of native promoter (Figure 15).

Figure 15 Motility and developmental assays for ∆pmxA mutant and complementation strain.
Motility assays were performed on 0.5% CTT 0.5% agar (T4P-motility) and on 0.5% CTT 1.5%
agar (gliding motility) for 24 hrs. Developmental assay was performed on TPM 1.5% agar and
under MC7 submerged conditions for 24hrs and 120hrs. Numbers indicate heat- and sonication
resistant spores, collected after 120hrs of development on solid agar or in submerged conditions,
in percentage of WT (100%).
In order to test whether PDE activity of PmxA is required for development, the full-length
gene encoding a PmxA variant with H424D425 in the active site substituted to AA was ectopically
expressed in the ∆pmxA mutant from the native promoter. Previously, the HD-GYP domain of this
PmxA variant was shown to have PDE activity in vitro while the HD-GYP domain of the PmxAAA
variant did not have PDE activity (Skotnicka et al., 2016b). The inactive PmxAAA variant fused to
mVenus and expressed ectopically from the native promoter from a plasmid integrated in a single
copy at the Mx8 attB site did not restore development in the ∆pmxA mutant, while a PmxAWTmVenus protein expressed similarly did (Figure 16A). Moreover, the PmxAWT-mVenus protein
expressed from the native site supported development. Importantly, all three PmxA-mVenus
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proteins accumulated at similar levels during development based on immunoblots on total cell
extract from cells developed for 6 hours and using antibodies against mVenus (Figure 16B).
The isolated HD-GYP domain of PmxA is active in vitro (Skotnicka et al., 2016).
Therefore, we also determined the ability of the isolated HD-GYP domain fused to mVenus to
restore fruiting body formation and sporulation in the ∆pmxA mutant. Despite the fact that the HDGYP-mVenus protein accumulated, complementation was not observed (Figure 16AB). In
addition, no complementation was observed with PmxA variants lacking either the CaChe sensor
domain, the CaChe as well as the two TM domains or only consisting of the HAMP-HD-GYP
domains (Figure 16A); however, none of these variants accumulated significantly (Figure 16B).
Finally, we observed that full-length pmxA fused to mVenus and ectopically overexpressed under
the control of the strong pilA promoter restored fruiting body formation, but fruiting body
morphology was abnormal with the formation of small and condensed fruiting bodies.
Additionally, the strain overexpressing pmxA was reduced in sporulation efficiency (Figure
16AB).
Previous studies showed that the heterologous DGC DgcA (C. crescentus) restored fruiting
body formation in a ∆dmxB mutant (Skotnicka et al., 2016b). Therefore, we tested whether PmxA
could be replaced by a heterologous PDE, i.e. PA5295 (P. aeruginosa). As shown in Figure 16A,
PA5295 was unable to restore development to the ∆pmxA mutant. We conclude that PDE activity
is essential for PmxA function.
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Figure 16. ∆pmxA mutant complementation.
A Developmental assays for ∆pmxA strain, ∆pmxA complemented with full-length version of
pmxA, ∆pmxA mutant expressing enzymatically inactive full-length PmxA, strain complemented
with isolated HD-GYP domain, ∆pmxA strain introduced with HAMP-HD-GYP or 2TM-HAMPHDGYP versions of PmxA protein, ∆pmxA mutant with constitutively expressed under pilA
promoter full-length pmxA or heterologous PDE PA5295. Developmental assay was performed on
TPM 1.5% agar and under MC7 submerged conditions for 24hrs and 120hrs. Numbers indicate
heat- and sonication resistant spores, collected after 120hrs of development in submerged
conditions, in percentage of WT (100%). Scale bars: TPM agar 250 μm, submerged culture 100μm.
B Immunoblot detection of PmxA variants fused to mVenus. Numbers refer to the numbering of
strains in A. Samples from developing cells were harvested from submerged cultures. 10 µg of
protein was loaded per well. α-PilC was used as a loading control.
2.1.2

Regulation of pmxA gene expression during development
To begin to understand why inactivation of pmxA caused defects only during development,

we analyzed pmxA transcription using RT-qPCR. The pmxA transcript level increased
approximately 5-fold within the first 3 hrs of development. After 12 hrs, the pmxA transcript level
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was slightly decreased and continued to decrease until 24 hrs (Figure 17A). In parallel, we
observed that the active PmxA-mVenus protein expressed from the native site was present in
growing cells (equivalent to 0 hrs of development) and its level of accumulation remained constant
during development (Figure 17B). We conclude that PmxA accumulation during development may
be regulated at both the transcriptional and post-transcriptional levels.

Figure 17. pmxA gene expression and PmxA-mVenus accumulation during development.
A qRT-PCR measurement of pmxA expression. Total RNA was extracted at the indicated time
points from cells developed under MC7 submerged conditions. Transcripts levels are shown as
mean ± SD from two biological replicates, each of them in two technical replicates, relative to 0
hrs time point on a log2 scale.
B Immunoblot detection of PmxA-mVenus accumulation during development. Samples from
developing cells were harvested from submerged cultures. 10µg of protein was loaded per well. αPilC was used as a loading control.
2.1.3

c-di-GMP accumulation in ∆pmxA mutant during development
Previously it was shown that c-di-GMP level in ∆pmxA mutant starved in suspension culture

was similar to that in WT (Skotnicka et al., 2016). Because the ∆pmxA mutant has the most
pronounced defect in fruiting body formation and sporulation under MC7 submerged conditions,
we determined c-di-GMP accumulation in cells developed under these conditions. Figure 17 shows
the global level of c-di-GMP in WT and ∆pmxA mutant strains during development. c-di-GMP
accumulation was not significantly different between two strains.
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Figure 18. c-di-GMP accumulation in WT and ∆pmxA mutant during development on a surface.
WT and pmxA mutant cells were starved in MC7 buffer under submerged conditions. c-di-GMP
levels were determined at the indicated time points and correlated to protein concentration. Levels
are shown as mean ± standard deviation (SD) calculated from three biological replicates. For
statistical analysis unpaired T-test was used.
M. xanthus cells form two distinct populations during development, aggregating (future
spores) and non-aggregating (future peripheral rods) cells. So, we decided to check whether c-diGMP accumulates similarly in the two populations in WT and in ∆pmxA mutant. We separated
aggregating and non-aggregating cells of WT at different time points during development and
measured c-di-GMP levels. C-di-GMP accumulation was similar in the two populations of WT.
Similarly, we observed that there were neither significant differences between the two cell
populations of the ∆pmxA mutant nor between the cell populations of the ∆pmxA mutant and the
WT. Finally, we observed that PmxA-mVenus expressed from the native locus accumulated at
similar levels in aggregating and non-aggregating cells (Figure 19B). In a control experiment, we
found that Protein C accumulated in aggregating cells but not in non-aggregating cells as
previously described (Lee et al., 2011), thus, documenting that the cell separation procedure
worked properly.
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Figure 19. c-di-GMP and PmxA-mVenus accumulation in aggregating and non-aggregating cell
populations.
A c-di-GMP level in aggregating and non-aggregating cells of WT and ∆pmxA. Samples from
developing cells were harvested from MC7 submerged cultures at indicated time points. Separation
of two cell populations was performed according to an established method (Lee et al., 2011).
Levels are shown as mean ± SD calculated from three biological replicates. For statistical analysis
was used unpaired T-test.
B Immunoblot detection of PmxA-mVenus in aggregating and non-aggregating cells. Samples
were prepared as described in A at indicated time points. 10 µg of protein was loaded per well. αFibA was used as a control for cell separation and α-PilC was used as a loading control.
2.1.4

Localization of PmxA protein in M. xanthus cells
Because the cellular level of c-di-GMP is similar in cells of the WT and the ∆pmxA mutant,

we speculated that PmxA may regulate a local pool of c-di-GMP. To pursue this hypothesis, we
determined the localization of PmxA-mVenus expressed from the native locus or in cells in which
PmxA-mVenus was ectopically overexpressed (Figure 20). In agreement with the sequence
analysis of PmxA, overexpressed PmxA-mVenus showed clear membrane localization, while
PmxA-mVenus expressed from the endogenous locus showed speckled localization (Figure 20,
upper panel). To confirm this observations we used Total Internal Reflection Fluorescence
Microscopy (TIRFM). As expected, PmxA-mVenus expressed from the att site under control of
pilA promoter showed uniform membrane staining. Interestingly, analysis of PmxA-mVenus
expressed from the native site with TIRFM showed multiple cluster localized along the cell body
(Figure 20, lower panel).
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Figure 20. Localization of PmxA-mVenus.
Cells were developed under submerged condition for 6h, then transferred to chitosan-coated
microscopy slide and imaged by epifluorescence (EPI) (upper panel) or by TIRF (down panel)
microscopy. Scale bar: 5μm.
2.1.5

EPS accumulation and T4P formation of ΔpmxA mutant
Previously, it was demonstrated that c-di-GMP regulates EPS accumulation and T4P

formation in M. xanthus (Skotnicka et al., 2016a; Skotnicka et al., 2016b). To study the importance
of PmxA in EPS accumulation, we incubated cells of WT and the ∆pmxA mutant on solid agar
containing trypan blue in the presence of nutrients or in the absence of nutrients (development)
(Figure 21A). A difE insertional mutant was used as a negative control for EPS accumulation
(Yang et al., 2000). On both types of media, trypan blue was bound by ∆pmxA cells similarly to
that of WT cells. Additionally, trypan blue binding by these two strains was measured in
suspension cultures during growth and starvation. ∆pmxA mutant cells bound trypan blue dye as
efficiently as WT (Figure 21B).

41

Figure 21. EPS accumulation and T4P-formation for ∆pmxA mutant.
A EPS accumulation for ∆pmxA mutant during vegetative growth and development.
B Quantification of EPS accumulation in ∆pmxA mutant. Percentage of the bound dye by each
strain was calculated by dividing the absorbance of each sample by the absorbance of the control
blank sample. Levels of trypan blue binding are shown as mean ± SD from three technical
replicates.
C PilA accumulation in total and sheared fractions of ∆pmxA mutant. Total cell fraction was
isolated from the indicated strains grown under CTT (vegetative) or MC7 (starvation) submerged
conditions and probed with α-PilA. Sheared T4P fraction were obtained with MgCl2 precipitation
(Wu and Kaiser, 1997). α-PilC was used as a loading control
In order to determine whether the ∆pmxA mutant was affected in T4P formation, we
determined the accumulation of the major pilin PilA in total cells and in the sheared (cell surface)
fraction under growth and developmental conditions. The total amount of PilA in the ∆pmxA
mutant was equal to that in WT under both conditions and in both fractions (Figure 21C).
2.1.6

ΔpmxA mutant cell agglutination and surface adhesion
For successful development M. xanthus requires cell-cell contact (Kim and Kaiser, 1990b;

Lobedanz and Søgaard-Andersen, 2003). Cells in suspensions without shaking agglutinate,
sediment and attach to a surface. Previously, it was shown, that modulation of c-di-GMP level
changes cell surface properties affecting cell agglutination independently of EPS accumulation
and T4P formation (Skotnicka et al., 2016a). To test whether the ΔpmxA mutant was affected in
agglutination, we performed an agglutination assay using as a negative control the ΔpilA mutant,
which is impaired in agglutination (Shimkets, 1986). In the presence of Ca2+ , the ΔpmxA mutant
agglutinated faster than WT after 60 min of incubation.
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Figure 22. Cell agglutination assay.
Agglutination rate was monitored by measuring the decrease in absorbance at 600 nm for a
suspension of cells in MC7 buffer. Absorbance is shown as mean ± SD from three biological
replicates. For statistical analysis was used T-test.
Because the ΔpmxA mutant had a defect in fruiting body formation under submerged
conditions and taking into account that it agglutinated faster than WT, we speculated that the
ΔpmxA mutant could be affected in surface adhesion. Therefore, we used a crystal violet (CV)
staining assay, which is widely used to quantify bacterial adhesion to surfaces (O”Toole, 2011).
Cell layers formed by ΔpmxA and WT cells after 24 hrs of development under submerged
conditions were stained with crystal violet dye. As a negative control, we used the ∆pilA mutant,
which is impared in surface attachment (Shimkets, 1986). Stained cell layers were visualized by
plate scanning and crystal violet binding was quantified. In comparison to WT cells, ∆pmxA
mutant cells bound crystal violet dye significantly 1.7-fold more efficiently (Figure 23).
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Figure 23. Crystal violet staining as an assay for surface adhesion.
Cells were developed for 24hrs as it was described in Figure 15. Cell supernatant was then
discarded and cell layer was stained with 0.1% solution of crystal violet. Bound CV dye was
dissolved in acetic acid. Absorbance of the bound CV was measured in spectrophotometer at
595nm. Levels of CV binding are shown as mean ± SD from three technical replicates. The
experiment was repeated at least 3 times, the picture shows one representative experiment. For
statistical analysis was used unpaired T-test.
We conclude that ΔpmxA cells hyper-agglutinate and are hyperadhesive but still produce
EPS and T4P at WT levels. Therefore, we hypothesised that PmxA might be involved in regulation
of cell surface properties and extracellular matrix formation during development independently of
EPS and T4P.
2.1.7

Co-development of ∆pmxA mutant with WT
Next, we visualized developing cells of ∆pmxA cells expressing mCherry from the attB site

at high resolution using confocal microscope and compared it to WT cells expressing mCherry.
After 24 hrs, labeled cells were observed with confocal laser scanning microscope (Figure 24). As
expected, WT cells formed round-shaped fruiting bodies approximately 40μm high, while ∆pmxA
mutant cells formed extended, condensed and irregularly shaped aggregates, which appeared to be
no higher than 15μm. We used a fruA mutant constitutively expressing mCherry as a negative
control for fruiting body formation. The ∆fruA mutant formed disorganized cell layers.
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Figure 24. Development of ∆pmxA mutant visualized by confocal laser scanning microscopy.
Cells of WT, ∆pmxA or ∆fruA mutants expressing mCherry were developed under MC7
submerged conditions for 24h.
Next, we asked whether ∆pmxA cells can be incorporated into fruiting bodies formed by
WT. To address this question, we co-developed mCherry labeled ∆pmxA strain with WT strain
expressing GFP. As a positive control served two WT strains labeled with GFP and mCherry,
respectively. After 24hrs, labelled cells were observed with confocal laser scanning microscope
(Figure 25). Two co-developed WT strains accumulating either mCherry or GFP formed roundshaped fruiting bodies, composed of both labeled cell types. However, WT co-developed with
∆pmxA mutant formed irregularly shaped aggregates similar to those observed for the ∆pmxA
mutant alone (Figure 24). Additionally, in the center of such aggregates, we observed more GFP
signal from WT suggesting that ∆pmxA mutant cells were not efficiently included into aggregates
of WT cells. In contrast to ∆pmxA mutant cells, ∆fruA mutant did not interfere with WT
development and, surprisingly, were included in fruiting bodies together with WT cells.
We conclude that the developmental defect of the ∆pmxA mutant can not be restored by WT
cells. Moreover, we speculate that the hyper-agglutination defect of the ∆pmxA mutant may
underlie the disruption of fruiting body formation.
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Figure 25. Co-development of ∆pmxA mutant and WT cells visualized by confocal laser scanning
microscopy.
Cells of WT, ∆pmxA or ∆fruA mutants expressing mCherry were mixed with WT cells expressing
GFP at 1:1 ratio and co-developed under MC7 submerged conditions for 24h.
2.1.8

Identification of PmxA interaction partners using in vivo pull down approach.
In previous experiments, we found that lack of PmxA causes a developmental defect in

cells developed under submerged conditions without significantly changing the total cellular level
of c-di-GMP. Moreover, lack of PmxA did not appear to affect EPS accumulation or T4P
formation, the two known targets of c-di-GMP regulation in M. xanthus. On the other hand,
agglutination and surface adhesion were altered in the absence of PmxA. To gain insights into how
lack of PmxA may affect development, we sought to identify PmxA interaction partners. To this
end, we performed in vivo pull-down experiments using the active PmxA-mVenus fusion protein
as a bait and a strain constitutively expressing mVenus from the strong pilA promoter as a negative
46

control. Cells expressing mVenus only and cells expressing PmxA-mVenus from the native site
were developed for 6 hrs under MC7 submerged conditions. Subsequently, cells were harvested
and disrupted using the French press. The obtained supernatants were incubated with GFP-Trap
sepharose (ChromoTek) for 1 hr at 4°C with end-over-end tumbling. After incubation, the
sepharose was washed and treated with Trypsin. Eluted peptides were analyzed with LC-MS/MS.
(Figure 26) shows control immunoblot with soluble and insoluble fractions, PmxA-mVenus bound
to GFP-trap after incubation, washing fraction and GFP-trap after on-beads Trypsin digestion and
following peptide elution samples.

Figure

26. Sample preparation for pull-down experiment.
Immunoblot analysis of indicated fractions collected during sample preparation for in vivo pull
down experiment. 10μL of each sample was loaded.
In the current experiment, 1882 proteins were identified in total. Protein intensities were
normalized globally across all samples and represented as iBAQ values (intensity-based absolute
quantification). Next, we calculated the log2 protein enrichment factor for these 1882 proteins in
bait samples (PmxA-mVenus) over control samples (mVenus only). The enrichment of each
individual proteins is shown in a volcano plot together with p-values based on two biological
replicates (Figure 27). We found that 639 proteins were enriched in the bait samples with p <0.05,
among which 305 proteins were enriched with log2 ≥ 2 (Figure 27A, orange dots) and 334 proteins
were enriched with log2 ≥ 10 (Figure 27A, green dots) compared to the control (only mVenus)
samples. We performed COG (Clusters of Orthologous Groups) analysis of the 334 most enriched
proteins (Figure 27B). Most of the proteins belong to the group of “Signal transduction
mechanisms” (28.3%). 14% of proteins were belong to “General function prediction only” group,
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which contain poorly characterized proteins. Based on bioinformatic prediction, 51% of the 334
proteins have a predicted membrane localization.

Figure 27. Analysis of PmxA-mVenus in vivo pull-down experiment.
A Volcano plot of the protein enrichment identified in pull-down experiment. Green dots and
orange dots represent significantly more enriched proteins in the bait (PmxA-mVenus) samples.
B Clusters of Orthologous Groups of 334 proteins significantly enriched in log2 ≥ 10.
Among the top five enriched protein in the bait samples was MXAN_2062, which is
encoded immediately upstream of PmxA (MXAN_2061). MXAN_2062 was experimentally
shown to be expressed in an operon together with MXAN_2063 and pmxA genes (see later in
1.1.15, p. 71). MXAN_2062 protein contains of an N-terminal LysM domain and a C-terminal
extracellular fibronectin type III domain (FnIII) based on sequence analysis (Figure 28A). Its N48

terminal end contains a type I signal peptide for Sec-dependent secretion based on SignalP 5.0
prediction.

Figure 28. Characterization of MXAN_2062 – a potential target of PmxA-dependent regulation.
A Domain structure of MXAN_2062 protein.
B Developmental assays for ∆MXAN_2062 strain, double mutant of ∆MXAN_2062 and ∆pmxA,
∆2062 mutant with constitutively expressed under pilA promoter full-length MXAN_2062.
Developmental assay was performed under MC7 submerged conditions for 24hrs and 120hrs.
Scale bar 100μm.
C Confocal laser scanning microscopy of WT, ∆pmxA or ∆fruA mutants expressing mCherry were
developed under MC7 submerged conditions for 24h.
A wide variety of secreted proteins contain a LysM domain, which binds to peptidoglycan
(Buist et al., 2008). FnIII domain proteins have been implicated in ECM formation. In V. cholerae
the RbmA protein, which contains two FnIII domains, regulates cell-cell adhesion (Fong and
Yildiz, 2007). RbmA accumulates on the cell surface and binds with high affinity via its FnIII to
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Vps (vibrio polysaccharides) to perform initial cell attachment to the surface to initiate biofilm
formation (Berk et al., 2012). It has been shown that RbmA function is activated upon its limited
proteolysis during biofilm formation by Ca2+-dependent Zn2+ metalloprotease HAP (Smith et al.,
2015).
Here, we focused on revealing the connection between MXAN_2062 and PmxA in
regulation of development. In order to determine whether MXAN_2062 is important for fruiting
body formation, we created an in-frame deletion mutant of MXAN_2062 and performed
developmental assay under submerged conditions (Figure 28B). Deletion of MXAN_2062 caused
the formation of irregularly shaped fruiting bodies, but did not cause such a strong effect as
inactivation of pmxA gene. Inactivation of both MXAN_2062 and pmxA genes had the same
phenotype as a single inactivation of pmxA gene. Interestingly, expression of MXAN_2062 from
the constitutive pilA promoter led to the absence of fruiting body formation. In future, we will
check ability of MXAN_2062 deletion and overexpression strains to sporulate.
Using confocal microscopy, we studied developmental biofilm of ∆MXAN_2062 mutant
and compared it to WT and the ∆pmxA mutant. We observed that lack of MXAN_2062 caused a
minor defect in fruiting body architecture in comparison to ∆pmxA mutant (Figure 28). While
∆pmxA mutant was capable of forming only flat dense aggregates, ∆MXAN_2062 mutant was
capable of forming fruiting bodies approximately 30μm, but not as high and structured as fruiting
bodies formed by WT cells.
We conclude that MXAN_2062 is a potential interaction partner for PmxA and, possibly,
together they regulate formation of fruiting bodies. Further experiments are ongoing.
2.1.9

Transcriptomic analysis of ∆pmxA mutant
To identify additional potential targets of PmxA-dependent regulation, we performed RNA

sequencing on WT and ∆pmxA mutant cells during development. Samples were collected at 0, 6,
12, 18 and 24 hrs of development from submerged cultures in two biological replicates. RNA was
isolated and treated with DNAse. 1µg of RNA from each sample was used for cDNA synthesis in
order to check the expression of known developmental markers in order to ensure that our
developmental samples reflected expression of developmental genes in the same way as it was
described in previous studies. We performed RT-qPCR measurement of lonD, mrpC, fruA, fmgC,
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fmgE and fibA genes, which are known to be important for development (Kroos, 2017). Figure 29
illustrates gene expression of the tested genes in the ∆pmxA mutant and WT. All tested genes are
expressed according to the expression patterns previously observed in WT (Konovalova et al.,
2012b). Significant difference in expression of these developmental markers between WT and
∆pmxA was not detected (Figure 29).

Figure 29. RT-qPCR measurement of gene expression in WT and ∆pmxA mutant during
development.
Total RNA was extracted at the indicated points from cells developed under MC7 submerged
conditions. Transcripts levels are shown as mean ± SD from two biological replicates, each of
them in two technical replicate, relative to 0hrs time point in a log2 scale.
Quality check of RNA samples, library preparation and sequencing were performed in the
Max Planck-Genome-Center, Cologne. Obtained reads were mapped and analyzed by
collaborators from Prof. Dr. Anke Becker and Giessen University. For each time point, the log2
expression ratio (WT vs ∆pmxA mutant) of all genes were calculated. Differentially expressed
genes in the ∆pmxA mutant compared to WT were identified as those for which the log2 expression
ratio was equal or higher than 2 or equal or lower than -2 with values of significance p<0.05 at at
least 1 time point. Information about the number of genes that fulfill these criteria is in (Figure
30A).
Because differentially expressed gene were identified for each time point separately and
some genes were found to be down- or upregulated at more than one time point, the gene list with
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differentially expressed genes contained the same genes at different time points. In order to identify
the total number of unique genes and group them according to time points, in which they were
found as differentially expressed, we performed Venn diagram analysis. In total there were 189
differentially expressed unique genes in the ∆pmxA mutant vs WT during development. Among
them 120 genes were up-regulated and 69 were down regulated. None of the upregulated genes
were differentially expressed in ∆pmxA vs WT at all tested time points of development, while six
genes were significantly downregulated in ∆pmxA vs WT at all tested time points (Figure 30B).

Figure 30. Differential expression analysis of ∆pmxA mutant vs WT during development.
A Number of down- and up-regulated genes identified in ∆pmxA mutant vs WT in pairwise
comparison of each time points. Some of the genes were counted at two and more time points.
B Venn diagram analysis of differentially expressed genes.
Most of the upregulated genes in the ∆pmxA mutant vs WT were expressed at low levels
during development in WT (Figure 31). Expression of some of these genes were induced after 24
hrs of development in WT and in ∆pmxA mutant their expression was induced earlier (Figure 31).
The majority of the proteins encoded by these upregulated genes are annotated as hypothetical and
only a few are annotated based on predicted domains. The function of these genes have not been
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studied in M. xanthus with exception of MXAN_4290 (dkxO) and MXAN_4851 (protein U). dkxO
gene encodes a thioesterase, which is involved in DKxanthenes biosynthesis. Lack of dkxO causes
delayed fruiting body formation and absence of spore formation (Meiser et al., 2006). Protein U is
a spore coat protein (Inouye et al., 1979).

Figure 31 Expression of ∆pmxA up-regulated genes from differential expression analysis in WT
and ∆pmxA during development.
Heat-map represents normalized read counts of upregulated genes in ∆pmxA mutant over WT.
Blue color corresponds to low number reads, red – to higher number of reads.
Most of the genes expressed at a lower level in the ∆pmxA mutant compared WT appeared
to be induced during development in WT. Some of these genes were described in previous studies.
For instance, two genes for serine proteases (MXAN_5466 and MXAN_6657) were predicted to
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be secreted proteases and play a role in extracellular matrix processing (Rolbetzki et al., 2008). In
WT, MXAN_5466 was found to be expressed at a higher level during growth compared to
development, while in the ∆pmxA mutant its expression was low at all time points. MXAN_6657
expression was induced at 6 and 12 hrs in WT cells and was not induced in ∆pmxA mutant at
mentioned time points (Figure 32).

Figure 32. Expression of ∆pmxA down-regulated genes from differential expression analysis in
WT and ∆pmxA mutant during development.
Heat-map represents normalized read counts of the downregulated genes in ∆pmxA mutant over
WT. Blue color corresponds to low number reads, red – to higher number of reads.
Moreover, 11 genes, which were downregulated in the ∆pmxA mutant vs WT, encode
protein serine threonine kinases (Ser/Thr kinases). The M. xanthus genome contains 102 genes
encoding Ser/Thr kinases, which are divided into 11 groups according to conserved motifs in the
catalytic domain (Figure 33) (Inouye and Nariya, 2008). We identified all four genes of the Pdd
kinase group of Ser/Thr kinases, all five of the Psd kinase group and two out of seven of PktF
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group to have lower expression in ∆pmxA mutant vs WT. Moreover, in WT the expression of these
genes was induced during development (Figure 32, 33).

Figure 33. Phylogenetic tree of Ser/Thr kinases in M. xanthus (Inouye and Nariya, 2008).
In the M. xanthus genome each of the four genes encoding a Pdd Ser/Thr kinase is flanked
by an upstream gene for a PktE Ser/Thr kinase followed by a gene called orf309-like, which
encodes uncharacterized periplasmic protein with signal peptide (Figure 34A, Cluster 1-4). All
four genes for the Pdd Ser/Thr kinases were developmentally upregulated in WT, but
downregulated in the ∆pmxA mutant at all tested time points, while genes for PktE Ser/Thr kinases
were developmentally down-regulated in WT but expressed at the same level in WT and the
∆pmxA mutant (Figure 34B).
The four genes for Psd Ser/Thr kinases that contain in their neighborhood genes encoding a
PktF Ser/Thr kinase, were 2-4-fold downregulated in ∆pmxA mutant vs WT during development
(Figure 31). In WT, these four psd genes were highly upregulated during development, similar to
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expression pattern of the pdd genes. Expression of psd1 gene, which does not contain a flanking
pktF gene, was ~2-fold downregulated at 0 and 6 hrs of development ∆pmxA mutant vs WT (Figure
34B). Notably, sequence analysis of all Ser/Thr kinases in M. xanthus revealed that Pdd and Psd
Ser/Thr kinases are homologs and that PktE and PktF Ser/Thr kinases are homologs (Inouye and
Nariya, 2008).
In contrast to pktE genes, five out of seven of pktF genes (pktF1, pktF2, pktF4, pktF5, pktF7)
were downregulated in ∆pmxA mutant in comparison to WT (Figure 34B). pktF1, pktF2, pktF4
genes, which contain in their neighborhood psd genes, were downregulated ~2-fold in the ∆pmxA
mutant in comparison to WT at 0, 6, 12 and 18 hrs of development, while in WT they were
expressed at high level during development (Figure 31B). Expression of the stand-alone pktF5
gene was significantly downregulated ~2-fold in the ∆pmxA mutant vs WT at 0, 6, 12, 18 hrs of
development, and expression of pktF7 was 2-4-fold downregulated in ∆pmxA mutant vs WT at at
0, 6 and 12 hrs of development.
Nine out of twelve studied gene clusters encoding differentially expressed Ser/Thr kinase
genes (Clusters 1-4, 7-9, 11 and 12) contained orf309-like genes encoding uncharacterized proteins
(Figure 34A, marked in brown). Interestingly, orf309 genes from pdd-pktE clusters were found to
be significantly upregulated in the ∆pmxA mutant, while in psd-pktF cluster 8, 9 and 10 they were
downregulated in ∆pmxA mutant in comparison to WT (Figure 34B, marked in brown).
Information about expression difference in ∆pmxA mutant vs WT for the described genes can be
found in Supplementary table 1 p. 127. The pdd-pktE gene clusters share six groups of genes
encoding paralogous proteins.
MXAN_2175/1230/4845 genes (marked in blue) encode predicted inner membrane proteins
of unknown function (Konovalova et al, 2010, unpublished). MXAN_1230 was the only gene from
this group that was differentially expressed in the ∆pmxA mutant. It was found significantly
upregulated after 24 hrs of development in comparison to WT expression (Figure 34B).
MXAN_3180/2174/1229/4846 genes (marked in pink) encode proteins of unknown
function with three trans-membrane domains (Konovalova et al, 2010, unpublished). These genes
were found significantly upregulated in ∆pmxA mutant in comparison to WT (Figure 34B).
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MXAN_2173/1228/4847

(marked

in

red)

genes

encode

periplasmic

D,D-

carboxypeptidases, which are known to be involved in peptidoglycan remodeling (Konovalova et
al, 2010, unpublished; Ghosh et al., 2008). MXAN_1228 and MXAN_4847 gene expression in
∆pmxA mutant was significantly upregulated in comparison to WT expression (Figure 34B).
MXAN_2172/1227/RS23565 (marked in orange) genes encode hypothetical proteins
predicted to localize to the inner membrane (Konovalova et al, 2010, unpublished). MXAN_1227
and MXAN_RS23565 were upregulated in ∆pmxA mutant after 24 hrs of development in
comparison to WT (Figure 34B).
pdd-pktE gene clusters 2 and 3 contained to genes (MXAN_2170 and MXAN_1226, marked
in yellow) encoded fibronectin type III domain proteins predicted to have outer membrane
localization. MXAN_1226 was significantly upregulated in ∆pmxA mutant in comparison to WT
(Figure 34B).
pdd-pktE gene clusters 3 and 4 share genes encoding paralogs of the SitA5 toxins
(MXAN_1231 and MXAN_4844, marked in blue). There are 21 gene encoding SitA lipoprotein
toxin family in genome (D. Wall, personal communication). However, only SitA3 toxin
(MXAN_1899) was found to play a role in kin discrimination in M. xanthus (Vassallo et al., 2017).
Function of the rest 20 toxins is unknown. Only one gene for SitA5 (MXAN_1231) was
significantly downregulated 2 fold at 6 and 12 hrs of development in ∆pmxA mutant compared to
WT (Figure 34B). Role of MXAN_1231 and MXAN_4844 is unknown.
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Figure 34. pdd-pktE and psd-pktF gene clusters encoding protein Ser/Thr kinases.
A Genomic organization of pdd-pktE and psd-pktF gene clusters. Modified from Konovalova et
al, 2010, unpublished
B Heat-map represents normalized read counts of the down-regulated genes in ∆pmxA mutant over
WT. Blue color corresponds to low number reads, red – to higher number of reads.
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In the gene clusters containing both psd and pktF genes (described in detail above) for
Ser/Thr kinases there were found paralogus genes for XRE-like DNA-binding proteins (Figure
34A, marked in purple). Based on transcriptomic analysis, these genes were downregulated in
∆pmxA mutant in comparison to WT (Figure 34B). Cluster 8 contain MXAN_4478 gene encoding
SitA4 toxin, which function was not studied. Expression of MXAN_4478 is not significantly
different in ∆pmxA mutant in comparison to WT.
In order to make a conclusion, if expression of the genes in the analyzed clusters are affected
in ∆pmxA mutant, first, we will confirm the data with RT-qPCR.

2.2 Discussion
The major goal of this project is to establish the function of PmxA during development.
Previous studies have shown that PmxA is an active PDE that degrades c-di-GMP to pGpG. Lack
of PmxA does not cause defects in T4P-dependent and gliding motility, while during development,
it causes defect in fruiting body formation under submerged conditions and reduced sporulation
on solid agar and under submerged conditions. In order to understand how PmxA is exclusively
important for development, we measured pmxA expression during development. We found, that
pmxA gene is expressed in growing cells and increases its expression more than 5-fold early during
development. Interestingly, PmxA accumulates in growing cells at the same level as in developing
cell, what does not repeat pmxA gene expression. This fact suggests, that PmxA accumulation
might be regulated not only on transcriptional, but on post-translational level as well (for instance,
via regulated proteolysis.).
Here, we showed that enzymatic activity of PmxA is important for development. However,
we did not detect any difference in c-di-GMP accumulation in comparison to WT during
development. Additionally, we found that the c-di-GMP level and PmxA-mVenus accumulation
is similar in aggregating and non-aggregating cells of both WT and ∆pmxA mutant. Localization
studies revealed that PmxA forms a speckled pattern distributed along the cell length. Inspired by
these observations, we speculate that PmxA regulates a local pool of c-di-GMP and might be a
trigger PDE that interact with other proteins to perform its regulatory role.
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In M. xanthus c-di-GMP regulates T4P formation, EPS accumulation, cell-cell
agglutination and development. However, PmxA is neither important for EPS accumulation nor
for the T4P formation in developing cells. Interestingly, cells lacking PmxA show hyperagglutination and hyper-adhesion defects in presence of Ca2+, which may explain why a ∆pmxA
mutant is not able to develop under submerged condition in MC7 buffer, which contain Ca2+. In
order to develop under submerged condition M. xanthus cells need to sediment, attach to the
surface, produce extracellular matrix and only then they initiate aggregation process in order to
from fruiting bodies. Our studies of ∆pmxA developmental biofilm structure revealed, that, in
contrast to WT, this mutant form dense cell layer with irregularly shaped aggregates. We speculate
that such phenotype is due to hyper-agglutinating and altered adhesive properties. Moreover, this
assumption is supported by results of co-developmental experiment, where ∆pmxA cells interfere
with normal fruiting body formation by WT cells.
In P. aeruginosa it has been shown that the degenerate PDE LapD binds c-di-GMP and
interacts with the periplasmic protease LapG. This interaction inhibits LapG-dependent proteolysis
of the LapA adhesin allowing biofilm formation (Newell et al., 2011). We hypothesize that PmxA
has a similar regulatory function during fruiting body formation. We speculate that PmxA may
regulate cell surface exposure or synthesis of adhesins, that are important for aggregation into
fruiting bodies. Interestingly, in in vivo pull down experiments with an active PmxA-mVenus
fusion, we identified the MXAN_2062 protein, which has a LysM domain and a fibronectin
domain III. We found that lack of MXAN_2062 caused a slight defect in fruiting body formation,
while constitutive expression of full-length MXAN_2062 gene leads to the absence of fruiting
body formation. Moreover, fruiting bodies formed by cells lacking MXAN_2062 are not as high
and structured as fruiting bodies formed by WT. MXAN_2062 gene is transcribed in an operon
together with pmxA and MXAN_2063 (see later in 3.1.6, p. 71) making it a strong candidate to be
involved in PmxA-dependent regulation. Interestingly, in V. cholerae the RbmA fibronectin type
III domain protein is involved in regulation of cell adhesion and biofilm structure development
(Fong and Yildiz, 2007). In order to make solid conclusion about the relation between
MXAN_2062 and PmxA and its impact on M. xanthus development, first, we will confirm that
MXAN_2062 directly interacts with PmxA. Second, we will test if developmental defect caused
by constitutive expression of MXAN_2062 can be suppressed by overexpression of PmxA.
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Additionally, we will study ECM properties of ∆MXAN_2062 mutant during development.
Notably, majority of identified potential interaction partners for PmxA belong to membrane signal
transduction of proteins. Further characterization and analysis of these proteins will shed light on
the PmxA signal transduction pathway.
In order to identify more targets of PmxA-dependent regulation of development, we
performed transcriptomic analysis of WT and ∆pmxA mutant during development. Differential
expression analysis revealed 189 genes for which expression was significantly changed in ∆pmxA
mutant in comparison to WT. In particular, our analysis revealed 14 genes encoding protein
Ser/Thr kinases expressed at a lower level in the ∆pmxA mutant in comparison to WT.
Additionally, in the genomic neighborhood of the genes for the differentially expressed Ser/Thr
kinases we identified additional genes that are differentially expressed in the ∆pmxA mutant vs
WT during development. Unfortunately, the function of these genes largely remains unknown.
Therefore, we decided to focus on revealing a possible connection between PmxA and Pdd, Psd
and PktF Ser/Thr kinases. It was experimentally shown, that PktF4 and Pdd3 mutants were
severely reduced in sporulation similarly to the ∆pmxA mutant (Inouye and Nariya, 2008). In
Bacillus subtilis spore formation and induction of spore germination is regulated by Ser/Thr
kinases (Najafi et al., 1995; Shah et al., 2008). Moreover, Ser/Thr kinases regulate cell
differentiation and peptidoglycan synthesis in Streptomyces (Manteca et al., 2011; Molle and
Kremer, 2010). It has been shown in Streptomyces coelicolor that Ser/Thr kinases control timing
of cell-wall peptidoglycan rearrangement during sporulation (Ladwig et al., 2015). These
examples show, that there is a direct connection between Ser/Thr kinases, peptidoglycan synthesis
and cell differentiation. Based on the literature research and our experimental results, we speculate
that PmxA together with Pdd, Psd and PktF may regulate peptidoglycan rearrangement during
sporulation and/or germination.
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3

Regulation of pmxA, dmxB & other “c-di-GMP” genes expression during
development

3.1 Results
3.1.1

Global analysis of expression of genes encoding proteins involved in c-di-GMP
regulation during development
Previous studies have shown that c-di-GMP level increases during development and this

increase is important for fruiting body formation and sporulation (Skotnicka et al., 2016b). In order
to understand how this regulation may occur at the transcriptional level, we studied the expression
of genes coding for proteins with a GGDEF, EAL, HD-GYP, PilZ or MshEN domain in M. xanthus
during development (Figure 35). In M. xanthus genome there are 17 genes for GGDEF domain
protein, 2 for EAL-domain proteins, 6 for HD-GYP-domain proteins, 24 for PilZ and 17 for
MshEN-domain proteins. MXAN_2807 is annotated as a gene encoding an EAL-domain protein
as well as a MshEN domain.
Overall, most of these “c-di-GMP” genes were expressed at higher levels during
development (Figure 35A). Interestingly, genes coding for MshEN-domain proteins were the
highest expressed “c-di-GMP” genes. Moreover, expression of such genes as dmxB, tmoK and
pmxA, which were previously shown to be important for development (Skotnicka et al., 2016),
was induced after 6 hrs of development. By contrast, in the case of sgmT and pkn1, which are both
important for development (Petters et al., 2012; Munoz-Dorado et al., 1991), expression of sgmT
decreased during development while pkn1 expression was induced only after 24 hrs of
development. We verified expression of all characterized genes using RT-qPCR and compared to
RNAseq results. Graphs in Figure 35B show that observed RNAseq pattern of expression is
reproducible in the RT-qPCR experiment.
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Figure 35. Expression of genes for c-di-GMP metabolism and c-di-GMP effector proteins.
A Heat-map represents normalized read counts of the genes. Blue color corresponds to low number
reads, red – to higher number of reads.
B Comparison of RNA-seq expression measurement of the genes important for development with
RT-qPCR measurement. Transcripts levels are shown as mean from two biological replicates, each
of them in two technical replicate, relative to 0hrs time point in a log2 scale. Read counts numbers
are shown as mean from two biological replicates.
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3.1.2

Many “c-di-GMP” genes contain in upstream regions putative MrpC binding sites
Using RNA-seq analysis of WT, we compared transcription of the genes for c-di-GMP

metabolizing and binding proteins during development with their expression during growth (0h).
Differential expression analysis revealed a cluster of highly up-regulated genes, which were
previously shown to be involved in regulation of development (dmxB, pmxA and pkn1) (Figure 36)
(Skotnicka et al., 2016; Munoz-Dorado et al., 1991).
In order to determine which developmental transcriptional regulator(s) could potentially be
involved in the regulated expression of these genes, we analyzed available transcriptomic data for
∆fruA mutant as well as DNA microarrays for mutants lacking AsgA, AsgB, SgmT or DigR
(McLoon & Søgaard-Andersen, unpublished; Konovalova et al., 2012b; Petters et al., 2012).
Additionally, we analyzed ChIP-seq data describing the binding of MrpC to the M. xanthus
genome. While we did not find a connection between “c-di-GMP” gene expression and FruA,
AsgA, AsgB, SgmT or DigR regulators, we found that 17 genes were predicted to have MrpC
binding sites. MrpC is a CRP-like transcriptional factor often referred to as a master regulator of
development that binds in the range of -400..+100 to the ORF start site based on ChIP seq
experiment (Robinson et al., 2014) (Table 1).
We found that 6 out of 17 DGCs genes were present in the ChIP seq analysis. Four genes
(MXAN_2997, dmxB, tmoK, MXAN_5366) contained predicted MrpC binding site upstream of
the first codon. MXAN_1525 contained predicted binding site downstream of the first codon.
Binding site coordinate for sgmT was not mentioned in the paper. There were identified 3 out of 8
genes encoding PDEs, which contained predicted MrpC binding site downstream of the first
codon: MXAN_2807 encoding for EAL domain PDE, pmxA and MXAN_4232 encoding for HDGYP domain PDE. 7 out of 24 genes encoding for PilZ domain were predicted to contain binding
site for MrpC. Four genes (MXAN_2649, MAN_2902, MXAN_6957, MXAN_7024) contained
predicted binding site downstream of their first codon. Based on the genomic locus analysis,
MXAN_3788 was predicted to be in operon with MXAN_3789 and MXAN_5804 was predicted
to be in an operon with MXAN_5803 and MXAN_5802. MXAN_3788 contained predicted
binding site in ORF of MXAN_3789 upstream gene, while MXAN_5804 contained predicted
binding site in non-coding region of the upstream MXAN_5802 gene. pkn1 was mentioned as a
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gene with predicted MrpC binding site in range of -400..+100 according to its first codon. Among
genes encoding for MshEN, only MXAN_7500 contained MrpC binding site upstream of its first
codon.
Table 1. Predicted MrpC binding sites of the “c-di-GMP” genes (Robinson et al., 2014).

Numbers in column “Protein” reflects number of genes predicted to contain MrpC binding
site/total amount of genes encoding for GGDEF-domain diguanylate cyclases (DGCs), EAL and
HD-GYP domain (PDEs), PilZ- and MshEN-domain proteins. “Predicted MrpC binding site
location” column shows if predicted binding site was located in open reading frame (ORF), in noncoding region (NC) or upstream/downstream of the mentioned in brackets genes. If predicted
binding site was not listed in the paper, it is marked as NA. Column “Predicted MrpC binding site
coordinate relatively to ORF start” shows predicted biding site coordinate relatively to the first
codon of the gene, “-400..+100” marks position of the peak for those genes, which were mentioned
as a good candidate for MrpC binding, but exact position of the peak was not listed in the paper.
Based on these observations, we hypothesized that MrpC might be involved in regulation of
c-di-GMP-related gene expression during development. Interestingly, many genes predicted to
contain MrpC binding site (underlined genes) in their promoter regions were upregulated during
development (Figure 36).
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Figure 36. Many c-di-GMP-related genes contain MrpC binding site.
Heat map reflects expression ratios of c-di-GMP-related genes in WT after 6, 12, 18 or 24 hours
of development over WT 0 hrs. Underlined genes contain MrpC binding site predicted by ChipSeq analysis.
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3.1.3

RT-qPCR verification of putative MrpC-dependent gene transcription
In order to test whether MrpC is indeed involved in the regulated expression of c-di-GMP

related genes, we performed RT-qPCR measurements of the expression of the 18 genes that were
predicted to have MrpC binding site (Table 1).
Expression of the 17 candidate genes were tested in the ∆mrpC mutant and compared to WT
at 0, 3, 6, 12 and 24 hrs of development. Those genes for which expression was at least 4-fold
changed at two and more time points, were considered to be a target for MrpC-dependent
regulation. As shown in Figure 37, dmxB was the only gene encoding a GGDEF-domain protein
for which expression was significantly altered in the ∆mrpC mutant compared to WT. Among
genes coding for PDEs, only pmxA gene expression in the ∆mrpC mutant was significantly altered
in comparison to WT. Moreover, four out of eight candidate genes encoding PilZ-domain proteins
(pkn1, MXAN_2902, MXAN_6957 and MXAN_7024) were differentially expressed in the
∆mrpC mutant and were down-regulated compared to WT. Finally, one gene encoding a MshENdomain protein had higher expression in ∆mrpC mutant early during development. As a negative
control, we measured expression of the fruA gene, which is directly activated by MrpC (Inouye
and Nariya, 2008).
Based on the results of the RT-qPCR experiment, we hypothesized that MrpC is a positive
regulator of expression of pmxA and four genes coding for PilZ-domain proteins, and a negative
regulator of dmxB and MXAN_7500 expression. Additionally, we noticed that dmxB and
MXAN_7500 have similar expression profile during development in both WT and ∆mrpC mutant
strains.
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Figure 37. Expression of c-di-GMP-related genes which are potentially regulated by MrpC.
Total RNA was extracted at the indicated points from cells developed under MC7 submerged
conditions. Transcripts levels are shown as mean ± SD from two biological replicates, each of
them in two technical replicate, relative to 0hrs time point in a log2 scale. Asterisk (*) marks
significant difference in 2-fold in log-scale in expression between WT and ∆mrpC mutant.
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3.1.4

PmxA & DmxB protein accumulation in ∆mrpC mutant
Expression of pmxA and dmxB were affected in opposite directions in the ∆mrpC mutant.

Therefore, in order to determine whether accumulation of PmxA and DmxB proteins is also
affected, we performed immunoblot assay. We found that accumulation of PmxA-mVenus protein
was reduced during development in the ∆mrpC mutant in comparison to WT, while DmxB
accumulation was increased in the mutant (Figure 40). Based on these data, we conclude that lack
of MrpC affects PmxA and DmxB accumulation supporting the RT-qPCR results.

Figure 38. MrpC regulates PmxA and DmxB protein accumulation during development.
A Immunoblot detection of PmxA-mVenus accumulation in ∆mrpC mutant. Samples from
developing cells were harvested from submerged cultures. Total protein concentration was
measured by Bradford assay and 10 µg of protein was loaded per well. α-PilC was used as a loading
control.
B Immunoblot detection of DmxB accumulation in ∆mrpC mutant. Samples were prepared as
described in A.
3.1.5

Identification of MrpC binding site in pmxA promoter region
Our RT-qPCR and immunoblot studies revealed that lack of MrpC led to a decrease in pmxA

transcription and PmxA protein accumulation. In order to determine whether MrpC directly
regulates pmxA gene expression, we performed electrophoretic mobility shift assay (EMSA) with
purified His6-MrpC protein and the putative promoter of the pmxA gene. The position of the MrpC
ChIP-seq peak in the upstream region of pmxA gene is at -210 bp relatively to the pmxA
translational start. We, therefore, prepared a HEX-labeled PCR product, which starts 100 bp
upstream of the ChIP-seq peak and ends before the first codon of pmxA (putative promoter region)
(Figure 39A). The HEX-labeled probe was mixed with N-terminally His6-tagged MrpC. EMSA
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showed that MrpC bound to the pmxA promoter fragment and binding by MrpC caused the
formation of two shifted complexes (Figure 39B). 0.1 µM MrpC formed one DNA-protein
complex and with 0.5-2 µM MrpC protein, we observed an additional complex suggesting that the
putative pmxA promoter region contains two MrpC binding sites (Figure 39B).

Figure 39. Identification of MrpC binding site in pmxA putative promoter regions.
A Promoter region of pmxA gene. Magenta boxes indicate putative binding sites, predicted by
sequence comparison to MrpC consensus (Robinson et al., 2014)
B EMSA with His6-MrpC and HEX-labeled pmxA promoter sequence.
C Sequence comparison of putative MrpC binding sites in pmxA promoter and their mutated
versions (*) with MrpC consensus.
D EMSA with His6-MrpC and HEX-labeled pmxA promoter sequence (WT) and HEX-labeled
pmxA promoter sequence with mutated binding sites (marked with asterisks).
In order to identify MrpC binding sites in the pmxA promoter region, we searched for
sequences that matched the previously published MrpC binding consensus (Figure 39C) (Robinson
et al., 2014). We identified three potential binding sites, mutated them separately and tested MrpC
binding. The HEX-labeled probe, which did not have any mutations (WT), gave rise to two
complexes with 1 µM MrpC while the probes containing a mutation in binding site 1 (BS1) or BS2
produced only one shifted complex. Mutation in BS3 did not have an impact on MrpC binding. A
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probe that had the BS1 and BS2 mutations combined did not bind MrpC. Based on these results,
we conclude that MrpC binds to pmxA promoter at two sites, BS1 and BS2.
To test whether the MrpC binding sites impact on pmxA promoter activity in vivo, we
constructed a reporter, which ectopically expressed mCherry from the WT pmxA promoter used
for the EMSA experiments or from promoter fragments with mutated MrpC binding sites. Using
immunoblot assay, reporter activity was detected in WT cells after 0, 3 and 6 hrs of development
when pmxA transcription was induced. As a negative control, we used the WT strain containing
the vector with the mCherry gene without a promoter (Figure 40). Accumulation of mCherry
expressed from intact pmxA promoter was higher than from its mutated versions supporting that
the identified binding sites are important for positive regulation of pmxA transcription by MrpC.

Figure 40. Immunoblot analysis of MrpC binding sites influence on pmxA promoter activity.
Immunoblot detection of mCherry expressed from pmxA intact promoter (PpmxA WT) and promoter
with mutated binding site 1 (PpmxA BS1*), binding site 2 (PpmxA BS2*) or both (PpmxA BS1*BS2*).
As a negative control backbone vector with mCherry without pmxA promoter (vector) was used.
Samples from developing cells were harvested from submerged cultures. Total protein
concentration was measured by Bradford assay and 10 µg of protein was loaded per well. α-PilC
was used as a loading control.
3.1.6

Operon mapping of pmxA locus
In order to understand, how MrpC binding sites are located in relation to the pmxA

transcriptional start, we analyzed the pmxA locus. This locus is conserved in fruiting body forming
Myxococcales species (Figure 14) and with three genes upstream and two downstream from pmxA
with the same transcriptional orientation as pmxA. The distance between ORF start of pmxA and
MXAN_2062 was 20 bp. MXAN_2062 and MXAN_2063 did not have intergenic region,
MXAN_2063 and MXAN_2064 contained a 73 bp intergenic region. To test whether pmxA forms
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a transcriptional unit with its upstream genes, we performed PCR on cDNA from vegetative (0hrs)
and developing (6hrs) cells. As a positive control, genomic DNA was used and as a negative
control, an RNA sample without reverse transcriptase added. We were able to amplify transcripts
of MXAN_2063 - MXAN_2062 and MXAN_2062 – MXAN_2061 suggesting that these three
genes constitute an operon (Figure 41B).
Additionally, we checked expression of MXAN_2062 and MXAN_2063 during
development and compared it to pmxA expression. Notably, while pmxA expression increased 4fold after 3 hrs of development, expression of MXAN_2063 increased less than 1.5-fold and
expression of MXAN_2062 was unchanged. Based on these data, we hypothesized that
MXAN_2063, MXAN_2062 and pmxA genes are expressed as one transcriptional unit during
growth, while during development MrpC induces transcription of pmxA from an internal promoter.
Additionally, qRT-PCR measurement is supported by RNA-seq analysis. Figure 41D shows
sequencing reads mapped on on pmxA locus. During vegetative growth (WT 0 hrs) MXAN_2063,
MXAN_2062 and pmxA expressed at the same level in one operon, while after 6 hrs pmxA
expression dramatically increased in comparison to MXAN_2063 and MXAN_2062.
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Figure 41. Genetic organization of pmxA locus.
A Schematic pmxA locus map. Arrows correspond to direction of gene expression, numbers
between arrows indicate distance between genes. Lines under the arrows mark expected PCR
product for operon mapping assay.
B Agarose gel with PCR results of operon mapping. cDNA from vegetative (0hrs) and developing
(6hrs) under MC7 submerged conditions wild type cells was amplified using oligonucleotide
primers. Genomic DNA (gDNA) was used as a positive control, cDNA reaction sample without
reverse transcriptase (RNA) was used as a negative control.
C Comparison of pmxA, MXAN_2063 and MXAN_2062 genes expression during development.
Total RNA was extracted at the indicated points from cells developed under MC7 submerged
conditions. Transcripts levels are shown as mean ± SD from two biological replicates, each of
them in two technical replicate, relative to 0h time point in a log2 scale.
D RNA-seq read mapping on pmxA locus.
3.1.7

Identification of MrpC binding site in dmxB promoter region
Using the same EMSA set up as for pmxA promoter, we tested whether MrpC directly binds

to the upstream region of dmxB, which contains an MrpC ChIP-seq peak at -380 bp relatively to
the dmxB start codon (dmxB promoter) (Figure 42A). HEX-labeled probe mixed with N-terminally
His6-MrpC formed one complex corresponding to one binding site (Figure 42B).
In order to identify the MrpC binding site in the dmxB promoter region, we tested MrpC
binding efficiency to four predicted binding sites, which matched previously published MrpC
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consensus (Figure 42C) (Robinson et al., 2014). HEX-labeled probe with no mutations (WT)
formed a single shifted complex with 1 µM MrpC protei. Similarly, the probes with a mutation in
BS1, BS2 or BS3 bound MrpC as the WT robe. By contrast, the probe with a mutated BS4 did not
bind MrpC. Based on these data, we suggest that dmxB promoter contains one binding site for
MrpC, BS4 (Figure 42D).

Figure 42. Identification of MrpC binding site in dmxB putative promoter regions.
A Promoter region of dmxB gene. Magenta boxes indicate putative binding site, predicted by
sequence comparison to MrpC consensus (Robinson et al., 2014)
B EMSA with His6-MrpC and HEX-labeled dmxB promoter sequence.
C Sequence comparison of putative MrpC binding sites in dmxB promoter and their mutated
versions (*) with MrpC consensus.
D EMSA with His6-MrpC and HEX-labeled dmxB promoter sequence (WT) and HEX-labeled
dmxB promoter sequence with mutated binding sites (marked with asterisks).
To test the impact of the MrpC binding site on dmxB promoter activity in vivo, we
constructed a reporter that ectopically expressed mCherry from the intact dmxB promoter or a
promoter with a mutated MrpC binding site. Using immunoblot, reporter activity was detected in
WT cells after 0, 3 and 6 hrs of development. As a negative control, the WT strain with the vector
with mCherry without the dmxB promoter was used. Accumulation of mCherry expressed from
the intact dmxB promoter was lower than from its mutated version supporting that the identified
binding site is important for negative regulation of dmxB transcription by MrpC (Figure 43).
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Figure 43. Immunoblot analyze of MrpC binding sites on dmxB promoter activity.
Immunoblot detection of mCherry expressed from dmxB intact promoter (PdmxB WT) and promoter
with mutated binding site 4 (PdmxB BS4*). As a negative control backbone vector with mCherry
without dmxB promoter (vector) was used. Samples from developing cells were harvested from
submerged cultures. Total protein concentration was measured by Bradford assay and 10 µg of
protein was loaded per well. α-PilC was used as a loading control.
3.1.8

Identification of dmxB gene transcription start site
dmxB contain a 400 bp intergenic region suggesting that dmxB and MXAN_3736 genes do

not form a transcriptional unit (Figure 44A). To identify the transcriptional start site of dmxB, we
used a primer walking approach on cDNA from vegetative (0hrs) and developing (6hrs) cells. For
this assay, we designed forward primers with their 5”-end annealed to -400, -300, -200, -100 and
-50bp, respectively relative to the translational start codon and a reverse primer with its 5”-end
annealed to +50 relative to the start codon (Figure 44A). As a positive control, we used genomic
DNA and as a negative control, RNA without reverse transcriptase. Using this experimental setup,
we were able to amplify transcripts starting at -300 and closer to the start codon but not with a
forward primer at -400 (Figure 44B). These observations suggest that the transcriptional start site
of dmxB is between -300 and -400 relative to the start codon. RNA-seq reads mapped on dmxB
locus show increased amount of the dmxB reads around -260 relative to the start codon during
vegetative growth (WT 0 hrs) and development Figure 44C.
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Figure 44. Mapping of transcriptional start site in dmxB.
A dmxB gene locus map. Arrows correspond to direction of gene expression, number between
arrows indicate distance between genes. Lines under the arrows mark expected PCR products for
start site mapping and coordinate of 5”end annealing of forward primer according to the first codon
of dmxB.
B Agarose gel with PCR results of start site mapping. cDNA from vegetative (0h) and developing
(6h) under MC7 submerged conditions wild type cells was amplified using oligonucleotide
primers. Genomic DNA (gDNA) was used as a positive control, cDNA cDNA reaction sample
without reverse transcriptase (RNA) was used as a negative control.
D RNA-seq read mapping on dmxB locus.

3.2 Discussion
c-di-GMP is important for starvation-induced development in M. xanthus. DmxB is the
DGC that generates the increase in the c-di-GMP level that is essential for completion of
development. dmxB expression and DmxB accumulation increase during development (Skotnicka
et al., 2016b).
Here, we studied regulation of c-di-GMP signaling at transcriptional level. Using RNA-seq
analysis of developing cells, we determined the expression of genes encoding GGDEF, EAL, HDGYP, PilZ and MshEN-domain proteins. Notably, 10 of these genes are highly induced relative to
0 hrs of development including dmxB and pmxA (Skotnicka et al., 2016b). Moreover, using
ublished ChIP-seq data for MrpC, we identified 18 genes putatively regulated by MrpC, six of
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which are highly upregulated during development. MrpC is a CRP-like transcriptional regulator,
which does not appear to require a nucleotide ligand for DNA binding and a master regulator of
gene expression during development (Robinson et al., 2014). We found that the expression of
seven genes (including pmxA and dmxB) out of 18 candidates are significantly different between
∆mrpC mutant and WT.
In the pmxA promoter region we identified two binding sites for MrpC and both sites are
important for pmxA promoter activity in vivo. Notably, MrpC binding sites are located around
210bp upstream of the start codon of pmxA gene suggesting that the pmxA transcript has a long 5”UTR. Using operon mapping assay we found that pmxA gene is transcribed in an operon with two
upstream genes. Interestingly, these two upstream genes (MXAN_2063 and MXAN_2062) are not
developmentally upregulated suggesting that pmxA has an internal promoter activated by MrpC
during development. In the dmxB promoter region, we identified one binding site for MrpC located
403bp upstream of the translational start site. Identified binding site is important for negative
regulation of dmxB promoter activity by MrpC in vivo. We attempted to identify dmxB
transcriptional start site using a primer walking approach. The experiment have shown, that dmxB
has at least 300bp long 5”-UTR. We will identified exact coordinates of pmxA and dmxB
transcription starting sites using primer extension analysis.
Several cases of temporal regulation of c-di-GMP on transcriptional and post-transcriptional
level were identified (discussed in 1.1, p.15). For instance, in V. cholerae cAMP-CRP negatively
regulates expression of the genes encoding c-di-GMP metabolizing proteins in order to inhibit
biofilm formation (Fong and Yildiz, 2008). In E. coli RpoS positively regulates c-di-GMP
metabolism-associated proteins important for the biofilm formation (Hengge, 2009). In X.
campestris, E. coli and S. typhimurium, CsrA homologous proteins bind to the mRNAs of genes
encoding c-di-GMP metabolizing proteins, inhibit their translation and decrease transcript stability
leading to a low level of c-di-GMP (Lu et al., 2012); (Jonas et al., 2008), (Jonas et al., 2010). We
demonstrated, that c-di-GMP metabolism and signal transduction in M. xanthus is differentially
regulated during vegetative growth and development and some of the genes by MrpC. Moreover,
we demonstrated that MrpC dually regulate c-di-GMP metabolism. MrpC inhibits at early stages
of development transcription of the gene for the DGC DmxB, that generates a global pool of c-di77

GMP essential for development, and enhances transcription of the gene for the PDE PmxA, which
may regulate a local pool of c-di-GMP. Additionally, we have shown that MrpC may regulate cdi-GMP signal transduction via negative regulation of the expression of genes encoding a MshENdomain protein and positive regulation of genes for PilZ-domain proteins.
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4

PilZ-domain proteins and their role in lifecycle of M. xanthus

4.1 Results
4.1.1

Role of PilZ domain proteins in motility and development in M. xanthus
M. xanthus genome encodes 24 PilZ-domain proteins that putatively bind c-di-GMP (Table

2).
Table 2. Genes for PilZ-domain proteins in M. xanthus genome.
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Two genes (pkn1 and plpA) were characterized previously. Lack of Pkn1 leads to pre-mature
fruiting body formation and reduced sporulation (Munoz-Dorado et al., 1991). Howether, Pkn1
binding to c-di-GMP was not studied. PlpA was found to be important for regulation of the reversal
frequency during growth. It was shown that PlpA directly interacts with AglS, a MotB homologue
in the gliding machinery motor. Interestingly, PlpA does not require c-di-GMP binding to perform
its function. Additionally, purified PlpA was reported not to bind c-di-GMP in vitro (Pogue et al.,
2018).
In our laboratory, we generated all 24 in-frame deletion mutants in genes encoding PilZ
domain proteins and tested them for motility and developmental defects (Figure 45). We identified
MXAN_1087 as important for T4P-dependent motility. On 0.5% agar this mutant formed shorter
flairs than WT, while EPS accumulation and development were not affected (Figure 45).
MXAN_2604 appeared to be important for T4P-dependent motility and fruiting body formation,
but not for EPS accumulation and gliding motility (Figure 45). Deletions of the remaining 20 genes
did not show any phenotype in M. xanthus under the tested conditions.
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Figure 45. Mutagenesis screening of M. xanthus genes encoding PilZ-domain proteins.
Gliding and T4P-dependent motility were performed as described in Figure 15. Scale bars: T4Pdependent motility and gliding motility 100 μm. Development was performed as described in
Figure 15. Scale bars: TPM agar 200 μm, submerged culture 100μm.
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4.1.2

Analysis of MXAN_1087 in T4P-dependent motility
MXAN_1087 is a 29 kDa protein that consists of a response regulator domain and a PilZ

domain that possesses all necessary motifs for c-di-GMP binding (Figure 46A). To verify that
MXAN_1087 is important for T4P-dependent motility, we ectopically expressed the full-length
gene under the control of the native promoter from the attB-site in the ∆MXAN_1087 mutant.
Motility assay revealed that the motility defect of the ∆MXAN_1087 mutant was complemented
by the full-length gene (Figure 46) demonstrating that inactivation of MXAN_1087 directly affects
T4P-dependent motility.

Figure 46. Characterisation of MXAN_1087.
A Domain structure of MXAN_1087 protein.
B Complementation of ∆MXAN_1087 T4P-depend motility defect. Motility assay was performed
on 0.5% CTT 0.5% agar. Scale bar: 500 μm.
It is known, that defect of T4P-dependent motility can be caused by altered EPS
accumulation, T4P formation and/or cell reversal frequency. The ∆MXAN_1087 mutant cells
accumulate EPS as efficiently as WT (Figure 45). As a next step, we checked whether deletion of
MXAN_1087 affects T4P formation. Electron transmission microscopy revealed that
∆MXAN_1087 mutant was capable of forming T4P pilus as efficiently as WT (Figure 47).
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Figure 47. T4P pilus formation of ∆MXAN_1087 mutant.
Exponentially growing cells were transferred to a grid and stained with 2% uranyl acetate and
visualized by electron transmission microscopy. Scale bar: 500nm. Numbers indicate cells with or
without T4P counted for 30 cells.
Next, we analyzed the reversal frequency of single cells moving by T4P on 1%
methylcellulose. For this experiment, we additionally used a double mutant of ∆MXAN_1087 and
∆aglQ in order to reduce the impact of gliding motility. Previously it has been shown, that there
was not significant difference in reversal frequency between WT and ∆aglQ on 1%
methylcellulose (Hu et al., 2011). As shown in Figure 48, ∆MXAN_1087 cells reverse
significantly more frequently than WT cells and that was also observed for the double mutant of
∆MXAN_1087∆aglQ compared to ∆aglQ cells. Based on these observations, we conclude that
∆MXAN_1087 mutant is hyper-reversing in T4P-motility.
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Figure 48 Reversal frequency of ∆MXAN_1087 on 1% methylcellulose.
Assay was performed as previously described (Hu et al., 2011). Boxplots represent the measured
reversals of isolated cells for 10 min, boxes enclose the 25th and 75th percentile, whiskers
represent the 10th and 90th percentile and dots - outliers. For statistical analysis we used MannWhitney Rank Sum Test. n>50.
4.1.3

Analysis of MXAN_1087 regulation of gliding motility
Previous studies have shown that mutants affected in cell reversal frequency are typically

affected in both types of motility (Kaimer and Zusman, 2016).Therefore, we decided to study
gliding motility in the ∆MXAN_1087 mutant more precisely on the population and single cell
level.
First, we imaged colonies of the ∆MXAN_1087 mutant and complementation strain on
1.5% agar. The ∆MXAN_1087 mutant colony was smoother than WT, while the complementation
strain had a colony morphology similar to that of WT (Figure 49, upper panel). With higher
magnification, we could observe that the ∆MXAN_1087 mutant was capable of single cell
movement and slime trail formation. However, as we noticed with lower magnification, the colony
edge morphology of the ∆MXAN_1087 mutant was slightly different in comparison to WT and
this difference was complemented by expression of the full-length gene (Figure 49, lower panel).

85

Figure 49. Gliding motility of ∆MXAN_1087 mutant and its complementation.
Gliding motility assay was performed as described in
Figure 15. Scale bar: upper panel - 500 μm, lower - 100 μm.
Second, we checked the reversal frequency in gliding motility on solid agar. As expected,
the ∆MXAN_1087 mutant revealed a hyper-reversing phenotype in gliding motility (Figure 50).

Figure 50. Reversal frequency of ∆MXAN_1087 on 1.5% agar.
Boxplots represent the measured reversals of isolated cells for 10 min, boxes enclose the 25th and
75th percentile, whiskers represent the 10th and 90th percentile and dots - outliers. For statistical
analysis was used Mann-Whitney Rank Sum Test. n>50.
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4.1.4

Analysis of MXAN_2604 reversal frequency in T4P-dependent and gliding motilities
The ∆MXAN_2604 mutant revealed reduced colony expansion in T4P-dependent motility.

MXAN_2604 is a 89 kDa protein consisting of response regulator and PilZ domains (Figure 51A).
PilZ domain contains all amino acid residues for c-di-GMP binding. Interestingly, the
∆MXAN_2604 mutant hyper-reversed in both T4P and gliding motility (Figure 51).

Figure 51. Characterization of MXAN_2604.
A Domain structure of MXAN_2604.
B Reversal frequency of ∆MXAN_2604 on methylcellulose and 1.5% agar. Boxplots represent the
measured reversals of isolated cells for 10 min, boxes enclose the 25th and 75th percentile,
whiskers represent the 10th and 90th percentile and dots - outliers. For statistical analysis was used
Mann-Whitney Rank Sum Test. n>50.

4.2 Discussion
Previously systematic inactivation of genes encoding c-di-GMP metabolizing proteins
allowed to identify proteins that are important for T4P-dependent motility and development. By
contrast, the role of c-di-GMP effectors is mostly unknown.
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Bioinformatic analysis revealed genes encoding proteins with c-di-GMP binding domains
in M. xanthus genome: PilZ and MshEN. In many bacteria, PilZ-domain proteins were found to
be involved in regulation of T4P-dependent and flagella motility, EPS production and T3SSdependent virulence. PilZ-domain proteins mediate their signal transduction via interaction with
other proteins (Romling et al., 2013).
In M. xanthus genome there are 24 genes encoding PilZ-domain proteins. Previously it was
reported that Pkn1 protein, which contains PilZ and Ser/Thr kinase domains, is important for
sporulation. However, the mechanism of regulation remained unknown. Recently, another PilZ‐
domain protein PlpA was characterized. It was shown that PlpA localizes to the lagging cell pole
and regulates direction of motility. Lack of PlpA leads to reduced T4P-dependent and gliding
motility, caused by an increase in cell reversal frequency.
In our screening we tested PilZ mutants for ability to move via T4P-dependent and gliding
motility, to accumulate EPS and form fruiting bodies on solid agar and under submerged
conditions. As a result, we identified two genes that might be novel regulators of motility:
MXAN_2604 and MXAN_1087. Lack of MXAN_2604 causes reduced T4P-dependent motility
and, as we hypothsize, therefore, had a secondary defect in development. EPS accumulation and
gliding motility are not affected in the ∆MXAN_2604 mutant.
MXAN_1087 is a protein that contains PilZ-like and response regulator domains. Based on
bioinformatics prediction, PilZ domain contains all necessary motifs for c-di-GMP binding. We
found that ∆MXAN_1087 strain is capable of forming T4P pilus, while it shows increase in single
cell reversal frequency in T4P-dependent motility. In case of gliding motility, we found that
∆MXAN_1087 forms slime trails and is capable of single cell movement, but is affected in colony
morphology and increased in single cell reversal frequency. MXAN_2604 was found to be hyper
reversing in both types of motilities.
More studies on MXAN_1087 and MXAN_2604 will expand our understanding of motility
regulation in M. xanthus by c-di-GMP. First, we would like to overexpress both proteins to test
whether the protein level is important for reversal regulation. Second, we would like to know
whether MXAN_1087 and MXAN_2604 bind c-di-GMP in vitro and check the relevance of c-diGMP binding in vivo. Additionally, we would like to test whether the response regulator domain
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is important for MXAN_1087 and MXAN_2604 function and how its phosphorylation state affects
cell reversal frequency. In order to place both MXAN_1087 and MXAN_2604 into already
existing motility regulatory model, we will study localization of this protein in WT and in major
motility regulator mutant backgrounds. Additionally, we will knockout genes coding for motility
regulators in ∆MXAN_1087 or ∆MXAN_2604 and their overexpression backgrounds to
determine reversal frequencies.
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5

Materials and methods

5.1 Chemicals and equipment
Description of reagents, enzymes, antibiotics and kits used in current work are listed in the
Table 3, equipment description is listed in Table 4.
Table 3 Reagents, enzymes, antibiotics and kits
Reagents
Chemicals

Supplier
Roth (Karlsruhe),
Merck (Darmstadt),
Sigma-Aldrich (Taufkirchen)
Media components, agar
Roth (Karlsruhe),
Merck (Darmstadt),
Difco (Heidelberg),
Invitrogen (Darmstadt)
5 x DNA loading buffer
New England Biolabs (NEB) (Frankfurt a.
M.)
2-log DNA Ladder
New England Biolabs (NEB) (Frankfurt a.
M.)
Oligonucleotides
Eurofins MWG Operon (Ebersberg)
Rabbit antisera
Eurogentec (Seraing, Belgium)
Anti-GFP monoclonal antibodies
Roche Diagnostics GmbH (Mannheim)
Anti-mCherry antibodies
BioVision
Goat anti-rabbit IgG
Pierce/Thermo Fisher Scientific (Dreieich)
Anti-mouse sheep IgG antibody
GE Healthcare Europe GmbH (Freiburg)
Luminata Western HRP Substrate
Merck Millipore (Darmstadt)
Nitrocellulose membrane
GE Healthcare Europe GmbH (Freiburg)
PageRuler Plus Prestained Protein Ladder Thermo Fisher Scientific (Dreieich)
UltraPure™ Herring Sperm DNA Invitrogen
Solution
Enzymes
Phusion High-Fidelity DNA Polymerase Thermo Fisher Scientific (Dreieich)
T4 DNA Ligase
Fermentas (St. Leon-Rot)
5 PRIME MasterMix
5 PRIME GmbH (Hamburg)
Restriction enzymes
New England Biolabs (Frankfurt a. M.)
SYBR Green PCR Master Mix
Applied Biosystems (Darmstadt)
Antibiotics
kanamycin sulfate,
Roth (Karlsruhe)
chloramphenicol,
ampicillin sodiumsulfate,
gentamycin sulfate,
oxytetracycline dehydrate,
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tetracycline hydrochloride
Kits
DNA purification (chromosomal DNA)

Epicentre
Biotechnologies
(Wisconsin,USA)
Macherey-Nagel (Düren)

DNA purification (plasmid DNA),
PCR purification,
Gel purification
High-Capacity
cDNA
Reverse Applied Biosystems (Darmstadt)
Transcription Kit
TURBO DNA-free™ Kit
Invitrogen
Table 4 Equipment
Application

Device

Manufacturer

Cell disruption

Branson Sonifier 250,
French pressure cell press

G. Heinemann
(Schwäbisch Gmünd)
SLM instruments
(Urbana, IL)
Sorvall/Thermo
Fisher
Scientific
(Dreieich),
Heraeus/Thermo Fisher
Scientific (Dreieich),
Beckman
Coulter
(Krefeld),
Eppendorf (Hamburg)
Eppendorf (Hamburg)

Centrifugation

RC 5B plus,
Ultra Pro 80,
Multifuge 1 S-R,
Biofuge fresco,
Biofuge pico,
Avanti J-26 XP,
Optima L-90K,
Centrifuge 5424 R
PCR
Mastercycler personal,
Mastercycler epgradient
RT-qPCR
7500
Real-Time
PCR
System
Thermomixer
Thermomixer compact
Gel documentation systems E-BOX VX2 imaging
system
UVT_20 LE
Typhoon
Electroporation
GenePulser Xcell
Protein electrophoresis
Mini-PROTEAN® 3 cell
Western blotting
TransBlot®TurboTM
Transfer System
Chemiluminescence
Luminescent image
detection
analyzer LAS-4000
Microscopes
M205FA Stereomicroscope
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Applied
Biosystems
(Darmstadt)
Eppendorf (Hamburg)
PeqLab (Eberhardzell)
Herolab (Wiesloch)
Bio-Rad (München)
Bio-Rad (München)
Bio-Rad (München)
Fujifilm (Düsseldorf)
Leica (Wetzlar)

DMi8 Inverted microscope
LSM-800 microscope
Ultrospec 2100 pro
Spectrophotometer
DS11+
M200
pro
with
Monochromatoroptics

Zeiss

Application

Software

Data analysis of
microscopy pictures

Metamorph® v 7.7.5.0,
ImageJ 1.51s

Supplier
Molecular Devices (Union
City,
CA),
Wayne Rasband (National
Institutes of Health, USA)

Determination of optical
densities or nucleic acids
absorption

Table 5 Software

Checking of DNA and
proteins
sequences, in silico
plasmid cloning, sequence
assembly

Amersham Biosciences
(München)
DeNovix
Inc.
(Wilmington)
Tecan
Deautschland
GmbH (Crailsheim

DNASTAR, Inc (Madison,
USA)

DNASTAR

5.2 Media
E. coli cells were cultivated in Luria-Bertani (LB) liquid media or on LB agar plates with
1.5% agar concentration. M. xanthus cells were cultivated in CTT media or on CTT agar plates
with 1.5% agar concentration.
Table 6 Growth media for E. coli and M. xanthus
Media
E. coli
LB medium
LB agar plates
M. xanthus
CTT

CTT agar plates

Composition
1% (w/v) tryptone,
0.5% (w/v) yeast extract,
1% (w/v) NaCl
LB medium,
1.5% (w/v) agar
1% (w/v) Bacto casitone,
10 mM Tris-HCl pH 8.0,
1 mM potassium phosphate buffer pH 7.6,
8 mM MgSO4
CTT medium,
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1.5% agar
CTT medium,
0.5% agar

CTT soft agar
Motility assays
A-motility plates
(Hodgkin & Kaiser, 1977)
S-motility plates

0.5% CTT,
1.5% agar
0.5% CTT,
0.5% agar

Developmental assays
TPM-agar

10 mM Tris-HCl, pH 7.6,
1 mM KH2PO4, pH 7.6,
8 mM MgSO4,
1.5% agar
10 mM MOPS, pH 7.0,
1 mM CaCl2

MC7 buffer
Microscopy media
MMC buffer

10 mM MOPS pH 7.6,
4 mM MgSO4,
2 mM CaCl2
MMC buffer
1% methylcellulose
2M acetic acid
15mg/ml chitosan

Methylcellulose solution
Chitosan 100x solution

The concentration of additives for E.coli or M. xanthus cultures is listed in Table 7.
Table 7 Additives used for E.coli and M. xanthus
Additive
E. coli
Ampicillin sodium sulfate
Chloramphenicol
Kanamycin sulfate
Tetracyclin
IPTG
M. xanthus
Kanamycin sulfate
Oxytetracycline
Galactose

Final concentration

Dissolved in

100 µg/ml
30 µg/ml
50 µg/ml
25 µg/ml
0.5 mM

H2O
99.99% ethanol
H2O
99.99% ethanol
H2O

50 µg/ml
10 µg/ml
2.5%

H2O
0.1M HCl
H2O
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5.3 Microbiological methods
5.3.1

E. coli strains

Strain
Top10

Characteristics
F- mcrA Δ(mrr-hsdRMS-mcrBC)
Φ80lacZΔM15 ΔlacX74 recA1
araD139 Δ(ara leu) 7697 galU
galK rpsL (StrR) endA1 nupG
F-ompT hsdSB(rB-mB-) gal
dcm(DE3)
pRARE2(CmR)

Rosetta 2 (DE3)
5.3.2

Reference
Invitrogen™
life technologies
(Karlsruhe)
Novagen/Merck
(Darmstadt)

M. xanthus strains

Strain
DK1622
SA5605
SW501
DK10410
SA3546
SA6462
SA5293
SA5629
SA8038
SA8062
SA8072
SA8079
SA8080
SA8036
SA8004
SA8033
SA10112
SA8085
SA8068
SA8070
SA8096
SA10108
SA10109
SA10111
SA10110
SA8099
SA8060

Characteristics
wild-type
ΔdmxB
difE::kanR
ΔpilA
ΔpmxA
ΔmrpC
ΔaglQ
ΔpmxA/Pnat-pmxA
pmxA::pmxA-mVenus
ΔpmxA/ Pnat-pmxAAAGYP-mVenus
ΔpmxA/ Pnat HAMP-HDGYPpmxA-mVenus
ΔpmxA/ Pnat TM-HAMP-HDGYPpmxAmVenus
ΔpmxA/ Pnat-HDGYPpmxA-mVenus
ΔpmxA/ Pnat-pmxA-mVenus
ΔpmxA/PpilA PA5295-Strep-tag
ΔpmxA/PpilA pmxA-mVenus
WT/ PpilA GFP
ΔfruA/PpilA mCherry
ΔpmxA/PpilA mCherry
WT/ PpilA mCherry
WT/mCherry
WT/PpmxA BS1-mutated mCherry
WT/ PpmxA BS3-mutated mCherry
WT/ PpmxA BS1+3-mutated mCherry
WT/PdmxB BS9-mutated mCherry
WT/ PdmxB mCherry
ΔMXAN_0063
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Reference
Kaiser, 1979
Skotnicka, et al., 2016
Yang et al., 1998b
Wu & Kaiser, 1996
Skotnicka, et al., 2016
Magdalena Polatynska
Jakobczak et al., 2015
Skotnicka, et al., 2016
This sudy
This sudy
This sudy
This sudy
This sudy
This sudy
This sudy
This sudy
This sudy
This sudy
This sudy
This sudy
This sudy
This sudy
This sudy
This sudy
This sudy
This sudy
This sudy

SA8034
ΔMXAN_0614
SA8069
ΔMXAN_0833
SA8087
ΔMXAN_0961
SA8042
ΔMXAN_1087
SA8082
ΔMXAN_1467
SA8509
ΔMXAN_2528
SA8811
ΔMXAN_2604
SA8800
ΔMXAN_2649
SA8812
ΔMXAN_2902
SA8506
ΔMXAN_3585
SA8801
ΔMXAN_3721
SA8088
ΔMXAN_3778
SA8039
ΔMXAN_3788
SA8508
ΔMXAN_4328
SA8078
ΔMXAN_4567
SA8049
ΔMXAN_5615
SA8083
ΔMXAN_5655
SA5634
ΔMXAN_5707
SA8029
ΔMXAN_5804
SA8035
ΔMXAN_6013
SA5639
ΔMXAN_6605
SA8050
ΔMXAN_6957
SA8040
ΔMXAN_7024
SA8045
ΔMXAN_1087/Pnat MXAN_1087
SA8057
ΔMXAN_1087 ΔaglQ
SA8044
ΔmrpC pmxA::pmxA-mVenus
SA8061
ΔMXAN_2062
SA8081
ΔMXAN_2062/PpilA MXAN_2062
SA8071
ΔMXAN_2062/PpilA mCherry
SA8094
ΔMXAN_2062 ΔpmxA
5.3.3 Cultivation of E. coli and M. xanthus

This sudy
This sudy
This sudy
This sudy
This sudy
María Pérez Burgos
Eugenia Schander
Eugenia Schander
Eugenia Schander
María Pérez Burgos
Eugenia Schander
This sudy
This sudy
María Pérez Burgos
This sudy
This sudy
This sudy
Dorota Skotnicka
This sudy
This sudy
Dorota Skotnicka
This sudy
This sudy
This sudy
This sudy
This sudy
This sudy
This sudy
This sudy
This sudy

E. coli cells were cultivated in LB liquid media with shaking or on LB 1.5% agar plates at
37 ᵒC with addition of necessary antibiotics. The optical densities of liquid cultures were
determined in spectrophotometer at 600 nm in 1ml volume. Glycerol stocks were made from
overnight culture by addition of glycerol to the final concentration of 10%, frozen in N2liq and
stored at -80 ᵒC.
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M. xanthus cells were cultivated in CTT liquid media with shaking or on CTT 1.5% agar
plates at 32 ᵒC in dark with addition of necessary antibiotics. The optical densities of liquid cultures
were determined in spectrophotometer at 550 nm in 1ml volume. Glycerol stocks were from
exponentially growing culture with addition of the glycerol to final concentration 10%, frozen in
N2liq and stored at -80 ᵒC.
5.3.4

Motility assays for M. xanthus
For motility assay, exponentially growing M. xanthus cells were harvested at 5000 rpm for

5 min and resuspended in 1% CTT to to OD550 of 7. 5 µl of cell suspension was spotted on 0.5%
agar with addition of 1% CTT to final concentration 0.5% for T4P-dependent motility and on 1.5%
agar with addition of 1% CTT to final concentration 0.5% for gliding motility. Cells were
incubated in dark at 32 ᵒC for 24 hours. Cell colony morphology was imaged using Leica M205FA
Stereomicroscope with Hamamatsu ORCA-flash V2 Digital CMOS camera and Leica DMi8
inverted microscope with Leica DFC280 camera.
5.3.5

Reversal frequency assay for M. xanthus in gliding motility
5 µl of the exponentially culture was plated on 1.5% agar supplemented with 0.5% CTT and

incubated at 32 ᵒC for 1 hour. Cell movement was recorded for 10 min at 30 s intervals observed.
For analysis Metamorph Software (Molecular Devices) was used.
5.3.6

Reversal frequency assay for M. xanthus in T4P-dependent motility
5 µl of the exponentially growing cell culture was spotted on 24-well polystyrene plate

(Falcon) and incubated at room temperature for 10 minutes incubation in the dark. Then cells were
covered with 500 µl of 1% methylcellulose in the MMC and incubated in the dark at room
temperature for 30 min. Cell movement was recorded for 10 min at 30 s intervals observed. For
analysis Metamorph Software (Molecular Devices) was used.
5.3.7

Trypan blue dye binding assay
Overnight cultures were centrifuged at 5000 rpm for 5 min and resuspended in MC7 buffer

to to OD550 of 7. 20μl of cell suspension was spotted on 0.5% agar supplemented with 0.5% CTT
plate (for vegetative growth) or on 1.5% TPM agar plate (for development) containing trypan blue
in final concentration of 10 μg/ml. Plates were incubated at 32°C in the dark for 24 hours. Cell
colonies were visualized using plate scanner. To quantify efficiency of trypan blue binding,
exponentially growing cultures were harvested and resuspended in 1ml MC7 buffer containing 15
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μg/ml of trypan blue dye. Cells were incubated in the dark at room temperature for 30 min and
then centrifuged at 13 000 rpm for 5 min. Absorbance of cell-free supernatants were measured at
585 nm. Percentage of trypan blue bound was calculated for each sample by dividing the
absorbance by the absorbance of the blank control in triplicate.
5.3.8

T4P-shearing assay
T4P-shearing assay was performed as it was described in (Wu and Kaiser, 1997). T4P were

sheared from the cells, which were growing in 1% CTT (vegetative) or in MC7 buffer
(development) under submerged condition for 24h. After incubation supernatant was discarded,
cells were harvested and resuspended in 1 ml of Tris-HCl pH 7.6. The cell suspension was vortexed
for10 min twice to shear-off T4P from the cell surface. After vortexing, cell debris were pelleted
by centrifugation at 13 000 rpm for 20 min at 4 °C. Supernatant was transferred to new tube and
centrifuged again. Sheared-off T4P from the supernatant were precipitated with 100 mM MgCl2
overnight at 4 °C. After precipitation, supernatant was centrifuged at 13 000 rpm for 20 min at 4
°C. Sheared-off samples were analyzed using immunoblot with α-PilA antibodies. Total PilA
fraction was analyzed with α-PilA antibodies and α-PilC antibodies, which were used as a loading
control.
5.3.9

Development assay of M. xanthus
M. xanthus development was performed on solid TPM agar plates and under MC7 buffer

submerged Conditions. Cell cultures were grown to OD550 ~ 0.5-0.9. Exponentially growing cells
were harvested and resuspended in MC7 buffer to OD550 of 7. 20 μl of cell suspension was spotted
on TPM agar and 50 μl was added to 350 μl of MC7 buffer in 24 well plate. After 24h and 120h
fruiting bodies were imaged with Leica M205FA Stereomicroscope with Hamamatsu ORCA-flash
V2 Digital CMOS camera and Leica DMi8 inverted microscope with Leica DFC280 camera. To
determine sporulation efficiency, cells after 120 h of development were harvested from one of the
15 mm well in a microtiter dish (submerge) or from one colony on TPM agar. Cells were and
sonicated at 30%, output 3 twice to disperse fruiting bodies and then incubated at 55 °C for 2 h.
Sporulation efficiency were calculated as the number of sonication and heat resistant spores
formed after 120 h relatively to WT. Spores were counted in a counting chamber (Depth 0.02 mm,
Hawksley).
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5.3.10 Cell agglutination assay
Cell agglutination was measured as described (Shimkets, 1986). Exponentially growing
vegetative cells were harvested and resuspended in MC7 buffer to OD = 0.8. OD600 was monitored
every 20 min. for 3h. Between measurements cell suspensions were incubated in the chambers in
the darkness at room temperature. Experiment was done in three biological replicates.
5.3.11 Crystal violet staining
Crystal violet (CV) staining was performed as described (O”Toole, 2011). M. xanthus cells
were cultivated to OD550 ~ 0.5-0.9, then cells were harvested and resuspended in MC7 buffer to
OD550 of 7. 15 μl of cell suspension was added to 110 μl of MC7 buffer in 96-well plate (Sarstedt)
and incubated for 24h in the dark at 32ᵒC. After incubation, supernatant was discarded and plate
was submerged several times into water. Next, 25 μL of a 0.1% water solution of CV was added
to each well and incubated for 15 min at room temperature. After incubation, CV was removed
and plate was submerged into water for several times. Plate was soaked for 24h and then scanned.
For quantification of CV binding efficiency, 125 μL of 30% acetic acid in water was added to each
well of the plate to solubilize the CV. Plate was incubated for 15 min at room temperature and 125
μL of the solubilized CV was transferred to a 96-well flat bottomed plate (Greiner). Absorbance
of the bound CV was measured in spectrophotometer at 595nm.
5.3.12 Development with addition of cell extracts
M. xanthus cells were cultivated to OD550 ~ 0.5-0.9, then cells were harvested and
resuspended in MC7 buffer to OD550 of 7. 1ml of cell suspension was added to 10ml of MC7 buffer
in round cultural plate and incubated for 3h, 6h and 12h in the dark at 32ᵒC. After incubation,
supernatant was collected and filtered. Cells were harvested and resuspended in 3ml of MC7
buffer. Cell suspension was sonicated and filtered. In parallel, exponentially growing M. xanthus
cells were cultivated to OD550 ~ 0.5-0.9, then cells were harvested and resuspended in MC7 buffer
to OD550 of 7. 50 μl of cell suspension was added to 350 μl of MC7 buffer or either filtered
supernatant or cell extract in 24 well plate. After 24h and 120h fruiting bodies were imaged with
Leica DMi8 inverted microscope with Leica DFC280 camera.
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5.3.13 Confocal microscope
M. xanthus cells constitutively expressing either GFP or mCherry fluorescent proteins were
cultivated to OD550 ~ 0.5-0.9, then cells were harvested and resuspended in MC7 buffer to OD550
of 7. 30 μl of cell suspension was added to 220 μl of MC7 buffer in 8-well glass bottom µ-Slide
(IBIDI GMBH, Martinsried) and incubated for 24h in the dark at 32ᵒC. Developing biofilms were
visualized using a Zeiss LSM-800 microscope (apochromat 40× objective), and z-stack images
were acquired and analyzed using ZEN Black software (Zeiss).
4.3.10 Epifluorescence and TIRF microscopy
M. xanthus developing cells were harvested from submerge conditions after 6h of
development. Cells were resuspended in 1ml of the MC7 buffer and placed on the chitosan coated
glass. Chitosan coated glass was prepared as described (Szadkowski et al., 2019). Chitosan 100x
solution (15 mg/ml chitosan into 2M acetic acid) diluted into 100 fold with deionized water was
used for coating the microscopy cover sleep with attached gene frame (Thermo Fisher Scientific,
Dreieich). 1 ml solution was incubated 30 min, then solution was removed and slide was washed
with 1 ml of deionized water and 1 ml of the MC7 buffer. Cells were incubated for 10 min in the
dark at 32 ᵒC and then were imaged with Hamamatsu ORCA-flash V2 Digital CMOS camera and
Leica DMi8 inverted microscope with a 100x flat field apochromatic oil-immersion objective
(NA=1.47) and dual color laser Leica AM TIRF MC (488 nm solid state laser used for YFP and
mVenus). TIRF images and time-lapses were taken with penetration depth of 110 nm. Obtained
images were processed with Metamorph (Molecular Devices) and ImageJ (Wayne Rasband).
5.3.14 Transmission electron microscopy
Transmission electron microscopy was used to visualize T4P as described (Bulyha et al.,
2009). 50 μl of exponentially growing M. xanthus cells were spotted on Parafilm and covered with
carbon-coated mica grid for 5 min. Cells attached to the grid surface and excess of liquid was
soaked off. The grid was placed briefly on a drop of distilled water, excess liquid was soaked off
again, and then the grid was transferred on a drop of 2% uranyl acetate (wt/vol) for 3 seconds and
left to dry. Transmission electron microscopy was performed on a JEOL JEM-1400 electron
microscope at calibrated magnifications.
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5.4 Molecular methods
5.4.1

Plasmids and primers
All primers which were used in this study for gene cloning or PCR verification are listed in

Table 8. Primers used for sequencing are listed in Table 9 and primers for RT-qPCR - Table 10.
All plasmids used in this study are listed in Table 12.
Table 8 Primers used in this study.
Name

Sequencce (5‘-3‘)

SK44
SK47
SK83
SK84

gcgcGGTACCagatgaagctcaccgagc
gcgcTCTAGAggccgctcgaatccctccg
cttcggccgttacttgtacagctcgtc
tacaagtaacggccgaaggatggtagg

2061-E

gccagctcgaaggatgcgag

2061-F

acccgtccaccagctccatc

SK022
SK056
mVenus_linker
mCherryR HIII
mVenus_R_XbaI
mCherry_EcoRI_F
pmxA_fusF
SK059
SK060
Sk057

gcgcTCTAGAgtgcgcctgttcaaagcc
ggagccgccgccgccggaggcgagcttcacggg
ggcggcggcggctccatggtgagcaagggcgag
atcgaagcttttacttgtacagctcgtccatgcc
atcgtctagattacttgtacagctcgtccatgcc
gccgGAATTCatggtgagcaagggcgaggag
gcgcGAATTCaccgggacgggcacctgggcc
GTCCTTCATggcgtggctcctccaggg
AGCCACGCCatgaaggacgcgtacacc
cgagaacatggcgtggctcctccaggg

SK058

agccacgccatgttctcgcggaacctcacc

SK034

cttcagcaggtgcgccacgcgcacgccctcgatgtt

SK035

aacatcgagggcgtgcgcgtggcgcacctgctgaag

2061 AA-GYP F
2061 AA-GYP R

ggcggcatcctcgcggcgatcgggaagatt
aatcttcccgatcgccgcgaggatgccgcc

SK279
SK280
SK281

cggcGAATTCtccgccgccggtcatgcc
aatgaagcggagtggtgcatggtgagcaagggcgag
ctcgcccttgctcaccatgcaccactccgcttcatt
100

Description
Endogenous
substitution of
pmxA to pmxAmVenus
Verification of
pmxA in-frame
deletion/
integration
Amplification
of pmxA-mVenus

Amplification of
Pnat HDGYPpmxAmVenus
Amplification of
Pnat HAMPHDGYPpmxAmVenus
Amplification of
Pnat 2TM-HAMPHDGYPpmxAmVenus
pmxA site
directed
mutagenesis
Amplification of
PdmxB mCherry
reporter

SK355

gttgtgggcgttgggTAAGgcttgcaggaccggg

SK356

cccggtcctgcaagcCTTAcccaacgcccacaac

SK343

aggggcgttgggagcCTTAggaagggcgtggcac

SK344

gtgccacgcccttccTAAGgctcccaacgcccct

SK304
SK305

cgcgcggccaccgagGAATcgcccgcgCACgggaatatctac
gtagatattcccGTGcgcgggcgATTCctcggtggccgcgcg

SK316

tgcagttcagcacccATTCctagcgacccgtcgc

SK317

gcgacgggtcgctagGAATgggtgctgaactgca

SK276
SK277
SK278
SK300

ccctggaggagccacgccatggtgagcaagggcgag
ctcgcccttgctcaccatggcgtggctcctccaggg
cggcGAATTCtgaagcgacgccccgaccgg
caggagcaacgcgcGAATttcacgcaGACagtc

SK301

gactGTCtgcgtgaaATTCgcgcgttgctcctg

SK308

tacggggcgcggaaGAATatgaagtgGAAgtgt

SK309

acacTTCcacttcatATTCttccgcgccccgta

SK345

cgacgccccgaccggATTCggcacctgggcccgg

SK346

ccgggcccaggtgccGAATccggtcggggcgtcg

SK82_A
SK61_B
SK62_C
SK63_D
SK085_E
SK086_F
SK087_G
SK088_H
SK036_A
SK037_B
SK038_C
SK039_D
SK050_ E
SK051_F
SK052_G
SK053_H
SK72_A
SK73_B
SK74_C

gcgcGAATTCccgcgtgcgcggagacgc
cacctccgcccgggcgcgcatcacccc
cgcgcccgggcggaggtggtgctgtga
gcgcTCTAGAcgaaccacctgcccggcc
atcgagcggcgcacctgc
ggcacgtctacgtgaagatggacg
ggcgtgcccatgtcgcac
ccgccgccgtttcatcct
gcgcGGTACCaggctcgcgatgtgaatg
gccgaagagggacgctgtcccgctcat
acagcgtccctcttcggccgccgctga
gcgcTCTAGActggcggcggagatgctg
gggacgacgggctacacctgttgc
ttctcgtatcgcgcctatgtggagt
agtccgacgccgaagcaggc
cacgctcacgcccaggctctctt
gcgcGAATTCgttcctggacctgttcat
cttcttcagggccggcaggctctgcat
ctgccggccctgaagaagaagccctga
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PdmxB BS1 site
directed
mutagenesis
PdmxB BS2 site
directed
mutagenesis
PdmxB BS3 site
directed
mutagenesis
PdmxB BS4 site
directed
mutagenesis
Amplification of
PpmxA mCherry
reporter
PpmxA BS1 site
directed
mutagenesis
PpmxA BS2 site
directed
mutagenesis
PpmxA BS3 site
directed
mutagenesis
In-frame deletion
of MXAN_0614

In-frame deletion
of MXAN_5804

In-frame deletion
of MXAN_6013

SK75_D
SK089_E
SK090_F
SK091_G
SK092_H
SK76_A
SK77_B
SK78_C
SK79_D
SK106_E
SK107_F
SK108_G
SK109_H
SK64_A
SK65_B
SK66_C
SK67_D
SK102_E
SK103_F
SK104_G
SK105_H
SK128
SK129
SK68_A
SK69_B
SK70_C
SK71_D
SK110_E
SK111_F
SK112_G
SK113_H
SK156_A
SK157_B
SK158_C
SK159_D
SK201_E
SK202_F
SK203_G
SK204_H
SK144_A
SK145_B
SK146_C

gcgcTCTAGAgggcagcggcccaccgcg
cgaggctgcggacggtga
tcagggccagcgtgcgct
agcctggacgagctgcgtct
aattctcccagatgacggagctgcg
gcgcGAATTCggtcgtcttcgagctgtc
tgaggcgcggttgggaggagggctcat
cctcccaaccgcgcctcaggtttctga
gcgcTCTAGAttgttcgtgcccgtgtag
gcgaggtggtgctgaagc
cacgaacggtggatgtagagc
ccgacgacttcctgcccaag
ggaaccagtcgccccagaac
gcgcGAATTCtctctcgcaaggtgaact
gcgcaagagctctggacccgggttcat
ggtccagagctcttgcgcatcaagtag
gcgcTCTAGAgcctcgtccagcagcagc
ctgggtcaggctttcgtggtgat
catggccgagcgcgagct
ggtccggctcgcactttctt
ggacctccagggggaccttt
gcgcTCTAGAagtaccgcacgaggccag
gcgcAAGCTTctacttgatgcgcaagagctg
gcgcGAATTCggaagttcttccgggtgt
TCCGAACAAgaccgccgcctgattcga
GCGGCGGTCttgttcggaagagcctga
gcgcTCTAGAaagttgggtccaccgctg
caccttcaccgcgtccacgc
gggctccgcgccgcagaa
ttcccccggttcctcccaat
atggagggcaccgtgttgtg
gcgcGGTACCgaccgcaccttcgcggacgt
tcagtccgggaagaacattcccccggacggccccac
gtggggccgtccgggggaatgttcttcccggactga
gcgcAAGCTTgcttcacgtcctccaggccg
ggcatcctcctcaatacccg
gtgcagttcaggtggtggat
aagcaggttcggagatgcag
cgctgaggtccagtgagaaa
gcgcGAATTCaggccggtgacgttgagg
ctatgagtcggccgggccagccagcccgtggcacac
gtgtgccacgggctggctggcccggccgactcatag
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In-frame deletion
of MXAN_7024

In-frame deletion
of MXAN_1087

Complementation
of ∆MXAN_1087
In-frame deletion
of MXAN_3778

In-frame deletion
of MXAN_0063

In-frame deletion
of MXAN_0833

SK147_D
SK176_E
SK177_F
SK178_G
SK179_H
SK160_A
SK161_B
SK162_C
SK163_D
SK180_E
SK181_F
SK182_G
SK183_H
SK164_A
SK165_B
SK166_C
SK167_D
SK197_E
SK198_F
SK199_G
SK200_H
SK148_A
SK149_B
SK150_C
SK151_D
SK168_E
SK169_F
SK170_G
SK171_H
SK253_A
SK254_B
SK255_C
SK256_D
SK257_E
SK258_F
SK259_G
SK260_H
SK245_A
SK246_B
SK247_C
SK248_D

gcgcTCTAGActcagagggcggggctca
acctctcgttgggggatgac
gcacgggatgaaatggtcg
ctggctgggttctgggattt
gagcaccgacttgagcttgt
gcgcGAATTCccacgcgcgggtccgtctcg
tcagcccacgccacccgcaagaccgaagacgggcac
gtgcccgtcttcggtcttgcgggtggcgtgggctga
gcgcTCTAGAtggagggcgacccgggcatggtgc
tccggggcgagcgggttggtgcc
tcggggacgccgggcacacgca
tggaccaccaccgcgtcgcc
ccgcggcctccgtgcctcaa
gcgcGGTACCgctgggtgacgtcattctcc
ctatcgcttgaagctgtcgctgcttcccacacccac
gtgggtgtgggaagcagcgacagcttcaagcgatag
gcgcTCTAGActgatgcgccggccttccgt
cggcttcattcccattccca
ggacaccgaagtgacgaact
gtgcgtatgacaaccaaggc
gtggcttcaccgaaatcgac
gcgcGAATTCaccacaaccactgccccacc
tcacgggcgcacctccgctcctggagccgtcatcat
atgatgacggctccaggagcggaggtgcgcccgtga
gcgcTCTAGAaccgatgaggatgcgcagcg
attccgacgcacaacctcaa
ccggtggacctgaaggattt
ccacgagcgaatcctggtt
cgctgtagaggatgcgatga
gccgGGTACCaagaagggcatcgagtagcgcacc
tcaaggtgaccgggccctgctgctcacctcgggcat
atgcccgaggtgagcagcagggcccggtcaccttga
gccgTCTAGAgccggcgatggaggtgacctt
tgcccgtgcggtaatgggac
gcaagcgcggcctcgataag
aacgcgcccttcgtcaaggt
cgcgatggaggcgtatcggt
gccgGGTACCccggacctcatcaacgccggg
ctattcgggcgggagctcgccgcggggttcgtacaa
ttgtacgaaccccgcggcgagctcccgcccgaatag
gccgTCTAGAgcacgggcgtgagcgcgc
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In-frame deletion
of MXAN_0961

In-frame deletion
of MXAN_4567

In-frame deletion
of MXAN_6957

In-frame deletion
of MXAN_1467

In-frame deletion
of MXAN_3788

SK249_E
SK250_F
SK251_G
SK252_H
SK152_A
SK261_B1
SK262_C1
SK155_D
SK172_E
SK173_F
SK174_G
SK175_H
SK237_A
SK238_B
SK239_C
SK240_D
SK241_E
SK242_F
SK243_G
SK244_H
ePmxA-HEX_F

acgcctgcctccctggtaca
gtgacgccgcagggactcat
cgctccacgaactccgcgata
cagtcccaacacctcgacccc
gcgcGAATTCcccatccgccggccggagca
tcacggcatccgcgcgaccaggggggaactcaagtt
aacttgagttcccccctggtcgcgcggatgccgtga
gcgcTCTAGAgggcgtgctggggggcatga
cagctcgatgaccttcaccat
gagtacgccatcgagtcttcc
gcaaagtgtcagtcgcgtg
gagtgttcatcggcggagtag
gccgGGTACCccacgcctcctggttgcccgc
tcagggcaggcgcgggtggtttctcctcttctccac
gtggagaagaggagaaaccacccgcgcctgccctga
gccgTCTAGAttgcatcctccctggtgcggc
agcaccgtgccgaagtcgtt
ttgggcaatggcccgtgtga
gacgctcggtgatggttcgc
ggcgaatctggcaggtggtga
tgaagcgacgccccgacc

SK351_ R

ggcgtggctcctccaggggt

eDmxB-HEX_F

tccgccgccggtcatgcc

SK352_R

gcaccactccgcttcattcg

attB right
attB left
attP right
attP left
SK318
SK319
SK320
SK321
SK322
SK323
SK324
SK325
SK326
SK327

ggaatgatcggaccagctgaa
cggcacactgaggccacata
gctttcgcgacatggagga
gggaagctctgggtacgaa
cgcttgttcgtccattcgtc
gggaagattggcatcgtgga
ccgaggaagatttcggcctt
tcttcacgcagacagtcacc
ccgtctccagggccttctgc
gggcggcgtccaaatcaagc
tgtcattctcgtagagcggc
tctgctacgacctgcgattc
gacccgtcgcgcggccac
gcgacgcagagggtgtgcaacc
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In-frame deletion
of MXAN_5615

In-frame deletion
of MXAN_5655

Amplification of
HEX-labeled
pmxA EMSA
probe
Amplification of
HEX-labeled
dmxB EMSA
probe
Primers used to
verify integration
at Mx8 phage att
site
Primers for pmxA
operon mapping

SK328
gaaaggcctcgtctcgcggagc
SK329
gtgcgcgtggggcgcagg
SK330
ccgagactttcggcctgccatttcgc
SK331
ttcgaatccggagcggcgag
SK184_2062_A
gcgcGGTACCacgtcgaggtgggagatggtgcga
SK185_2062_C
atgaaggcggcgctcctcaagggccagtggcagtaa
SK186_2062_B
ttactgccactggcccttgaggagcgccgccttcat
SK187_2062_D
gcgcTCTAGAgaacttgccgtgtgccagctccag
SK193_2062_E
gagcaccgccgtttgaacta
SK194_2062_F
gacttgcccaccaactgctt
SK195_2062_G
tcaacggactttcctcggac
SK196_2062_H
gatggattcacccttggcga
SK218 _2062 F
gccgTCTAGAatgaaggcggcgctcctcctc
SK219 _2062 R
gccgAAGCTTttactgccactggcccttcttc
SK228_B
gcttcacgggcagccggtggaggagcgccgccttcat
SK229_C
atgaaggcggcgctcctccaccggctgcccgtgaagc
2061-D
atcgTCTAGAggcctcggccaggaacatgc
Table 9 Primers used for sequencing
Name
Sequence (5’-3’)
KA232
gctttacactttatgcttccggctcg
KA-231
ggatgtgctgcaaggcgattaagttgg
KA254
gtgcgcacctgggttggcatgcg
MXAN_2061
fw
tacacggtgctgcccgag
MXAN_2061
rev
ctcgggcagcaccgtgta
mCherry fw_rv tcctcgcccttgctcaccat
Table 10 Primers used for RT-qPCR
Gene
actA
dmxB
fibA
fruA
fmgC
fmgE

Name
q3213(actA)f
q3213(actA)r
q3735f
q3735r
6106 qPCR for
6106 qPCR rev
fruA for
fruA rev
fmgC for
fmgC rev
fmgE for

Sequence (5’-3’)
gtggtgttggggcagacggt
cacgcgggataccacctccg
ggtcccttctgctcatcatc
aggaacctgtccaggagga
gtctgtcgttgtcggttgcaa
caggaatatccggcagagcaat
atcatctcgcagtgcttcga
cctcggaccagggagttga
acaccctattgccttacagcg
caatcagcaaccggtcgaa
ttgcacagcccgtttttctc
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Primers for dmxB
promoter primer
walking
In-frame deletion
of MXAN_2062

Ampliphication
MXAN_2062
In-frame deletion
of pmxA &
MXAN_2062

mrpC
lonD
pkn1
pmxA
sgmT
tmoK
MXAN_1525
MXAN_2062
MXAN_2063
MXAN_2649
MXAN_2807
MXAN_2902
MXAN_2997
MXAN_3788
MXAN_4232
MXAN_5366
MXAN_5615
MXAN_5804
MXAN_6957
MXAN_7024
MXAN_7500

fmgE rev
qmrpcCf
qmrpcCr
qlonDf
qlonDr
q1467f
q1467r
pmxA qPCR fw
pmxA qPCR rev
qsgmTf3
qsgmTr3
q4445f
q4445r
q1525f
q1525r
q2062_F
q2062_R
q2063 f
q2063 r
q2649f
q2649r
q2807f
q2807r
q2902f
q2902r
q2997f
q2997r
q3788f
q3788r
q4232f
q4232r
q5366f-2
q5366r-2
q5615f-2
q5615r-2
q5804f
q5804r
q6957f
q6957r
q7024f
q7024r
q7500f

ttaggatctctaggaagccggc
ccgcacaactcgaccatcta
ggtgctgttcttgccgatg
aacacgttcagcgaccacta
cttctcctcgaaggtgtagcc
ccctgtcggtcatgtgtgaa
acgaactggacgccgaag
ggtggacatcaagcagaaga
ccttctccaggctctcgtag
atctccagttcgttgacggc
gaagattctcggcctggtgg
accgcatcatcccgctttat
acacgctcatgatggggaa
caccaacggtaccttcctcaa
gatggtctcgtggtactggg
aggaaagtccgttgagtgcg
tcctcctcctcacatggct
cgtctccgcgatgctgatg
gccgctctacgagaatgacaa
tcacgccgttgattgagatga
gcaagtagaaggtgctctcca
cccaggcttcgtacatctgc
tacctgcacgacctgggaaa
tggacgaaatcgagaacacca
tgagccggtagaagaggtcc
tcaaggacgagttggaggac
atggagaactcggggatgc
ggcttgtcggtgttgatgta
aacacctcgacccctcatcc
tgcacgacatcgggaagatt
cggaatggcctggatcatct
gagtggccgtacttgtcgtt
tatgacgactccctgtcgct
aaggtggcctacaagacgc
ccgcatggagttcgaaggt
tctgtcactcaggcgaacac
gtggatgtatcgctgccctt
gtgtggtcatcgcatcctct
cgccttcccgagacaaca
tcttcacggtggtggagttc
acaccttcagcgtcagcc
cagctctaccggggtgaaac
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q7500r
ggagcctccatgttcgtcag
Table 11 Plasmids used in this study
Plasmid
pAK96
pBJ114
pBJΔaglQ
pPH158
pSL8
pSW105
pSWU30
pTP110
pSK29
pSK32
pSK34
pSK36
pSK37
pSK39
pSK40
pSK41
pSK42
pSK53
pSK55
pSK56
pSK57
pSK58
pSK61

Description
pSWU30, PpilA-mCherry, tetR
kanR, galK
pBJ114, MXAN_0063, in-frame deletion,
kanR
pET28a(+), mrpC, kanR
pSW105, GFP, att-site integration, kanR

Reference
A. Konovalova
Julien et al., 2000
Sun et al., 2019

(McLaughlin et al., 2018)
S. Leonardy PhD thesis,
2013
PpilA, att-site integration, kanR
Jakovljevic et al., 2008
att-site integration, tetR
Wu & Kaiser, 1997
pSW105, PA5295 -Strep-tag, att-site Skotnicka, Petters, et al.,
integration, kanR
2016
pBJ114, pmxA-mVenus, endogenus, kanR This study
pBJ114, MXAN_0614, in-frame deletion, This study
kanR
pBJ114, MXAN_5804, in-frame deletion, This study
kanR
pBJ114, MXAN_6013, in-frame deletion, This study
kanR
pBJ114, MXAN_7024, in-frame deletion, This study
kanR
pSW105, pmxA-mVenus, kanR
This study
pSWU30, Pnat-pmxA-mVenus, att-site This study
integration, tetR
pBJ114, MXAN_1087, in-frame deletion, This study
kanR
pBJ114, MXAN_3778, in-frame deletion, This study
kanR
pSWU30, Pnat_MXAN_1087, att-site This study
integration, tetR
pBJ114, MXAN_0063, in-frame deletion, This study
kanR
pBJ114, MXAN_0833, in-frame deletion, This study
kanR
pBJ114, MXAN_0961, in-frame deletion, This study
kanR
pBJ114, MXAN_4567, in-frame deletion, This study
kanR
pBJ114, MXAN_2062, in-frame deletion, This study
kanR
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pSK62
pSK65
pSK77
pSK78
pSK79
pSK80
pSK81
pSK84
pSK89
pSK93
pSK94
pSK95
pSK96
pSK101
pSK103
pSK105
pSK109
pSK111
pSK112
pSK114
pSK115
pSK121

pBJ114, MXAN_6957, in-frame deletion,
kanR
pSWU30, mCherry, att-site integration,
tetR
pSWU30, Pnat-HD-GYPpmxA-mVenus, attsite integration,tetR
pSWU30, Pnat HAMP-HD-GYPpmxAmVenus, att-site integration, tetR
pSWU30, Pnat 2TM-HAMP-HD-GYPpmxAmVenus, att-site integration, tetR
pSWU30, Pnat pmxAAAGYP -mVenus, attsite integration, tetR
pSWU30,
PpmxA-mCherry,
att-site
integration, tetR
pSW105,
MXAN_2062,
att-site
integration, kanR
pBJ114, MXAN_2062 & pmxa, in-frame
deletion, kanR
pBJ114, MXAN_1467, in-frame deletion,
kanR
pBJ114, MXAN_3788, in-frame deletion,
kanR
pBJ114, MXAN_5615, in-frame deletion,
kanR
pBJ114, MXAN_5655, in-frame deletion,
kanR
pSWU30,
PdmxB-mCherry,
att-site
integration, tetR
pSWU30, PpmxA BS1-mutated-mCherry,
att-site integration, tetR
pSWU30, PpmxA BS2-mutated-mCherry,
att-site integration, tetR
pSWU30, PdmxB BS3-mutated-mCherry
att-site integration, tetR
pSWU30, PpmxA BS1+2-mutated-mCherry,
tetR
pSWU30, PdmxB BS4-mutated-mCherry,
tetR
pSWU30, PpmxA BS3-mutated-mCherry
att-site integration, tetR
pSWU30, PdmxB BS2-mutated-mCherry
att-site integration, tetR
pSWU30, PdmxB BS1-mutated-mCherry
att-site integration, tetR
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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
This study
This study

5.4.2

Plasmid construction
The plasmids pSK32, pSK34, pSK36, pSK37, pSK41, pSK42, pSK55, pSK56, pSK57,

pSK58, pSK62 pSK93, pSK94, pSK95, pSK96, pSK66 and pSK89 were generated for the
construction of the MXAN_0614, MXAN_5804, MXAN_6013, MXAN_7024, MXAN_1087,
MXAN_3778, MXAN_0063, MXAN_0833, MXAN_0961, MXAN_4567, MXAN_6957,
MXAN_1467, MXAN_3788, MXAN_5615, MXAN_5655, MXAN_2062 and MXAN_2062pmxA in-frame deletion mutants respectively as it was described 1.1.38. The upstream and
downstream regions of the genes were amplified using primer pairs SK82-SK61 and SK62-SK63,
SK036-SK037 and SK038-SK039, SK72-73 and SK74-75, SK76-SK77 and SK78-SK79, SK64SK65 and SK66-SK67, SK68-SK69 and SK70-SK71, SK156- SK157 and SK158- SK159, SK144SK145 and SK146-SK147, SK160-SK161 and SK162-SK163, SK164-SK165 and SK166-SK167,
SK148-SK149 and SK150-SK151, SK253-SK254 and SK255-SK256, SK245-SK246 and SK247SK248, SK152-SK261 and SK252-SK155, SK237-SK238 and SK239-SK240, SK184-186 and
SK185-187, SK184-228 and SK229-pmxA_D The AB and CD DNA fragments were fused by
overlap PCR reaction. Resulting AD fragment were cloned into KpnI/XbaI or EcoRI/XbaI site of
pBJ114.
Plasmids pSK40, pSK77, pSK78, pSK79 and pSK80 were used to complement ΔpmxA
mutant with WT version of pmxA fused to mVenus, pmx H424A, D425A –mVenus, HD-GYP domain
of PmxA protein fused to mVenus, HAMP-HD-GYP domains of PmxA protein fused to mVenus
and 2TM- HAMP-HD-GYP domains of PmxA protein fused to mVenus under the native promoter.
To amplify WT version of pmxA fused to mVenus with 300 bp of the native promoter primers
pmxA_fusF-SK056 and mVenus_linker-mVenus_R_XbaI were used. To amplify HD-GYP
domain of PmxA protein fused to mVenus with 300 bp of the native promoter primers pmxA_fusFSK059 and SK060-mVenus_R_XbaI were used. To amplify HAMP-HD-GYP domains of PmxA
protein fused to mVenus with 300 bp of the native promoter primers pmxA_fusF-SK057 and
SK58- mVenus_R_XbaI were used. To amplify 2TM- HAMP-HD-GYP domains of PmxA protein
fused to mVenus with 300 bp of the native promoter primers pmxA_fusF-SK034 and SK035mVenus_R_XbaI were used. To introduce the point mutations in pmxA-mVenus primers
pmxA_fusF- 2061 AA-GYP F and 2061 AA-GYP R-mVenus_R_XbaI primers were used.
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Obtained fragments were fused during second round of PCR amplification. The products were
cloned into EcorI/XbaI sites of pSWU30.
Plasmid pSK39 and pSK84 was used to complement ΔpmxA mutant with pmxA-mVenus
and ΔMXAN_2062 mutant with MXAN_2062 under pilA promoter. To amplify pmxA fused to
mVenus primers SK022-SK056 and mVenus_linker-mCherry R HindIII were used, SK218 and
SK219. Obtained fragments were fused during second round of PCR amplification. The product
was cloned into HindIII/XbaI sites of pSW105.
Plasmid pSK29 was used to integrated pmxA-mVenus into native site in genome. The
upstream and downstream regions of the pmxA were amplified using primer pairs SK44-SK-083
and SK084-SK47. Obtained fragments were fused during second round of PCR amplification. The
product was cloned into KpnI/XbaI sites of pBJ114.
Plasmid pSK53 was used to complement ΔMXAN_1087 mutant with WT version of
MXAN_1087 under the native promoter. To amplify MXAN_1087 with 400 bp of the native
promoter primers SK128-SK129 were used. The product was cloned into HindIII/XbaI sites of
pSWU30.
Plasmid pSK65 was used to integrate mCherry copy into WT. To amplify mCherry primers
mCherry_F_EcoRI-mVenus_R_XbaI were used. The product was cloned into EcoRI /XbaI sites
of pSWU30.
Plasmids pSK81, pSK103, pSK105, pSK114, pSK111 were used to create mCherry
reporter for pmxA promoter. To amplify pmxA promoter fused to mCherry SK276-SK277 and
SK278- mVenus_R_XbaI primers were used. To introduce mutations in BS1 of pmxA promoter
SK300-SK301 primers were used. To introduce mutations in BS2 of pmxA promoter SK308SK309 primers were used. To introduce mutations in BS3 of pmxA promoter SK345-SK346
primers were used. To introduce mutations in BS1 of pmxA promoter in pSK105 SK300-SK301
primers were used. Obtained fragments were fused during second round of PCR amplification.
The product was cloned into EcoRI/XbaI sites of pSWU30.
Plasmids pSK101, pSK109, pSK112, pSK115, pSK121 were used to were used to create
mCherry reporter for dmxB promoter. To amplify dmxB promoter fused to mCherry SK279-SK280
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and SK281- mVenus_R_XbaI primers were used. To introduce mutations in BS3 of dmxB
promoter SK304-SK305 primers were used. To introduce mutations in BS4 of dmxB promoter
SK316-SK317 primers were used. To introduce mutations in BS2 of dmxB promoter SK344SK345 primers were used. To introduce mutations in BS1 of dmxB promoter SK355-SK356
primers were used. Obtained fragments were fused during second round of PCR amplification.
The product was cloned into EcoRI/XbaI sites of pSWU30.
5.4.3

In-frame deletion mutants construction
In-frame deletion mutants were generated by two-step homologous recombination as

described (Shi et al., 2008). Upstream and downstream flanking regions of 1000bp were amplified
using AB and CD primer pairs respectively. B and C primers contained overlapping ends for the
fusion of AB and CD fragments in a PCR reaction using AD primers. AD fragment was cloned
into pBJ114 vector. The pBJ114AD plasmid was transformed into M. xanthus. The plasmid
integration was checked by PCR reaction with E (binds upstream of A primers) and F (binds
downstream to D primer), E and M13forward (binds to pBJ114), F and M13reverse (binds to
pBJ144) primer pairs. One clone from up- and downstream plasmid integration was used for the
second step of homologous recombination. Plasmid pBJ114 contains the selection marker galK
(galaktokinase) gene. The gene product GalK converts galactose into galactose-1-phosphate which
cannot be metabolize by M. xanthus and accumulates up to toxic levels when cells are grown on
media supplemented with galactose. Thus, only clones that undergo second homologous
recombination lost plasmid are able to grown on media with galactose. For the second homologous
recombination event cells were grown in CTT liquid shaking culture to exponential growth phase.
Series of dilutions were plated on CTT agar plates supplemented with 10 µg/ml gentamycin and
2.5% galactose. Galactose resistant and kanamycin sensitive clones were checked with PCR
reaction using E and F, G(binds downstream of B primer) and H ( binds upstream of C primer)
primer pairs. The EF prime pair PCR reaction product was longer for the WT then for the deletion
mutant, while GH fragment was amplified only in the WT.
5.4.4

DNA isolation
Plasmid DNA from E. coli was isolated using the NuceoSpin Plasmid QuickPure kit

(Macherey-Nagel) according to the manufacturer protocol. Genomic DNA of M. xanthus was
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isolated using MasterPure DNA preparation Kit (Epicentre) according to the manufacturer
protocol. Concentration and purity of DNA was determined with the DS11+ spectrophotometer
(DeNovix Inc., Wilmington). Crude genomic DNA of M. xanthus for colony PCR was prepared
by resuspending of cells from CTT agar plate in 50 µl. Obtained cell suspension was boild for 5
min at 96ᵒC and then spined down at 13 000 rpm for 1 min. 2 µl of the supernatant was used for
the PCR reaction.
5.4.5

PCR
For the PCR amplification reaction, the Phusion High-Fidelity DNA Polymerase (Thermo

Fisher Scientific™, Darmstadt) was used in a total reaction volume of 50 µl. The colony PCR was
performed using 5 PRIME MasterMix in total volume of 20 µl. The composition of the PCR
reaction mix is described in Table 12. PCR product was purified using the NucleoSpin Gel & PCR
Clean-up kit (Macherey-Nagel) according to the manufacturer protocol.
Table 12 PCR reaction mix
Component

Volume

PCR with Phusion High-Fidelity DNA Polymerase
Template DNA
1 µl
10 µM primer (each)
2.5 µl
10 mM dNTPs
1 µl
5 x Phusion GC buffer
10 µl
5 x enhancer
10 µl
DMSO
2.5 µl
Phusion DNA polymerase
0.5 µl
ddH2O
To 50 µl
Colony PCR
Crude genomic DNA
3 µl
10 µM primer (each)
1 µl
5 PRIME MasterMix
10 µl
DMSO
2 µl
ddH2O
To 20 µl
5.4.6 Agarose gel electrophoreses

Final
concentration
~50 ng
1.25 µM
0.2 mM
1x
1x
5% (v/v)
0.02 unit/µl
~ 200 ng
0.5 µM
10% (v/v)

Nucleic acid fragments were separated in 1% agarose gels within 0.01% (v/v) ethidium
bromide in TBE buffer (Invitrogen) at 100 V. DNA samples were mixed with 5 x DNA loading
buffer (NEB). The 2-log DNA ladder (NEB) was used as a size reference. Agarose gels were
imaged using E-BOX VX2 imaging system (PeqLab).
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5.4.7

DNA restriction and ligation
Restriction of DNA fragment (0.5-2 µg) was performed using restriction endonucleases

(NEB) at 37 ᵒC for 1 h. Restricted DNA was purified using the NucleoSpin Gel & PCR Clean-up
kit (Macherey-Nagel) according to the manufacturer protocol. Ligation reactions were performed
with T4 DNA ligase (NEB). DNA fragments were ligated into vector with 3- to 5-fold molar excess
of insert DNA. After 1 h at 18ᵒC ligation mixtures were used for transformation into E. coli TOP10.
5.4.8

Transformation of chemically competent E. coli cells
To prepare chemical competent E. coli cells, the overnight culture was diluted with 200 ml

of LB media. Cultures were grown with shaking at 230 rpm at 37 ᵒC to an OD600 of 0.5 – 0.7. The
cells were harvested by centrifugation at 4700 rpm for 20 min 4 ᵒC and resuspended in 50 ml icecold sterile 50 mM CaCl2 solution. The cells were centrifuged again and washed twice. The cells
were centrifuged and resuspended in 2 ml ice-cold sterile 50 mM CaCl2 with 10% (v/v) glycerol
solution added. 50 µl aliquots of cells were frozen in N2liq and kept at -80 ᵒC until used. For
transformation, 10 µl of ligation mixture was added to 50 µl cells aliquot and mixed carefully.
After 30 min incubation on ice, heat shock was performed at 42 ᵒC for 1 min, then cells was
transferred immediately on ice. After 2 min, 1 ml LB-medium was added and cells were incubated
for 1h shaking at 37 ᵒC. Cells were pelleted, resuspended in 50 µl LB medium and plated on LB
agar plates supplemented with appropriate antibiotics.
5.4.9

Electroporation of M. xanthus cells
M. xanthus cells were grown at 32 ᵒC to an OD550 of 0.5 – 0.9. Cells were harvested by

centrifugation at 13 000 rpm for 1 min and were washed in 1 ml sterile ddH2O. Washing step was
repeated twice, and then cells were resuspended in 40 µl H2O. 1 µg plasmid DNA was added to
40µl of cell suspension into an electroporation cuvette (Bio-Rad, Munchen) and pulsed with 0.65
kV, 25 µF and 400 Ω. After electroporation, 1 ml of CTT media was added, cell suspension was
transferred to a 25 ml Erlenmyer flask containing 1 ml of CTT media and incubated with shaking
at 230 rpm at 32 ᵒC for 6 h. After incubation, cells were harvested, pellet was resuspended into
100 µl of CTT and plated on CTT agar plates supplemented with appropriate antibiotics.
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5.4.10 RNA isolation and DNAse treatment
Total RNA from developing under submerged conditions M. xanthus cells was extracted
from cells using TRI Reagent (Sigma-Aldrich) according to manufacturer protocol. Purified RNA
was treated with TURBO DNA-free™ Kit (Invitrogen) according to manufacturer protocol. The
RNA integrity was analyzed by 1% agarose gel electrophoresis.
5.4.11 cDNA synthesis and RT-qPCR
1µg of RNA was used to synthesize cDNA with the High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems) according to the manufacturer protocol. cDNA templates
were diluted in 10 times, 2µl of dilution sample was used as a template for RT-qPCR reaction,
which contained 1x SYBR Green PCR Master Mix (Applied Biosystems), 0.25 μl of each primer
(10 μM) and H2O to a final volume of 25 μl. 7500 Real time PCR detection system (Applied
Biosystems) was used for RT-qPCR measurmemt with standard conditions. Experiments were
done in two biological replicates, each of them in two technical. Relative gene expression levels
were calculated using the comparative Ct method.
5.4.12 RNA sequencing
For all samples rRNA depletion, library preparation and sequencing have been performed
at the Max-Planck-Genome-centre Cologne, Germany (https://mpgc.mpipz.mpg.de/home/). rRNA
depletion was conducted with 1 µg total RNA using Ribo-Zero rRNA Removal Kit Bacteria
(Illumina), followed by library preparation with NEBNext Ultra Directional RNA Library Prep
Kit for Illumina (New England Biolabs).

Library preparation included 11 cycles of PCR

amplification. Quality and quantity were assessed at all steps via capillary electrophoresis
(TapeStation, Agilent Technologies) and fluorometry (Qubit, Thermo Fisher Scientific).
Sequencing has been performed on HiSeq3000 (Illumina) with 1 x 150 bp single reads.

5.5 Biochemical methods
5.5.1

SDS-PAGE electrophoresis
To separate proteins by size under denaturing conditions, SDS polyacrylamide gel

electrophoresis (PAGE) was performed with SDS-PAGE gels with 10% of polyacrylamide
concentration (Laemmli, 1970). To denature proteins, samples were mixed with loading buffer
(10% (v/v) glycerol, 60 mM Tris-HCl pH 6.8, 2% (w/v) SDS, 100 mM DTT, 3 mM EDTA, 0.005%
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(w/v) bromophenol blue) and incubated at 95 ᵒC for 10 min. Gel electrophoresis was made in BioRad electrophoresis chamber (Bio-Rad, München) at 80-140 V in 1x Tris Glycin SDS (TGS)
running buffer (Bio-Rad, München). To determine size of the proteins, the PageRuler Prestained
Protein Ladder (Fermentas) was used for comparison.
5.5.2

4.5.2 Determination of total protein concentration in cell extracts
Protein concentration was determined using BradfordMX reagent (Expedeon) accordingly

to manufacturer protocol. For standard curve of protein concentration, Pre-Diluted Protein Assay
Standards: Bovine Serum Albumin (BSA) set (Thermo Scientific, Dreieich) was added to Bradford
reagent to final concentrations of 10 µg/µl, 5 µg/µl, 2.5 µg/µl, 1.25 µg/µl and 0.625 µg/µl. Samples
were mixed and absorbance was measured at 595 nm with Ultrospec 2100 pro spectrophotometer
(GE Healthcare Europe GmbH, Freiburg). Protein concentration was calculated from the standard
curve.
5.5.3

Immunoblot analysis
Proteins from cell extracts were separated in the gel by SDS-PAGE and transferred to a

nitrocellulose membrane using “TransBlot® TurboTM Transfer System” from Bio-Rad at 1.3 A
(0.0208/cm2), 25 V for 10 min with transfer buffer (300 mM Tris, 300 mM Glycin, pH 9.0). After
transfer, the membrane was incubated in 5% non-fat milk powder (w/v) in TBST buffer (20 mM
Tris-HCl, 137 mM NaCl, 0.05% (v/v) Tween 20, pH 7.0) for 1h. Then primary antibodies was
added in TBST buffer supplemented with 2% non-fat milk powder at the dilution listed Table 13
and incubated overnight at 4 ᵒC with shaking. After washing with TBST buffer, the membrane was
incubated with secondary anti-rabbit immunoglobulin G peroxidase conjugate (Sigma) in a
dilution 1:15 000 or with secondary anti-mouse immunoglobulin G, horseradish peroxidase lined
whole antibody (GE Healthcare) in a dilution 1:2 000 for 1h at room temperature with shaking.
After washing with TBST buffer the membrane was developed with the luminescent image
analyzer LAS-4000 (Fujifilm).

115

Table 13 Dilutions of primary antibodies used for immunoblots analysis
Antibody
α-DmxB
α-GFP
α-mCherry
α-PilA
α-PilC
α-ProteinC
5.5.4 Protein purification

Dilution
1:1000
1:2000
1:2000
1:2000
1:5000
1:2000

Purification of His6-MrpC
To purify His6-MrpC, E. coli Rosseta 2 (DE3)/pLysS strain (Novagen) was transformed
with pPH158 (pET28a(+), mrpC, kanR). The culture was grown in 1L of LB with addition of
chloramphenicol and kanamycin antibiotics at 37 ᵒC to an OD600 of 0.5-0.7. The protein expression
was induced by addition of IPTG to a final concentration of 0.5mM for 3h at 37ᵒC. Cells were
harvested by centrifugation at 4500 rpm for 10 min at 4ᵒC and resuspended in lysis buffer (50mM
NaH2PO4, 300mM NaCl, 10mM imidazole, 5% glycerol, 5mM MgCl2, and Complete Protease
Inhibitor Cocktail Tablet (Roche)). Next, cells were disrupted with French press and pelleted
20000rpm for 40min at 4ᵒC. Cleared supernatant was filter with 0.45µ sterile filter (Millipore
Merck, Schwalbach) and applied to column with 2ml of Ni2+-NTA-agarose preloaded with NiSO4
(GE Healthcare) and equilibrated with wash buffer (50mM NaH2PO4, 300mM NaCl, 50mM
imidazole, 5% glycerol, 5mM MgCl2). Protein was eluted with Elution buffer (50mM NaH2PO4,
300mM NaCl, 100 - 500mM imidazole, 5% glycerol, 5mM MgCl2). Elution fractions containing
His6-MrpC were stored at 4ᵒC.
5.5.5

EMSA assay
His6-MrpC purified protein was mixed with 20 ng of HEX-labeled DNA fragment in

reaction buffer (10mM Tris pH 8.0, 50mM KCl, 1mM DTT, 10 µg/ml BSA, 10% Glycerol, 0.5µg
Herring sperm DNA (Thermo Fisher Scientific)). Reaction samples (10µl each) were incubated
for 15min at 20ᵒC. After incubation, reaction samples were on 5% 0.5x TBE polyacrylamide gel
in 0.5x TBE running buffer (45mM Tris, 45mM Borate, 1 mM EDTA) for 1.5h. After
electrophoreses, gels were imaged with Typhoon phosphoimager (GE Healthcare).
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5.5.6

c-di-GMP quantification
c-di-GMP quantification was performed in Medizinische Hochschule Hannover (Hannover)

by Prof. Dr. Volkhard Kaever and Annette Garbe. To quantify the c-di-GMP concentration in M.
xanthus cells, the cells were grown in CTT medium or developed under submerged conditions in
MC7 buffer. Cells were harvested 2500× g for 20 min at 4°C at the indicated time points. Cells
were lysed in extraction buffer (HPLC grade acetonitrile/methanol/water (2/2/1, v/v/v)),
supernatants were evaporated to dryness in a vacuum centrifuge. Pellets were dissolved in HPLC
grade water and analyzed by LC-MS/MS. Experiments were done in three biological replicates in
which at least three independent cultures were grown in parallel. For all samples, protein
concentrations were determined in parallel using a Bradford assay (Expedeon).
5.5.7

Pull-down experiments
Cells expressed PmxA-mVenus from native site were developed for 6h under MC7

submerged conditions. Cells were harvested by centrifugation and pellets were resuspended in 5
ml of HNN buffer (50mM HEPES, 50mM NaF, 150mM NaCl, 0.1% Tritón X-100, 5mM EDTA,
pH 7.5) with addition of Complete Mini EDTA-free protease inhibitor (Roche). Cell suspension
were lysed via 2 passages through the French press (16,000 psi) and then clarified by centrifugation
at 12,000 xg for 10 min at 4°C. 1 ml of obtained supernatant was incubated with GFP-Trap
sepharose (ChromoTek) for 1h at 4°C with end-over-end tumbling. After incubation, the sepharose
with bound PmxA-mVenus was washed and treated with Trypsin. Eluted peptides were analyzed
with LC-MS/MS.
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l2FC_6
l2FC_12 l2FC_18 l2FC_24 padj_0
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PktE4
-0.36884 0.00363 0.025135 0.323868 0.665423 0.368179 0.997691 0.949848 0.239935 0.007692
hypothetical protein CDS
-0.56617 -1.00212 -0.62078 0.766559 0.978409 0.501726 0.101589 0.187037 0.067419 0.008822
hypothetical protein CDS
-0.79269 -0.7277 -0.63934 -0.3001 -0.32891 0.175351 0.205466 0.165543 0.535866 0.496966
hypothetical protein CDS
-1.03429 -0.79272 1.199054 2.351946 2.068633 0.773419 NA
NA
0.032335 0.01791
hypothetical protein CDS
-1.46932 1.681808 1.086574 2.470286 1.603107 0.501032 NA
0.38053 0.018913 0.102453
peptidase M15 CDS
0 0.103773 1.204853 1.884767 1.489314
1 NA
0.210176 0.024876 0.032341
hypothetical protein CDS
0.193441 -0.5316 0.256856 1.294043 1.198009 0.963453 0.483134 0.673952 0.005799 0.006056
hypothetical protein CDS
0.450659 0.183191 0.571708 1.416113 1.503807 0.553938 0.810308 0.160347 1.36E-05 1.07E-06
transposase CDS
0.474183 0.803122 0.681996 1.95146 1.86725 0.477502 0.061248 0.039339 5.38E-12 1.04E-12
integrase CDS
-0.03835 0.932211 0.265238 1.114992 1.424272 0.993597 NA
0.759376 0.05992 0.012093
Product
l2FC_0
l2FC_6
l2FC_12 l2FC_18 l2FC_24 padj_0
padj_6
padj_12 padj_18 padj_24
hypothetical protein CDS
0.511756 -0.42874 -0.24669 0.137732 -0.14292 0.349721 0.350946 0.510738 0.725065 0.730662
hypothetical protein CDS
-0.01299 0.141539 -0.27273 0.07001 -0.35311 0.993232 0.650375 0.226722 0.794847 0.120643
psd1
-1.98071 -1.06265 -0.36634 -0.10983 -0.35875 9.48E-07 0.015192 0.429235 0.808665 0.331151
peptidase M19 CDS
-0.03726
0.2249 -0.04153 -0.34272 -0.16355 0.966801 0.378928 0.872892 0.067597 0.450522
hypothetical protein CDS
0.246836 0.404654 0.182972 0.050798 -0.03653 0.43286 0.05386 0.376628 0.828533 0.885417
hypothetical protein CDS
0.31885 0.879292 0.528188 0.562188 0.161271 0.309844 1.64E-05 0.009056 0.004438 0.492435
Product
l2FC_0
l2FC_6
l2FC_12 l2FC_18 l2FC_24 padj_0
padj_6
padj_12 padj_18 padj_24
histidine kinase CDS
0.543065 0.09948 -0.10393 0.342554 0.402703 0.458188 0.888743 0.823337 0.361355 0.280124
XRE family transcriptional regulator CDS
0.077304 -0.74566 -1.1844 -0.27351 0.688108 0.950792 0.049301 0.000179 0.459624 0.032532
PktF4
-2.92957 -2.12724 -2.32419 -1.13668 0.377301 9.38E-30 1.83E-16 2.99E-20 1.03E-05 0.20519
Psd2
-2.88662 -2.15302 -2.02883 -0.7374 0.253606 1.61E-40 3.47E-21
2E-19 0.00225 0.366504
hypothetical protein CDS
-1.15279 -0.75669 -0.68444 -0.63144 -0.16493 1.44E-08 0.000722 0.001248 0.002162 0.504437
hypothetical protein CDS
-0.12985 0.118726 -0.0158 -0.58112 -0.10748 0.90258 0.840508 0.97345 0.069685 0.795643
Product
l2FC_0
l2FC_6
l2FC_12 l2FC_18 l2FC_24 padj_0
padj_6
padj_12 padj_18 padj_24
hypothetical protein CDS
-0.43686
-0.471 -0.73991 -0.51211 -0.35562 0.65431 0.453325 0.108952 0.25607 0.441366
psd3
-1.04227 -1.95954 -1.29797 -1.27962 -1.85399 0.000847 1.44E-12 4.13E-06 3.34E-06 2.16E-12
hypothetical protein CDS
-0.62978 -1.87396 -1.3516 -1.11648 -1.39791 0.056577 9.56E-14 8.29E-08 7.94E-06 9.38E-09
XRE family transcriptional regulator CDS
0.2451 -1.02667 -1.38883 -0.52185 -0.58268 0.631952 4.77E-05 1.04E-09 0.035205 0.013716
XRE family transcriptional regulator CDS
0.070939 -0.60267 -0.06325 -0.96401 0.21396 0.984552 NA
0.948173 0.161382 0.782924
pktF3
-0.06501 0.016295 0.011536 -0.06289 -0.21236 0.892323 0.964096 0.960447 0.738226 0.199865
hypothetical protein CDS
-0.17508 0.022686 0.828871
0.8778 -0.03694 0.759925 0.96968 8.64E-05 5.82E-06 0.896345
hypothetical protein CDS
-1.13829 -0.85725 -0.37959 -0.25785 -0.0914 2.51E-05 0.015312 0.264829 0.450357 0.815605
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Cluster8
MXAN_4478
MXAN_4479
MXAN_4480
MXAN_4481
MXAN_4482
MXAN_4483
MXAN_4484
Cluster9
MXAN_4369
MXAN_4370
MXAN_4371
MXAN_4372
MXAN_4373
MXAN_4374
MXAN_4375
Cluster10
MXAN_2838
MXAN_2839
MXAN_2840
MXAN_2841
MXAN_2842
Cluster11
MXAN_7267
MXAN_7268
MXAN_7269
MXAN_7270
MXAN_7271
MXAN_7272
Cluster12
MXAN_2395
MXAN_2396
MXAN_2397
MXAN_2398
MXAN_2399
MXAN_2400
MXAN_2401
MXAN_2402

Product
hypothetical protein CDS
Psd4
XRE family transcriptional regulator CDS
DNA-binding protein CDS
PktF2
hypothetical protein CDS
hypothetical protein CDS
Product
SAM-dependent methyltransferase CDS
oxidoreductase CDS
Psd5
XRE family transcriptional regulator CDS
PktF1
hypothetical protein CDS
hypothetical protein CDS
Product
hypothetical protein CDS
acetyltransferase CDS
pktF5
dehydrogenase CDS
LysR family transcriptional regulator CDS
Product
hypothetical protein CDS
hypothetical protein CDS
pktF6
hypothetical protein CDS
hypothetical protein CDS
hypothetical protein CDS
Product
RNA polymerase sigma24 factor CDS
hypothetical protein CDS
fatty acid-binding protein CDS
hypothetical protein CDS
pktF7
hypothetical protein CDS
restriction endonuclease subunit M CDS
hypothetical protein CDS

l2FC_0
-0.84179
-2.18223
-1.87969
-1.95413
-0.90532
0.01147
1.375374
l2FC_0
-1.11461
-0.78227
-2.72041
-2.17475
-1.39382
-0.74788
-0.49789
l2FC_0
-0.07739
0.109093
-1.79596
-0.17112
-0.01081
l2FC_0
-1.67799
-1.66041
-0.46059
-2.2094
-2.26602
0.425758
l2FC_0
0.307213
0.313731
-0.32599
-0.22495
-2.2994
-0.25757
-0.11497
0.14635

l2FC_6
-0.83793
-2.01597
-2.31106
-2.35319
-1.13693
-1.36006
-0.35371
l2FC_6
-1.41917
-0.78223
-2.22009
-1.71119
-1.64772
-1.06152
-0.4245
l2FC_6
-0.23457
0.161123
-0.96886
0.700486
0.669223
l2FC_6
-0.66946
-1.28877
-0.63831
-1.65719
-2.23295
0.305464
l2FC_6
-0.18502
-0.28026
0.089116
0.144224
-1.70571
-0.07132
0.523085
0.078485

l2FC_12
0.059397
-1.94486
-1.85591
-2.06581
-0.75917
-1.15852
-1.0614
l2FC_12
-1.14696
-1.17846
-2.80379
-2.42387
-1.87895
-1.26174
0.061235
l2FC_12
0.229295
0.335947
-1.10472
0.817457
0.872243
l2FC_12
0.005094
-1.31435
-0.20786
-0.75026
-1.06948
-0.36879
l2FC_12
-0.40097
-0.60047
0.046102
0.106572
-1.1592
0.109811
0.38253
0.022688

l2FC_18
0.076641
-1.99143
-2.01019
-2.11267
-0.76401
-0.28297
1.477328
l2FC_18
-1.13795
-1.00726
-2.16579
-1.76498
-1.42326
-0.99436
0.579333
l2FC_18
0.051123
0.22288
-0.9132
0.525945
0.822381
l2FC_18
0.502634
-0.17963
0.007115
0.04161
-0.83831
0.238918
l2FC_18
0.473552
-0.96743
-0.19845
-0.24172
-0.2875
0.125798
0.405525
0.167901

l2FC_24
0.654345
-0.97445
-0.87713
-0.79661
-0.05463
-0.17383
-0.45106
l2FC_24
-0.41091
-0.38607
-0.95307
-1.13931
-0.38833
-0.12825
0.769487
l2FC_24
0.277014
0.523054
0.107024
0.463923
0.752289
l2FC_24
-0.18085
-0.03341
0.161865
-0.47537
-0.38434
0.306733
l2FC_24
0.887955
-0.16988
0.082636
-0.07483
0.316523
0.273375
0.558031
0.303831

padj_0
0.008092
8.73E-32
4.12E-16
6.53E-11
1.73E-06
0.995652
0.415518
padj_0
4.19E-05
0.00385
2.66E-54
1.88E-17
4.68E-15
0.000943
0.720347
padj_0
0.908301
0.883493
9.16E-12
0.765086
0.997796
padj_0
1.55E-06
0.000448
0.347993
9.64E-16
1.74E-07
0.645708
padj_0
0.742311
0.719686
0.313068
0.420314
4.21E-32
0.259235
0.938883
0.860152

padj_6
0.021257
5.19E-24
6.86E-25
3.57E-17
2.57E-07
0.000524
NA
padj_6
3.36E-07
0.011865
8.61E-36
4.61E-12
8.43E-19
2.25E-05
0.746609
padj_6
0.410871
0.722612
0.001861
0.003133
0.168114
padj_6
0.128168
0.001998
0.143672
2.9E-08
2.57E-07
0.690522
padj_6
0.782917
0.557007
0.799204
0.534908
7.23E-15
0.818364
0.426384
0.902083

padj_12
0.902187
5E-24
6.35E-19
4.1E-15
0.000292
0.000591
NA
padj_12
3.04E-05
9.84E-06
7.48E-57
1.2E-24
1.44E-26
6.11E-09
0.948173
padj_12
0.321638
0.242746
8.11E-05
0.000209
0.025699
padj_12
0.991067
0.000319
0.599452
0.020534
0.022615
0.462022
padj_12
0.352957
0.064599
0.871263
0.577746
9.44E-08
0.595918
0.425335
0.958556

padj_18
0.849992
2.92E-27
3.81E-24
4.43E-17
2.34E-05
0.40639
0.125201
padj_18
1.36E-05
1.72E-05
4.04E-36
4.58E-18
8.91E-17
9.4E-07
0.358403
padj_18
0.847632
0.443713
0.000853
0.023013
0.028513
padj_18
0.169378
0.655968
0.987532
0.926648
0.086563
0.64041
padj_18
0.26219
0.001606
0.377483
0.148885
0.21201
0.505127
0.363014
0.591499

padj_24
0.033884
6.33E-07
2.14E-05
0.003556
0.819066
0.5999
0.612808
padj_24
0.16596
0.133353
1.83E-07
2.19E-08
0.047348
0.617539
0.194347
padj_24
0.209657
0.042456
0.767451
0.050658
0.043841
padj_24
0.639997
0.936972
0.644514
0.163505
0.492435
0.535153
padj_24
0.02111
0.67189
0.750536
0.711918
0.148581
0.102431
0.19218
0.312356

L2FC – log2FoldChange values, which illustrated change of gene expression in log-scale ∆pmxA
mutant compared to WT at 0, 6, 12, 18 and 24 hours of development.
Padj – value of significance for log2FoldChange values.
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