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I. Summary/Zusammenfassung 

I.1. Summary 

Salmonella enterica is a facultative intracellular pathogen, able to invade various hosts and 

successfully replicate within them. Invasion of polarized cells by S. enterica serovar Typhi-

murium (STM) occurs in dependence of the type 1 secretion system (T1SS), encoded on Sal-

monella Pathogenicity Island 4 (SPI4). The 595 kDa non-fimbrial adhesin SiiE is the substrate 

of the SPI4-T1SS and mediates the first close contact to the host cells apical side. This allows 

for the type 3 secretion system (T3SS) of the SPI1 to translocate its effector proteins into the 

host cells cytosol, leading to actin remodeling, membrane ruffle formation and finally uptake of 

the pathogen. The SPI4-T1SS belongs to the family of ATP-binding cassette (ABC) transport-

ers and is characteristically composed of the ATPase SiiF in the inner membrane (IM), the 

periplasmic adaptor protein (PAP) SiiD and the secretin SiiC. Further there are two non-ca-

nonical proteins encoded, namely SiiA and SiiB, which are known to form a proton channel in 

the IM. Every single subunit was found to be essential for invasion of polarized cells. The 

substrate SiiE is transiently retained on the cell surface during secretion process and protrudes 

the lipopolysaccharide (LPS) layer, a step essential for adhesion. Following translocation of 

the SPI1-T3SS effector proteins, SiiE is released into the extracellular space.  

Utilizing a variety of techniques, I was able to show that the transient retention of SiiE only 

occurs in the outer membrane (OM) protein SiiC and not in the whole two membrane-spanning 

T1SS. My analyses showed that the proton channel SiiAB is involved in initial steps of secretion 

and not necessary for release of SiiE, further narrowing down possible modes of action. I found 

a potential proteolytic cleavage site in the N-terminal part of SiiE, essential for release of the 

adhesin and discovered a potential retention domain in its N-terminus, too bulky to pass 

through the secretin. Additionally, I gained first hints that the large cytosolic domain of SiiB is 

not only involved in SiiE retention mechanism, but also in flagellar-dependent movement under 

swarming conditions. Using dual-color 3D direct stochastic optical reconstruction microscopy 

(dSTORM), I was able to localize SiiAB in the IM and SiiB not only at the SPI4-T1SS, but 

during SiiE retention maximum primarily at the flagellum. Intriguingly, the synthetic expression 

of siiAB as well as synthetic expression of the flagellar stator unit motAB both showed an 

increase of velocity. Furthermore, I successfully established murine and human intestinal or-

ganoid cell culture for microscopic and quantitative analyses of STM and S. Paratyphi A (SPA) 

invasion processes. Thus, with this work I was able to reveal new insights of the SPI4-T1SS, 

its substrate SiiE and the non-canonical subunits SiiAB that pave the way for further SPI4-

T1SS investigations and also other secretion systems and their associated subunits.  
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I.2. Zusammenfassung 

Salmonella enterica ist ein fakultativ intrazelluläres Pathogen, das in verschiedene Wirte ein-

dringen und erfolgreich in ihnen replizieren kann. Die Invasion durch S. enterica serovar Ty-

phimurium (STM) in polarisierte Zellen ist abhängig vom Typ-1-Sekretionssystem (T1SS), das 

auf der Salmonella Pathogenitätsinsel 4 (SPI4) kodiert ist. Das 595 kDa große, nicht-fimbrilli-

äre Adhäsin SiiE ist das Substrat des SPI4-T1SS und vermittelt den ersten engen Kontakt zur 

apikalen Seite der Wirtszelle. Dies ermöglicht es dem Typ-3-Sekretionssystem (T3SS) der 

SPI1, seine Effektorproteine in das Zytosol der Wirtszelle zu translozieren, was zu einem Ak-

tinumbau, zur Bildung von Membranausstülpungen und schließlich zur Aufnahme des Patho-

gens führt. Das SPI4-T1SS gehört zur Familie der ATP-binding cassette (ABC)-Transporter 

und besteht charakteristischerweise aus der ATPase SiiF in der inneren Membran (IM), dem 

periplasmatischen Adaptorprotein (PAP) SiiD und dem Sekretin SiiC. Darüber hinaus werden 

zwei akzessorische Proteine, SiiA und SiiB, kodiert, von denen bekannt ist, dass sie einen 

Protonenkanal in der IM bilden. Jede einzelne Untereinheit ist hierbei essentiell für die Invasion 

in polarisierte Zellen. Das Substrat SiiE wird während des Sekretionsprozesses vorüberge-

hend auf der Zelloberfläche zurückgehalten und überragt die Lipopolysaccharidschicht (LPS), 

ein für die Adhäsion wesentlicher Schritt. Nach der Translokation der SPI1-T3SS-Effektorpro-

teine wird SiiE in den extrazellulären Raum freigesetzt.  

Mithilfe verschiedener Techniken konnte ich zeigen, dass die transiente Retention von SiiE 

nur in SiiC in der äußeren Membran und nicht im gesamten, die Zellhülle durchspannenden, 

T1SS stattfindet. Meine Analysen zeigten, dass der Protonenkanal SiiAB an den ersten Schrit-

ten der Sekretion beteiligt ist, für die Freisetzung von SiiE allerdings nicht benötigt wird, was 

die möglichen Wirkmechanismen weiter einschränkt. Ich fand eine potenzielle Schnittstelle im 

N-terminus von SiiE, die für die Freisetzung des Adhäsins wesentlich ist. Darüber hinaus fand 

ich eine potenzielle Retentionsdomäne im N-Terminus, die zu groß sein könnte, um das Sek-

retin zu passieren. Außerdem habe ich erste Hinweise gefunden, dass die verlängerte zytoso-

lische Domäne von SiiB nicht nur am SiiE-Retentionsmechanismus beteiligt ist, sondern auch 

am Flagellen-abhängigen Schwärmen. Mittels zweifarbiger 3D direkter stochastischer opti-

scher Rekonstruktionsmikroskopie (dSTORM) konnte ich SiiAB in der IM und SiiB nicht nur 

am SPI4-T1SS lokalisieren, sondern während des SiiE-Retentionsmaximums vor allem an der 

Flagelle nachweisen. Interessanterweise zeigten sowohl die synthetische Expression von si-

iAB als auch die synthetische Expression des flagellaren Stators motAB eine Erhöhung der 

Schwimmgeschwindigkeit. Des Weiteren habe ich erfolgreich die murine und humane intesti-

nale Organoid-Zellkultur für mikroskopische und quantitative Analysen der Invasion von STM 

und S. Paratyphi A (SPA) etabliert. Mit dieser Arbeit konnte ich neue Erkenntnisse über das 
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SPI4-T1SS, sein Substrat SiiE und die akzessorischen Untereinheiten SiiAB gewinnen, die 

den Weg für weitere SPI4-T1SS-Untersuchungen und auch andere Sekretionssysteme und 

deren assoziierte Untereinheiten ebnen.  
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II. Introduction 

II.1. Salmonella pathogenicity 

The interplay between a host and a pathogen is described by virulence factors and adaptation 

of the pathogen as well as host cell factors (Casadevall and Pirofski, 1999). The virulence 

factors are characterized by their toxicity, activity (Kolmer and Liu, 2000), antigen variation, 

transmission, adherence, invasion and replication (Casadevall and Pirofski, 2001). To investi-

gate such host-pathogen interactions, Salmonella enterica is used as a model system. It 

causes a range of infections in various hosts depending on the serovar, ranging from a self-

limiting gastroenteritis to life-threatening typhoid fever (Haraga et al., 2008).  

S. enterica serovar Typhimurium (STM) is a food-borne intracellular replicating pathogen, able 

to overcome the gut commensals, adhere to and invade host cells and successfully replicate 

within them and evade the host cell immune response (Gunn, 2011). Genes, important for 

virulence are organized in so-called Pathogenicity Islands. For S. enterica, up to 19 Salmonella 

Pathogenicity Islands (SPI) are described (Gerlach et al., 2008; Hensel, 2004; Marcus et al., 

2000). For Salmonella, the type 3 secretion systems (T3SSs) of the SPI1 and SPI2 are of great 

importance. Whereas the SPI1-T3SS translocates effector proteins essential for invasion pro-

cess, the SPI2-T3SS is required for intracellular survival of the pathogen (Haraga et al., 2008). 

Following translocation of SPI1-T3SS effector proteins, actin is remodeled and membrane ruf-

fles are formed, leading to uptake of the pathogen. Inside the host cell, Salmonella resides in 

a modified phagosome, the Salmonella-containing vacuole (SCV), allowing survival and repli-

cation of the pathogen (Chakravortty et al., 2002). Upon phagosome maturation, the SPI2-

T3SS translocates its effector proteins into the host cell cytosol. This is essential for SCV in-

tegrity and induction of an extensive tubular network, the Salmonella-induced filaments (SIF), 

which are necessary for nutrition and survival of the pathogen (Liss et al., 2017). 

Besides the SPI1-T3SS, another secretion system is essential for invasion of polarized cells. 

The SPI4-T1SS and its substrate SiiE are essential for the first close intimate contact to the 

host cell (Gerlach et al., 2007a). Following adhesion to the apical side of the host cell, the 

SPI1-T3SS is in position to translocate its effector proteins. The non-fimbrial adhesin SiiE is 

retained on the cell surface during secretion process, protruding the lipopolysaccharide (LPS) 

layer with its immense length of 175 ± 5 nm, thus allowing attachment of the C-terminal moiety 

to glycosylated structures on the host cell membrane and subsequent proper positioning of the 

SPI1-T3SS (Griessl et al., 2013; Wagner et al., 2014; Wagner et al., 2011). 
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II.2. The SPI4-T1SS is a key player during invasion of polarized cells 

For successful host colonization, STM possesses various adhesive structures. Salmonella is 

not only equipped with fimbrial adhesins like type I fimbriae or Curli, but additionally with auto-

transported adhesins like MisL and ShdA and T1SS adhesins BapA and SiiE (Wagner et al., 

2011). BapA, a non-fimbrial adhesin comparable to SiiE, involved in biofilm-formation, is en-

coded on the SPI9 (Latasa et al., 2005). SPI4 gene expression is regulated by the transcrip-

tional activator HilA, which in turn is regulated by the master regulator SirA (Ahmer et al., 1999; 

Gerlach et al., 2007a; Main-Hester et al., 2008). As genes of the SPI1-T3SS are also regulated 

by SirA and HilA, a tight co-regulation of both loci is likely (Gerlach et al., 2007a). 

II.2.1. Interplay of the SPI4-T1SS and the SPI1-T3SS for an efficient adhesion to and in-

vasion of polarized cells 

Polarized epithelial cells of the intestinal layer form a protective barrier against the entry of 

microbes from the intestinal flora, as well as pathogens. To overcome this intestinal barrier, 

food-borne pathogens are equipped with various virulence-associated proteins, systems and  

 

Figure II.1. SPI4-T1SS dependent adhesion and SPI1-T3SS-dependent invasion of STM. The api-
cal brush border of polarized epithelial cells possesses a dense array of microvilli (1). The SPI4-T1SS 
substrate SiiE mediates the first close contact to the host cell membrane (2). Subsequently, the SPI1-
T3SS can be proper located (2) and translocates its effector proteins inside the host cell (3). Effector 
protein translocation leads to actin remodeling, membrane ruffling and uptake of the pathogen (4). With-
out the SPI4-T1SS and SiiE, effector protein translocation is inefficient and STM is not internalized. 
Model based on (Gerlach et al., 2008). 
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mechanisms (Sansonetti, 2004). The SPI1-T3SS and the SPI4-T1SS were both shown to be 

essential for invasion of polarized cells (Gerlach et al., 2008) (Figure II.1). However, for inva-

sion of non-polarized cells, only the SPI1-T3SS is required (Gerlach et al., 2007a). The SPI4-

T1SS secreted substrate SiiE is needed to mediate the first close contact to the host cell apical 

brush border (Gerlach et al., 2008) (Figure II.1, 2). Thus, allowing the SPI1-T3SS to proper 

locate at the host cell membrane and efficiently translocate its effector proteins inside the host 

cell cytosol (Figure II.1, 3). Following effector protein translocation, actin rearrangements and 

membrane ruffling take place, which finally lead to the uptake of the pathogen (Figure II.1, 4). 

Without adhesion mediated by the SPI4-T1SS and its substrate SiiE, invasion of epithelial cells 

in their physiological state, i.e. polarized, is not possible (Gerlach et al., 2008). Thus, the SPI4-

T1SS is required for the invasion process of STM. 

II.2.2. The SPI4-T1SS is essential for adhesion to polarized cells 

The SPI4 is a 27 kb pathogenicity island, containing six open reading frames (ORFs), siiA to 

siiF (Main-Hester et al., 2008). The SPI4-T1SS consists of the characteristic subunits of an 

(ATP-binding cassette) ABC transporter: the ATPase SiiF in the inner membrane (IM), the peri- 

 

 

Figure II.2. The SPI4-T1SS and non-canonical subunits SiiAB. The SPI4-T1SS displays the charac-
teristic composition of an (ATP-binding cassette) ABC transporter with the ATPase SiiF in the IM, the 
periplasmic adaptor protein (PAP) SiiD in the periplasm and the secretin SiiC in the OM. The 595 kDa 
adhesin SiiE is the substrate of the canonical SPI4-T1SS (Gerlach et al., 2007b). The two non-canonical 
subunits SiiA and SiiB form a proton channel in the IM (Wille et al., 2014). 
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plasmic adaptor protein (PAP) SiiD, spanning the periplasm and the secretin SiiC (Figure II.2) 

(Gerlach et al., 2007b). The 595 kDa adhesin SiiE is also encoded by a SPI4 gene and is the 

substrate of the canonical subunits of the SPI4-T1SS (Gerlach et al., 2007b). Additionally, 

there are two non-canonical subunits, namely SiiA and SiiB, known to form a proton channel 

in the IM, (Wille et al., 2014). During secretion, SiiE is retained on the cell surface, enabling 

the adhesin to mediate adhesion to the host cell (Wagner et al., 2011). 

II.2.3. The giant substrate SiiE mediates first close contact to the host cell during inva-

sion process  

The SPI4-T1SS substrate SiiE is a non-fimbrial adhesin, composed of 53 bacterial immuno-

globin (BIg) domains (Barlag and Hensel, 2015; Gerlach et al., 2007b; Wagner et al., 2011) 

(Figure II.3 A). The N-terminal part of SiiE consists of a coiled-coil domain of 8 heptads, flanked 

by two β-sheet domains (Wagner et al., 2011). In the C-terminus BIg52 and BIg53 are sepa-

rated by a putatively unfolded domain termed insertion. Additionally, the secretion signal is 

located in the last C-terminal moiety (Wagner et al., 2011). By EM analysis, it was shown that 

SiiE has a linear molecular structure of approximately 175 ± 5 nm length, protruding the LPS 

layer (Wagner et al., 2011). Initially, SiiE associates with the IM and is recognized by its T1SS 

and subsequently secreted into the extracellular space, depending on binding of extracellular 

Ca2+ (Barlag and Hensel, 2015; Griessl et al., 2013; Wagner et al., 2011). SiiE possesses 

conserved aspartate and glutamate residues, forming two Ca2+-binding sites per BIg domain, 

shown to stabilize SiiE structure (Griessl et al., 2013) (Figure II.3). Type I Ca2+-binding sites 

are located at the interface of two BIg domains and contain three aspartate residues that are 

characteristic for BIg domain proteins (Peters et al., 2017). In contrast to this, type II Ca2+-

binding sites are specific for SiiE and consist of two aspartate residues within a BIg domain 

(Peters et al., 2017). SiiE binds to glycosylated structures on the host cell membrane, contain-

ing N-acetylglucosamine and/or α-2,3 sialic acid (Figure II.3 B) and following adhesion, it is 

secreted into the extracellular space (Gerlach et al., 2007b). 
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Figure II.3. Overview of SiiE structure and secretion mechanism. Shown is an overview of the SiiE 
structure (A) and the retention and secretion of SiiE (B). A) SiiE consists of 53 BIg domains with an 
insertion between BIg52 and BIg53 and a C-terminal secretion signal. The N-terminal portion is com-
posed of a coiled-coil domain, flanked by two regions, consisting of β-sheets. The BIg domains possess 
type I Ca2+-binding sites (blue) and type II Ca2+-binding sites (green). Ca2+-binding was shown to be 
important for SiiE secretion (B) and stabilization. B) During secretion process, SiiE is retained on the 
cell surface, mediating first close contact to glycosylated structures on the host cell membrane via its C-
terminal moiety. It was shown that SiiE binds in a lectin-like manner to N-acetylglucosamine and/or α-
2,3 sialic acid. Following binding and SPI1-T3SS effector protein translocation, SiiE is fully secreted into 
the extracellular space. Proton channel SiiAB uses proton-motive force (PMF) to support invasion mech-
anism. 

 

II.2.4. The non-canonical subunits SiiAB forming a proton channel essential for inva-

sion process 

The SPI4 locus additionally encodes an accessory non-canonical proton channel, SiiAB, lo-

cated in the IM (Wille et al., 2014). SiiAB play an essential role for invasion by transporting 

ions across the IM (Wille et al., 2014). SiiA and SiiB share similarities regarding composition 

and structure with the stator complexes MotAB, PomAB, ExbBD and TolQR (Kirchweger et al., 
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2019; Wille et al., 2014) (Figure II.4). ExbBD together with TonB transfer the energy from the 

proton-motive force (PMF) of the IM to OM ion transporters (Ollis et al., 2009). Contrary, 

MotAB, PomAB and TolQR couple the IM PMF to protein actions in the IM (Minamino et al., 

2018; Zhu et al., 2014). SiiA was found to harbor a conserved critical aspartate residue (D13), 

comparable to MotB (D33) and ExbD (D25), a mutation of which inhibits proton channel func-

tion (Braun et al., 1996; Wille et al., 2014). MotB and PomB contain a peptidoglycan (PG)- 

binding (PGB) domain, important for binding to the PG after interaction with the C-ring 

(Minamino and Imada, 2015). A similar PGB was also described for SiiA (Kirchweger et al., 

2019). Comparable to MotA, SiiB harbors a large cytoplasmic region, which however interacts 

in a different way with SiiF as postulated for MotA and the rotor (Blair and Berg, 1991; Dean 

et al., 1984; Deme et al., 2020b; Wille et al., 2014; Zhou et al., 1995). Recent studies clearly 

show a 5:2 stoichiometry for ExbBD stator units (Celia et al., 2019). Such a 5:2 stoichiometry 

was also confirmed for MotAB, and appears to be a conserved structure across the 

MotAB/PomAB family (Deme et al., 2020a, b; Santiveri et al., 2020). 

 

Figure II.4. Proton channels generating torque by using ion flux and PMF. Shown are the proton 
channels ExbBD (left), MotAB (center) and SiiAB (right). These proton channels use the PMF of the IM 
to transduce energy. ExbBD transduces energy for ion transporters in the OM, whereas MotAB trans-
duces energy for flagellar rotation. ExbD, MotB and SiiA possess a PGB domain, important for channel 
function. For ExbBD and MotAB now a stoichiometry of 5:2 was shown. Thus, we postulate a compara-
ble stoichiometry for SiiAB. 

 

II.3. Secretion mechanisms of T1SS are diverse 

Secretion by T1SS is a highly conserved mechanism used by many Gram-negative bacteria 

to secrete small substrates as bacteriocins like CvaC, as well as large proteins like the 900 kDa 

protein LapA of Pseudomonas fluorescens (Smith et al., 2018b) (Figure II.5 A, C). Many of the 

T1SS substrates belong to the repeats-in-toxin (RTX) family, for example HlyA (Figure II.5 B) 

and CyaA (Smith et al., 2018b). From these studies, a model of single-step secretion emerged, 
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where the substrate is directly secreted from the cytosol into the extracellular space without a 

periplasmic intermediate step (Andersen et al., 2000; Kanonenberg et al., 2013; Koronakis et 

al., 1989; Mackman et al., 1985) (Figure II.5 A, B). 

 

Figure II.5 Schematic overview of the three T1SS secretion mechanisms and the SPI4-T1SS. 
Shown are known mechanisms for bacteriocins (A), RTX toxins (B), BTLCP-linked/RTX adhesins (C). 
T1SS consisting of the ATP-binding cassette (ABC) transporter in the IM, the periplasmic adaptor protein 
(PAP) and the secretin in the outer membrane (OM). The T1SS substrates are transported unfolded to 
the T1SS and recognized by the ABC transporter. In response to substrate recognition, the secretion of 
the different substrates can be performed as shown above. A) and B) representing the one-step secre-
tion of a substrate, whereas C) displays secretion in two steps with an intermediate step. White squares 
illustrate the glycine-rich regions of the T1SS substrates. A) First, during secretion of the bacteriocin 
CvaC (colicin V) of E. coli, the N-terminal glycine-rich secretion motif is recognized by the ABC trans-
porter CvaB (1). The Ca2+-dependent N-terminal C39 peptidase (green stars) of CvaB cleaves CvaC 
near the double-glycine site and by this activating the bacteriocin (2). Following secretion, TolC dissoci-
ates from CvaAB, undergoing conformational changes to a closed state (3). B) The T1SS for secretion 
of RTX toxin HlyA of E. coli consists of the ABC transporter HlyB, the PAP HlyD and the OM pore TolC. 
The N-terminus of HlyB contains a catalytically inactive C39-like domain (CLD, brown circles). The CLD 
of HlyB recognizes the C-terminal glycine-rich RTX motifs of HlyA (1), which are essential for recruitment 
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of TolC (2). For activation, HlyC post-translationally modifies HlyA and HlyA is secreted into the extra-
cellular space (3). C) Secretion mechanism of BTLCP-linked/RTX adhesin LapA of Pseudomonas fluo-
rescens. The T1SS consists of LapB (ABC transporter), LapC (PAP), LapE (secretin), LapA (substrate) 
and the two accessory proteins LapG and LapD, essential for N-terminal cleavage and release of LapA 
into the environment. Unfolded LapA is C-terminally recognized by LapB (1) and is secreted from C- to 
N-terminal direction (2). During secretion process, LapA is retained on the cell surface to mediate ad-
hesion to surfaces if biofilm conditions are promoted and c-di-GMP levels are high, thus protecting LapA 
from proteolysis by LapG (3). In response to lower c-di-GMP levels, LapG is released from LapD and 
cleaves the canonical di-alanine motif within the N-terminal LapA retention domain (4). LapA is released 
into the extracellular space, its N-terminal domain remains in the periplasm and LapBC again can inter-
act with LapE (5).  

 

The calcium-binding RTX motifs result in an intrinsically disordered state, until the substrate is 

secreted into the calcium-rich environment, where it adopts its final folded structure essential 

for its biological function. For CyaA, extracellular Ca2+ binding is also important for secretion 

of the substrate (Bumba et al., 2016).  

T1SS characteristically are composed of the ATP-binding cassette (ABC) transporter in the 

IM, a periplasmic adaptor protein (PAP) and a secretin (Smith et al., 2018b) (Figure II.5). For 

one-step secretion, the substrates are recognized by its T1SS via an N-terminal (bacteriocins) 

or C-terminal (all other known substrates) secretion signal and directly secreted into the extra-

cellular space, following recruitment of the secretin (Figure II.5 A, B) (Thanabalu et al., 1998). 

Whereas bacteriocins are N-terminally cleaved by an intrinsic C39 peptidase of the ABC trans-

porter for release and activation, ABC transporters of RTX toxins only possess a catalytically 

inactive C39-like domain (CLD) (Lecher et al., 2012; Smith et al., 2018b). Such a CLD was 

also found to be present in the SPI4-T1SS ABC transporter SiiF (Wille et al., 2014). For acti-

vation of the toxin, HlyA is post-translationally modified by the acyltransferase HlyC, which 

does not affect the secretion process in general (Ludwig et al., 1996).  In contrast to this, during 

two-step secretion, substrates like LapA, MpIBP and SiiE are retained on the cell surface dur-

ing secretion, a step important for adhesion (Guo et al., 2017; Smith et al., 2018a; Wagner et 

al., 2011) (Figure II.5 C). LapA is retained and released in a c-di-GMP-dependent manner. 

While this biofilm-associated substrate is N-terminally cleaved for secretion like bacteriocins, 

this happens via interaction of two accessory proteins, LapD and LapG (Smith et al., 2018a). 

Such accessory proteins were designated as bacterial transglutaminase-like cysteine protein-

ases (BTLCP), characterized by their invariant Cys-His-Asp triads often linked to T1SS ma-

chinery and large RTX-containing proteins (Ginalski et al., 2004). The SPI4-T1SS also en-

codes the two non-canonical subunits SiiA and SiiB, described to be involved in invasion (Wille 

et al., 2014). 
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II.4. The flagellum is co-expressed with invasion genes 

II.4.1. Structure and rotation of the flagellum 

The first bacterial swimming was observed in the seventeenth century (van Leeuwenhoek, 

1677), thus it has long been known that the ability to move is essential for many bacteria for 

survival and pathogenicity and that various bacteria use the flagellum for a directed movement 

(Berg and Anderson, 1973; Duan et al., 2013; Haiko and Westerlund-Wikstrom, 2013; 

Silverman and Simon, 1974). The flagellum consists of a long external filament, built up from 

the rod, the hook, the hook filament junction, the filament and the filament cap and a large 

motor region consisting of basal body rings located in the cell envelope (Berg, 2003; Nakamura 

and Minamino, 2019) (Figure II.6). The rod is connected to the basal body MS ring acting as a 

drive shaft (Minamino, 2018). The hook is located between the rod and the filament for torque 

transition from the motor to the filament (Minamino, 2018). An ion-powered rotor and a ring of 

a varying number of stator complexes, surrounding the rotor, represent the motor region of the 

flagellum in different bacteria (Coulton and Murray, 1978; Khan et al., 1988; Khan et al., 1992; 

Khan et al., 1991). Stator units of the bacterial flagellum form ion channels and are located in 

the IM, directly connected to the motor (Coulton and Murray, 1978; Khan et al., 1988; Khan et 

al., 1992; Khan et al., 1991; Stader et al., 1986; Wilson and Macnab, 1988). The number of 

active stator units is regulated in response to environmental changes (Berg, 2003; Macnab, 

2004; Minamino et al., 2008; Morimoto and Minamino, 2014). The rotational direction of the 

motor can be changed by chemotactic signaling, leading to a higher adaptation to the environ-

ment (Minamino et al., 2019). MotAB displays the best-studied example for the prokaryotic 

rotary motor stator unit family that uses energy from the transmembrane (TM) ion gradient 

instead of ATP in order to generate mechanical work (Kuhlbrandt and Davies, 2016; Lai et al., 

2020; Mandadapu et al., 2015). Stator complexes use H+ or Na+ ion flow across the IM, in turn 

generating torque in the cytoplasmic region (C-ring) of the rotor complex (Blair and Berg, 1988, 

1990; Kojima, 2015; Larsen et al., 1974). These complexes are present in an inactive, plugged 

form and are activated by motor incorporation and peptidoglycan binding (Hosking et al., 

2006).  

Following incorporation of the stator unit into the motor region, the stator unit is unplugged and 

the PGB domain dimerizes (Santiveri et al., 2020). Docking of the MotA cytoplasmic loop to 

the rotor C-ring induces the ion flux through the channel and release of the MotB-PGB domain 

to bind to the PG surrounding the flagellar basal body (Kojima et al., 2018; Zhu et al., 2014). 

The ion flux is suggested to lead to conformational changes in the cytoplasmic region of MotA, 

which in turn generates torque in the rotor (Kim et al., 2008a; Kojima and Blair, 2001; 

Mandadapu et al., 2015). 
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Figure II.6. Schematic overview of the flagellum. Shown is the schematic overview of the flagellum. 
The flagellum consists of the rotor, spanning the cell envelope, the rod, the hook, the hook filament 
junctions, the filament and the filament cap. The rotor is surrounded by numerous stator complexes 
(MotAB). Other proteins as indicated. Model modified from (Minamino, 2018).  

 

II.4.2. Role of the flagellum during pathogenesis 

Bacterial motility is not only important for the directed motility in gradients towards nutrients, 

but also during host infection and thus is considered as virulence factor. Motility was found to 

be essential for biofilm development and maturation by P. aeruginosa, Yersinia enterocolitica, 

Listeria monocytogenes and E. coli, but also during infection as described for pathogens like 

Campylobacter jejuni and S. enterica (Haiko and Westerlund-Wikstrom, 2013; Kim et al., 

2008b; Koirala et al., 2014; Lemon et al., 2007; Mertins et al., 2013; Partridge and Harshey, 
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2013; Sauer et al., 2002; Wood et al., 2006). It was shown that methylation of STM flagella 

supports adhesion to host cells and hence their invasion (Horstmann et al., 2020). T3SS are 

critical for the pathogenicity and host-pathogen interactions of many Gram-negative bacteria 

(Duan et al., 2013). T3SS translocate (tT3SS) effector proteins into the host cell leading to 

reprogramming of the host cell in a way that is beneficial for the pathogen (Gerlach et al., 

2008). However, the flagellar assembly (fT3SS) displays the basis for tT3SS for translocation, 

adapted for a pathogenic lifestyle (Cornelis, 2006; Duan et al., 2013). It was shown that the 

flagellar T3SS can be associated with bacterial pathogenicity and is co-regulated with virulence 

genes during infection (Duan et al., 2013).  

Many S. enterica serovars possess two flagellin proteins, FliC or FljB, due to flagellar phase 

variation (Lederberg, 1956). Bacteria expressing fliC show distinct advantages during coloni-

alization of the epithelium and in motility in comparison to fljB-expressing bacteria (Horstmann 

et al., 2017). As the thousands surface-exposed flagellin molecules are a prime target for host 

immune response, many intracellular bacteria evolved mechanisms to prevent recognition, e.g. 

post-translational modifications like glycosylation of the flagellin (De Maayer and Cowan, 2016; 

Horstmann et al., 2020). However, STM does not glycosylate its flagellin (Horstmann et al., 

2020). STM was shown to methylate flagellar lysine residues like many other Enterobacteri-

aceae, which was also suggested to be involved in virulence (De Maayer and Cowan, 2016; 

Horstmann et al., 2020). Methylation of the flagellum increases adhesion of STM, thus sup-

ports invasion and colonization (Horstmann et al., 2020). 

 

II.5. Organoids – a complex system for analysis of host-pathogens inter-

actions 

II.5.1. Organoids – diversity and multidimensional nature 

Organoids are 3D in vitro cell culture systems, originating from self-organizing stem cells, able 

to mimic in vivo structures and functions of the originating organ (Dutta et al., 2017). Organoids 

can be derived from organ-specific adult stem cells (ASC) or pluripotent stem cells (PSC) 

(Lancaster and Knoblich, 2014) (Figure II.7). For the generation of organoids from PSC, cells 

are grown in medium mimicking an embryonic development. Therefore, single organoids pos-

sess a variety of different cell types, but have a limited expansion potential (Aguilar et al., 

2021). PSC can differentiate to tissues recapitulating what happens in organogenesis, where 

tissues are derived from embryonic stem cells (ESC) (Li et al., 2014b). In comparison to this, 

growth factors for ASC differentiation mimic tissue regeneration. The resulting organoids con-

sist of the pure epithelial cells, shown to have an immense expansion potential with a high 
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genetic stability (Blokzijl et al., 2016; Huch et al., 2015). To date, many different organs and 

tissues were successfully cultivated (Figure II.7).  

 

Figure II.7. Successful cultivated organoids from tissues and organs. Organoid systems and tissue 
of origin. Different types of stem cells – pluripotent (PSC, orange), embryonal (ESC, blue) or adult (ASC, 
red) stem cells – of many organs and tissues have been successfully cultivated using the organoid 
technology. Organ and human model images are imported from Servier Medical Art by Servier, ac-
cessed on 22nd February 2022. Scheme based on (Azar et al., 2021). 
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Simpler cell culture models mostly only contain one cell type and are cancerous, transformed 

or genetically immortalized, and are often not able to mimic important epithelial functions like 

polarization, barrier formation, and cell differentiation (Aguilar et al., 2021). Thus, making in-

vestigations of host-pathogen interactions or diseases more difficult to interpret caused by er-

ror-filled genomes (Beskow, 2016; Gaush et al., 1966; Ponce de Leon-Rodriguez et al., 2019). 

Organoids can be widely used in disease investigations like genetic diseases or cancer, but 

also in regenerative medicine (Azar et al., 2021). The most inter-individual variations, caused 

by genetic factors, gender and age differences, are displayed in the ASC, hence allowing very 

specialized investigations of diseases, but are difficult to be generalized (Azar et al., 2021). In 

the future, organoid systems will help us to gain a better understanding of organism biology 

and development of diseases. 

II.5.2. Organoids for analysis of host-pathogen interactions 

Organoids were not only shown to be applicable for disease investigations, but also for analy-

sis of host-pathogen interactions (Azar et al., 2021). Model systems for host-pathogen interac-

tions face the challenge to model a single organism but also to be capable of interplay with 

microorganisms (Aguilar et al., 2021). For example, iPSC-derived lung bud infected organoids 

displayed shedding and swelling as seen in human lungs, depicting the capability to recapitu-

late lung development and potential use for investigations of fibrotic lung diseases (Chen et 

al., 2017). Furthermore, human intestinal organoids derived from PSC were used for analysis 

of viral infectious diseases like the coronavirus (Zhou et al., 2017), norovirus and other gastro-

intestinal viruses (Ettayebi et al., 2016; Finkbeiner et al., 2012), as well as Dengue virus, Zika 

virus (Lang et al., 2018) and HIV infections (Ye et al., 2014). In addition, ESC were already 

used to study host-pathogen interactions with infectious organisms as Helicobacter pylori, 

Clostridium difficile or S. enterica (Bartfeld, 2016; Leslie et al., 2015). In order to investigate 

host-pathogen interactions, different methods can be used for 3D and 2D infections as well as 

tissue engineering (Aguilar et al., 2021). 3D organoids can be infected by microinjection either 

from the apical or basal side. An alternative to microinjection is the apical-out infection, where 

pathogens can directly be introduced into the medium. Additionally, single cells can be simply 

infected during passaging of the organoids and re-embedded in the matrix until the end of 

infection. For 2D infections, it is possible to infect extracellular matrix-coated monolayers, the 

apical side of cell layers grown in transwell inserts, as well as the basolateral side or air-liquid-

interfaces (Aguilar et al., 2021). 

II.5.3. Organoids as infection model for S. enterica 

For analyses of host-pathogen interactions between organoids and STM, the pathogen was 

for example microinjected into 3D cultivated organoids already (Forbester et al., 2018; Lees et 
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al., 2019). The intestine is surrounded by a monolayer of epithelial cells, typically forming villi 

and crypts to enlarge the surface of the intestine, whereas the intestinal epithelium displays an 

effective barrier against the invasion of microorganisms (Turner, 2009). The epithelium con-

sists of the four major differentiated cell types: enterocytes, enteroendocrine cells (EEC), gob-

let cells and Paneth cells. Additionally, multipotent stem cells, namely Lgr5+ crypt based co-

lumnar (CBC) cells and +4 cells, as well as  a small population of epithelial cells that include 

tuft and microfold (M) cells (Beumer and Clevers, 2016; Gerbe and Jay, 2016; Iismaa et al., 

2018; Takashima et al., 2013) are part of distinct areas of the villus and crypt, respectively. 

With exception of Paneth cells, which are located at the bottom of the crypt and involved in 

stem cell maintenance, the other differentiated cells migrate to the tip of the villus (Gassler, 

2017; Gomez and Boudreau, 2021). Enterocytes are the most abundant cell type (Egi Kardia, 

2020). Whereas goblet cells function in production and secretion of mucus, EECs synthesize 

hormones and neuropeptides. Absorptive cells are not only involved in metabolic and digestive 

functions, but also express specific reporters on their surface, important for the innate immune 

response as well as M cells (Peterson and Artis, 2014; Pott and Hornef, 2012; van der Flier 

and Clevers, 2009). Thus, intestinal organoids display an important investigation tool to ana-

lyze Salmonella infection in more detail. Especially, more insights can be gained regarding 

human-restricted life-threating S. enterica serovars Paratyphi A (SPA) and Typhi (STY) by use 

of human-derived organoids. 

 

II.6. Dual-color 3D dSTORM for localization analysis of the SPI4-T1SS 

For analyses of adhesive structures, infection assays, biofilm assays, proteomic analyses and 

many others can be performed, but for a detailed localization-function correlation, microscopy 

has to be performed. However, the diffraction limit of 200 nm for conventional light microscopy, 

described by Ernst Abbe, is too low to resolve the exact localization of complexes in the cell. 

To circumvent the resolution limit of conventional wide-field microscopy of 200-300 nm in lat-

eral and 500-800 nm in axial dimensions, super-resolution microscopy (SRM) like stochastic 

reconstruction microscopy (STORM) can be used  (Figure II.8) (Hensel et al., 2013; 

Schermelleh et al., 2010).  

II.6.1. Dual-color 3D dSTORM for localization analyses 

By total internal reflection microscopy (TIRFM) the axial resolution can be increased to 100-

200 nm (Schermelleh et al., 2010). To further overcome the diffraction limit, specific charac-

teristics of fluorescence dyes and techniques can be utilized (Huang et al., 2010). Photoswitch-
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ing between a fluorescent and a non-fluorescent state of fluorophores can increase the reso-

lution to below 100 nm (Hell, 2009). These photoswitching signals can have either a targeting 

or a stochastic readout. For STORM analyses photoswitchable synthetic dyes can be used 

(Figure II.8) (Rust et al., 2006). These dyes are able to reversibly switch between the ON- and 

OFF-state, resulting in a blinking state. If a second fluorophore, responsible for activation of 

the first fluorophore by energy transfer, is absent, the technique is called direct STORM 

(dSTORM) (Bates et al., 2007; Hensel et al., 2013; van de Linde et al., 2008) (Figure II.8). In 

each frame, only a subset of fluorophores is in an active state at the same time. Thousands of 

frames are recorded and each point spread function (PSF) is calculated to its center by using 

a Gaussian fit (Hensel et al., 2013; Sahl and Moerner, 2013). In the end, the PSFs are super-

imposed. The dSTORM technique was shown to also be functional in multicolor SRM (Huang 

et al., 2008; Mass et al., 2020; van de Linde et al., 2008; Wilmes et al., 2012). By dual-color  

 

 

Figure II.8. Principle of photoswitching and STORM microscopy. Shown is the schematically over-
view of photoswitching fluorescent dyes. (1) Possible arrangement of SiiAB located in the IM, tagged 
with fluorophores in dark state. (2) Conventional fluorescence microscopy, where all fluorophores are 
activated at the time during acquisition. Due to overlapping signals of the point spread function (PSF), 
the information and structure cannot be clearly read out. (3) During dSTORM imaging, only a subset of 
fluorophores is in an active state in each frame recorded due to photoswitching. A different number of 
fluorophores will be in an active state in single frames. By Gaussian fit, the center of each PSF can be 
calculated. Thus, a super-resolution image can be reconstituted in the end. 
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3D dSTORM imaging, a 5-fold increase in resolution compared to 3D spatial structured illumi-

nation microscopy (SIM) can be achieved (Malkusch et al., 2012). If a cylindrical lens is added 

in the imaging path of a TIRF microscope a localization in 3D can be obtained by changing the 

ellipticity and orientation of the detected signals in accordance to its relative z-position (Huang 

et al., 2008). The exact z-position can be determined by comparing these signals with signals 

of a calibration curve, hence generating a reconstituted localized 3D image. 

II.6.2. Novel nanobody tags – ALFA-Tag and Spot-tag 

Epitope tags are widely used for many analyses like expression and purification of recombinant 

proteins, immune precipitations, mass spectrometry and also for immunostaining (Kocaoglu 

and Carlson, 2016; Nooh and Bahouth, 2017; Shi et al., 2015; Smits and Vermeulen, 2016; 

Waugh, 2005). Different tags were generated – often as byproducts during development of 

antibodies against specific proteins – ideal for specific applications, but possibly not compatible 

with others (Braun et al., 2016; Braun et al., 1996; Evan et al., 1985; Field et al., 1988; Hochuli 

et al., 1987; Virant et al., 2018). However, due to the large size of the antibodies used as 

binders between the protein of interest and the fluorophore in immunostaining, these tags and 

antibodies are far from ideal for SRM on a subcellular level. Recently a novel class of tags, 

recognized by camelid single-domain antibodies, also known as nanobodies, have been intro-

duced (Braun et al., 2016; Muyldermans, 2013; Virant et al., 2018). These new tags are aimed 

to not affect the structure, topology, localization, oligomerization, solubility or interactions of 

the protein (Hoffmann et al., 2005; Stadler et al., 2013). Therefore the tag has to be small, 

monomeric, highly soluble and electroneutral (Esposito and Chatterjee, 2006). 

The ALFA-tag is a 15 amino acid (aa) epitope tag, forming a small and stable α-helix, inde-

pendent of its position within the fusion protein (Gotzke et al., 2019) (Figure II.9 A). The ALFA-

tag is hydrophilic, uncharged at physiological pH and does not contain residues targeted by 

amine-reactive fixatives or cross-linkers (Gotzke et al., 2019). This tag can be inserted at the 

N- or C-terminus of a protein or even between two folded domains (Gotzke et al., 2019). Addi-

tionally, the ALFA-tag has the broadest application spectrum in life sciences and the developed 

nanobody (NbALFA) with ~26 pM affinity allows not only SRM, immunoprecipitations and 

Western blot detections, but also detection of proteins within living cells (Gotzke et al., 2019). 

As a result of the arrangement of the complementary determining regions (CDR), forming a 

hydrophobic cavity, the ALFA peptide is oriented parallel to the central axis of NbALFA (Gotzke 

et al., 2019; Muyldermans, 2013). 

Another innovative small tag is the 12 aa Spot-Tag, also capable of many applications in com-

bination with a nanobody with ~7 nM affinity for C-terminal insertion (Metterlein, 2018; Virant 

et al., 2018) (Figure II.9 B). In general, the tag can be inserted N- or C-terminally. The Spot-
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Tag originates from a linear epitope of the unstructured N-terminus (aa16-27) of β-catenin 

(BC2) (Metterlein, 2018). The wild-type sequence has been optimized by off-rate screenings 

to increase specific binding to the Spot-nanobody (Metterlein, 2018). These novel tags offer a 

number of new possibilities and have the potential to ease the use of techniques for super 

resolution microscopy. 

 

Figure II.9. Novel ALFA-tag and Spot-Tag and related nanobodies. Schematic overview of the novel 
ALFA-tag and Spot-Tag. Shown are the sequences of the ALFA-tag (A) and the Spot-Tag (B), forming 
α-helical structures, which are specifically bound by their nanobodies, coupled to two fluorophores 
(nanobody α-ALFA-tag) or one fluorophore (nanobody α-Spot-Tag). A) Left: The ALFA-tag is flanked by 
prolines. Right: The complementary determining regions (CDR) form a hydrophobic cavity, in which the 
ALFA peptide can introduce parallel to the central axis of NbALFA. B) Left: A linker, here optimized for 
E. coli, can be introduced to enhance performance. Right: The Spot-Tag originates from the aa16-27 of 
β-catenin and besides invariable positions (left, black), additional positions were screened and mutated 
(left, blue) to increase binding specificity of the nanobody α-Spot-Tag (Metterlein, 2018). Models based 
on (Gotzke et al., 2019; Metterlein, 2018). 

 

II.7. Aims of this work 

In this work, the SPI4-T1SS, its substrate SiiE and the non-canonical subunits SiiAB were 

taken into focus. The following open questions and topics were addressed in this thesis: 

i) How is SiiE retained on the bacterial surface? Since SiiE is secreted in two steps like 

the giant T1SS substrates LapA and MpIBP (Guo et al., 2017; Smith et al., 2018a), I 
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investigate whether SiiE is retained in a comparable way in the OM, or in a novel as-

sembly, e.g. in the whole channel and if there is a potential retention domain in the N-

terminus (Figure II.10 i). 

ii) What is the mechanism of SiiE release? Post-translational modifications resulting in 

substrate release into the environment were described for various T1SS substrates 

(Smith et al., 2018b). The release of Bacteriocins and BTLCP-linked adhesins for ex-

ample is mediated by proteolytic cleavage (Smith et al., 2018b). Consequently, I am 

interested in whether SiiE is released by post-translational modification, e.g. proteolytic 

cleavage, as it has been shown for other T1SS (Figure II.10 ii). 

iii) Do SiiAB contribute to SiiE secretion? If so, at which step during secretion are they 

involved? SiiAB function as a proton channel and are involved in invasion and SiiE 

retention (Wille et al., 2014). In the context of this thesis, I want to shed more light on 

the detailed mechanism of SiiAB function during SiiE secretion (Figure II.10 iii). 

iv) What does SiiB possess an extended cytosolic domain for? SiiB was shown to possess 

a large cytosolic domain, comparable to MotA (Blair and Berg, 1991; Dean et al., 1984; 

Deme et al., 2020b; Wille et al., 2014; Zhou et al., 1995). Additionally, such an extended 

cytosolic domain was described for mechanosensitive channels. Thus, I also focus on 

potential functions of the cytosolic domain of SiiB solely for adhesion, invasion and SiiE 

secretion (Figure II.10 iv). 

v) What is the subcellular localization of SiiAB? Intriguingly, there are similarities to the 

stator of the flagellum, MotAB (Kirchweger et al., 2019; Wille et al., 2014) and the fla-

gellum is co-regulated with virulence genes during invasion of STM. Since different 

conserved stator complexes were shown to act at the flagellum in dependence of en-

vironmental changes, I conclude a possible function of SiiAB at the flagellum. I want to 

implement dual-color 3D dSTORM SRM to visualize the subcellular localization of  

SiiAB and possible cross-talks between the SPI4-T1SS and the flagellum (Figure II.10 

v). 

vi) In addition to the analysis of the SPI4-T1SS, another focus of this work is the estab-

lishment of intestinal organoid cell culture for microscopic and quantitative analyses of 

S. enterica infection processes, with focus on adhesion and invasion. As organoid cell 

culture with its diverse cell types and possibilities was shown to be a method with im-

mense potential for host-pathogen interaction analyses in the future, it is critical to de-

velop assays capable to gain new insights in these processes (Figure II.10 vi). 
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Figure II.10. Aims of the thesis. The SPI4-T1SS is essential for adhesion to polarized epithelial cells. 
The SPI4-T1SS consist of the ABC transporter SiiF in the IM, the PAP SiiD in the periplasm and the 
secretin SiiC in the OM. Two non-canonical proteins encoded on SPI4, SiiA and SiiB, form a proton 
channel in the IM. During secretion of the SPI4-T1SS substrate SiiE, it is retained on the cell surface, 
mediating first close contact to the host cell apical side. Since it is not known if SiiE is retained in whole 
T1SS channel or in a single subunit like SiiC as described for LapA and LapE, the detailed secretion 
mechanism is addressed (i). Additionally, because siiAB mutants also show an altered retention, they 
may play a role in SiiE secretion (iii). In a last step, SiiE is secreted into the medium, but the release 
mechanism is also not known. Thus, I want to analyze the release of SiiE (ii). SiiB possesses an ex-
tended cytosolic domain comparable to MotA and I am interested in its function for invasion related 
proteins (iv). Since the localization and function of SiiAB is not clear, I want to analyze the subcellular 
localization of the proton channel by 3D dSTORM SRM and role for invasion related complexes (v). 
Organoid cell culturing opens new opportunities. Thus, another focus of this work is the establishment 
of intestinal organoid cell culture for microscopic and quantitative analyses of S. enterica infection, with 
focus on adhesion and invasion (vi). 
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III. Results 

III.1. Conserved secretion mechanisms of the giant adhesin SiiE of Sal-
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III.1.1. Abstract 

Type 1 secretion systems (T1SS) are characterized by their structure, consisting of an ATP-

binding cassette (ABC) transporter, a periplasmic adaptor protein (PAP) and an outer mem-

brane (OM) secretin. Some functions and mechanisms are homologous to each other and 

conserved. Most T1SS secrete their substrates in one step, but also two-step secretion is de-

scribed for substrates like the biofilm-associated adhesin LapA of Pseudomonas spp. or the 

ice-binding protein of Marinomonas primoryensi (MpIBP). The virulence-associated adhesin 

SiiE of Salmonella enterica, encoded by genes on Salmonella Pathogenicity Island 4 (SPI4), 

is known to be retained on the cell surface during secretion. SiiE mediates the first close con-

tact to the host cell membrane, essential for the efficient invasion by the pathogen. However, 

the detailed mechanisms for retention and release of SiiE are still not known: Are there con-

served steps in secretion comparable to other known T1SS? Here we show by various over-

expression experiments, structure modelling, cryo-TEM analyses, and OM isolation that SiiE 

is retained in the OM and that the SPI4-T1SS dissociates during the secretion process. Fur-

thermore, we found a potential retention domain in the N-terminal part of SiiE that appears 

absent in released SiiE. Additionally, the accessory proteins SiiAB are involved in steps prior 

to retention in the OM. With these results, we gained new insights in secretion process of SiiE 

and can limit possible modes of action of SiiE during adhesion and invasion. 
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III.1.2. Introduction 

Type 1 secretion systems (T1SS) are highly conserved regarding their structure and also 

mechanisms. Besides bacteriocins as CvaC from Escherichia coli, so-called repeats-in-toxins 

(RTX) like CyaA and HlyA from Bordetella pertussis and E. coli represent well described T1SS 

substrates. The model resulting from various studies suggests a one-step secretion without an 

intermediate step during secretion where the unfolded substrates are directly translocated into 

the environment (Andersen et al., 2000; Kanonenberg et al., 2013; Koronakis et al., 1989; 

Mackman et al., 1985). Due to low Ca2+ concentrations in the cytoplasm, the glycine- and 

aspartate-rich Ca2+-binding RTX motifs are intrinsically disordered (Chenal et al., 2009; 

Gangola and Rosen, 1987). Upon secretion, the Ca2+-rich environment leads to folding of these 

regions as a consequence of direct Ca2+binding, resulting in the final folded structure, essential 

for the biological functions (Chenal et al., 2009). 

T1SS can secrete diverse proteins, many playing a role for the pathogenicity of the bacteria, 

ranging from small substrates like bacteriocins (<10 kDa) up to giant adhesins like LapA from 

Pseudomonas spp. (900 kDa) (Smith et al., 2018a) or the ice-binding protein (IBP) of Marino-

monas primoryensi (MpIBP, 1.5 MDa) (Guo et al., 2017). The 600 kDa virulence-associated 

adhesin SiiE of Salmonella enterica serovar Typhimurium (STM) also belongs to the giant 

T1SS secreted substrates (Gerlach et al., 2007b). Large adhesins are often involved in host 

colonization, invasion, or beneficial interactions with the host as described for SiiE (Gerlach et 

al., 2007b).  

Nevertheless, despite this diversity, there are homologies in structure and mechanisms of se-

cretion. Most T1SSs consist of the characteristic canonical subunits: an ATP-binding cassette 

(ABC) transporter in the inner membrane (IM), a periplasmic adaptor protein (PAP) located in 

the periplasm and an outer membrane (OM) secretin (Wagner et al., 1983; Wandersman and 

Delepelaire, 1990). Additionally, the dissociation of the OM secretin from the ABC transporter-

PAP complex during secretion process is described (Smith et al., 2018b). However, there are 

also exceptions, combining sec-translocation across the IM with the secretion via a PAP and 

secretin as it is described for CexE and Aap (T1SSp) (Icke et al., 2021). Despite the differences 

in secretion mechanisms, T1SS have three main steps in common: (1) the recognition of the 

unfolded substrate in the cytoplasm by the ABC transporter, (2) the secretion through the ca-

nonical subunits of the T1SS, and (3) the release into the extracellular space (Smith et al., 

2018b). Conserved strategies have been described for these steps: The substrate recognition 

(1) can take place C-terminal like for HlyA and LapA, or N-terminal like for CvaC (Boyer and 

Tai, 1998; Gray et al., 1986; Jarchau et al., 1994; Mackman et al., 1987). The secretion (2) 

can be divided into one-step secretion like for bacteriocins as CvaC and RTX toxins like HlyA 
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(Boyer and Tai, 1998; Kanonenberg et al., 2013; Thanabalu et al., 1998) and two-step secre-

tions as described for RTX adhesins like LapA (Boyd et al., 2012; Navarro et al., 2011; Newell 

et al., 2011). For the two-step secretion an intermediate is described, where the substrate is 

retained in the OM during secretion and released into the environment under defined condi-

tions (Smith et al., 2018a). For release into the environment (3) or activation, T1SS substrates 

can be proteolytic cleaved like CvaC and LapA, or post-translationally modified like HlyA. 

In general, T1SS ABC transporters contain at least two transmembrane domains (TMD) and 

two nucleotide binding domains (NBD) (ter Beek et al., 2014). If a single ABC transporter har-

boring a TMD and a NBD dimerizes in the IM, the requirements for a T1SS are satisfied (Smith 

et al., 2018b). By cross-linking experiments, it was shown that the ABC transporter HlyB and 

the PAP HlyD can form a stable complex, even without binding of the substrate HlyA 

(Thanabalu et al., 1998). Upon binding of HlyBD to the unfolded C-terminal secretion signal of 

HlyA, the HlyBD-TolC secretion system is initiated. Following secretion of HlyA, beginning with 

the C-terminus, the complex disassembles into HlyBD and TolC again (Lenders et al., 2015; 

Thanabalu et al., 1998). TolC is a well-characterized OM protein, forming the homotrimeric 

secretin complex, essential for various secretion systems. Each monomer consists of a 40 Å 

long β-sheet domain located in the OM, a 100 Å long periplasmic α-helical domain and a 

periplasmic α/β domain (Koronakis et al., 2000). The α-helical domain controls opening and 

closing of the membrane pore. In the closed confirmation, the pore diameter is only 3.9 Å, thus 

preventing secretion. In the open state, its diameter is increased to approximately 20 Å (Pei et 

al., 2011). The secretin TolC can also form a complex with the bacteriocin T1SS subunits 

CvaAB (Gilson et al., 1990). Although in contrast to HlyA, CvaC is recognized at its N-terminal 

double glycine (GG) motif by the C39 peptidase domain of CvaB, it is as well secreted from 

the C- to the N-terminus (Gilson et al., 1990). The C39 peptidase cleaves CvaC near the GG 

motif, leading not only to secretion of the substrate, but also to activation of the bacteriocin. It 

was shown that HlyB and many other T1SS ABC transporters contain additional N-terminal 

regions, very similar to the C39 peptidase domain of CvaB (Lecher et al., 2012). In contrast to 

CvaB, the C39 domain of HlyB lacks the critical cysteine residue (C39), thus rendering the 

domain catalytically inactive. This domain was called the C39-like domain (CLD) (Lecher et al., 

2012). The CLD of HlyB binds to the glycine-rich RTX motifs, located at the C-terminus of HlyA. 

However, it could be shown that ligand binding sites are located at opposite sites in C39 and 

CLD domains of CvaB and HlyB (Lecher et al., 2012). 

In addition to the canonical subunits, several T1SS substrates require accessory proteins for 

their secretion and/or proper function. Some proteins like HlyA are synthesized in a premature 

form. HlyA is activated by post-translational modification by the acyltransferase HlyC, which 
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catalytically transfers acyl chains to Lys564 and Lys690 of pro-HlyA, leading to mature α-hemo-

lysin of E. coli (Ludwig et al., 1996). A new family of bacterial transglutaminase-like cysteine 

proteinases (BTLCP) with invariant Cys-His-Asp catalytic triads, often linked to T1SS appa-

ratus and large RTX proteins was described (Ginalski et al., 2004). It was suggested that these 

BTLCP proteins post-translationally modify the substrates by either transamidase, acetylase 

or hydrolase activity (Ginalski et al., 2004). As an example for the BTLCP, LapG, a periplasmic 

Ca2+-dependent cysteine protease, cleaves an N-terminal di-alanine motif, resulting in the re-

lease of LapA into the environment, and thus a decrease in biofilm formation (Boyd et al., 2012; 

Boyd et al., 2014; Navarro et al., 2011; Newell et al., 2011). Additionally, LapG activity is con-

trolled by the IM c-di-GMP receptor LapD (Boyd and O'Toole, 2012). It was shown that the 

phosphodiesterase domain of LapD binds cytoplasmic c-di-GMP, leading to conformational 

changes in LapD that promote LapG binding (Navarro et al., 2011; Newell et al., 2011; Newell 

et al., 2009). Due to this interaction, LapA is able to remain in the OM to promote biofilm for-

mation. Contrarily, low cytoplasmic c-di-GMP levels result in dissociation of LapG from LapD 

and cleavage of LapA (Cooley et al., 2016a; Monds et al., 2007; Navarro et al., 2011; Newell 

et al., 2009). Hence, these two accessory proteins regulate cell surface retention of the biofilm-

associated RTX adhesin LapA in response to levels of a cytoplasmic second messenger and 

by proteolytic cleavage. Homologous proteins to LapG and LapD were found in genomes of 

over 1,300 bacterial species from 120 classes of the Proteobacteria (Smith et al., 2018a), un-

derlining that this strategy for adhesin localization is quite common (Ambrosis et al., 2016; 

Cooley et al., 2016b; Gjermansen et al., 2010; Perez-Mendoza et al., 2011; Zhou et al., 2015).  

The T1SS of STM, encoded by genes in SPI4, displays the characteristic subunit composition 

of T1SS, comprising the ABC transporter SiiF in the IM, SiiD as PAP, and SiiC as secretin. As 

the other T1SS substrates described above, the 600 kDa substrate SiiE associates with the 

IM, is recognized by its T1SS and subsequently secreted into the extracellular space (Wagner 

et al., 2011). The secretion of SiiE is dependent on extracellular Ca2+, binding to the type I and 

type II Ca2+ binding sites located at the 53 repetitive bacterial immunoglobin (BIg) domains of 

SiiE (Barlag and Hensel, 2015; Griessl et al., 2013). Comparable to LapA and MpIBP, SiiE is 

retained on the cell-surface during secretion process, mediating the first close contact to the 

host cell membrane during invasion process (Gerlach et al., 2007b). Nevertheless, it was not 

known if retention occurs in the assembled channel or only in the secretin SiiC, as when ho-

mologous structures such as LapA and MpIBP were considered, the latter might even be more 

likely. After retention on cell surface, SiiE is released into the extracellular space; the detailed 

mechanism however was not described. Additionally, the SPI4 also encodes two accessory 

non-canonical subunits, namely SiiA and SiiB, known to form a proton channel in the IM (Wille 

et al., 2014). It was shown that SiiAB play an essential role in adhesion and invasion, but their 
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role for the SiiE secretion process is still not fully understood. Thus, we set out to gain new 

insights into the secretion mechanism of SiiE and the cognate T1SS, and to compare these 

with previously described secretion mechanisms. 

 

III.1.3. Results 

III.1.3.1. Retention of SiiE by SiiC and dissociation of the complex during secretion of SiiE 

During the secretion process, not only ABC transporters in the IM and PAP, but also the se-

cretins play important roles. Since TolC is the best-characterized secretin, we chose TolC for 

comparison to SPI4-T1SS secretin SiiC. Additionally, we used LapE, which retains LapA in the 

OM, for our structural analyses. These three OM proteins have similar molecular weights of 

54, 50, and 50.5 kDa for TolC, LapE, and SiiC, respectively, and thus are good candidates for 

comparative analysis. 

Bioinformatic analyses reveal comparable structures of secretins TolC, LapE and SiiC 

Prediction algorithms can provide information about structure and function of unknown proteins 

by considering homologue structures. Hence, protein models can be estimated based only on 

an analysis of the amino acid (aa) sequence. By the analysis of the primary and secondary 

structures of TolC, LapE and SiiC via ali2D (Gabler et al., 2020), we did not only see compa-

rable arrangements of the aa sequence regarding charge, hydropathicity and size, but also in 

the secondary structure pattern (Figure S III.1.1, Figure III.1.1 D). For an improved spatial 

simulation, we used the tertiary structure model prediction tool trRosetta (Du, 2021; Yang et 

al., 2020). The determined TM-scores are indicative of the validity of prediction (Figure III.1.1 

D). All calculated TM-scores showed very high (TolC, 0.782 and LapE, 0.752), or high confi-

dence (SiiC, 0.645) in predicted tertiary structure models. We could show that TolC, LapE and 

SiiC are predicted to possess comparable structural arrangements with a β-sheet domain 

(blue) located in the OM and an α-helical domain (orange) ranging into the periplasm (Figure 

III.1.1). As the length of these domains is described for the crystal structure of TolC (Koronakis 

et al., 2000), we used these known parameters to validate the measurements for the indicated 

length. The published length of the β-barrel domain (40 Å), as well as the periplasmic α-helical 

domain (100 Å) were conclusive with the measurements we performed (in brackets), thus val-

idating the approach (Figure III.1.1 A). The β-sheet domain of LapE showed a comparable 

length of 38.3 Å (Figure III.1.1 B). The predicted β-sheet domain of SiiC (30 Å) was smaller 

than those of other secretins (Figure III.1.1 C). Nevertheless, monomers of TolC, LapE and 

SiiC all comprise four β-sheets, indicative of a certain homology. In comparison to TolC, LapE 

and SiiC seem to have a longer periplasmic α-helical domain with 107 Å. 
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Figure III.1.1. Structural prediction of the OM proteins TolC, LapE and SiiC. A) Tertiary structure 
model prediction for the OM secretin TolC by trRosetta (Du, 2021; Yang et al., 2020). A 40 Å long β-
sheet domain is inserted in the OM, whereas the 100 Å periplasmic α-helical domain is located in the 
periplasm (Koronakis et al., 2000). Gray numbers in brackets show length measured in Pymol. B-C) 
Tertiary structure model prediction for the OM secretins LapE (B) and SiiC (C) by trRosetta analyses. 
Figures indicate the predicted length. Loop=gray, β-sheet=blue, α-helix=orange. D) Percentages of pre-
dicted secondary structure and confidence, calculated by Phyre2 algorithms. TM-score for modelling by 
trRosetta (D). TM-score > 0.5 = high confidence, TM-score > 0.7 = very high confidence. 

 

SiiC oligomers show a higher instability than TolC trimers 

It is known that TolC forms trimers in the OM to build the secretion channel (Koronakis et al., 

1997). In order to investigate the oligomeric state of SiiC, we used TolC as a positive control 

for oligomerization (Figure III.1.2). For the analysis, we used STM WT and siiC overexpression 
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strain (introduced in more detail later). Cells were grown for 2.5 h, pelleted and treated with 

SDS cracking buffer, containing 2% or 4% SDS. Cracking buffer with 2% SDS was used for a 

less harsh treatment of the samples. In addition, the samples were boiled only as a control for 

monomeric TolC and SiiC (*). We were able to show an expected size of 54 kDa for TolC in 

samples denatured by boiling, concurrent with monomeric TolC (Figure III.1.2, left, *). If we 

treated the samples with SDS buffer without boiling, only slight bands appeared at 54 kDa and 

we detected an increased signal at ~160 kDa, especially in conditions with 2% SDS. In contrast 

to TolC, SiiC only showed monomeric sizes (50.5 kDa) in all conditions (Figure III.1.2, right). 

To exclude effects of the siiC overexpression on a possible trimeric state of SiiC, we addition-

ally tested plasmid-encoded siiC without overexpression, but also could not confirm a stable 

trimeric state for SiiC (data not shown). However, considering TolC, LapE and other described 

secretins and the predicted tertiary structure of SiiC, a trimeric state of SiiC is the most proba-

ble situation, which led us to the assumption that SiiC oligomers might be less stable than TolC 

trimers. 

 

Figure III.1.2. Western blot analysis of oligomeric states of TolC and SiiC. Western blot analysis of 
SiiC (right) in comparison to TolC (left). Strains were inoculated for 2.5 h, 1 ml was harvested and pellet 
was resuspended in SDS cracking buffer according to the OD600. SDS concentrations of 2% and 4% 
were tested for less harsh treatment of the samples. Additionally, samples were boiled (*) as a control. 
Western blot was performed with antibodies α-TolC (1:2,000) and α-HA (1:10,000), α-rabbit HRP-con-
jugated (1:10,000) and α-rat HRP-conjugated (1:10,000). Marker and molecular weight of the proteins 
as indicated. 

 

The siiC overexpression leads to higher SiiE retention, adhesion and invasion 

Since the retention in the secretin is described for RTX adhesins like MpIBP and LapA (Guo 

et al., 2018; Smith et al., 2018a), we decided to analyze if SiiE is retained in the whole channel 
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or only in the secretin SiiC (Figure III.1.3 A) by overexpression of the OM protein SiiC (Figure 

III.1.3 B). Assuming that SiiE is retained in the assembled T1SS, overexpression of siiC alone 

would not have an effect on SiiE retention and, consequently, would not increase STM adhe-

sion and invasion (Figure III.1.3 B, left). In contrast, in the case of retention of SiiE only in the 

OM, an overexpression of siiC could lead to an increase in SiiE retention, adhesion, and inva-

sion (Figure III.1.3 B, right). This experimental set-up gave us first hints towards the detailed 

mechanism behind SiiE retention. siiC overexpression occurred plasmid-encoded under tetA 

promoter control, thus making siiC expression inducible with anhydrotetracycline hydrochloride 

(AHT). First, induction was verified by Western blot analysis of protein biosynthesis with differ-

ent AHT concentrations ranging from 0-100 ng/ml AHT (Figure III.1.3, C). The subcultures 

were induced with AHT 1 h after inoculation and grown for an additional 1.5 h. Due to the lack 

of an antibody against SiiC, a HA-Tag was fused C-terminally to SiiC. When AHT was omitted, 

we did not detect any signal for the HA-Tag. Following induction with 10 ng/ml AHT, we re-

ceived the best expression result. Since we obtained a double band and no increased SiiC 

biosynthesis with 50 and 100 ng/ml AHT, we decided against such high concentrations. The 

overexpression of siiC did not result in any growth defects (Figure S III.1.2). We tested the 

effects of overexpression of siiC in the OM on SiiE retention by confocal microscopy (Figure 

III.1.3, D) and dot blot analysis (Figure III.1.4, A and B). Due to the fact that ΔsiiC behaves like 

ΔsiiE (Figure III.1.3, D) (Gerlach et al., 2008), only ΔsiiC is shown as a negative control from 

this point on. As a positive control, we used STM WT. Not only could we visually demonstrate 

that an increased amount of SiiC in the OM leads to higher SiiE retention on the cell surface 

(Figure III.1.3, D), but showed also by quantitative Dot blot analysis that SiiE retention was 

significantly increased (164%) compared to WT (Figure III.1.4, A). Furthermore, we noticed 

that the siiC overexpression led to the characteristic secretion kinetic with a retention maximum 

after 2.5 h and a minimum after 6 h and a secretion maximum after 6 h and minimum after 

2.5 h (Figure III.1.4, B). As a result of increased SiiE amounts retained on the cell surface, also 

adhesion (175%) and invasion (142%) increased (Figure III.1.4, C and D). Interestingly, adhe-

sion showed a higher increase than invasion, underlining the essential role of SiiE for adhesion 

to polarized cells. Although the kinetics of secretion were not altered, we have been able to 

show a phenotypic difference to the WT regarding SiiE retention, adhesion and invasion in 

dependence of the OM secretin SiiC, suggesting a role of SiiC in regulating the amount of SiiE 

present on the cell surface. 
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Figure III.1.3. siiC overexpression – experimental procedure and effect on SiiE surface signal. A) 
Illustration of the secretion step in focus. Until now, SiiE retention has been assumed to occur in the 
fully assembled channel, with the N-terminus localized in the cytoplasm (left). However, it is also con-
ceivable that retention, as described for LapA and MpIBP, occurs only in the secretin, here SiiC (right). 
B) Schematic overview of the experimental approach. siiC overexpression and analysis of retention, 
secretion, adhesion and invasion. If SiiE is not retained only in SiiC, overexpression will not lead to an 
increased SiiE retention, adhesion and invasion (left). If SiiE is retained only by SiiC, overexpression 
will lead to an increased SiiE retention, adhesion and invasion (right). C) Western blot against HA-Tag 
(SiiC) following induction with indicated AHT concentrations. Subcultures were grown for 2.5 h with AHT 
induction after 1 h, pelleted and boiled in SDS cracking buffer. SDS-PAGE and Western blot with anti-
bodies α-HA (1:10,000) and α-rat HRP-conjugated (1:10,000) were performed. Marker as indicated. D) 
Microscopic analysis of SiiE surface signal. Subcultures were grown for 2.5 h with AHT induction after 
1 h, pelleted by centrifugation and fixed with 3% PFA in PBS. Bacteria were stained for surface-bound 
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SiiE with Alexa488-coupled antibody against primary α-SiiE antibody. For microscopy, a widefield mi-
croscope, 100x with oil was used. Scale bar, 2 µm. 

 

 

Figure III.1.4. SiiE retention, secretion, adhesion and invasion in response to siiC overexpres-
sion. A-B) Dot blot analysis of the retention (A) and secretion (B) of SiiE in response to siiC overexpres-
sion. Subcultures were grown for 2.5 h and 6 h with AHT induction after 1 h. For retention samples, cells 
were fixed with 3% PFA in PBS and for secretion samples, the supernatant was precipitated with TCA 
and boiled according to the OD600. 5 µl of the samples were spotted on equilibrated membranes in 
triplicates and membranes were decorated against SiiE and LPS. The LPS signal was used for normal-
ization of sample loading. C) Adhesion to and D) invasion of polarized MDCK cells following siiC over-
expression. Subcultures were grown for 2.5 h with AHT induction after 1 h and MDCK were infected 
with MOI 5. Statistical analyses compared to WT with at least biological triplicates by two-tailed t-test: 
***, p < 0.001; **, p < 0.01; *, p < 0.05; n.s., not significant. 
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SiiE is retained by SiiC only 

To find more evidence for a direct interaction of SiiE with SiiC in the OM, we isolated the OM 

and then performed a pulldown assay (Figure III.1.5). Another plasmid under tetA promoter 

control was used with siiABCDEF encoded. For practical reasons, a truncated SiiE form with 

a deletion of BIg 2 to 48 was used (mini SiiE). Protein biosynthesis and functionality were 

confirmed before by Western blot and Dot blot analyses (data not shown). The OM isolation 

was performed with 2.5 h subcultures, induced as described above. Since we used 2.5 h cul-

tures, there was not yet much mini SiiE in the supernatant (S) detectable (Figure III.1.5, A). As 

a control for cell integrity of the starting cultures, we also checked for SiiC contaminations in 

the supernatant (S). Following the OM isolation with EDTA, we detected mini SiiE and SiiC in 

the OM fraction (OM). This fraction was used for incubation with Protein A sepharose beads 

coupled to SiiE antibodies. As a control for the self-labeled beads, purified mini SiiE was used 

(Figure III.1.5, B). Proteins were eluted with glycine, pH 2.6 (E1) and beads were boiled in SDS 

cracking buffer following glycine elution as a control (E2). Since we were able to elute not only 

mini SiiE but also SiiC from an OM fraction, we assume direct interaction of SiiC and SiiE. 

. 

Figure III.1.5. Evidence for a direct interaction of SiiE and SiiC. A) Cells were grown for 1 h, induced 
by addition of AHT, and further cultured for 1.5 h and harvested by centrifugation. Pellet was resus-
pended in sucrose-containing buffer and treated with lysozyme and EDTA. After incubation, OM con-
taining supernatant was collected by centrifugation. OM supernatant was incubated with Protein A Se-
pharose beads decorated with α-SiiE antibody. Whole cell lysate pellet (P), supernatant (S), IM/intact 
cell fraction (IM) and OM fraction (OM) after OM isolation, flow through (FT) and eluted samples (E1, 
E2) are shown. Eluate 1 = treatment with glycine, pH 2.6, for a less harsh elution of mini SiiE together 
with SiiC. Neutralization of the sample occurred with 1 M Tris. Eluate 2 = boiling at 100 °C for 5 min after 
glycine step. B) As a control for bead binding, beads were also treated with purified mini SiiE as indi-
cated. Load (L, 10 µg), flow through (FT) and eluate (E) after boiling the beads are shown. Marker as 
indicated on the right side of the blots.  
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Figure III.1.6. Cryo-TEM visualization of mini SiiE retained on minicell surface. O/N cultures of 
bacteria were diluted 1:31 in 3 ml fresh LB with 50 µg/ml carbenicillin. Subcultures were incubated at 
37 °C for 2 h, with aeration and thereafter, Tet-On gene expression induced by adding 10 ng/ml AHT. 
After an incubation for 1.5 h at 37 °C, with aeration, minicells were enriched and isolated by several 
centrifugation steps. Then, 4 µl of the minicell enriched suspension was transferred to freshly glow dis-
charged EM grids (Quantifoil grid, Cu 300 mesh, R2/1) and vitrificated by plunge-freezing with a Leica 
EM GP2 system at 10 °C and 80% humidity. Visualisation of minicells was performed with a 200 keV 
JEOL JEM 2100 Plus system. Scale bars were generated and also, contrast and brightness of images 
was changed by using Adobe Photoshop CS6 software. Scale bar 100 nm. 
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Additionally, we performed cryo-TEM analysis of mini SiiE complexes in membranes (Figure 

III.1.6 shows an exemplary cell). On the one hand, we found complexes, located in the IM and 

periplasm (Figure III.1.6, 1.1), but also areas with mini SiiE retained on the cell surface without 

an associated complex in the IM with protein-like structures only visible in the OM (Figure 

III.1.6, 1.1, 1.2). For this analysis, mini cells lacking other frequently surface structures were 

imaged. A length of approximately 175 nm is published for secreted SiiE structures from su-

pernatant fractions (Griessl et al., 2013). By tertiary structure model prediction, we found a 

length of ~20 nm for the N-terminal part of SiiE without any BIg domain (Figure III.1.7 B). We 

used this information to obtain an approximate length of a single BIg domain, resulting in ap-

proximately 3.3 nm per BIg domain. With a number of 6 BIg domains for the mini SiiE we used 

for this analysis, we expected a range of approximately 20 nm for this area and a total length 

of ~40 nm. We found mini SiiE structures indicated on the cell surface, covering at least the 

area of the BIg domains of mini SiiE. If we additionally take IM, OM and periplasm into account, 

mini SiiE had to span an area of approximately 40 nm for retention in the assembled channel. 

T1SS modelling reveals retention of SiiE N-terminus in the secretin SiiC 

Further, by tertiary structure model prediction via trRosetta (Du, 2021; Yang et al., 2020) and 

crystal structure analyses of known T1SS and other membrane components (Bunikis et al., 

2008; Linhartova I., 2015; Wang et al., 2017), we were able to build a schematic SPI4-T1SS 

(only the canonical subunits) to obtain a better spatial model (Figure III.1.7 A). The confidence 

scores for SiiC (TM-score 0.645) and SiiD (TM-score 0.658) were high and for SiiF very high 

(TM-score 0.707) (Figure III.1.7 A). With these findings, we demonstrated that SiiC and SiiD 

are predicted to span the periplasm and are comparable to other known secretion system 

subunits (Bunikis et al., 2008; Linhartova I., 2015; Smith et al., 2018b; Wang et al., 2017). As 

published before, the N-terminus of SiiF is also predicted to be located in the cytoplasm, ena-

bling the interaction of SiiF and SiiB (Wille et al., 2014). Besides the canonical subunits of the 

SPI4-T1SS, we modelled the N-terminus of SiiE ranging from β-sheet #1 to β-sheet #2 without 

any BIg domains (TM-score 0.371) (Figure III.1.7 B) (Wagner et al., 2011). Together with the 

results of cryo-TEM analyses described above, where we found potential mini SiiE structures 

retained on the cell surface, we conclude that not only BIg domains, but also β-sheet #2 po-

tentially protrudes the OM and that SiiE is retained in the OM and not within the completely 

assembled SPI4-T1SS. In order to reach the periplasm, SiiE has to span approximately 15 nm 

(~10.8 nm α-helical domain SiiC, ~6 nm OM, Figure III.1.1 and Figure III.1.6), nearly covering 

the whole domain sequence displayed for β-sheet #1 to β-sheet #2 in the SiiE N-terminus 

(Figure III.1.7 B).  
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Figure III.1.7. Schematic overview of the modelled canonical SPI4-T1SS subunits SiiCDF and N-
terminal part of SiiE. Shown is the schematic overview of the tertiary structure predictions of the ABC 
transporter SiiF (TM-score 0.707), the PAP SiiD (TM-score 0.658) and the secretin SiiC (TM-score 
0.645) (from Figure III.1.1) (A) and the N-terminal part of SiiE from the N-terminus up to β-sheet #2 
(Wagner et al., 2011) (TM-score 0.371). Lipopolysaccharides (LPS) as indicated. (B). Proteins were 
modelled by trRosetta. Loop=gray, β-sheet=blue, α-helix=orange. TM-scores for modelling by trRosetta. 
TM-score > 0.4 = middle confidence, TM-score > 0.5 = high confidence, TM-score > 0.7 = very high 
confidence. Length as indicated.  

 

Thus, in combination with the results of the siiC overexpression, we assumed that a retention 

of (mini) SiiE in the whole secretion channel is not possible and that a model with a SiiE reten-

tion in the secretin SiiC is more likely, especially when considering other RTX adhesins (Guo 

et al., 2018; Smith et al., 2018a). 

 

III.1.3.2. SiiAB take part in secretion before SiiC retains SiiE on cell surface 

As many other T1SS, the SPI4-T1SS also harbors two non-canonical subunits, namely SiiA 

and SiiB (Wille et al., 2014). We could show that SiiAB form a proton channel in the IM and 

that there is a direct interaction between SiiB and SiiF (Wille et al., 2014). Since mutations led 

to an altered SiiE retention, adhesion and invasion, we concluded a specific role of this proton 

channel for SiiE secretion and function (Wille et al., 2014). However, the detailed mechanism 

of SiiAB function for the T1SS and the SiiE secretion process remained unclear (Figure III.1.8 

A). We did not know if SiiAB are important in the initial steps of secretion, the retention or the 

release of SiiE. 

The siiC overexpression cannot rescue proton channel deficient phenotypes 

To gain more insights in the function of SiiAB for the SPI4-T1SS and SiiE, we used the intro-

duced siiC overexpression and the resulting phenotype for further investigations (Figure III.1.8 

B). We transformed siiAB mutant strains with the siiC overexpression plasmid (Figure S III.1.3). 

The mutants either lacked the proton channel (ΔsiiAB) or by exchange of a critical aspartate 

residue in SiiA (siiAD13E), lost the proton channel function (Wille et al., 2014). In case of SiiAB 

playing a role prior to retention of SiiE in the OM, even with a siiC overexpression, the siiAB 

mutant phenotype would be prominent. The lack of the proton channel function could then 

prevent subsequent steps such as retention in the OM or release into the environment. Thus, 

retention and secretion of SiiE, as well as adhesion and invasion would consequently be similar 

to the mutant phenotype (Figure III.1.8 B, left). In case of proton channel function not being 

essential prior to retention, following retention or rather non-essential at all, we predicted the 

same phenotype with siiC overexpression alone as shown before with a higher retention, ad-

hesion and invasion (Figure III.1.8 B, right).  
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Figure III.1.8. siiC overexpression in siiAB deficient strains – experimental procedure and effect 
on SiiE. A) Model for potential functions of SiiAB before SiiE is retained by SiiC or released into the 
extracellular space. It is possible that SiiAB are essential in initial steps of secretion (1) or during reten-
tion of SiiE in the OM (2). B) Schematic overview of the experimental approach of the siiC overexpres-
sion in siiAB deficient strains and analysis of retention, secretion, adhesion and invasion. In case the 
proton channel function is important before SiiE is retained in the OM, the siiAB mutant phenotype would 
be prominent (left). Contrary, if the proton channel function is not essential in the indicated steps, we 
predicted the same phenotype as with siiC overexpression alone. C) Microscopic analysis of SiiE sur-
face signal. Subcultures were grown for 1 h, induced by addition of AHT, and further cultured for 1.5 h, 
pelleted by centrifugation and fixed with 3% PFA in PBS. Bacteria were stained for surface-bound SiiE 
with Alexa488-coupled antibody against primary α-SiiE antibody. For microscopy, a widefield micro-
scope, 100x with oil was used. Scale bar, 2 µm. D-E) Dot blot analysis of the retention (D) and secretion 
(E) of SiiE in response to siiC overexpression. Subcultures were grown for 1 h, induced by addition of 
AHT, and further cultured for 1.5 h and 5 h and pelleted by centrifugation. For retention samples, cells 
were fixed with 3% PFA in PBS and for secretion samples, supernatant was precipitated with TCA and 
boiled in SDS cracking buffer. 5 µl of the samples were spotted on equilibrated membranes in triplicates 
and membranes were incubated with antisera against SiiE or LPS. The LPS signal was used for nor-
malization of sample loading. Statistical analyses compared to WT with at least biological triplicates by 
two-tailed t-test: ***, p < 0.001; **, p < 0.01; *, p < 0.05; n.s., not significant. 

 

As described above, in addition to a microscopic analysis, a quantitative Dot blot analysis was 

performed for siiC overexpression (Figure III.1.8 C-E). Here, we demonstrated that with the 

overexpression of the OM protein SiiC, the siiAB mutant phenotype remained. The retention 

of SiiE was significantly decreased in comparison to the WT with 12% (ΔsiiAB) and 19% (si-

iAD13E) after 2.5 h, comparable to the background strains (Figure III.1.8 D). The secretion of 

SiiE was less influenced as described before (Wille et al., 2014) (Figure III.1.8 E). However, 

mutations and siiC overexpression did not alter the retention and secretion kinetics. As a con-

sequence of the decreased amounts of SiiE retained on the cell surface, adhesion and invasion 

were also significantly reduced in comparison to the WT, equal to the background strains. The 

adhesion with siiC overexpression was decreased to 25% and 21% in ΔsiiAB and siiAD13E and 

thus comparable to ΔsiiAB (26%) and siiAD13E (28%) (Figure III.1.9 A). The invasion of ΔsiiAB 

and siiAD13E with and without siiC overexpression was even more decreased to 1% of WT 

(Figure III.1.9 B). 

From these results, we not only conclude that SiiAB are important for the retention and function 

of SiiE, but also further limit possible steps in which they might act as a proton channel. Since 

these mutants did not show the previously described siiC overexpression phenotype, we as-

sume that SiiAB are involved either in initial steps of secretion of SiiE or in SiiE retention. 

To further analyze this SiiAB specific phenotype, we then constructed a plasmid under tetA 

promoter control on which siiA, siiB, and siiC are overexpressed (Figure S III.1.3).  
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Figure III.1.9. Adhesion and invasion are decreased in response to siiC overexpression in siiAB-
deficient STM. Adhesion to (A) and invasion of (B) polarized MDCK cells as function of siiC overex-
pression. Subcultures were grown for 2.5 h with AHT induction after 1 h and MDCK were infected with 
MOI 5. Statistical analyses compared to WT with at least biological triplicates by two-tailed t-test: ***, p 
< 0.001; **, p < 0.01. 

 

Overexpression of siiABC leads to a higher increase of retention of SiiE, adhesion and invasion 

To gain further insight into the secretion mechanism of SiiE in dependence on SiiA, SiiB, and 

SiiC, we simultaneously overexpressed these three genes and examined the resulting pheno-

type as described above (Figure III.1.10). While retention after 2.5 h showed exactly the same 

result as siiC overexpression alone (164% of the WT), secretion was also comparable to the 

WT as before with siiC overexpression alone (Figure III.1.10 B and C). Again, the secretion 

kinetics of SiiE did not change with the introduced overexpression of some subunits of SPI4-

T1SS. Interestingly, adhesion and invasion showed a higher increase compared to siiC over-

expression alone (Figure III.1.10 D and E). Adhesion and invasion were increased to 216% 

and 232% of the WT, respectively.  

Thus, all results taken together, we propose that the OM secretin SiiC determines the amount 

of SiiE that can be retained on the cell surface. The non-canonical subunits SiiA and SiiB are 

not only important in steps prior to the retention of SiiE in the OM, but also to play an additional 

role for either SiiE function during adhesion or other invasion factors, based on the increased 

adhesion and invasion in comparison to overexpression of only siiC. 
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Figure III.1.10. SiiE retention, secretion, adhesion and invasion in response to siiABC overex-
pression. A) Microscopic analysis of SiiE surface signal. Subcultures were grown for 2.5 h with AHT 
induction after 1 h, pelleted by centrifugation and fixed with 3% PFA in PBS. Bacteria were stained for 
surface-bound SiiE with Alexa488-coupled antibody against primary α-SiiE antibody. For microscopy, a 
widefield microscope, 100x with oil was used. Scale bar 2 µm. B-C) Dot blot analysis of the retention 
(B) and secretion (C, exemplary) of SiiE in response to siiABC overexpression. Subcultures were grown 
for 2.5 h and 6 h and induced with AHT after 1 h and pelleted by centrifugation. For retention samples, 
cells were fixed with 3% PFA in PBS and for secretion samples, supernatant was precipitated with TCA 
and boiled in SDS cracking buffer. 5 µl of the samples were spotted on equilibrated membranes in 
triplicates and membranes were decorated against SiiE and LPS. The LPS signal was used for normal-
ization of sample loading. D) Adhesion to and invasion (E) of polarized MDCK cells following siiABC 
overexpression. Subcultures were grown for 2.5 h with AHT induction after 1 h and MDCK were infected 
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with MOI 5. Statistical analyses compared to WT with at least biological triplicates by two-tailed t-test: 
***, p < 0.001; **, p < 0.01. 

 

III.1.3.3. SiiE is released by post-translational processing comparable to LapA and MpIIBP 

In comparison to one-step secreted T1SS substrates, two-step secreted substrates are not 

immediately released into the extracellular space. These substrates, for example LapA, MpIBP 

and also SiiE are retained on the cell surface during the secretion process to mediate adhesion, 

and are released under defined conditions (Boyd et al., 2014; Guo et al., 2018; Smith et al., 

2018a; Wagner et al., 2011). In order to anchor these giant adhesins in the OM, the substrates 

possess distinct features, as a retention domain with a hydrophobic surface in the N-terminus 

(Guo et al., 2017; Smith et al., 2018a). We decided to analyze the retention and release of SiiE 

in consideration of the RTX adhesins LapA and MpIBP with focus on the N-terminal domain. 

The N-terminal domain of SiiE is a potential retention domain 

The analyses of the N-terminal retention modules of MpIBP and LapA showed a hydrophobic 

surface, which potentially supports anchoring of the adhesins by interaction with the IM (Guo 

et al., 2018; Smith et al., 2018a). Thus, maybe resulting in an increased efficiency of protease 

targeting (Smith et al., 2018b). Also for bacteriocins like CvaC a particular hydrophobic N-

terminus was described to lead to a better accessibility for proteolytic cleavage (Gilson et al., 

1990). Protein folding and the stability of protein structures are mainly driven by the hydropho-

bic effect. Thus, making the knowledge of hydrophobic regions and its prediction important for 

understanding the structure and function of proteins (Kyte and Doolittle, 1982). 

We used hydrophobicity plots to compare the aa sequences of CvaC, MpIBP, LapA and SiiE 

(Figure S III.1.4). The plots were generated by Kyte and Doolittle scale, describing the hydro-

pathicity of an aa sequence (Kyte and Doolittle, 1982). The bacteriocin CvaC is secreted in 

one-step and shows distinct regions regarding the hydropathicity (Figure S III.1.4 A). CvaC is 

cleaved N-terminally after the first 15 aa from 103 aa to 88 aa (Zhang et al., 1995), displayed 

here as a neutral area in the first aa, followed by a hydrophobic region and a highly hydrophilic 

part after 55 aa. In comparison to CvaC, MpIBP shows two hydrophobic regions with a higher 

score and one with a lower score in the first 120 aa (Figure S III.1.4 B). These hydrophobic 

regions are interrupted by a few very hydrophilic aa (areas around aa 30 and 90). The se-

quence of LapA directly starts with a very high score, which steadily decreases until aa 65 

(Figure S III.1.4 C). After this maximum of hydrophilic aa, the curve remains around zero. The 

first 10 aa of SiiE also indicate a hydrophilic area as for CvaC and MpIBP, followed by three 

hydrophobic areas, interrupted by small hydrophilic regions (Figure S III.1.4 D). After 110 aa, 

we found a highly hydrophilic peak, not described for one of the other proteins. With some 
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differences in the detailed plot curve, MpIBP, LapA and SiiE showed three hydrophobic areas, 

ending with a highly hydrophilic peak after 90 aa, 70 aa and 110 aa, respectively. As described 

above, hydrophobic areas can indicate interactions of the N-terminus with the inner membrane 

like LapA and MpIBP. CvaC only showed one hydrophobic peak here, before highly hydrophilic 

region after aa 55.  

 

Figure III.1.11. Structure prediction of CvaC and the N-terminal retention domains of MpIBP, LapA 
and SiiE. Shown are the predicted N-terminal regions of MpIBP, LapA and SiiE, modelled with trRosetta. 
Tertiary structure model prediction for CvaC (A) and the first 180 aa of the substrates LapA (B), MpIBP 
(C), and SiiE (D). Arrows indicate the cleavage sites for CvaC (A) and LapA (B). A) A Ser-Gly-Gly motif 
in CvaC is recognized by the intrinsic C39 protease of CvaB. For release and activation, the C39 prote-
ase cleaves CvaC near this motif (Fath et al., 1994) (indicated by arrow). B) LapA is cleaved in the N-
terminal retention domain between Ala108-Ala109 (indicated by arrow), located in the periplasm, by the 
periplasmic accessory protein LapG (Smith et al., 2018a). C) A putative LapG cleavage site for MpIBP 
was also found at positions Ala119-Ala120 (Guo et al., 2018). Numbers indicate determined lengths. 
Loops = gray, β-sheet = blue, α-helix = orange. TM-score for modelling by trRosetta: 0.541 (CvaC), 
0.562 (LapA), 0.521 (MpIBP), and 0.383 (SiiE). TM-score > 0.4 = middle confidence, TM-score > 0.5 = 
high confidence. 
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Aside from hydropathicity, tertiary structure model predictions can give hints about protein 

structures. Just as for the hydrophobicity plots, the first 180 aa of MpIBP, LapA and SiiE and 

the whole sequence of CvaC were used here for analysis by trRosetta. We modelled the N-

terminal domain of SiiE in comparison to MpIBP and LapA as two-step secreted substrates 

and additionally CvaC as one-step secreted substrate (Figure III.1.11). The models predicted 

by trRosetta showed high confidences for CvaC (TM-score 0.541) (Figure III.1.11 A), LapA 

(TM-score 0.562) (Figure III.1.11 B) and MpIBP (TM-score 0.521) (Figure III.1.11 C) and match 

the published data (Guo et al., 2018; Smith et al., 2018a). Additionally, we analyzed the first 

180 aa of SiiE with trRosetta (TM-score 0.383) (Figure III.1.11 D). The N-terminal Region I (RI) 

of MpIBP is described as OM anchor, retaining MpIBP on cell surface to mediate adhesion 

(Guo et al., 2017). This RI is divided into an N-terminal part (RIN), located in the periplasm, a 

C-terminal region (RIC) in the extracellular environment and an OM spanning domain in the 

center of RI (RIM) (Guo et al., 2018; Guo et al., 2017). It was shown that the RI of MpIBP 

possesses a β-sandwich fold in the dimensions of 24 Å by 28 Å by 26 Å, which was suggested 

to be too large to pass through the secretin TolC, consequently inhibiting the release of the 

adhesin. This domain is followed by a proteolysis-sensitive region (Guo et al., 2018). Since 

RIM is not suggested to contain transmembrane sequences, it is thought to interact with the 

OM secretin (Guo et al., 2017; Krogh et al., 2001). Analyses of the N-terminus of LapA showed 

comparable results of a folded N-terminal domain that inhibits secretion of the adhesin into the 

extracellular space (Figure III.1.11 B) (Smith et al., 2018a). We noticed comparable structures 

in the very N-terminal region between LapA, MpIBP and SiiE, consisting of β-sheets. We meas-

ured the diameter of the N-terminal retention domains and found diameters of 28.2 Å for 

MpIBP, 25.2 Å for LapA and 26.7 Å for a potential retention domain of SiiE. Due to similarities 

between TolC, LapE and SiiC (Figure III.1.1) and the N-terminal domains of the substrates 

(Figure III.1.11 B-D), in combination with the results of the analyses described above (Figure 

III.1.3-10), we conclude a potential retention domain in SiiE β-sheet #1.  

Analyses of protein levels of cytosolic and secreted SiiE suggest a proteolytic cleavage for 

substrate release 

Release by proteolytic cleavage is not only described for RTX adhesins like LapA. Bacteriocins 

like CvaC undergo proteolytic cleavage as well, not only for release, but also for activation 

(Fath et al., 1994; Zhang et al., 1995). This bacteriocin is cleaved by the intrinsic C39 protease 

of CvaB recognizing a Ser-Gly-Gly motif following the first 15 aa of CvaC (Figure III.1.11 A) 

(Fath et al., 1994; Zhang et al., 1995). The RTX adhesin LapA possesses a double alanine 

motif at positions 108 and 109, which is recognized and cleaved by the periplasmic adaptor 

protein LapG (Figure III.1.11 B) (Newell et al., 2011; Smith et al., 2018a). The first 195 aa of 

MpIBP were defined as RI N-terminal and middle regions (RINM), of which aa12-187 could be 
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resolved by NMR (Guo et al., 2018). Additionally, they found a potential LapG cleavage site at 

Ala119-Ala120 (Figure III.1.11 C). Instead of a TAAG motif like in other RTX adhesins, MpIBP 

possesses a PAAG motif, less common for RTX adhesins (Guo et al., 2018). Similar to LapA 

and MpIBP, SiiE possess a double alanine motif at positions 144/145 (Figure III.1.11 D). Nev-

ertheless, a LAAE motif as in SiiE is quite uncommon for RTX adhesins (Guo et al., 2018). 

However, SiiE has a double lysine at positions 102/103 and two glycine in direct proximity 

(position 104 and 106). 

As a result of alignments, structural predictions and the results from above experiments, a 

proteolytic cleavage was considered for release of SiiE. We investigated this possibility by 

analyses of cytosolic and secreted SiiE. For this purpose, we used truncated forms of SiiE to 

improve resolution.  

We inserted a 3xFLAG-tag between aa116 and aa117 after β-sheet #1 (Wagner et al., 2011) 

and performed a Western blot analysis of cytosolic and secreted mini SiiE (Figure III.1.12 A). 

If a proteolytic cleavage against our assumptions would occur after this position, no FLAG-tag 

signal would be detected on the Western blot. We detected mini SiiE in the supernatant frac-

tion, but also the FLAG-tag at position 116. Thus, we knew that a possible cleavage site has 

to be located within the first 115 aa of SiiE. Additionally, we got a first hint for a slight size shift 

between cytosolic and secreted mini SiiE. The cleavage of the first 115 aa would result in a 

size shift of 12 kDa.  

Based on experiments for CvaC and for mini LapA (Gilson et al., 1990; Newell et al., 2011) 

(Newell et al, 2011), a more truncated form of mini SiiE was used to further improved distinction 

of processed forms. Studies of the 1.5 MDa adhesin MpIBP revealed a proteolytic cleavage 

between Ala119 and Ala120 (~12 kDa) (Guo et al., 2018). The truncated form of LapA showed 

a size shift of 15 kDa (from 145 kDa to 130 kDa) (Newell et al., 2011). Interestingly, the 

protease domain of CvaB, a C39 protease, is a cysteine protease, too (Zhang et al., 1995). 

The truncated mini SiiE was comparable to mini LapA and showed a sizeshift of ~6 kDa 

between the cytosolic and the secreted substrate (Figure III.1.12 B, C). This size shift of 6 kDa 

directed us to a further limitation for a possible cleavage. In purely arithmetical terms, the first 

58 aa were calculated for such a size shift. 
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Figure III.1.12. Analyses of proteolytic cleavage of secreted mini SiiE. A) Western blot analysis of 
cytosolic and secreted mini SiiE tagged with 3xFLAG tag at position 116 in the N-terminus. Subcultures 
were grown for 2.5 h (cytosolic SiiE) and 6 h (secreted mini SiiE) and were boiled in SDS cracking buffer 
and SDS-PAGE was performed. Following semi-dry transfer, membranes were decorated with α-SiiE 
(1:10,000) and FLAG tag (1:2,000) antibodies. Marker as indicated on the left site of the blot. B) Western 
blot analysis of cytosolic and secreted mini SiiE. Subcultures were grown for 2.5 h (cytosolic SiiE) and 
6 h (secreted mini SiiE) and were boiled in SDS cracking buffer. SDS-PAGE and Western blot were 
performed. α-SiiE antibody (1:10,000) was used for blot decoration. Marker as indicated. Validation of 
the size shift with ImageLab software. C) Data of the size shift calculated by ImageLab. 1) Molecular 
weight and relative front of cytosolic and secreted mini SiiE. 2) Standard curves for cytosolic (left) and 
secreted (right) mini SiiE. Regression method was linear (semi-log). Formula: y=-1.05*x+2.46, R-
squared value: 0.976587. 

 

To further corrobated these results and reveal futher details of processing of SiiE, we 

performed mass spectrometry (MS) analyses of cytosolic and secreted mini SiiE (Figure 

III.1.13). In a first attempt we tested the peptide coverage of the N-terminus after digestion with 

trypsin, pepsin and ArgC (data not shown). For further analyses, we used trypsin for digestion 

(Figure III.1.13 A). Due to trypsin digestion, the first 8 aa were not found in cytosolic and se-

creted samples. Defined peptides were analyzed by quantification (Figure III.1.13 B, C). A 

standard peptide with a comparable area in the cytosolic and secreted sample from the central 

area of mini SiiE was chosen and a C-terminal peptide was used for comparison (Figure III.1.13 
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B). Only peptides found in both samples were selected for quantification (without post-

translational modifcations). In the N-terminal part, we identified one peptide that showed a 2-

fold enrichment in the cytosolic sample compared to the secreted sample (aa9-26) (Figure 

III.1.13 C). Peptides covering SiiE starting at aa44 were found in both samples in comparable 

amounts. The peptide ranging from aa44-58 was less abundant in both samples (data not 

shown). The peptide from 76-83 was found in higher and comparable amounts (data not 

  

 

Figure III.1.13. Qualitative and quantitative MS analysis of the N-terminus of cytosolic and se-
creted mini SiiE. Shown are the qualitative (A) and quantitative (C) analyses of cytosolic and secreted 
mini SiiE. Subcultures were grown for 2.5 h (cytosolic SiiE) and 6 h (secreted mini SiiE) and were boiled 
in SDS cracking buffer, and SDS-PAGE was performed. Following Coomassie stain, selected bands 
were excised and proteins were digested with trypsin. A) Qualitative MS analysis of the N-terminus of 
secreted mini SiiE. (aa1-240). B) Localizations of the peptides in mini SiiE are shown schematically. C) 
Quantitative MS analysis of the N-terminus of mini SiiE. Cytosolic peptides are depicted in green and 
secreted peptides in red. Peptide 1 and 2 are defined as N-terminal peptides (aa9-43), as standard 
peptide a central peptide was chosen (aa562-582) and for comparison, a C-terminal peptide (aa1241-
1258) was used. D) Semi-specific digestion of mini SiiE. Shown are the peptide 1 with an additional aa 
(G) at position 27 (peptide 1 +) and peptide 2 with oxidation (peptide 2 ox). Potential cleavage site as 
indicated between position aa27 and aa30. Statistical analyses with at least biological triplicates by one-
tailed t-test: ***, p < 0.001; *, p < 0.05; n.s., not significant. 
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shown). To further analyze a potential cleavage site between peptide 1 and peptide 2, we 

performed an additional Peaks analysis with a semi-specific digestion, instead of a specific 

trypsin digestion. With this method, we gained more insights in possible differences in the 

peptide pattern of cytosolic and secreted SiiE (Figure III.1.13 D). In the semi-specific digestion 

we found peptide 1 + and peptide 2 ox. Peptide 1 + was similar to peptide 1, with exception of 

an additional glycine, which was found in significantly lower abundancy in the secreted sample. 

Interestingly, we found significantly increased amounts of peptide 2 ox, the same as peptide 

2, but with an additional oxidation at position 37, in the secreted sample. We concluded that 

this oxidation can take place because of the oxidative environment the secreted mini SiiE is 

extracted from. This would explain why we did not find these quantities in the cytosolic sample. 

Thus, we concluded that the potential cleavage site between aa27 and aa30, bringing aa28 

(alanine) and aa29 (lysine) into focus. The first 29 aa have a calculated molecular weight of 

approximately 3 kDa and are located in the β-sheet #1 (Figure III.1.13 B), supporting the pre-

vious results described above.  

It was already shown that deletions of aa76-116 and aa97-116 in β-sheet #1 result in a de-

creased retention and increased secretion (Wagner et al., 2011), underlining our recent results 

regarding a proteolytic cleavage in the N-terminal domain of SiiE. 

In this manuscript, we demonstrated that SiiE potentially displays another member of the new 

subfamily of RTX adhesins. Interestingly, although other family members like LapA and MpIBP 

are important for adhesion to surfaces, for example during biofilm formation, SiiE in contrast 

mediates adhesion to polarized epithelial cells, underlining the differences between the func-

tions of the substrates. Additionally, due to the infection process, SiiE shows a more dynamic 

switch between retention and secretion, making it even more interesting that SiiE secretion 

mechanism follows mechanisms already described for other large adhesins like LapA associ-

ated with biofilm formation and not cell adhesion. Thus, further analyses can be performed to 

reveal more details for the SPI4-T1SS mechanistic. Especially the role of the non-canonical 

subunits SiiA and SiiB is of interest, since they are not comparable to LapG and LapD. 
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III.1.4. Discussion 

With our new findings, we gained more insight in the secretion steps of SiiE. We not only 

postulate that SiiC retains SiiE in the OM (Figure III.1.14, 1) during secretion process like LapE 

does with LapA, but additionally could show that the accessory proton channel SiiAB play an 

important role for the initial steps of SiiE secretion and not for release (Figure III.1.14, 2, 4). 

Further, we identified a potential retention domain in the N-terminal region of SiiE, localized in 

the β-sheet #1 (Figure III.1.14). This potential anchor, comparable to LapA and MpIBP, con-

sists of β-sheets and is possibly too large to fit through SiiC. Thus, this domain probably has 

to be cleaved by a yet unknown protease, so that SiiE can be released into the environment 

after mediating adhesion to the host cell. We gained hints that SiiE is potentially cleaved in the 

first 43-58 aa (Figure III.1.14, 3). Taken this together and other RTX adhesin family members 

into account, SiiE can be proposed as an additional member of this family of adhesins. Other 

T1SS mechanisms described for bacteriocins and RTX toxins seem to be less likely. Since the 

function of the accessory proteins SiiAB is not fully uncovered, it remains unclear whether SiiE 

is also a member of the BTLCP-linked adhesins, maybe modifying SiiE in a not yet described 

manner. However, a proteolytic cleavage of SiiE by SiiAB can be excluded here regarding the 

results of this study. Thus, the proton channel potentially post-translationally modifies SiiE in 

another way or supports SiiE in initial steps of secretion. It is described that many T1SS  

 

 

Figure III.1.14. New insights in SiiE secretion mechanism. Left: During secretion, SiiE is retrained 
on cell surface comparable to LapA. We could show that SiiE comparable to LapA is only retained in 
the secretin SiiC (1). Additionally, we can limit mode of action of SiiAB as proton channel to initial se-
cretion steps or retention (2, 4). Right: Following retention, SiiE is secreted by proteolytic cleavage com-
parable to LapA (3). 
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substrates require the function of accessory proteins for post-translational modification, acti-

vation or a convenient localization (Smith et al., 2018b). As it is described that SiiAB mutant 

strains are not able to adhere nor to invade (Wille et al., 2014) and taken together with our new 

findings, it is possible that the proton channel supports proper localization or activation of SiiE, 

so that SiiE can efficiently mediate adhesion. This would enable the SPI1-T3SS to optimally 

translocating the effector proteins into the host cell, leading to membrane ruffling and uptake 

of the pathogen (Gerlach et al., 2007a). This idea can be supported by our findings that the 

siiABC overexpression does not lead to higher amounts of SiiE retained on cell surface, which 

seems to be determined by SiiC in the OM, but to higher adhesion and invasion rates than siiC 

overexpression alone. Probably this SPI4-encoded proton channel not only functions at the 

SPI4-T1SS, but additionally play a role for other key players upregulated during invasion pro-

cess like the flagellum. The similarities between SiiAB and the stator complex of the flagellum, 

MotAB, are already described (Kirchweger et al., 2019; Wille et al., 2014). Contrary to the 

activation of LapG (Boyd et al., 2014), the trigger for SiiAB action is still not known. It is also 

possible that opening of the SiiF channel for SiiE secretion leads to activation of SiiAB for the 

process. Due to the fact that it was shown that SiiF interacts with SiiB in the IM (Wille et al., 

2014), activation by mechanical changes in the IM could be possible. This could also lead to 

an optimized secretion process of SiiE or retention in the OM by SiiC. We could not show a 

comparable trimeric state of SiiC to TolC, leading us to the assumption that SiiC is less stable 

than TolC. Considering the time span a functional SPI4-T1SS is required for, it has to assemble 

and disassemble, hence a less stable conformation of SiiC might be advantageous. After me-

diating adhesion, SiiE is suggested to be released into the environment before the bacterium 

is engulfed, comparable to LapA and MpIBP (Barlag and Hensel, 2015; Guo et al., 2018; Smith 

et al., 2018a). Although RIC belongs to the N-terminal region (RI) of MpIBP, it possesses im-

munoglobin-like (Ig) folds, comparable to the first bacterial Ig (BIg) domains of SiiE following 

β-sheet #2 (Guo et al., 2018; Wagner et al., 2011). To span the IM, periplasm and OM to reach 

the cytoplasm for SiiE retention, the first BIg domains with their calcium bindings sites, essen-

tial for stabilization and function of SiiE (Peters et al., 2017), have to be located in the OM 

secretin SiiC or PAP SiiD, respectively. Additionally, with our results based on the siiC overex-

pression, modelling and cryo-TEM analyses, we would exclude this as a retention mechanism 

at this point. To retain large RTX adhesins on the cell surface, a putative retention module was 

described for the adhesin MpIBP from M. primoryensis with an N-terminal domain comparable 

to LapA (Guo et al., 2017). Based on nuclear magnetic resonance (NMR) structural studies, it 

was suggested that the N-terminal domain of MpIBP is arranged as a β-sandwich fold in the 

dimensions of 24 Å by 28 Å by 26 Å. This retention domain is too large to pass through the 

secretin TolC oligomer with pore diameter of only 20 Å in an open state and consequently 
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inhibits release of the adhesin. It was shown that this folded domain is followed by a proteoly-

sis-sensitive region (Guo et al., 2018). Analyses of the N-terminus of LapA support the com-

parable model of a folded N-terminal domain inhibiting release of the adhesin into extracellular 

space (Smith et al., 2018a). Furthermore, the analysis of the N-terminal retention modules of 

MpIBP and LapA showed a hydrophobic surface, which potentially supports anchoring of the 

adhesins by interaction with the IM. This could lead to an increased efficiency of protease 

targeting. It was also shown that ABC transporters of RTX toxins and adhesins differ in their 

CLD domains, thus it was concluded that BTLCP-linked/RTX adhesins build a new subclass 

of T1SS and can be differentiated from RTX toxin transporters. If β-sheet #1 displays a poten-

tial knot domain that is cleaved for release of SiiE, it is more likely that parts of the coiled-coil 

domain and β-sheet #2 are comparable to RIM of MpIBP (Guo et al., 2018) and interacting 

with SiiC in the OM. It was shown that a deletion of β-sheet #2 leads to an increased retention 

after 3.5 h, but to a depletion in invasion at the same time (Wagner et al., 2011). The deletion 

of β-sheet #2 could lead to higher amounts of SiiE retained on cell surface, as the coiled-coil 

and β-sheet #1 are delocalized in SiiC and not present in the periplasm anymore, inhibiting 

proteolytic cleavage or other interactions, also with SiiC. In contrast to this, deletion of the 

aa97-116 in β-sheet #1 did not result in a loss of invasion, but also to increased amounts of 

SiiE retained on the cell surface after 3.5 h, while secretion was not affected at all after 6 h 

(Wagner et al., 2011). As described in our findings, a potential protease site is located in or 

near β-sheet #1, which by the deletion of the aa97-116 maybe is covered due to conformational 

changes and thus increasing retention. Taken together with this study, probably more SiiE is 

retained by SiiC on the cell surface compared to WT after 3.5 h, but as a total, same amounts 

as of WT were secreted after 6 h. In the described study, it was not investigated whether SiiE 

is still retained on the cell surface after 6 h (Wagner et al., 2011). Interestingly, deletion of 

aa76-116 in β-sheet #1 showed the opposite phenotype with decreased amounts of SiiE re-

tained on the cell surface and no invasion at all (Wagner et al., 2011). Considering our new 

results, this phenotype could be a consequence of improper folding of the potential retention 

plug or a decreased diameter that cannot be held back by the secretin SiiC. An immediate 

secretion into the environment could explain the reduced retention, invasion and unaffected 

secretion. These findings underline the role of β-sheet #1 and β-sheet #2 for controlled reten-

tion and release of SiiE. As proteolytic cleavage is a common mechanism among the RTX 

adhesin family, together with the results of this study, we would suggest that SiiE is also re-

leased by a proteolytic cleavage. A post-translational modification as described for RTX toxins 

like HlyA is rather unlikely in this case (Nicaud et al., 1985). Contrary to LapA, we exclude a 

double alanine motif as cleavage site for SiiE. The first double alanine motif can be found at 

position 144/145 in the coiled-coil domain of SiiE, which does not fit the other results of this 

study. In our MS analysis we found a potential cleavage site between aa27 to aa30 (Figure 
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III.1.13 D), which makes this area interesting for further mutations and investigations. The aa28 

is an alanine and aa29 a lysine. As there are less proteases described to cleave alanine, we 

conclude that lysine is the preferable target. Nevertheless, proline-endopeptidases were de-

scribed to also accept alanine in position P1 and in most cases lysine, histidine or arginine was 

found in position P2 (Fulop et al., 1998). Serine proteases like Clp are encoded by many path-

ogens such as Mycobacterium tuberculosis, Bacillus licheniformis and Pseudomonas aeru-

ginosa  (Patel, 2017). Due to the energy limitation in the periplasm, only a handful of proteases 

can be considered. DegP and its paralogues DegS and DegQ could be one of the proteins of 

interest here (Mo et al., 2006). They degrade accumulated proteins in the periplasm under 

heat shock and other stress conditions (Bass et al., 1996; Waller and Sauer, 1996). Non-spe-

cific proteolysis of folded proteins is inhibited as only unfolded proteins devoid of disulfide 

bonds are prone to cleavage (Strauch and Beckwith, 1988; Strauch et al., 1989). SiiE lacks 

cysteine residues and consequently disulfide bonds. DegP is known to act on at least partially 

unfolded substrates and the cleavage site is normally between a pair of hydrophobic residues 

like Val and Ile (Jones et al., 2002). However, as we found an approximately 6 kDa shift in our 

Western Blot analysis of secreted mini SiiE, the potential cleavage site could be present within 

the first 58 aa  (Figure III.1.12 B, C). The hydrophobic area in the N-terminus of SiiE we demon-

strated by hydrophobicity plots, not only possesses Val or Ile in the first aa, but additionally 

three Val-Ile motifs, from which two are directly in a row (Val46-Ile47-Ile48-Val49). These mo-

tifs can be found in the first 49 aa, matching the area of our results from this study. Due to 

trypsin digestion, only distinct peptides were found here, thus also the following peptide rang-

ing from aa44-58 should be taken into account and more investigated. It is already described 

that the pilin subunit PapA for example is a natural substrate for DegP proteolysis (Jones et 

al., 2002). Also other non-pilus adhesins like HMW1 and HMW2 of Haemophilus influenzae 

were found as in vivo substrates for DegP (St Geme and Grass, 1998). Consequently, distinct 

aa exchanges in the β-sheet #1 domain potentially lead to a loss of secretion. Taken together, 

further investigations of the first aa of the β-sheet #1 domain and potential proteases in the 

near future will lead us to a more detailed characterization of the retention and secretion mech-

anism of SiiE and a potentially novel way of proteolytic cleavage of RTX adhesin family mem-

bers in the periplasm. 
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III.1.5. Materials and Methods 

III.1.5.1. Bacterial strains and growth conditions 

Bacterial strains used in this study are listed in Table III.1.1. Bacteria were grown aerobically 

in LB or on LB agar plates, if necessary supplemented with carbenicillin (cb, 50 µg/ml). For 

induction of the Tet-on system encoded on the plasmids used (Table III.1.2), anhydrotetracy-

cline (AHT) was added (1-100 ng/ml final concentration) 1 h after inoculation of the subculture 

for additional 1.5 h (1:31). 

Table III.1.1. Bacterial strains used in this study. 

Designation Relevant characteristics Reference 

S. Typhimurium NCTC 12023 wild type NCTC 12023 

WRG205 siiAD13E::FRT (Wille et al., 2014) 

MvP589 Δspi4::FRT (Gerlach and Hensel, 2007)  

MvP1311 siiFG500E::FRT (Wille et al., 2014) 

MvP1387 ΔsiiAB::FRT this study  

MvP2303 ΔfliI::FRT ΔfimD::FRT 

ΔminD::aph 

lab collection 

MvP2780 ΔsiiF::FRT this study 

MvP2779 ΔsiiE::FRT this study 

MvP2808 ΔsiiC::FRT this study 

MvP3052 ΔsiiABC::FRT this study 

 

III.1.5.2. Construction of plasmids 

The gene encoding SiiC was amplified from genomic DNA of STM WT (NCTC 12023). The 

HA-tag was inserted via site-directed mutagenesis. For generation of siiABC overexpression 

plasmid, SiiC-HA encoding genes were amplified from p5569 and inserted into p5216, con-

taining genes encoding SiiA and SiiB under tetA promoter control. Mini SiiE was generated by 

amplification of distinct parts of SiiE-encoding genes of STM WT. Plasmids for Tet-on expres-

sion were generated by Gibson assembly (GA) according to manufacturer´s instructions (NEB) 

using p4645 as vector, with exception of p5144 as vector for generation of p5514. Oligonucle-

otides used are listed in Table III.1.3. 

Table III.1.2. Plasmids used in this study. 

Plasmid Relevant characteristics, re-

sistance 

Reference 

pWRG462 PsiiA::siiAB::3xFLAG tag, cbR lab collection 

p4251 tetR PtetA, cbR lab collection 
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p4645 tetR PtetA::siiABCDF lab collection 

p4676 tetR PtetA::siiABCD-miniSiiE 

BIg1.5::49.5-F 

lab collection 

p5144 mini SiiE BIg5::49, cbR lab collection 

p5514 mini SiiE BIg5::49 β-sheet 

#1::3xFLAG tagPos116, cbR 

this study 

p5216 tetR PtetA::siiAB this study 

p5568 tetR PtetA::siiC, cbR this study 

p5569 tetR PtetA::siiC::HA, cbR this study 

p5598 tetR PtetA::siiABC::HA, cbR this study 

p5640 tetR PtetA::siiABCD-miniSiiE 

BIg1::49-53-F, cbR 

this study 

p5643 tetR PtetA::siiABCD-miniSiiE 

BIg4::49-53-F, cbR 

this study 

p5644 tetR PtetA::siiABCD-miniSiiE BIg1-

5::49-53-F, cbR 

this study 

p5726 tetR PtetA::siiABC::HA-D-miniSiiE 

BIg1::49-53-F, cbR 

this study 

p5777 tetR PtetA::siiABCD-miniSiiE BIg1-

5::49-53-siiFG500E, cbR 

this study 

 

Table III.1.3. Oligonucleotides used in this study. 

Designation Sequence (3´ -> 5´) Purpose 

Vf-pWSK29-

siiABCDF 

TAATAACGGAGGCCCCTCAC p4645 Vector for p5640 and 

p5644 

Vr-pWSK29-

siiABCDF 

CATAATATTATATTCACTCTCAAGGTGTATC p4645 Vector for p5640 and 

p5644 

1f siiE N-term GAGAGTGAATATAATATTATGGGAAATAAAA-

GCATACAA 

STM gen. DNA insert for 

p5640 and p5644 

2r siiE C-term GAGGGGCCTCCGTTATTATGCGTGTTCTTCTT-

GATT 

STM gen. DNA insert for 

p5640, p5643 and p5644 

1r siiE Big1-

49 

GGTAAATACCTTGATATGGGAATCGA-

TAGTAATGAC 

STM gen. DNA insert for 

p5640 

2f siiE Big1-

49 

GTCATTACTATCGAT-

TCCCATATCAAGGTATTTACCAG 

STM gen. DNA insert for 

p5640 

1r siiE BIg4-

49 

GGTAAATACCTTGATATGAGTATCAATAAC-

GTAACTAAA 

STM gen. DNA insert for 

p5643 
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2f siiE BIg4-

49 

AGTTACGTTATTGATACTCAT-

ATCAAGGTATTTACCAG 

STM gen. DNA insert for 

p5643 

1r siiE BIg5-

49 

GGTAAATACCTTGATATGAGTTTGAA-

TAGTAAAAGAATATTTAAC 

STM gen. DNA insert for 

p5644 

2f siiE BIg5-

49 

TCTTTTACTATTCAAACTCAT-

ATCAAGGTATTTACCAG 

STM gen. DNA insert for 

p5644 

Vf-p5144-

bsheet1 

TTAAAAAAGCAGCTTGACG p5144 Vector for p5514 

Vr-p5144-b-

sheet1 

TTCCTCTTCTTCCTTC p5144 Vector for p5514 

bsheet1-

3xFLAG-

p5144-for 

GAAGGAAGAAGAGGAAGACTACAAAGACCATG pWRG462 insert for p5514 

bsheet1-

3xFLAG-

p5144-rev 

CAAGCTGCTTTTTTAACTTGTCATCGTCATC pWRG462 insert for p5514 

Vf-p5216-

siiC-HA 

CAGCTTTTGTTCCCTTTAGTGAG p5216 Vector for p5598 

Vr-p5216-

siiC-HA 

TTTTTTTCCTCCTTGTTTAACAAACG p5216 Vector for p5598 

1f-p5216-siiC-

HA 

CGTTTGTTAAACAAGGAGGAAAAAAAATGAA-

GATTAAGATGTTTTTTCTGA 

p5569 Insert for p5598 

1r-p5216-

siiC-HA 

CTCACTAAAGGGAACAAAAGCTGCTCAAGCG-

TAGTCTGGGA 

p5569 Insert for p5598 

1f-SDM-siiC 

HA-p4251 

CCCAGACTACGCTTGAGAATTCCTGCAGCCCG p5568 SDM for p5569 

1r-SDM-siiC 

HA-p4251 

ACGTCGTATGGGTATTTCATTACATTTAAC p5568 SDM for p5569 

Vf-p5640-

SiiC-HA 

AATAGAAGACAAAGCGATCATCTC p5640 vector for p5726 

Vr-p5640-

SiiC-HA 

TTTTTTTCCTCCTTGTTTAACAAACG p5640 vector for p5726 

1f-p5640-

SiiC-HA 

CGTTTGTTAAACAAGGAGGAAAAAAAATGAA-

GATTAAGATGTTTTTTCTGA 

p5669 insert for p5726 

1r-p5640-

SiiC-HA 

GAGATGATCGCTTTGTCTTCTATTTCAAGCG-

TAGTCTGGGAC 

p5669 insert for p5726 

Vf-SiiF point 

muta-

tion_p5644 

AAATAAGCAGCGCTTGTCG p5644 vector for p5777 
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Vr-SiiF point 

muta-

tion_p5644 

AAGTAAACCCCCTCACCC p5644 vector for p5777 

1r-siiF point 

mut_p5644 

CGACAAGCGCTGCTTATTTTACATTAA-

TAATTTATCCGGAGAA 

MvP1311 gen. DNA 

128/37insert for p5777 

1f-siiF point 

mut_p5644 

GGGTGAGGGGGTTTACTTAT MvP1311 gen. DNA insert for 

p5777 

 

III.1.5.3. Label-free mass spectrometry of cytosolic and secreted mini SiiE 

Sample preparation and protein extraction from Tris-Acetate gels for in-gel digestion 

For sample preparation, bacteria were inoculated 1:31 in LB, supplemented with 50 µg/ml car-

benicillin if necessary, induced with AHT after 1 h after inoculation and grown for 2.5 h (cyto-

solic sample) (unpublished data, PhD thesis Nathalie Sander) and 6 h (secreted sample) due 

to retention and secretion maxima of SiiE (Gerlach et al., 2007b). For cytosolic sample, secre-

tion-deficient strain was used and 1 ml was pelleted by centrifugation at 10,000 x g. Pellet was 

boiled in 1x SDS cracking buffer according to the OD600. For secretion samples, 1.8 ml super-

natant was sterile filtered, precipitated with TCA and boiled in 1 x SDS cracking buffer accord-

ing to the OD600. Tris-acetate gels (3-8% polyacrylamide, NUPAGE Tris-acetate gel, Mini: 8 

cm x 8 cm (1 or 1.5 mm thick)) were used and Coomassie stain was performed as described 

previously. Lanes of interest were cut out of the gel and destained with 30% acetonitrile in 

100 mM NH4HCO3 after a washing step with ultrapure water. Destaining steps were repeated 

until destain solution and gel pieces remained colorless. Gel pieces were washed three times 

with ultrapure water and were incubated with 100% acetonitrile for 15 min at 20 °C. Samples 

were dried at 10 mbar at 37 °C in a vacuum concentrator. 

Protein digestion 

Samples were reduced with 10 mM DTT (in 100 mM NH4HCO3) for 5 min at 20 °C and 30 min 

at 50 °C. Following reduction, the supernatant was removed and gel pieces were incubated 

with 100% acetonitrile for 15 min at 20 °C. For alkylation, 54 mM iodoacetamide (in 100 mM 

NH4HCO3) was added and samples were incubated for 15 min at RT in the dark. As described 

above, samples were destained and treated with acetonitrile. A volume of 50-100 µl trypsin 

solution (Promega, 0.01 mg/ml in 50 mM NH4HCO3 with 5% acetonitrile) was added to dried 

gel pieces. Samples were incubated o/N at 37 °C. The next day, the reaction was stopped by 

adding 100% formic acid to a final concentration of 1% and supernatant was removed and 

stored. To the gel pieces, 30 µl 100% acetonitrile were added and incubated with shaking for 

20-30 min, followed by 3 min in a sonification bad. Supernatant was transferred into a new cup 
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and acetonitrile was evaporated in a vacuum concentrator.  Dried peptides were resuspended 

in first collected digested supernatant. For digestion with pepsin (Promega, pH 1.3), 0.04 M 

pepsin solution was added at a ratio 1:100 for 9 h at 37 °C and reaction was stopped by heating 

at 95 °C for 10 min. For ArgC digestion, the samples were resuspended in 50 mM Tris-HCl 

(pH 7.6 – 7.9), 5 mM CaCl2 and 2 mM EDTA, activated with activation buffer (50 mM Tris-HCl, 

50 mM DTT, 2 mM EDTA) and digested with 0.1 µg ArgC. The peptide containing supernatant 

was transferred to HPLC vials with 1 µg digested protein was measured by mass spectrometry. 

Protein concentration was determined using an IMPLEN NanoPhotometer®. 

Label-free protein quantification by mass spectrometry 

HPLC/MS-MS analysis performed using an Ultimate 3000 Nano HPLC (ThermoFisher). For 

analyses, a volume of 5-10 µl was desalted and concentrated using a precolumn (Thermo-

Fisher, C18 PepMap 5 µm, 100 A with dimension of 300 µm (id) x 5 mm (length)). The corre-

sponding solvent was water supplemented with 0.1% TFA/H2O (flow rate of 25 µl/min). The 

loaded and washed precolumn was switched into the ̀ nano flow line´ (250 nl/min) with an Easy 

Spray column (ThermoFisher, PepMap RSLC C18, 2 µm, 100 A with dimension of 75 µm (id) 

x 500 mm) at the end. Peptides were continuously eluted by 80% ACN and 0.1% in H2O in 

160 min. The electro spray ionization (ESI) was done at 1,500 V (ESI Spray Source, Ther-

moFisher). A Q-Exactive Plus orbitrap mass spectrometer (ThermoFisher) was used to deter-

mine the MS/MS (HCD fragmentation) data under the following conditions (Table III.1.4): 

Table III.1.4. Settings for label-free protein quantification by mass spectrometry. 

 MS MS precursor selection MSMS 

resolution 70,000  17,500 

AGC target 3e6 5e2 1e5 

rax IT 50 ms  80 ms 

MS Range 375-1800 m/z   

loop Count    10 

NCE   27 

isolation Width   1.4 m/z 

charge  2-5  

 

Data analysis 

The resulting data were loaded to and analyzed by Peaks Studio X and PeaksOnline (Bioin-

formatics Solution Inc, Canada). De novo search was performed for peptide identification by a 

DB search using a protein database for STM 14028 (Salmonella Typhimurium strain 

14028s_11_1; 5,372 proteins). Peaks Q (de novo assisted Quantification) and Peaks DB (In-
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depth de novo assisted search) were performed. The MS tolerance was adjusted to 20.0 ppm, 

the MS/MS tolerance to 0.2 Da and two missed cleavages were allowed. The digest mode was 

set “specific”. Further, carbamido-methylation of cysteines and oxidation of methionine for fixed 

post translationally modifications and for variable modifications were chosen, respectively. 

Peptides were analyzed regarding their area. A standard peptide from the central area of mini 

SiiE was chosen (with a comparable area in cytosolic and secreted sample) and a C-terminal 

peptide was used as control. In the N-terminal part, two peptides were found that were signifi-

cantly increased in their amount in cytosolic sample than in secreted sample (aa2-19 and aa2-

43). Peptides from aa44 on were found in both samples in comparable amounts.  

 

III.1.5.4. Western blot 

Western blot detection for protein biosynthesis 

For sample preparation, bacteria were inoculated 1:31 in LB, supplemented with 50 µg/ml car-

benicillin if necessary, induced with AHT after 1 h after inoculation and grown for 2.5 h. 1 ml 

was pelleted by centrifugation at 10,000 x g. Pellet was boiled in 1x SDS cracking buffer ac-

cording to the OD600. SDS Laemmli gels were run for 20 min at 80 V and 75 min with 150 V. 

Semi-dry Western blot (WB) was performed with 0.45 µm nitrocellulose membrane with 

0.8 mA/cm2. Following Ponceau S stain, membranes were blocked with 5% skimmed dry milk 

powder in TBS-T (0.1% Tween20 in TBS) for at least 30 min at RT. Primary antibodies were 

incubated o/N in blocking solution at 4 °C. The next day, membranes were washed three times 

with TBS-T and incubated with HRP-conjugated secondary antibody in blocking solution for 

1 h at RT. Antibodies, used in this study are mentioned in Table III.1.5 and Table III.1.6. Mem-

branes were washed an additional three times with TBS-T, treated with PierceTM ECL Western 

blotting Substrate (ThermoFisher) after manufacturer’s instructions and imaged with Chemi-

DocTM Imager (Bio-Rad) and ImageLab software.  

Western blot analysis of trimeric TolC and SiiC 

Samples were prepared as described above. Different SDS concentrations were tested (2% 

and 4%) to determine, if lower SDS concentration in the loading buffer can support oligomers 

of SiiC and TolC. TolC was used as control for a trimeric complex here. PAGE and Western 

blots were performed as described above. Membranes were incubated with primary antibodies 

α-TolC (kindly provided by Lutz Schmitt, Institute of Biochemistry, Heinrich Heine University 

Düsseldorf, Germany), α-HA HRP-conjugated secondary antibodies as described above (Ta-

ble III.1.5 and Table III.1.6). 
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Analyses of proteolytic cleavage of secreted mini SiiE by Western blot 

For Western blot analysis of cytosolic and secreted mini SiiE tagged with 3xFLAG tag, subcul-

tures were grown for 2.5 h (cytosolic SiiE) and 6 h (secreted mini SiiE) and were boiled in SDS 

cracking buffer according to OD600 and SDS-PAGE was performed (8% Laemmli gel). Gels 

were run for 20 min at 80 V and for 75 min at 150 V. Next, semi-dry transfer was performed 

for 75 min at 0.8 mA/cm2 membrane onto nitrocellulose membranes. Protein transfer was ver-

ified by Ponceau S red staining. Membranes were blocked with 5% skimmed dry milk powder 

in TBS-T. In both analyses α-SiiE and for analysis of mini SiiE with FLAG-tag α-FLAG tag 

antibody in blocking solution were used for blot development o/N at 4 °C (Table III.1.5 and 

Table III.1.6). Membranes were treated as described above. The size of mini SiiE was calcu-

lated using ImageLab software. The regression method was linear (semi-log), formula:  

y=-1.05*x+2.46, R-squared value: 0.976587. 

Table III.1.5. Primary antibodies used in this study. 

Antigen Host Dilution Purpose 

GST-SiiE-C rabbit 1:10,000 WB (SiiE and mini 

SiiE) 

GST-SiiE-C rabbit 1:1,000 IF (SiiE and mini 

SiiE) 

TolC rabbit 1:2,000 WB 

HA tag rat 1:10,000 WB 

FLAG tag mouse 1:2,000 WB 

Salmonella O Antise-

rum Group B Factors 

rabbit 1:10,000 DB 

 

Table III.1.6. Secondary antibodies used in this study. 

Species reactiv-

ity 

Host Conjugated 

with 

Dilution Purpose 

rabbit goat HRP 1:10,000 WB 

rat goat HRP 1:10,000 WB 

mouse goat HRP 1:10,000 WB 

rabbit goat Alexa488 1:1,000 IF 

rabbit goat IRDye800CW 1:20,000 DB 
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III.1.5.5. OM isolation and pulldown assay for SiiE and SiiC 

Bacteria were grown for 2.5 h, induced with AHT after 1 h and 15 ml were harvested by cen-

trifugation at 9,000 x g for 10 min at 4 °C. Pellet was resuspended in sucrose containing buffer 

(0.5 M sucrose, 10 mM Tris pH 7.5) and treated with lysozyme (final concentration 144 µg/ml) 

for 2 min on ice and subsequently EDTA (0.75 mM final) for 7 min on ice. After incubation, OM 

containing supernatant was collected by centrifugation at 9,000 x g for 10 min. OM supernatant 

was incubated with Protein A Sepharose beads decorated with α-SiiE IgG antibody for 2 h at 

4 °C on an orbital shaker. For bead decoration, Protein A Sepharose beads were equilibrated 

and washed with 0.1% Triton X-100 in PBS. Following equilibration, beads were incubated 

with 1 ml α-SiiE serum for 3 h at 4 °C on an orbital shaker. Afterwards, beads were washed 

three times with 0.1% Triton X-100 in PBS and used for pulldown assays. During the experi-

mental procedure, samples of whole cell lysate, supernatant, intact cells, IM fraction and OM 

fraction, load, flow through and eluate were taken and boiled in SDS cracking buffer according 

to the OD600. After incubation, beads were washed with 0.1% Triton X-100 in PBS. To elute 

SiiC and mini SiiE, beads were treated with 0.1 M glycine (pH 2.6) to carefully extract mini SiiE 

together with SiiC (eluate 1). After neutralization of the sample with 1 M Tris, beads were boiled 

in SDS cracking buffer at 95 °C for 5 min (eluate 2). As controls Δspi4 background strain and 

purified mini SiiE for bead decoration were used. SDS-PAGE and semi-dry Western blot were 

performed as described above. The antibodies used are listed in Table III.1.5 and Table III.1.6. 

 

III.1.5.6. Dot blot analysis of retained and secreted SiiE and mini SiiE 

For Dot blot analysis, bacteria were inoculated in appropriate medium and grown for 2.5 h (SiiE 

retention maximum, unpublished data, PhD thesis Nathalie Sander) and 6 h (SiiE secretion 

maximum) (Gerlach et al., 2007b). Dot blot was performed as published before (Peters et al., 

2017). The antibodies used for the Dot blots are described in Table III.1.5 and Table III.1.6. 

 

III.1.5.7. Transmission electron microscopy 

O/N cultures of bacteria were diluted 1:31 in 3 ml fresh LB with 50 µg/ml carbenicillin. Subcul-

tures were incubated at 37 °C for 1 h, with aeration and thereafter, Tet-On gene expression 

induced by adding 10 ng/ml AHT. After further incubation for 1.5 h at 37 °C with aeration, mini-

cells were enriched and isolated by several centrifugation steps. At first, 3 ml of the 2.5 h sub-

culture was centrifuged at 4000 x g for 5 min. and thereafter, supernatant was transferred to a 

new vessel, whereas the cell pellet was discarded. This procedure was repeated once. The 

supernatant was centrifuged for 10 min at 15,000 x g and minicell pellet was resuspended in 
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30 µl of PBS. Then, 4 µl of the minicell enriched suspension was transferred to freshly glow 

discharged EM grids (Quantifoil grid, Cu 300 mesh, R2/1) and vitrificated by plunge-freezing 

with a Leica EM GP2 system at 10 °C and 80% humidity. Visualisation of minicells was per-

formed with a 200 keV JEOL JEM 2100 Plus system. Scale bars were generated and also, 

contrast and brightness of images was changed by using Adobe Photoshop CS6 software. 

 

III.1.5.8. Fluorescence microscopy of retained SiiE 

For the microscopic analysis of SiiE surface signal, subcultures were grown for 2.5 h with AHT 

induction after 1 h, pelleted by centrifugation at 7,000 x g and fixed with 3% PFA in PBS for 

15 min at RT. Following fixation, bacteria were washed three times with PBS and treated with 

blocking solution (supplemented with 2% goat serum) for at least 30 min at RT. Bacteria were 

stained against surface bound SiiE with primary antibody against SiiE and Alexa488-conju-

gated secondary antibody (Table III.1.5 and Table III.1.6). For microscopy, Zeiss Axio Ob-

server.Z1 coupled with a TIRF module was used. The used objective was the alpha Plan-

Apochromat 100x/1.46 Oil DIC (UV) M27. Imaging with AxioCam MR R3 with a camera adapter 

1.0 x, total magnification 100x, Zoom 1.0x. 

 

III.1.5.9. Cell culture 

MDCK cells (subline pf, obtained from Prof. Dr. M. Goppelt-Struebe, Med. Klinik 4, Universi-

tätsklinikum Erlangen) were cultured as described before (Gerlach et al., 2008). For adhesion 

and invasion assays, cells were seeded in 24-well plates at a density of 1x105 cells per well 

5 days before infection to ensure differentiation of cells. At the day of infection, cell density was 

5x105 cells per well. Due to the long incubation time, the medium was supplemented with pen-

icillin and streptomycin. The medium was changed to antibiotic-free medium one day before 

infection (at least 4 h before infection). 

 

III.1.5.10. Adhesion and invasion assay 

To determine adhesion, cells were treated with 3 µg/ml Cytochalasin D 1 h before infetion, to 

inhibit actin remodeling and uptake of the pathogen. For infection, 2.5 h subcultures of infecting 

STM were grown, MDCK cells were infected in technical triplicates at multiplicity of infection 

(MOI) 5, and incubated for 25 min at 37 °C in an atmosphere of 5% CO2. The cells were 

washed three times with prewarmed PBS. To determine adhesion, cells were lysed directly 

with 0.5% deoxycholate in PBS (freshly prepared). To determine invasion, cells were treated 
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with 500 µl medium containing 100 µg/ml gentamicin per well for 1 h, washed three times with 

prewarmed PBS and lysed with 0.5% deoxycholate in PBS (freshly prepared). Lysis was per-

formed for 10 min at 37 °C on a shaking platform. Lysates were collected in single tubes and 

serial dilutions of inoculum and lysates were plated logarithmic on MH plates to determine 

CFU. Plates were incubated o/N at 37 °C and CFU were counted the next day with Acolyte 

software. The percentages of adhered and invaded bacteria were calculated.  

 

III.1.5.11. Bioinformatic analyses 

Primary and secondary structure analysis of TolC, LapE and SiiC was performed with Ali2D 

(Gabler et al., 2020) and visualization with 2dSS (Laboratory of Computational and Quantita-

tive Biology (LCQB) (freeware). Gaps were allowed for primary sequence comparison. Per-

centages of modelled structures and confidence, calculated by Phyre2 (Kelley et al., 2015) 

algorithms. Tertiary structure model predictions were performed by trRosetta algorithms (Du, 

2021; Yang et al., 2020) and visualized with Pymol. TM-score for modelling by trRosetta. TM-

score > 0.4 = medium, TM-score > 0.5 = high, TM-score > 0.7 = very high confidence. The 

hydrophobicity plots were performed with Expasy ProtScale and the amino acid scale for hy-

dropathicity after Kyte and Doolittle was used (Kyte and Doolittle, 1982). 
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III.1.7. Supplements 

 

Figure S III.1.1. Primary and secondary structure analysis of TolC, LapE and SiiC. TolC (top), LapE 
(center) and SiiC (below) by Ali2D (Gabler et al., 2020) and visualization by 2dSS (Laboratory of Com-
putational and Quantitative Biology (LCQB)). Gaps allowed for primary sequence comparison. Color 
codes/symbols: α-helix = orange, β-sheet = blue, loops = gray; hydrophobic amino acids (CVILPFYMW) 
= light pink, small amino acids (GAST) = light purple, polar amino acids (NQH) = turquoise green, neg-
atively charged amino acids (DE) = light green and positively charged amino acids (KR) = brown. 
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Figure S III.1.2. Growth curve siiC overexpression. For the analyses of growth kinetics, bacteria were 
grown overnight (o/N) in LB, supplemented with 50 µg/ml carbenicillin if necessary, at 37 °C. First, OD600 
was determined and subcultures were inoculated to OD600=0.01 in 100 ml fresh LB medium in 500 ml 
flasks and incubated with 160 rpm 37 °C. OD600 was measured as indicated. 

 

 

 

 

Figure S III.1.3. Analyses of protein levels after siiC overexpression in siiAB mutant backgrounds 
and siiABC overexpression. Western blot against SiiA, SiiB and HA-Tag (SiiC). Subcultures were 
grown for 2.5 h with AHT induction after 1 h, pelleted by centrifugation at 7,000 x g and boiled in SDS 
cracking buffer according to the OD600. SDS-PAGE and Western blot with antibodies α-SiiA (1:10,000), 
α-SiiB (1:10,000) and α-HA (1:10,000), α-rabbit HRP-conjugated (1:10,000) and α-rat HRP-conjugated 
(1:10,000) were performed. Marker and weights of the proteins as indicated. 
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Figure S III.1.4. Hydrophobicity plots of CvaC, N-terminal parts of MpIBP, LapA and SiiE after 
Kyte and Doolittle. Shown is the hydropathicity (Y-axis) of the amino acid (aa) sequences (X-axis) of 
the proteins according to Kyte-Doolittle (Kyte and Doolittle, 1982). The Kyte-Doolittle scale indicates 
hydrophobic aa. Positive values indicate hydrophobic amino acids, whereas negative values indicate 
hydrophilic amino acids. For CvaC (A) the whole sequence is shown (103 aa), for MpIBP (B), LapA (C) 
and SiiE (D) only the first 180 aa of the N-terminus are depicted due to their sizes. By analyzing the 
shape of the plot, we gained information about parts of the protein. 
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III.2.1. Abstract 

The type 1 secretion system (T1SS) encoded on the Salmonella Pathogenicity Island 4 (SPI4) 

secretes its substrate, the giant adhesin SiiE. The SPI4-T1SS and SiiE were shown to be 

important for Salmonella virulence as SiiE mediates the first close contact to membranes of 

polarized host cells, enabling the SPI1-encoded type 3 secretion system (T3SS) to secrete an 

effector protein cocktail into the host cells cytosol, leading to membrane ruffling and uptake of 

the pathogen. The SPI4-T1SS shows homologies to already known ATP-binding cassette 

(ABC) transporters. Interestingly, there are two additional accessory proteins encoded by 

genes in SPI4, namely SiiA and SiiB. SiiA and SiiB together form a proton channel in the inner 

membrane (IM) and were shown to be involved in SiiE retention and secretion, and conse-

quently adhesion and invasion. SiiAB possess similarities to other known proton channels of 

the MotA/ExbB family. Although SiiB was predicted to harbor an extended cytoplasmic part, 

its detailed structure, function and mechanism are still poorly understood. Here, we demon-

strated that mutant strains deficient in siiAB still retain SiiE on the cell surface, but are unable 

to adhere to, nor to invade polarized cells. Additionally, by bioinformatics analysis of the large 

C-terminal cytosolic domain of SiiB, we found similarities to mechanosensitive channels, as 

well as to methyl-accepting proteins (MCP), indicating a direct connection to membrane-asso-

ciated effects like membrane tension changes. By analyses of SiiE retention, motility and host 

cell infection, we were able to link a role of the cytosolic domain of SiiB directly to motility in 

swarm agar, functions as proton channel and control of SiiE function. 
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III.2.2. Introduction 

By deploying protein secretion systems encoded by virulence clusters called Salmonella Path-

ogenicity Islands (SPI) (Gerlach et al., 2008; Gerlach and Hensel, 2007; Gerlach et al., 2007a), 

the pathogen Salmonella enterica serovar Typhimurium (STM) is able to invade and to prolif-

erate within host cells. It was already shown that the SPI4-encoded type 1 secretion system 

(T1SS) and its substrate, the giant adhesin SiiE, are essential for adhesion and invasion of 

polarized cells by supporting translocation of effector proteins by the SPI1-encoded type 3 

secretion system (T3SS) (Gerlach et al., 2008; Wagner et al., 2011). 

T1SS were shown to be highly conserved regarding their structure and mechanisms. Two se-

cretion mechanisms are described: a one-step secretion of the unfolded substrate directly into 

the environment without an intermediate step during translocation (Andersen et al., 2000; 

Kanonenberg et al., 2013; Koronakis et al., 1989; Mackman et al., 1985); and a two-step se-

cretion, where the substrate is temporary retained on the cell surface during translocation, 

before its release into the environment (Guo et al., 2017; Smith et al., 2018). The Ca2+-rich 

environment leads to folding of the substrates, a consequence of direct Ca2+-binding, resulting 

in the final folded structure (Chenal et al., 2009). The SPI4-T1SS of STM is composed of the 

ATP-binding cassette (ABC) transporter SiiF in the inner membrane (IM), of the periplasmic 

adaptor protein (PAP) SiiD, and SiiC, the outer membrane (OM) secretin. The 600 kDa sub-

strate SiiE associates with the IM, is recognized by the SPI4-T1SS, and subsequently secreted 

into the extracellular space (Wagner et al., 2011). The extracellular Ca2+ binds to the type I 

and type II Ca2+ binding sites, located at the 53 repetitive bacterial immunoglobin (BIg) domains 

of SiiE, supporting secretion (Barlag and Hensel, 2015; Griessl et al., 2013; Peters et al., 2017). 

During secretion, SiiE is retained on the cell-surface. Thus, the first close contact to the host 

cell membrane during invasion process is mediated by the SPI4-T1SS and SiiE, so subse-

quently effector proteins of the SPI1-T3SS can be translocated into the host cell (Gerlach et 

al., 2007b). Following its temporary retention, SiiE is released into the extracellular space. 

Furthermore, the SPI4 encodes two accessory non-canonical subunits, SiiA and SiiB, forming 

a proton channel in the IM (Wille et al., 2014). It was shown that SiiAB play an essential role 

for effective invasion of polarized host cells by transport of ions across the membrane (Wille 

et al., 2014), adhesion and the initial steps of SiiE secretion (unpublished data, PhD thesis 

Nathalie Sander, 2022a). However, the detailed mechanism of SiiAB function for SiiE, adhe-

sion and invasion is still not known. SiiAB were shown to share similarities with the well-char-

acterized stator complex MotAB (Kirchweger et al., 2019). Comparable to MotB (D33), SiiA 

was found to express a critical aspartate residue (D13), essential for proton channel function 

(Wille et al., 2014). Comparable to MotA, SiiB harbors a large cytoplasmic region, which was 

shown to interact with SiiF as it is postulated for MotA and the flagellar rotor (Blair and Berg, 
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1991; Dean et al., 1984; Deme et al., 2020; Wille et al., 2014; Zhou et al., 1995). Such an 

extended structure is also known for mechanosensitive channels like MscS and MscL 

(Rasmussen and Rasmussen, 2018). This cytoplasmic domain was further shown to sense 

macromolecular crowding in the cytoplasm (Rowe et al., 2014). Furthermore, the mechano-

sensitive channel YnaI was recently described to be important during invasion of Salmonella 

(Edwards et al., 2012; Miller, unpublished). 

Thus, we focused on SiiAB and especially SiiB and its large cytoplasmic domain to gain more 

insights in SiiAB function for the SPI4-T1SS. So far we were able to show that SiiAB are im-

portant for initial steps of SiiE secretion (unpublished data, PhD thesis Nathalie Sander, 2022a) 

and furthermore demonstrated a localization of SiiB at the flagellum (unpublished data, PhD 

thesis Nathalie Sander, 2022c). We primarily concentrated on this domain and potential down-

stream effects on SiiE, adhesion, invasion and motility. Additionally, we also investigated fur-

ther potential homologies to other channels by bioinformatic analyses.  

 

III.2.3. Results 

III.2.3.1. ΔsiiAB retains SiiE on the cell surface, but adhesion and invasion are inhibited 

In a first attempt, we investigated the role of SiiAB directly before and during infection. Thus, 

we checked for SiiE retention at other time points than the described maxima of retention 

(2.5 h) by Dot blot to analyze SiiE retention kinetic in ΔsiiAB (Figure III.2.1 A). STM WT was 

used as positive control and ΔsiiE as negative control (not shown). We found similar kinetics 

with a maximum after 2.5 h in a siiAB mutant, comparable to STM WT, although ΔsiiAB only 

showed 56.5% amounts of SiiE retained on cell surface in comparison to WT. In STM WT, at 

1.5 h we found 7.4% amounts of SiiE retained on the surface and after the retention maximum, 

the SiiE surface signal was continuously decreasing (3.5 h: 16.3%; 4.5 h: 7.1%; 5.5 h: 3.4%; 

6.5 h: 1.8%). ΔsiiAB showed no retention after 1.5 h and following the maximum after 2.5 h, 

retention was decreasing (3.5 h: 11.6%; 4.5 h: 9.2%; 5.5 h: 6.2%; 6.5 h: 5.9%). Interestingly, 

after 4.5 h retention in ΔsiiAB was slightly increased in comparison to WT. 

As we found retention of SiiE was 56.5% of WT retained in ΔsiiAB after 2.5 h, we were inter-

ested in the adhesion and invasion phenotype. Therefore, we infected polarized MDCK cells 

with WT and ΔsiiAB (Figure III.2.1 D-E), and simultaneously checked for SiiE retention prior to 

infection. For this we diluted the bacteria first in PBS (for comparison also in LB) and then in 

MEM infection medium, just as for an infection assay. During these preparations, samples 

were fixed with PFA, stained against SiiE and surface-bound SiiE was measured for 50,000 

single bacteria by flow cytometry (Figure III.2.1 B-C). 
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Figure III.2.1. Although ΔsiiAB retains SiiE on cell surface, significantly decreased adhesion and 
invasion can be observed. Shown are the SiiE retention at different time points (A), directly before 
infection (B, C) and effects on adhesion and invasion (D-F) in dependence of SiiAB. A) Dot blot analysis 
of the retention of SiiE of ΔsiiAB in comparison to STM WT after defined time points. To investigate SiiE 
retention over time, subcultures were grown for 1.5 h, 2.5 h, 3.5 h, 4.5 h, 5.5 h and 6.5 h. For retention 
samples, cells were fixed with 3% PFA in PBS. 5 µl of the samples were spotted on equilibrated mem-
branes in triplicates and membranes were decorated against SiiE and LPS. The LPS signal was used 
for normalization of sample loading. B) Histogram of the Alexa488-positive cells and the counts by flow 
cytometry. WT was used as positive control and ΔsiiE as negative control for gating (not shown). SiiE-
positive cells as indicated. C) SiiE signal intensities of Alexa488-positive cells. D)-E) Adhesion to (D) 
and invasion of (E) polarized MDCK cells of ΔsiiA, ΔsiiB and ΔsiiAB in comparison to WT. Subcultures 
were grown for 2.5 h and MDCK were infected with MOI 5. F) Adhesion to polarized MDCK cells of 
ΔsiiAB in comparison to siiE mutants without (w/o) and with (w) centrifugation. Subcultures were grown 
for 2.5 h and MDCK were infected with MOI 5. Adhesion and invasion: statistical analyses compared to 
WT with biological triplicates by two-tailed t-test: ***, p < 0.001; **, p < 0.01; *, p < 0.05; n.s., not signifi-
cant.  

 

We used STM WT and ΔsiiE strains as positive and negative control, respectively (not shown). 

First, we gated the bacteria with an unstained STM WT sample (not shown). Stained strains 

behaved like the unstained control and showed no aggregates. In a second step, we gated the 

SiiE-positive cells with help of the positive and negative control (not shown). We found 14.3% 

SiiE-positive cells in WT and 16.4% in ΔsiiAB (Figure III.2.1 B). After dilution in PBS, a com-

parable numbers of positive cells were found in both cases (WT: 15.9%; ΔsiiAB: 14.5%). In-

terestingly, a dilution in LB led to an approximately 2-fold increase in positive cells in both 

strains (WT: 28.8%; ΔsiiAB: 28.1%). The dilution from PBS to infection medium resulted in 

slightly decreased amounts of positive cells. Whereas, in WT we found 11.6% positive cells, 

the number of positive cells was slightly more decreased from 16.4% in subculture to 9.1% in 

ΔsiiAB. However, for infection a comparable amount of cells showed SiiE signal on their sur-

face. To further analyze the signal per cell, we calculated the mean fluorescence, taking the 

positive cells and the fluorescence signal into account (Figure III.2.1 C). Whereas dilution in 

PBS only showed a slight decrease in the signal/cell (77.6%) in WT, dilution in LB and infection 

medium showed an increase to 274.4% in LB and 237% in infection medium. In ΔsiiAB only 

45.6% of WT SiiE signal/cell was found. During dilution steps in PBS and MEM, the signal/cell 

continuously increased up to 206.2% SiiE/cell in ΔsiiAB. Thus, we not only concluded compa-

rable SiiE amounts during infection process, but additionally that retained SiiE on ΔsiiAB can 

neither mediate adhesion nor invasion (Figure III.2.1 D-E). Adhesion and invasion were signif-

icantly reduced in ΔsiiA, ΔsiiB and ΔsiiAB, as already published (Wille et al., 2014). 

Next, contact between bacteria and MDCK cells was increased by centrifugation (Figure III.2.1 

F). Recently we showed that SiiB localizes at the flagellum during SiiE retention maximum 

(unpublished data, PhD thesis Nathalie Sander, 2022c). However, a deletion of siiAB had no 

impact on velocity, but significantly on stop behavior in medium without host cells and synthetic 

expression of siiAB can increase velocity comparable to synthetic expression of motAB. As it 
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was shown that SiiE is important for the first intimate contact to the host cell, we focused on 

adhesion. As in all other analyses, we used STM WT and as a negative control a siiE deletion 

strain. Additionally, we used mutant strains with deficient Ca2+-binding sites in SiiE (Griessl et 

al., 2013). Interestingly, we found that a ΔsiiAB mutant behaves like ΔsiiE and also with cen-

trifugation adhesion cannot be increased to WT level. 

All in all, we showed on single cell level that the decreased signal of the population analysis 

by Dot blot was due to decreased amounts of SiiE per cell in the subculture. We additionally 

found that SiiE amounts per cell in ΔsiiAB were comparable to WT in infection mix, yet adhe-

sion and invasion were highly reduced. While we already demonstrated a role of SiiAB as a 

proton channel in the initial steps of SiiE secretion, we here show a direct effect of SiiAB on 

SiiE functionality (unpublished data, PhD thesis Nathalie Sander, 2022a).  

 

III.2.3.2. Modelling of proton channels and mechanosensitive channels in comparison to SiiB 

Similarities of SiiAB to MotAB were already described (Kirchweger et al., 2019) and similar to 

MotA, SiiB harbors a large cytoplasmic region, which was shown to interact with SiiF. An in-

teraction is also postulated for MotA and the rotor (Blair and Berg, 1991; Dean et al., 1984; 

Deme et al., 2020; Wille et al., 2014; Zhou et al., 1995). We modelled SiiAB in comparison to 

MotAB and found less identity of the C-terminal domain of SiiB with other proton channels 

(unpublished data, PhD thesis Nathalie Sander, 2022c). Thus, we decided to focus on the C-

terminal domain of SiiB (aa206-462) for additional analysis (Figure III.2.2 D). The resulting 

model included the aa242-462 due to restricted homologies to other channels. Based on 

BLAST results for SiiB (data not shown), we decided to model additional IM channels. We 

exemplary modelled ExbB for the family of proton channels like MotA (Deme et al., 2020), 

MscS as one of the best-characterized mechanosensitive channels (Rasmussen and 

Rasmussen, 2018) and YnaI that was shown to be a mechanosensitive channel and important 

during invasion of STM (Flegler et al., 2020; Miller, unpublished) (Figure III.2.2, Figure S 

III.2.2). 

For ExbB, MscS and SiiB 3 transmembrane helices (TMH) were predicted, whereas for YnaI 

5 TMH were predicted (Figure S III.2.1). Additionally, we found an N-terminal signal sequence 

predicted for SiiB (aa1-26) (Figure S III.2.1 D), but not for the other proteins. With a lower 

probability a cleavage site (cs) is predicted for A23 (cs score: 0.042) and S25 (0.072) of SiiB 

by SignalP 5.0 (data not shown) (Almagro Armenteros et al., 2019). 

Surveying, we could see a mix of α-helices and β-sheets for MscS, YnaI and the cytosolic 

domain of SiiB. For MscS critical asparagine residues were described, important for channel 
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conductance (Wang et al., 2018). In this case, N117 (polar, uncharged) located in TMH3 helix 

was shown to interact with the critical N167 (polar, uncharged). Homologies of this residues 

cannot be found in ExbB. In YnaI we found this pattern to be conserved with N166. In MscS 

and YnaI a polar serine is present right before the first critical aspartate (S116, MscS; S165, 

YnaI) and a non-polar proline prior to the second asparagine (P166, MscS; P216 YnaI), indi-

cating similarities between these two channels. Both sequences showed the first critical as-

paragine after 10 aa (MscS) and 11 aa (YnaI) in the cytosol (Figure S III.2.1 B, C). In the 

multiple sequence alignment (Figure S III.2.2) we also found a homologue asparagine in SiiB, 

but at position 165 (with S164), predicted to be located in the periplasm and not in the cytosol 

(Figure S III.2.1 C, Figure S III.2.2). Nevertheless, we found other potential asparagine resi-

dues at positions 227, 330, 401 and 420 (Figure III.2.2 D). For position 226 a serine was found 

as in MscS and YnaI and instead of a proline, the non-polar glycine (G329), methionine (M400) 

or alanine (A419) were found. As the residues N117 and N167 were described to interact, we 

concluded depending on the models that N227 and N420 potentially function the same way, 

but the model prediction was restricted here for aa242-462. 

 

Figure III.2.2. Modeling of SiiB reveal similarities to ExbB, MscS and YnaI. Tertiary structure model 
prediction for STM ExbB (A), STM MscS (B), STM YnaI (C) and STM SiiB242-462 (D) by Phyre2 (Kelley 
et al., 2015). Loop, gray; β-sheet, blue; α-helix, orange. A) Proton channel STM ExbB from ExbBD 
MotAB family. B) Best characterized mechanosensitive channel STM MscS. C) Newly described mech-
anosensitive channel YnaI, described to be involved in STM invasion. D) C-terminal cytosolic domain 
(aa208-462). Confidences: ExbB 100%; MscS 100%; YnaI 100%; SiiB242-462 68.6%. Scale of the IM: 
5  nm. 



                                                                                         Results 

77 

III.2.3.3. SiiB cytosolic domain influences proton channel and SiiE function 

Since we found potential similarities in the cytosolic domain of SiiB to mechanosensitive chan-

nels, we wanted to investigate the role of this domain of SiiB in further analyses and under 

different osmotic pressures during infection (2.5 h subculture) (Figure III.2.3). We used PBS 

with different osmotic pressure, adjusted with NaCl. The cytoplasmic solutes of bacteria lead 

to an osmotic pressure of approximately 400 mOsm (Booth, 2014). To check if the cytosolic 

domain is important for proton channel function, we used siiAD13E mutant for comparison here.  

 

Figure III.2.3. Effect of osmotic pressure on SiiE in dependence of the cytosolic domain of SiiB 
and proton channel function. A-B) Dot blot analysis of the retention (A) and secretion (B) of SiiE in 
response to siiBΔaa210-462 expression. Subcultures were grown for 2.5 h and 6 h with AHT induction after 
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1 h. For retention samples, cells were fixed with 3% PFA in PBS and for secretion samples, the super-
natant was precipitated with TCA and protein was dissolved in SDS-PAGE sample buffer with volumes 
adjusted to the cell density as determined by OD600. 5 µl of the samples were spotted on equilibrated 
membranes in triplicates and membranes were immunolabeled with antiserum against SiiE or LPS. The 
LPS signal was used for normalization of sample loading. C) Adhesion to, and D) invasion of polarized 
MDCK cells following siiBΔaa231-462 expression. Subcultures were grown for 2.5 h with AHT induction after 
1 h and MDCK were infected with MOI 5. MQ: Milli-Q water. Adhesion: statistical analyses compared to 
WT with at least biological duplicates by two-tailed t-test: ***, p < 0.001; **, p < 0.01; *, p < 0.05; n.s., 
not significant. 

 

WT was not affected regarding retention, with exception of incubation in 600 mOsm PBS 

(40.1%) (Figure III.2.3 A). The same was shown for siiAD13E (39.6%) and siiBΔaa231-462 (38.1%). 

Noticeably, we found increased amounts of SiiE retained in PBS with 200 mOsm in siiAD13E 

(227.6%) and siiBΔaa231-462 (276.2%). Secretion was comparable for the strains with the highest 

secretion in Milli-Q water (MQ) (Figure III.2.3 B), with exception of 200 mOsm. In siiAD13E (7.4%) 

and siiBΔaa231-462 (4.9%) secretion was more decreased than in WT (31.6%) during incubation 

with 200 mOsm PBS, matching the increased retention at 200 mOsm. Invasion was not af-

fected (Figure III.2.3 D) and mutant strains showed the significantly reduced invasion as pub-

lished before (Wille et al., 2014). Adhesion was not influenced in the mutant strains, with ex-

ception of 600 mOsm (Figure III.2.3 C). Strain expressing siiAD13E or siiBΔaa231-462 showed in-

creased adhesion with 67.7% or 97.1% in comparison to the other osmolarities, but decreased 

in comparison to WT, respectively. Interestingly, WT showed more varying influences in the 

different media. In MQ, 400 mOsm and 600 mOsm PBS, the WT was decreased to 65.5% 

(MQ), 56% (400 mOsm) and 47.8% (600 mOsm), whereas the mutant strains were increased 

in 600 mOsm PBS, with simultaneously less SiiE on cell surface. Thus, we concluded a poten-

tial role of the cytosolic domain for SiiE retention and function under different osmotic pressure, 

although further assays with a SiiE mutant strain have to be performed. 

 

In a next step, we wanted to analyze the cytosolic domain of SiiB by overexpression of only 

this part (Figure III.2.4, Figure III.2.5). If the cytosolic domain of SiiB triggers downstream ef-

fects, overexpression potentially leads to an altered retention, secretion, adhesion or invasion. 

We introduced a plasmid under anhydrotetracycline (AHT)-inducible tetA promoter control in 

WT and ΔsiiB and tested expression of the construct (Figure S III.2.3 A). Following induction 

with 10 ng/ml AHT a clear band at 28 kDa can be observed. Additionally, WT was also ex-

pressing chromosomal SiiB (51.5 kDa). Furthermore, we checked for a potential toxicity of the 

overexpression of the cytosolic domain (Figure S III.2.3 B). We measured OD600, adjusted to 

an OD 0.2, diluted the bacteria and plated them. We found no significant influence of the cyto-

solic domain on vitality. 
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Figure III.2.4. SiiE function in dependence of the cytosolic domain of SiiB. A-B) Dot blot analysis 
of the retention (A) and secretion (B) of SiiE in response to siiBaa210-462 overexpression. Subcultures were 
grown for 2.5 h and 6 h with AHT induction after 1 h. For retention samples, cells were fixed with 3% 
PFA in PBS and for secretion samples, the supernatant was precipitated with TCA. 5 µl of the samples 
were spotted on equilibrated membranes in triplicates and membranes were immunolabeled with anti-
serum against SiiE and LPS. The LPS signal was used for normalization of sample loading. C) Adhesion 
to and D) invasion of polarized MDCK cells following siiBaa210-462 overexpression. Subcultures were 
grown for 2.5 h with AHT induction after 1 h and MDCK were infected with MOI 5. Adhesion: statistical 
analyses compared to WT with at least biological duplicates by two-tailed t-test: ***, p < 0.001; **, p < 
0.01; *, p < 0.05; n.s., not significant. 
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Following expression and toxicity check, we analyzed the effect of the overexpression of the 

cytosolic domain (siiBaa210-462) on SiiE and adhesion and invasion (Figure III.2.4). Retention 

(Figure III.2.4 A) and secretion (Figure III.2.4 B) kinetics were not influenced. We found a de-

creased amount of SiiE retained on cell surface in ΔsiiB (14.4% after 2.5 h and 5.8% after 6 h) 

and a decreased secretion with 6% after 2.5 h and 126.6% after 6 h. Secretion was not affected 

by siiBaa210-462 overexpression in WT and ΔsiiB. Retention was decreased after siiBaa210-462 over-

expression in WT and ΔsiiB. Thus, we concluded a role of the cytosolic domain of SiiB for SiiE 

retention only. Nevertheless, neither adhesion (Figure III.2.4 C), nor invasion (Figure III.2.4 D) 

were influenced by the overexpression.  

 

Figure III.2.5. Swim and swarm behavior in dependence of the cytosolic domain of SiiB. Shown 
are the swim and swarm zone diameters in dependence of the overexpression of the cytosolic domain 
of SiiB by swim assay. Bacterial subcultures were grown for 2.5 h and inoculated in swim and swarm 
agar, respectively. Swim and swarm zone diameters were measured every hour, with exception of 9-
21 h. 

 

As there are similarities to MotAB described (Kirchweger et al., 2019; Wille et al., 2014) and 

SiiB is located at the flagellum (unpublished data, PhD thesis Nathalie Sander, 2022c), we 

decided to analyze a potential role regarding the flagellum (Figure III.2.5). We tested swim 

(0.3% agar) and swarm agar (0.5% agar). As negative control we used ΔmotAB. On swim 
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agar, no difference between the strains was observed (Figure III.2.5 A). Contrary to this, we 

found an increased swarm diameter after overexpression of the cytosolic domain of SiiB in 

ΔsiiB (Figure III.2.5 B), especially in the first 8 h. Interestingly, overexpression of the cytosolic 

domain of SiiB in WT showed no effect after induction in the first 8 h and only a slight decrease 

after 22 h. Thus, we concluded a potential effect of the cytosolic domain on the flagellum, 

primarily if SiiB is not expressed. 

Taken together, we found potential sites, comparable to critical residues in mechanosensitive 

channels MscS and YnaI (Figure III.2.2) and not only to MotAB. Furthermore, we demonstrate 

that the cytosolic domain of SiiB is important for SiiE retention (Figure III.2.4 A) and swarming 

(Figure III.2.5 B) and potentially affects downstream processes. 

 

III.2.4. Discussion and Outlook 

Here, we show that adhesion in a siiAB mutant strain, although it retains SiiE on the cell surface 

(Figure III.2.1 B, C), cannot be increased by forced contact to host cells (Figure III.2.1 E). Thus, 

we concluded a role of SiiAB for SiiE function, as already described for other adhesive struc-

tures and corresponding proton channels like in Mycoplasma spp. (Waldo and Krause, 2006). 

As we already showed that SiiAB play a role for the initial secretion steps of SiiE before it is 

retained by SiiC in the OM (unpublished data, PhD thesis Nathalie Sander, 2022a), SiiAB po-

tentially influence SiiE conformation or post translationally modify SiiE to increase adhesion.  

By multiple sequence alignment and tertiary structure prediction, we found conservation of 

potential residues and motifs, known to be critical for mechanosensitive channels (Figure 

III.2.2). Similarities to MotAB were already described for SiiAB (Kirchweger et al., 2019; Wille 

et al., 2014). Here, we focused on the predicted, elongated cytosolic domain that is comparable 

to mechanosensitive channels, MCPs and toxins (data not shown). As we found an effect of 

the osmotic pressure on SiiE retention and adhesion, we suggest a role in response to a hy-

perosmotic environment (600 mOsm) (Figure III.2.3). Recent studies revealed that mechano-

sensitive channels can play essential roles during invasion processes (Edwards et al., 2012; 

Flegler et al., 2020; Rasmussen and Rasmussen, 2018; Schumann et al., 2010). MscS harbors 

3 TMH per subunit whereas other mechanosensitive channels are predicted to have 5 TMH 

(YnaI, YbdG) or 11 TMH (YbiO, MscK, YjeP). Critical residues are important for channel con-

ductance of mechanosensitive channels like MscS (Wang et al., 2018). For this channel, N117 

of TMH3 was shown to interact with a second critical asparagine, N167. We found comparable 

residues and patterns in the cytosolic domains of SiiB and YnaI (Figure III.2.2, Figure S III.2.2). 

Hence, comparable functions may be proposed. YbiO was described to be NaCl-specific and 

stress response-dependent (RpoS) (Edwards et al., 2012). It was already described that SiiF 
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and SiiB interact (Wille et al., 2014). Potentially, upon a conformational change and opening 

of SiiF, SiiB senses changes in the IM, connected to proton channel function. As hypoosmotic 

shock experiments showed no influence on cell viability when siiAB were deleted (data not 

shown), we concluded that SiiAB are not an essential mechanosensitive channel during hy-

poosmotic shock. There are mechanosensitive channels described, important for infection like 

YnaI and YbiO, but additionally channels that only have a electrophysiological activity as mu-

tational variant like YbdG (Schumann et al., 2010). This MscM-like channel is important during 

hyperosmotic stress and not during hypoosmotic stress like MscS-like channels (Amemiya et 

al., 2019). Thus, further mutations and conditions have to be investigated.  

Interestingly, we found an effect of the overexpression of the cytosolic domain of SiiB on SiiE 

surface retention, but not on adhesion (Figure III.2.4). Furthermore, swarm behavior was influ-

enced (Figure III.2.5). As swarm behavior was explicitly changed, in a next step the flagellation 

of the bacteria has to be checked. It is possible that an overexpression of the cytosolic domain 

of SiiB leads to an increased amount of surface structures, as we also observed an increase 

in SiiE retention. To gain further insights in the function of the cytosolic domain of SiiB, a de-

tailed comparison to other cytosolic domains of IM proteins, like of MotA and others should 

also be performed. 

To conclude, we found evidence that the cytosolic domain of SiiB is of importance and influ-

ences proton channel function and that SiiAB can be suggested to be required for SiiE function 

and motility. 

 

 

 

 

 

III.2.5. Materials and Methods 

III.2.5.1. Bacterial strains and growth conditions 

Bacterial strains used in this study are listed in Table III.2.1. Bacteria were grown aerobically 

in LB or on LB agar plates, if necessary supplemented with carbenicillin (cb, 50 µg/ml). For 

induction of the Tet-on system encoded on the plasmids used (Table III.2.2), anhydrotetracy-

cline (AHT) was added (10 ng/ml final concentration) 1 h after inoculation of the subculture for 

additional 1.5 h (1:31). 
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Table III.2.1. Bacterial strains used in this study. 

Designation Relevant characteristics Reference 

S. Typhimurium NCTC 12023 wild type NCTC 

WRG205 siiAD13E::FRT (Wille et al., 2014) 

MvP589 Δspi4::FRT (Gerlach and Hensel, 2007)  

MvP1387 ΔsiiAB::FRT this study  

MvP2029 siiE BIg47-52 Type II DS (Griessl et al., 2013) 

MvP2168 siiE BIg47-52 Type I DS (Griessl et al., 2013) 

MvP2720 ΔmotAB::FRT lab collection 

MvP2778 ΔsiiA::FRT this study 

MvP2807 ΔsiiB::FRT this study 

MvP2779 ΔsiiE::FRT this study 

MvP2780 ΔsiiF::FRT this study 

 

III.2.5.2. Construction of plasmids 

The gene encoding the cytoplasmic domain of SiiB was amplified from genomic DNA of STM 

WT (NCTC 12023) and introduced into p4251. Oligonucleotides used are listed in Table III.2.3. 

Table III.2.2. Plasmids used in this study. 

Plasmid Relevant characteristics, resistance Reference 

p3912 siiBaa231-462-HA lab collection 

p4251 tetR PtetA lab collection 

p5622 tetR PtetA::siiBaa210-462 this study 

 

Table III.2.3. Oligonucleotides used in this study 

Designation Sequence (3´ -> 5´) Purpose 

Vr p4251 TTCACTTTTCTCTATCACTGATAGGGAGTGGTA amplification p4251 

Vf-pWSK29 GAATTCCTGCAGCCCGGGG amplification p4251 

1f PtetA-RBS-

siiB 

GTGATAGAGAAAAGTGAAAA-

TAAAAAGGTGTCAGAATGCGCAGCTCC-

TATTCCCTTG 

insert siiBaa210-462 

1r-C-term 

siiB_lacZ_p42

51 

CCGGGCTGCAG-

GAATTCTTAATCTTCATTTTTTTCCTCCTTGT 

insert siiBaa210-462 

 



Results  

84 

III.2.5.3. Western blot detection for protein biosynthesis 

For sample preparation, bacteria were inoculated 1:31 in LB, supplemented with 50 µg/ml cb 

if necessary, induced with AHT after 1 h after inoculation and grown for 2.5 h. 1 ml was pelleted 

by centrifugation at 10,000 x g. Pellets were boiled in 1x SDS cracking buffer with volumes 

adjusted according to OD600. SDS-PAGE gels according Laemmli were run for 20 min at 80 V 

and 75 min with 150 V. Semi-dry Western blot (WB) was performed with 0.45 µm nitrocellulose 

membrane with 0.8 mA/cm2. Following Ponceau S stain, membranes were blocked with 5% 

skimmed dry milk powder in TBS-T (0.1% Tween20 in TBS) for at least 30 min at RT. Primary 

antibodies were incubated o/N in blocking solution at 4 °C. The next day, membranes were 

washed three times with TBS-T and incubated with HRP-conjugated secondary antibody in 

blocking solution for 1 h at RT. Antibodies, used in this study are mentioned in Table III.2.4 

and Table III.2.5. Membranes were washed an additional three times with TBS-T, treated with 

PierceTM ECL Western blotting Substrate (Thermo Fisher) after manufacturer’s instructions 

and imaged with ChemiDocTM Imager (Bio-Rad) and ImageLab software.  

Table III.2.4. Primary antibodies used in this study. 

Antigen Host Dilution Purpose 

GST-SiiE-C rabbit 1:10,000 WB  

GST-SiiE-C rabbit 1:1,000 IF  

Salmonella O Antise-

rum Group B Factors 

rabbit 1:10,000 DB 

 

Table III.2.5. Secondary antibodies used in this study. 

Species reactiv-

ity 

Host Conjugated 

with 

Dilution Purpose 

rabbit goat HRP 1:10,000 WB 

rabbit goat Alexa488 1:1,000 IF 

rabbit goat IRDye800CW 1:20,000 DB 

 

III.2.5.4. Dot blot analysis of retained and secreted SiiE  

For Dot blot (DB) analysis, subcultures of STM were grown for 2.5 h (SiiE retention maximum, 

unpublished data, PhD thesis Nathalie Sander) and 6 h (SiiE secretion maximum) (Gerlach et 

al., 2007b). For analysis of the effect of the osmolarity on SiiE retention and secretion, the cells 

were incubated for 15 min at 37 °C in PBS with 100 mOsm, 200 mOsm, 400 mOsm and 600 

mOsm PBS, adjusted with NaCl. As controls PBS and Milli-Q were used. Additionally, bacteria 

were fixed during infection assay procedure in PBS, LB for comparison and infection medium 
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(MEM Earle´s). Dot blot was performed as published before (Peters et al., 2017). The antibod-

ies used for the Dot blots are described in Table III.2.4 and Table III.2.5. 

 

III.2.5.5. Flow cytometry of surface-bound SiiE 

For analysis of surface retention of SiiE by flow cytometry, 3x108 bacteria were fixed with 3% 

paraformaldehyde in PBS for at least 20 min at RT. Bacteria were blocked with 2% goat serum 

and 3% BSA in PBS for 30 min and afterwards stained with the specific primary antibody rabbit-

α-SiiE (1:1,000) in blocking solution o/N, 4 °C. Staining with second antibody goat-α-rabbit-

Alexa488 (1:2,000) occurred for 1 h at RT. Bacteria were diluted 1:10 in cell culture PBS and 

50,000 bacteria were measured with the Attune NxT Flow Cytometer (Thermo Fisher) and 

analyzed using Attune NxT software (Göser et al., 2020; Röder and Hensel, 2020). Bacteria 

were gated using unstained STM and measured by FSC-H and SSC-H. For gating of the SiiE 

surface signal, positive control STM WT and negative control ΔsiiE were used. All samples 

were measured under the same conditions (flow rate 12.5 µl/min). 

 

III.2.5.6. Motility analysis in swim and swarm agar 

To further analyze the motility of the strains, subcultures were grown for 2.5 h at 37 °C with 

AHT induction after 1 h. 5 µl of the subcultures were inoculated in the center of swim/swarm 

agar plates (1% tryptone, 0.5% NaCl, 0.3% (swim agar) 0.5% (swarm agar) agar, 1 mM 

MgSO4, complemented with carbenicillin (cb, 50 µg/ml) and AHT, if necessary). The swim and 

swarm zone diameters were measured hourly for 8 h, and finally after 21 h of incubation at 

30 °C. 

 

III.2.5.7. Cell culture 

MDCK cells (subline pf, obtained from Prof. Dr. M. Goppelt-Struebe, Med. Klinik 4, Universi-

tätsklinikum Erlangen) were cultured as described before (Gerlach et al., 2008). For adhesion 

and invasion assays, cells were seeded in 24-well plates at a density of 1x105 cells per well 

5 days before infection to ensure differentiation of cells. At the day of infection, cell density was 

5x105 cells per well. Due to the long incubation time, the medium was supplemented with pen-

icillin and streptomycin. The medium was changed to antibiotic-free medium one day before 

infection (at least 4 h before infection). 
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III.2.5.8. Adhesion and invasion assay 

To determine adhesion, cells were treated with 3 µg/ml Cytochalasin D 1 h before infection, to 

inhibit actin remodeling and uptake of the pathogen. For infection, 2.5 h subcultures of infecting 

STM were grown. For analysis of the influence of osmotic active particles in the medium, bac-

teria were incubated for 15 min at 37 °C in PBS with 100 mOsm, 200 mOsm, 400 mOsm and 

600 mOsm PBS.  As controls PBS and Milli-Q were used. MDCK cells were infected in tech-

nical triplicates at multiplicity of infection (MOI) 5, and incubated for 25 min at 37 °C in an 

atmosphere of 5% CO2. The cells were washed three times with prewarmed PBS. To deter-

mine adhesion, cells were lysed directly with 0.5% deoxycholate in PBS (freshly prepared). To 

determine invasion, cells were treated with 500 µl medium containing 100 µg/ml gentamicin 

per well for 1 h, washed three times with prewarmed PBS and lysed with 0.5% deoxycholate 

in PBS (freshly prepared). Lysis was performed for 10 min at 37 °C on a shaking platform. 

Lysates were collected in single tubes and serial dilutions of inoculum and lysates were plated 

logarithmic on MH plates to determine CFU. Plates were incubated o/N at 37 °C and CFU were 

counted the next day with Acolyte software. The percentages of adhered and invaded bacteria 

were calculated.  

 

III.2.5.9. Bioinformatic analyses 

Tertiary structure model predictions were performed by Phyre2 algorithm (Kelley et al., 2015) 

and visualized with Pymol. Multiple sequence alignments were performed with Clustal Omega 

(Madeira et al., 2019) and T-Coffee, version 11.0 (Notredame et al., 2000). 
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III.2.7. Supplements 

 

 

Figure S III.2.1. Transmembrane helix prediction of ExbB, MscS, YnaI and SiiB. Shown are the 
TMH predictions of ExbB (A), MscS (B), YnaI (C) and SiiB (D) by Phyre2 (Kelley et al., 2015). 
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Figure S III.2.2. Full-length multi sequence alignment of proton and mechanosensitive channels 
in comparison to STM SiiB. A) Shown is the alignment of H+-conducting channel ExbB, mechanosen-
sitive channels MscS and YnaI and SiiB of Salmonella Typhimurium (STM). Alignment was performed 
with Clustal Omega (Madeira et al., 2019). Highly conserved regions are depicted as indicated. 

 

 

 

 

 

Figure S III.2.3. Protein biosynthesis and toxicity of overexpression of the cytosolic domain of 
SiiB. A) Western blot against SiiB (51.5 kDa) and cytosolic domain of SiiB (28 kDa), respectively, fol-
lowing induction with 10 ng/ml AHT. Subcultures were grown for 2.5 h with AHT induction after 1 h, 
pelleted and boiled in SDS-PAGE sample buffer. SDS-PAGE and Western blot with antibodies α-SiiB 
(1:10,000) and secondary antibody α-rabbit HRP-conjugated (1:10,000) were performed. Protein mark-
ers as indicated in kDa. B) Determination of toxicity following overexpression of the cytosolic domain of 
SiiB. Subcultures were grown for 2.5 h with AHT induction after 1 h, diluted in PBS according to the 
OD600 and plated on LB agar plates (supplemented with cb if necessary). WT without AHT was defined 
as 100% as indicated. 
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III.3.1. Abstract 

During infection by Salmonella enterica virulence associated secretion systems, like the type 

1 secretion system (T1SS), encoded by the Salmonella Pathogenicity Island 4 (SPI4) as well 

as other surface structures like the flagellum play an important role for efficient adhesion and 

invasion. The flagellar-driven motility is a critical factor during infection for many Gram-negative 

bacteria like S. enterica, Escherichia coli or Pseudomonas aeruginosa involving biofilm for-

mation, immune system modulations and adhesion to various surfaces. Proton channels such 

as MotAB power rotation of the flagellum and bacteria lose motility upon deletion of this stator 

complex of the flagellum. Additionally, it is described that in dependence of environmental 

changes, alternative stator complexes can associate with the flagella motor, which not only 

generate more torque, but can also stop the flagellar rotation. The SPI4-T1SS possesses two 

non-canonical subunits, namely SiiA and SiiB, which form a proton channel in the inner mem-

brane (IM) and show structural similarities to MotAB. SiiAB are required for an efficient adhe-

sion to and invasion of polarized cells. The SPI4-T1SS substrate SiiE mediates the first close 

contact to the host cell, representing a special microcompartment important for Salmonella 

infection. However, the detailed mechanism and localization of SiiAB during invasion is still not 

known. Here, we demonstrate that there is a connection between the flagellum and the SPI4-

T1SS substrate SiiE. Intriguingly, the synthetic expression of siiAB as well as synthetic expres-

sion of the flagellar stator unit motAB both showed an increase of velocity. By high resolving 

dual-color 3D dSTORM microscopy and coordinate-based colocalization (CBC) analysis, we 

could show that SiiAB are not only located at the SPI4-T1SS, but also at the flagellum at the 

time point of maximal SiiE retention. Thus, we suggest that SiiAB are not only important directly 

at the SPI4-T1SS, but also for other virulence-associated complexes like the flagellum. 
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III.3.2. Introduction 

Besides a type 3 secretion system (T3SS), encoded by genes on Salmonella Pathogenicity 

Island 1 (SPI1), an important factor for adhesion to and invasion of polarized epithelial cells is 

the SPI4 type 1 secretion system (T1SS), which is composed of the ATP-binding cassette 

(ABC) transporter SiiF in the inner membrane (IM), SiiD as periplasmic adaptor protein (PAP), 

and SiiC as secretin. The giant repetitive 600 kDa substrate SiiE is transported to the IM, rec-

ognized by its T1SS and subsequently secreted into the extracellular space, depending on 

binding of extracellular Ca2+ (Barlag and Hensel, 2015; Griessl et al., 2013; Wagner et al., 

2011). During secretion, SiiE is retained on the cell-surface and mediates the first close contact 

to the host cell membrane during invasion (Gerlach et al., 2007b). Additionally, the SPI4 also 

encodes an accessory non-canonical proton channel, SiiAB, located in the IM (Wille et al., 

2014). It was shown that SiiAB play an essential role in adhesion and invasion by transporting 

ions across the IM (Wille et al., 2014). SiiA and SiiB share similarities regarding composition 

and structure with the stator complex of the flagellum, MotAB (Kirchweger et al., 2019). SiiA 

was found to express the conserved critical aspartate residue (D13), comparable to MotB 

(D33), inhibiting proton channel function after mutation (Wille et al., 2014). Comparable to 

MotA, SiiB harbors a large cytoplasmic region, which was shown to interact with SiiF as it is 

postulated for MotA and the rotor (Blair and Berg, 1991; Dean et al., 1984; Deme et al., 2020b; 

Wille et al., 2014; Zhou et al., 1995). Additionally, a cross correlation between SiiAB and chem-

otaxis related CheM was recently described (Hoffmann, 2021, under revision). However, the 

detailed mechanism behind SiiAB function during invasion is still not known.  

During invasion, the flagellum, the SPI4-T1SS and the SPI1-T3SS are simultaneously ex-

pressed, leading to a most efficient adhesion and invasion (Gerlach et al., 2008; Gerlach et 

al., 2007a; Holzer et al., 2009; Horstmann et al., 2020). Motility was found to be essential for 

biofilm development and maturation by P. aeruginosa, Yersinia enterocolitica, Listeria mono-

cytogenes and E. coli, but also during infection as described for pathogens like Campylobacter 

jejuni and S. enterica (Haiko and Westerlund-Wikstrom, 2013; Kim et al., 2008; Koirala et al., 

2014; Lemon et al., 2007; Mertins et al., 2013; Partridge and Harshey, 2013; Sauer et al., 2002; 

Wood et al., 2006). It was shown that methylation of S. Typhimurium (STM) flagella supports 

adhesion to host cells and hence their invasion (Horstmann et al., 2020). It was shown that the 

flagellar T3SS can be associated with bacterial pathogenicity and is co-regulated with virulence 

genes during infection (Duan et al., 2013).  

The flagellum consists of a long external filament, built up from flagellin, the hook and a large 

motor region located in the cell envelope (Berg, 2003; Nakamura and Minamino, 2019). An 

ion-powered rotor and a ring of a varying number of stator complexes, surrounding the rotor, 

represent the motor region of the flagellum in different bacteria (Coulton and Murray, 1978; 
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Khan et al., 1988; Khan et al., 1992; Khan et al., 1991). The rotational direction of the motor 

can be changed by chemotactic signaling, leading to a higher adaptation to environmental 

changes (Minamino et al., 2019). MotAB displays the most well studied example for the pro-

karyotic rotary motor stator unit family that uses energy from the transmembrane (TM) ion 

gradient instead of ATP in order to generate mechanical work (Kuhlbrandt and Davies, 2016; 

Lai et al., 2020; Mandadapu et al., 2015). Stator complexes use H+ or Na+ ion flow across the 

IM, in turn generating torque in the cytoplasmic region (C-ring) of the rotor complex (Blair and 

Berg, 1988, 1990; Kojima, 2015; Larsen et al., 1974). These complexes are present in an 

inactive, plugged form and are activated by motor incorporation and peptidoglycan (PG) bind-

ing (Hosking et al., 2006). MotA builds the pore complex in the IM and consists of four TM 

helices (TMH) and a large cytoplasmic domain between TMH2 and TMH3 that is suggested to 

directly interact with the rotor (Blair and Berg, 1991; Dean et al., 1984; Deme et al., 2020b; Hu 

et al., 2021; Zhou et al., 1995). MotB contains one TMH, followed by a plug region and a large 

periplasmic region, which can bind to peptidoglycan (=peptidoglycan-binding domain, PGB) 

(Hosking et al., 2006; Kojima et al., 2018; Roujeinikova, 2008). The MotAB stator unit shows 

homologies to other known stator units of prokaryotic systems coupling proton translocation to 

force generation in rotary motors (Lai et al., 2020) such as ExbBD (Kojima and Blair, 2001), 

TolQR (Cascales et al., 2001) and AglRQS (Sun et al., 2011). A 5:2 stoichiometry was recently 

confirmed for MotAB and ExbBD, and appears to be a conserved structure across the 

MotAB/PomAB family (Deme et al., 2020a, b; Santiveri et al., 2020). 

It was demonstrated that SiiAB share similarities with MotAB (Kirchweger et al., 2019; Wille et 

al., 2014) and that not only the flagellum is co-regulated with virulence genes during invasion 

of STM, but also that different conserved stator complexes were shown to act at the flagellum 

in dependence of environmental changes. Additionally, we already described a role of SiiAB 

for invasion (Wille et al., 2014) and now could also show a distinct role in the initial steps of 

SiiE secretion (unpublished data, PhD thesis Nathalie Sander, 2022a). We concluded that Si-

iAB are possibly not only involved in SiiE secretion, but additionally at the flagellum to support 

flagellar rotation or slow it down to increase efficient invasion. Thus, we analyzed possible 

modes of action of SiiAB and the flagellum during invasion and also the role of SiiAB for move-

ment during infection of STM. Further, we used novel nanobody tags for visualization of SiiAB 

localization inside STM by dual-color 3D direct stochastic optical reconstruction microscopy 

(dSTORM) on a single-molecule super-resolution level and coordinate-based colocalization 

(CBC) analyses. We used MotAB as best-described flagellar-associated proton channel as 

positive control for our assays. 
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III.3.3. Results 

III.3.3.1. Structure prediction of SPI4-T1SS accessory proton channel SiiAB reveals more con-

sensus with Na+-conducting channels than with H+-conducting channels  

Sequence similarity between SiiA and MotB, and SiiB and MotA have been previously de-

scribed (Deme et al., 2020b; Kirchweger et al., 2019; Santiveri et al., 2020; Wille et al., 2014), 

indicating related functions and mechanisms. Recently, complex structures for MotAB became 

available, but no structural information are available for SiiAB. We performed tertiary structure 

analyses using the trRosetta algorithm (Du, 2021; Yang et al., 2020) to compare both channels 

(Figure III.3.1). The determined TM-scores are indicative of the validity of prediction. The TM-

scores in the structure predictions were very high for MotA (0.859) and MotB (0.705), high for 

SiiA (0.589) and middle for SiiB (0.411). MotA and SiiB share the overall helical structure, 

although they present a different fold. While SiiB is predicted to possess a long C-terminal 

domain extending into the cytoplasm, this is not the case for MotA. Based on sequence align-

ments with Campylobacter jejuni MotA (CjMotA), homologous residues critical for FliG binding 

are conserved in STM MotA to some extent (Hu et al., 2021; Santiveri et al., 2020). For CjMotA, 

the positively charged residues R89 and R90 and the negatively charged residues E97 and 

D117 from the adjacent subunit were found to be essential for FliG interaction (Santiveri et al., 

2020). These amino acids are present in conserved regions and hence STM MotA shows a 

comparable positively charged patch (R90/Q91), whereas the negatively charged region is a 

little less conserved (E98/S135). SiiA and MotB are also anticipated with a very similar fold 

(Figure III.3.1 A, C). The prediction includes a β-sheet domain in the C-terminal part, consisting 

of five β-sheets, respectively. The critical aspartate residue essential for the proton channel 

function is located in the N-terminal region in both cases (Wille et al., 2014; Zhou et al., 1998). 

Additionally, extended loops at the very N- and C-terminus are predicted for MotB, but not for 

SiiA. Taken together, the predicted structures for MotA and SiiB and MotB and SiiA are com-

parable but also show distinct differences. We concluded that these small differences can be 

explained by their different functions. 

As described before, we performed an alignment analysis of not only H+-conducting channels, 

but also Na+-conducting channels (Santiveri et al., 2020) and compared them to STM SiiB 

(Figure III.3.2 and Figure S III.3.1). Besides CjMotA, MotA of Campylobacter jejuni (Cj), Sal-

monella Typhimurium (STM), Escherichia coli (Ec), Helicobacter pylori (Hp), Bacillus subtilis 

(Bs), Shewanella oneidensis (So) and the Na+-conducting channels MotP and PomA of Bs, So 

and Vibrio alginolyticus (Va) were analyzed in comparison to STM SiiB (Figure III.3.2 A). The 

arginine at position 89 was found to be highly conserved among all analyzed channels, inde-

pendent of the proton specificity. Interestingly, the Na+-conducting channels and SiiB all pos-

sess a lysine after the critical arginine, which cannot be found in the H+-conducting channels.  
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Figure III.3.1 Structural analyses of the proton channels MotAB and SiiAB. Tertiary structure model 
prediction for MotA (A), MotB (B), SiiB (C) and SiiA (D) by trRosetta (Du, 2021; Yang et al., 2020). Loop, 
gray; β-sheet, blue; α-helix, orange. TM-score for modelling by trRosetta. TM-Scores: 0.859 (MotA), 
0.705 (MotB), 0.589 (SiiA), 0.411 (SiiB). Critical residues as indicated (*). TM-score > 0.4 = middle 
confidence, TM-score > 0.5 = high confidence, TM-score > 0.7 = very high confidence.  
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Figure III.3.2. Alignment of various H+- and Na+-conducting channels in comparison to STM SiiB. 
A) Shown is the alignment of H+-conducting channels (MotA) of Campylobacter jejuni (Cj), Salmonella 
Typhimurium (STM), Escherichia coli (Ec), Helicobacter pylori (Hp), Bacillus subtilis (Bs), Shewanella 
oneidensis (So) and the Na+-conducting channels MotP and PomA of Bs, So and Vibrio alginolyticus 
(Va). Alignment was performed with Clustal Omega (Madeira et al., 2019). Highly conserved regions 
are depicted in dark blue. Arrows indicate the critical CjMotA residues R89, R90, E97 and D117 as 
published before (Santiveri et al., 2020). B) Percent identity between the analyzed channels as indi-
cated. C) Shown are the total consistency values of the tested channels generated by multiple sequence 
alignment by T-Coffee algorithm (Notredame et al., 2000).  
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This patch of higher conservation among the sequences also contains a leucine (CjMotA L94), 

which was not found in all H+-conducting channels, but in all Na+-conducting channels. The 

conserved glutamic acid (CjMotA E98) was found in all analyzed proteins, with exception of 

BsMotP and STM SiiB. However, BsMotP showed the same charged aspartic acid at this po-

sition, which was also not found in STM SiiB (L87), displaying a pattern differing from all tested 

channels. Additionally, we found a highly conserved glycine (CjMotA G136), indicating an es-

sential role of this residue as well. We additionally analyzed the identity between the different 

channels (Figure III.3.2 B). Identity of SiiB with the other channels did not reach 20%, whereas 

H+-conducting channels and Na+-conducting channels showed higher values between each 

other, respectively. Between the two groups also only about 20-30% identity was found. SiiB 

showed less identity with MotA of Cj, Ec, STM and Hp than with MotA of Bs and So, as well as 

MotP of Bs and PomA of So and Va. We concluded lower values of overall sequence identity 

for SiiB compared to the other channels, due to the extended C-terminal part of SiiB (Figure 

III.3.1 B and Figure S III.3.1), which could not be found in other of the channels (SiiB STM 

462aa; STM MotA 295aa). Interestingly, analysis of the total consistency values of the tested 

channels by multiple sequence alignment by T-Coffee algorithm showed higher scores for SiiB 

with Na+-conducting channels (Score: 58) than with H+-conducting channels (Score: 42) (Fig-

ure III.3.2 C).  

All in all, we confirmed similarities between SiiB with MotA as published before, and addition-

ally observed a higher consensus to Na+-conducting channels, shedding new light on the SPI4-

T1SS accessory proton channel SiiAB. 

 

III.3.3.2. The flagellar filament directly alters SiiE secretion and function 

It was already shown that the non-canonical subunits SiiAB are important during invasion, but 

their detailed function is still not known (Wille et al., 2014). Interestingly, flagellar-associated 

proteins can be co-regulated with virulence genes and the flagellum itself plays an important 

role during invasion (Duan et al., 2013). Furthermore, the flagellum, the SPI1-T3SS and the 

SPI4-T1SS are simultaneously expressed during invasion (Gerlach et al., 2008; Gerlach et al., 

2007a; Holzer et al., 2009; Horstmann et al., 2020). Such a co-regulation is also described for 

biofilm-forming pathogens as P. aeruginosa, which switches between a motile and sessile life-

style, requiring a defined regulation of associated proteins (Boyd et al., 2014; Cooley et al., 

2016; Smith et al., 2018a). Thus, as efficient invasion potentially requires a comparable regu-

lation, we decided to not only investigate the role of SiiAB for the flagellum, but additionally the 

correlation between the flagellar filament, built from the hook, cap subunit and the major sub-
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units flagellins FliC or FljB (Haiko and Westerlund-Wikstrom, 2013), and the SPI4-T1SS, es-

pecially the substrate SiiE. In a first attempt to analyze a potential correlation we performed 

flow cytometry analysis of retained SiiE (Figure III.3.3 A-C) and as a direct functional conse-

quence measured the adhesion to polarized MDCK cells (Figure III.3.3 D). 

For flow cytometry analysis, we stained surface-bound SiiE at the time point of maximum re-

tention (2.5 h) (unpublished data, PhD thesis Nathalie Sander, 2022b) with an Alexa488-con-

jugated antibody. As positive and negative controls, we used STM WT and a siiE deletion 

strain, respectively. We tested a siiAB deletion strain, a non-flagellated mutant (ΔfliC ΔfljB) and 

a double mutant without filament and proton channel SiiAB (ΔfliC ΔfljB ΔsiiAB). First, we gated 

the bacteria (Figure III.3.3 A) with an unstained STM WT sample (not shown). Stained strains 

behaved like the unstained control and showed no aggregates. In a second step, we gated the 

SiiE-positive cells with help of the positive and negative control (Figure III.3.3 B, exemplary). 

We found approximately 20% SiiE-positive cells in WT (20.2%), as well as in ΔsiiAB (20.7%) 

and ΔfliC ΔfljB (22%) (Figure III.3.3 B). Interestingly, ΔfliC ΔfljB ΔsiiAB showed twice as many 

SiiE-positive bacteria (43.9%), but with lower signal intensity per cell (Figure III.3.3 B). The 

distribution of SiiE-positive events was comparable to ΔsiiAB. We analyzed the signal per cell 

by calculating the mean fluorescence, taking the positive cells and the counted bacteria into 

account (Figure III.3.3 C). Considering the signal per cell, no difference was observed between 

WT, ΔfliC ΔfljB (95.6%), and ΔfliC ΔfljB ΔsiiAB (97%). The siiAB deletion strain showed a 

significantly reduced SiiE signal per cell (48.2%) in comparison to WT. We concluded that 

siiAB actively regulate SiiE retention per cell that – in a deletion of the flagellum – is compen-

sated for by upregulation of the SiiE-positive cells in the whole population. As a direct conse-

quence of SiiE retention, we tested the adhesion to polarized cells (Figure III.3.3 D). Although 

a siiAB deletion strain retains 50% of SiiE on the cell surface, a significant decrease in adhe-

sion, comparable to a siiE deletion strain was observed. In comparison to ΔfliC ΔfljB, ΔfliC 

ΔfljB ΔsiiAB showed a reduced adhesion (67%), indicating that as in a siiAB strain, SiiE func-

tion is reduced despite being retained on the cell surface.  
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Figure III.3.3. SiiE retention and function in dependence of the flagellum and SiiAB. A-C) Flow 
cytometry of retained SiiE. Subcultures were grown for 2.5 h, bacteria were pelleted and fixed with 3% 
PFA in PBS. Retained SiiE was stained with serum against SiiE and Alexa488-conjugated secondary 
antibody. Bacteria were diluted to OD600 of 0.1 and analyzed by flow cytometry. A) Gating for bacteria 
(FSC, SSC) with unstained WT (not shown). B) Histogram of the Alexa488-positive cells and the counts. 
WT was used as positive control and ΔsiiE as negative control for gating. SiiE-positive cells as indicated. 
C) SiiE signal intensities of positive cells. D) Adhesion of STM to polarized MDCK cells in dependence 
of SiiAB and the flagellum. Subcultures were grown for 2.5 h and MDCK were infected with MOI 5. 
Statistical analyses compared to WT with at least biological duplicates by two-tailed t-test: ***, p < 0.001; 
**; *, p < 0.05; n.s., not significant. 

 

It was postulated that the flagellar filament is important for the adhesion to distinct cell types 

and the rotation of the flagellum for the invasion (Haiko and Westerlund-Wikstrom, 2013). 

Therefore, we decided to test the invasion of polarized and non-polarized cells in dependence 

of the flagellum, MotAB and SiiAB (Figure III.3.4). As functionality of the SPI4-T1SS is not 
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necessary for invasion of non-polarized cells like HeLa cells (Gerlach et al., 2008), a SPI1-

T3SS-deficient strain (ΔinvC) was introduced as control. This mutant strain is not able to in-

vade polarized or non-polarized cells (Figure III.3.4). In polarized cells, all SPI4-T1SS mutant 

strains showed a highly reduced invasion (Figure III.3.4 A). In contrast, only the siiE strain 

invaded identical to WT into non-polarized cells (Figure III.3.4 B). The proton channel mutants 

siiAD13E and ΔsiiAB showed reduced invasion in comparison to WT (53% and 63.5%), indicat-

ing a role of the proton channel independent of the canonical T1SS subunits and SiiE for inva-

sion of non-polarized cells. Interestingly, we found that loss of the flagellum leads to a less 

reduced invasion (77.6%) of polarized cells than deletion of motAB (additionally) (33%). Con-

trary, a deletion of the flagellar filament alone and the proton channels in addition showed the 

similar phenotype in non-polarized cells (5.5% to 12.4% of WT). We propose that the flagellar-

mediated motility of STM is more important for invasion of non-polarized cells than of polarized 

cells, and that SiiAB contribute to invasion of non-polarized cells independent of SiiE. 

 

Figure III.3.4. Invasion of polarized or non-polarized cells in dependence of SPI4-T1SS and fla-
gellum associated-proteins. Invasion of polarized MDCK cells (A) or non-polarized HeLa cells (B). 
Subcultures were grown for 2.5 h and cells were infected at MOI 5. Statistical analyses compared to WT 
with at least biological triplicates by two-tailed t-test: ***, p < 0.001; **, p < 0.01; *, p < 0.05; n.s., not 
significant. 
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III.3.3.3. 3D dSTORM analysis shows localization of SiiB at the flagellum in phases of maximal 

SiiE retention 

Besides similarities between MotAB and SiiAB (Kirchweger et al., 2019; Wille et al., 2014), we 

additionally found conserved residues in H+-conducting and Na+-conducting channels, associ-

ated with the flagellum (Figure III.3.1, Figure III.3.2). To efficiently invade host cells, a tight 

control of not only the secretion systems, but also of the flagellum is essential, taking other 

systems like biofilm-associated systems as in P. aeruginosa into account (Smith et al., 2018b), 

where bacteria change from a motile to a sessile lifestyle, comparable to STM adhesion pro-

cess. We could already show that the flagellar movement is essential for an increased invasion 

of polarized and non-polarized cells (Figure III.3.4). Thus, we investigated whether SiiAB are 

possibly located at the flagellum, actively supporting torque generation or stopping of the fla-

gellum to positively regulate invasion. It was already described for other bacteria and proton 

channels that MotAB can be exchanged under distinct conditions (Baker and O'Toole, 2017). 

There are homologies described for MotA and SiiB and MotB and SiiA (Kirchweger et al., 

2019), making it conceivable that SiiAB can also play a role directly at the flagellum. We used 

novel nanobody tags, ALFA-tag and Spot-Tag, and suitable small nanobodies, directly coupled 

to fluorochromes, to analyze the localization of MotAB and SiiAB by super-resolution micros-

copy (SRM). By using these small tags and nanobodies, we ensured a minimal distance be-

tween the proteins of interest and the fluorochrome, increasing the accuracy of the localization 

and interpretation of protein colocalization. The fusion proteins were checked for expression 

and functionality (Figure S III.3.3). For the Spot-Tag system, we were also able to efficiently 

elute complexes of MotA and MotB via Spot-Trap under endogenous expression conditions 

(Metterlein, 2018) (data not shown).  

In a first attempt, we tested the nanobodies and tags by widefield microscopy (Figure III.3.5). 

We stained the controls MotA and MotB with nanobodies coupled to Atto565 and Alexa647, 

respectively. SiiA and SiiB were stained with Alexa647 and Atto565, comparable to the MotAB 

control. Additionally, we tested specificity of the nanobody binding to our introduced tags (data 

not shown). Already by using diffraction-limited widefield microscopy we are able to detect 

specific spots in bacterial envelopes, indicating overlapping signals for MotA and MotB (Figure 

III.3.5 A). We additionally found signals for SiiA and SiiB (Figure III.3.5 B). We concluded that 

nanobody tags are compatible with SiiAB and MotAB function and allow specific dual-fluores-

cence labeling. In a next step, we analyzed colocalization of MotA with the flagellum and of 

SiiB with the SPI4-T1SS. We labeled FliN and SiiF with a HaloTag and incubated the fixed and 

stained bacteria with Htl-SiR ligand (Figure III.3.6). FliN is located in the IM and is part of the 

C-ring of the flagellar rotor, interacting with the stator complexes (Hu et al., 2021). 
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Figure III.3.5. Functionality of ALFA and SPOT tag in MotAB and SiiAB. Microscopic analysis of the 
controls MotA (ALFA-tag), MotB (Spot-Tag), SiiA (Spot-Tag) and SiiB (ALFA-tag), stained with fluoro-
chrome-coupled nanobodies. Subcultures were grown for 2.5 h, pelleted by centrifugation and fixed with 
a methanol/acetic acid mix. Cells were permeabilized by treatment with 8 µg/ml Lysozyme. Bacteria 
were stained for MotA and SiiB with Atto565-coupled FluoTag-X2 anti-ALFA nanobody, and MotB and 
SiiA with Alexa647-coupled nanobody against Spot-Tag. For microscopy, a widefield microscope, 100x 
with oil was used. Images were deconvoluted with Huygens Professional version 19.04 (Scientific Vol-
ume Imaging, The Netherlands, http://svi.nl). Scale bar, 2 µm. 

 

Furthermore, we checked for localization of SiiB at the flagellum (Figure III.3.6 B, lower panel). 

For MotA and FliN we found overlapping signals distributed over the cells (Figure III.3.6 A). 

SiiB and SiiF showed overlapping signals, also potentially located in the membrane regions 

(Figure III.3.6 B, upper panel). Interestingly, we found spots with a FliN signal only and spots 

with both proteins, SiiB and FliN, in direct proximity (Figure III.3.6 B, lower panel). We con-

cluded that there is a possibility that SiiB not only localizes at the SPI4-T1SS, but may also be 

able to localize at the flagellum, as it is described for MotA. After these first tests, we decided 

to analyze the localization in more detail by using 3D dSTORM SRM. 

To analyze localization of subunits with higher spatial resolution, we performed dual-color 3D 

dSTORM (Huang et al., 2008). We used the tags introduced above and specific controls for 

our analysis. By addition of a cylindrical lens in a widefield total internal reflection (TIRF) mi-

croscope that changes position and ellipticity of the single signals according to its z localization, 

it is possible to localize single molecules in 3D (Huang et al., 2008). Prior to image acquisition, 

a calibration curve is generated, thus allowing accurate calculation of the astigmatic signals 

and determination of the 3D information. In combination with the coordinate-based colocaliza-

tion (CBC) method, we were not only able to image the proteins (Figure III.3.7), but also to 

quantify 3D localizations of the proteins of interest (Figure III.3.8). 
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Figure III.3.6. Localization analysis of MotAB, SiiAB, the flagellar rotor, and the SPI4-T1SS. Mi-
croscopic analysis of MotA, FliN, SiiB and SiiF, stained with fluorophore-coupled nanobodies and Halo-
Tag® ligand Htl-SiR, respectively. Subcultures were grown for 2.5 h, pelleted by centrifugation and fixed 
with a methanol/acetic acid mix. Cells were permeabilized by treatment with 8 µg/ml lysozyme. Bacteria 
were stained for MotA and SiiB with Atto565-coupled FluoTag-X2 anti-ALFA nanobody and FliN and 
SiiF with HaloTag® ligand Htl-SiR. For microscopy, a widefield microscope, 100x with oil was used. 
Scale bar, 2 µm. 

 

To exemplary demonstrate proximity of the proteins we tested, we show distinct evaluated 

slices of the generated z stacks. The validated images showed overlapping signals of MotB 

and MotA (Figure III.3.7 A). Additionally, we found MotA adjacent to the C-ring protein FliN 

(Figure III.3.7 B). We were also able to image SiiB and SiiA in direct proximity and found over-

lapping signals (Figure III.3.7 C). Interestingly, we found less SiiB located with SPI4-T1SS 

ATPase subunit SiiF (Figure III.3.7 D), but more frequently associated with the flagellar rotor 

subunit FliN (Figure III.3.7 E).  
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Figure III.3.7. Localization analysis of MotAB and SiiAB by 3D dSTORM microscopy. Shown are 
representative validated 3D dSTORM SRM images. Subcultures were grown for 2.5 h, pelleted by cen-
trifugation and fixed with a methanol/acetic acid mix. Cells were permeabilized by treatment with 8 µg/ml 
Lysozyme. Bacteria were stained for MotA and SiiB with Atto565-coupled FluoTag-X2 anti-ALFA nano-
body and FliN and SiiF with HaloTag® ligand Htl-SiR. For SRM by dSTORM imaging, cells were incu-
bated in a buffer containing 15 mM MEA, 4.5 mg/ml D-glucose, 40 μg/ml catalase and 0.5 mg/ml glu-
cose-oxidase and maximum laser power was used for excitation. The 3D SRM image was rendered 
from single emitter localizations obtained within at least 2,000 frames and calibrated with TetraSpeck™ 
Microspheres, recorded under the same conditions. The maximum intensity projection (MIP) of the 3D 
analysis is shown in the left panel. Scale bars, 1 μm. Numbers in the right corner indicate slice number 
of the validated z stack. A) Staining of the positive control MotA with α-ALFA-tag nanobody coupled to 
Atto565 and MotB with α-Spot-Tag nanobody coupled to Alexa647. One representative cell is shown. 
B) Staining of the positive control MotA with α-ALFA-tag nanobody coupled to Atto565 and FliN with Htl-
SiR. C) Staining of SiiB with α-ALFA-tag nanobody coupled to Atto565, and SiiA with α-Spot-Tag nano-
body coupled to Alexa647. One representative cell is shown. D) Staining of SiiB with α-ALFA-tag nano-
body coupled to Atto565 and SiiF with Htl-SiR. E) Staining of SiiB with α-ALFA-tag nanobody coupled 
to Atto565 and FliN with Htl-SiR. 

 

These visualizations are supported by our CBC analysis (Figure III.3.8). The CBC is described 

to be similar to the Spearman correlation (Malkusch et al., 2012). The defined CBC value can 

reach values from -1 for perfect anti-correlated distribution, described to be difficult to interpret 

if the Pearson and the Mander´s correlation coefficient are taken into account (Adler and 
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Parmryd, 2010; Zinchuk and Zinchuk, 2008), through 0 for non-correlated distributions (low 

probability of colocalization), to +1 for perfectly correlated distributions (high probability of col-

ocalization) (Malkusch et al., 2012). The Pearson correlation coefficient (PCC) and the Man-

der´s overlap coefficient (MOC) can be used to quantify the degree of colocalization between 

two fluorophores (Adler and Parmryd, 2010). As the PCC describes the linear correlation of 

two characteristics, but the characteristics can also be non-linear, this correlation coefficient is 

not a good measure for a pure stochastic dependence of two features (Brueckler, 2017). The 

MOC was introduced to solve these problems with the PCC (Adler and Parmryd, 2010). These 

coefficients only differ in the use of the intensities. Whereas the PCC uses the deviation from 

the mean, MOC uses absolute intensities. Contrarily, the introduction of the CBC algorithm 

was shown to be suitable for single-molecule SRM data (Malkusch et al., 2012). Beside the 

values ranging from 0.5 to +1 (positive correlation, PC), we additionally defined an anti-corre-

lation range (AC), ranging from -1 to -0.5, as described before (Mass et al., 2020). We found 

increased AC values for MotA and SiiB with FliN and SiiF (Figure III.3.8 B, D, E) than with 

MotB and SiiA (Figure III.3.8 A, C), indicating a higher distance than with the other proton 

channel subunit, as expected. We found comparable amounts of MotA positively correlated 

with MotB (38.9%, PC: 9%) (Figure III.3.8 A) and with FliN (39.1%, PC: 11.8%) (Figure III.3.8 

B). For SiiB and SiiA, colocalization values were slightly smaller in comparison (26.5%, PC: 

6.3%) (Figure III.3.8 C). Strikingly, we only found less positive colocalization (11.6%, PC: 2.2%) 

for SiiB and SiiF along with high AC values, respectively (Figure III.3.8 D), indicating that SiiB 

(together with SiiA) is not located at the SPI4-T1SS at the time point of maximum SiiE retention. 

These data are supported by previous results, showing that SiiAB are only important during 

the initial steps of SiiE secretion prior to retention of SiiE by SiiC in the OM (unpublished data 

PhD thesis Nathalie Sander, 2022a). Interestingly, we found comparable values for a colocal-

ization of SiiB and FliN (24.3%, PC: 6.5%), as for SiiB and SiiA (Figure III.3.8 E), underlining 

the above results and further supporting an interplay between SiiAB and the flagellar rotor. 
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Figure III.3.8. CBC analysis of 3D localizations of MotAB and SiiAB at the flagellum and the SPI4-
T1SS. Shown are coupled dual-color 3D-dSTORM localization and quantitative coordinate-based colo-
calization (CBC) analyses of MotAB and SiiAB with each other (A, C), SiiF (D) or FliN (B, E), respectively. 
Box plots (A-E) indicate CBC frequencies on the x-axis and show the value distributions. F) Comparison 
of the colocalization to MotA-MotB control. At least three independent areas with approximately 100 
single bacteria were analyzed regarding the localization. Percentages above the box plots indicate AC 
(-1 to -0.5) and PC ranges (0 to 1; 0.5 to 1). 
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III.3.3.4. During location at the flagellum, SiiAB potentially alter velocity and stop behavior com-

parable to MotAB 

In a next step, we wanted to investigate whether a deletion of siiAB leads to an altered prote-

omic profile regarding flagellum-associated proteins in comparison to WT (Figure III.3.9) and 

if SiiAB can influence velocity and stop behavior (Figure III.3.10). It is described that motility 

mutants can be divided into Mot- and Che- and that there is a cross-correlation between CheM 

and SiiAB, so other candidates can be of interest (Santiveri et al., 2020) (Hoffmann, 2021, 

under revision). For the proteomic analysis, we used 2.5 h subcultures and digested the bac-

teria with trypsin. In both strains we identified strongly related proteins in all replicates (Figure 

III.3.9 A). We found evidence that not the amount of the flagellin FliC (0.9-fold) is altered, but 

rather expression of CheA (5.5-fold) and CheZ (7.0-fold) was increased in a siiAB mutant (Fig-

ure III.3.9 B), regulating the rotational direction of the flagellum (Stock, 1999). Interestingly, 

both of these proteins act in opposite directions. While CheA phosphorylates CheY after auto-

phosphorylation, resulting in a tumbling movement, CheZ dephosphorylates CheY leading to 

a direct movement of the bacterium (Stock, 1999). Other flagellum-associated proteins like 

FljB, FlgG and FliN were only slightly reduced (FljB, 0.6-fold) or increased (FlgG, 1.1-fold; FliN, 

1.4-fold). The chemotaxis-associated proteins we found in all replicates, CheW and CheZ, 

were also slightly decreased (0.6-fold) or increased (1.6-fold). Additionally, we identified two 

uncharacterized proteins (STM14_3799 and STM14_2852) suggested to be associated with 

chemotaxis and the flagellum, which were slightly increased in a siiAB mutant strain (2.4-fold). 

STM14_3799 was identified as putative methyl-accepting chemotaxis protein and 

STM14_2852 as putative chemotaxis signal transduction protein (UniProt, 2021). Thus, we 

concluded that SiiAB do not significantly influence the chemotaxis-associated proteins in re-

sponse to environmental signals and decided to analyze the velocity and stop behavior of STM 

in more detail. 
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Figure III.3.9. Proteomic analysis of WT and siiAB mutant strain. Shown are the chemotaxis and 
flagellum-associated proteins of the proteome analysis, found in STM WT and ΔsiiAB. Gene ontology 
of flagellum-related proteins illustrated by STRING (Szklarczyk et al., 2021). Protein levels were nor-
malized to DnaK, respectively. Statistical analyses compared to FliC with biological triplicates, with ex-
ception of FljB and FlgG, biological duplicates, by two-tailed t-test: n.s., not significant. 

 

As SiiAB do not significantly influence the chemotaxis-associated proteome of the bacteria, 

but we found a localization at the flagellum, we decided to analyze the velocity and stop be-

havior in dependence of the proton channels MotAB and SiiAB. For this purpose, we used 

STM WT and mutant strains deficient in motAB or siiAB, as well as STM WT with an additional 

synthetic expression of motAB, motABD33E, siiAB and siiAD13EB and investigated velocity and 

CCW to CW switch frequency of these strains. First, we confirmed functional expression of the 

plasmid-encoded proton channels (Figure S III.3.5). We tracked the bacteria in infection me-

dium for the data to be comparable and validated them automatically with TrackMate plugin 

(Figure III.3.10 A, C) (Ershov et al., 2021). To analyze the swim/tumble switching frequency of 

the bacteria, we defined a distance <1.5 µm between two frames as a stop (Figure III.3.10 B, 

D).  

STM WT showed a mean velocity of 19.2 µm/s (17.8 µm/s, A) with 0.9 stops/s (0.4 stops/s, B). 

In contrast, a motAB-deficient strain swam with 2.9 µm/s (4 µm/s, A) and 4.5 stops/s (4.2 

stops/s, B). With motAB synthetic expression, the velocity was slightly increased to 22.8 µm/s 

(20.6 µm/s, A), whereas the number of stops was comparable with 0.8 stop/s (0.7 stops/s, B). 

This phenotype was significantly altered with the expression of motABD33E with 9 µm/s (9 µm/s, 

A) and 2.5 stops/s (2.3 stops/s, B), indicating the requirement for a functional proton channel. 
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Figure III.3.10. Velocity and stops in dependence of MotAB and SiiAB. Shown are the box plots 
(25th and 75th percentile) the velocity (A, C) and stops (B, D) of WT in comparison to ΔmotAB, ΔsiiAB 
and with synthetic expression (*S) of motAB and siiAB as well as motABD33E and siiAD13EB in STM WT. 
Subcultures were grown for 2.5 h and diluted as for infection in 8-well chamber slides. For microscopy, 
a widefield microscope, 40x magnification with 150 ms exposure time was used (1 min recording per 
strain). TrackMate plugin for automatic tracking analysis was used (Ershov et al., 2021). A) Exemplary 
tracking analysis – velocity. Automatic tracking of at least 750 bacteria, with exception of non-motile 
bacteria (non-motile during recordings), approximately 150 bacteria. B) Exemplary tracking analysis – 
stops/s. Calculation of the stop frequency by defining distances <1.5 µm between bacterial positions in 
two frames as a stop. Same bacteria per strain as in A) were calculated. C) Mean velocity of the tested 
strains. D) Mean number of stops of the tested strains. Statistical analyses of biological triplicates com-
pared to WT by two-tailed t-test: ***, p < 0.001; *, p < 0.05; n.s., not significant.  
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We concluded this intermediate phenotype resulted from WT background expression of 

MotAB. Interestingly, ΔsiiAB tends to show a decreased velocity with 15.4 µm/s (11.8 µm/s, A) 

with a significantly increased stop behavior with 2.4 stops/s (2.5 stops/s, B), comparable to 

synthetic motABD33E expression. Furthermore, synthetic expression of siiAB showed a similar 

increase in velocity like synthetic expression of motAB with 22.1 µm/s (19.1 µm/s, A). Thus, 

we concluded that a distinct maximum of proton channels can be incorporated into the rotor 

region of the assembled flagella. With synthetic expression of siiAD13EB, velocity was compa-

rable to WT again, indicating no insertion into the flagellar rotor or use for it.  

Taken together, we here found tendencies that SiiAB can support the torque generation in the 

rotor region of the flagellum. As the synthetic expression of siiAB showed the same result as 

the synthetic expression of motAB, we concluded that the maximum velocity is limited by the 

amount of proton channels that can be incorporated.  

It was already described that the major stator complex MotAB is important for the rotation of 

the flagellum (Santiveri et al., 2020). To exclude that siiAB and motAB expression not only led 

to an altered velocity due to the bacteria showing an altered flagellation, we stained motAB 

and siiAB background strains against Salmonella H antiserum i (flagellum) and SiiB. Addition-

ally, with this staining we can draw conclusions if MotAB also influences SiiAB amounts per 

cell. We analyzed the flagellation and SiiB distribution (Figure S III.3.6, Figure S III.3.7). As 

controls we used WT, ΔfliC ΔfljB and ΔsiiAB, also for background estimation (Figure S III.3.6). 

As a control for proton channel integrity, we checked for co-localization of SiiAB first (Figure S 

III.3.6), and used SiiB as indicator for the proton channel in the IM. In none of the strains we 

found a different pattern of flagellation in comparison to WT which could explain the altered 

swim behavior (Figure S III.3.7). Most of the bacteria were peritrichous flagellated and some 

non-flagellated, but no strain was polar flagellated, indicating as expected that neither SiiAB, 

nor MotAB play a role for the type of flagellation. In course of the analysis of the flagellum and 

SiiB, we additionally exemplary analyzed the SiiAB amounts per cell, in order to gain first hints 

for a stoichiometry of the complex (Figure S III.3.7). We stained against SiiA and SiiB and 

determined the RLU/cell. We found RLU of 0.003 for SiiA and 0.0053 for SiiB in WT, suggesting 

a comparable stoichiometry as described for ExbBD and MotAB with 5:2 (Celia et al., 2019; 

Deme et al., 2020a; Santiveri et al., 2020) by only taken the fluorescence signals in the cell 

into account. 

All in all, we showed that during the retention maximum of SiiE, SiiB localizes at the flagellum 

as shown by 3D dSTORM analysis, where they potentially act in torque generation comparable 

to MotAB, further supported by our tracking. These new findings give the opportunity to gain 

more insights inside SiiAB function and mechanisms. 
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Figure III.3.11. Quantitative analysis of fluorescent signals for SiiA and SiiB. Shown are the ratios 
of SiiA and SiiB in STM WT. Subcultures were grown for 2.5 h, pelleted by centrifugation and fixed with 
3% PFA in PBS. Bacteria were stained for SiiA or SiiB with antibodies against the proteins and second-
ary antibodies coupled to Alexa488 or Alexa568, respectively. At least 50 single bacteria were analyzed 
regarding their fluorescence signals. Representative ratios of SiiA and SiiB. Example from supplement 
(Figure S III.3.6). Scale bar, 2 µm. 

 

III.3.4. Discussion 

We showed that the SPI4-T1SS and the flagellum are interconnected during invasion and ad-

ditionally observed a localization of the SPI4-T1SS encoded proton channel Sii(A)B at the fla-

gellum. As our proteomic analysis showed that a deletion of siiAB did lead to a significantly 

altered expression profile of some chemotaxis associated proteins like CheZ and CheA (Figure 

III.3.9, Figure III.3.12 C), we concluded that potentially velocity and stop behavior can be al-

tered by SiiAB. 

By dual-color 3D dSTORM analysis we found a two-fold increased localization of SiiB in close 

proximity to the flagellar C-ring subunit FliN than in proximity to SiiF (Figure III.3.7, Figure 

III.3.8), although SiiB and SiiF were shown to be linked (Wille et al., 2014). Interestingly, we 

found this phenotype after 2.5 h, where we already described the maximum of SiiE retention 

(unpublished data, PhD thesis Nathalie Sander, 2022a, b). In this study, we also showed that 

SiiAB are only important in steps prior to retention of SiiE in the OM by SiiC (unpublished data, 

PhD thesis Nathalie Sander, 2022a). Thus, it is possible that SiiAB can change their position 

during invasion, leading to a more dynamic infection procedure where first adhesion (SiiE) and 

subsequently invasion (flagellum) is promoted (Figure III.3.12). This conclusion is supported 

by our new findings, where we can demonstrate the role of the flagellum and motility during 
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Figure III.3.12. Localization of SiiAB at and the flagellum. Shown is the schematic overview of our 
new finding that SiiAB show a localization at the flagellum during SiiE retention maximum. By dual-color 
3D dSTORM and following CBC analysis, we found two times more SiiB located in closer proximity to 
the flagellar C-ring subunit FliN than to the SPI4-T1SS ATPase SiiF.  

 

invasion, especially of non-polarized cells (Figure III.3.4). Additionally, we showed that loss of 

SiiE had no impact on invasion of non-polarized cells as published before (Gerlach et al., 

2008), but a siiAB deletion and the proton channel mutant led to a decreased invasion (Figure 

III.3.4 B), indicating a specific role of the proton channel. For further investigations of a potential 

change of localization for SiiAB during the invasion, it would be of advantage to check for more 

time points before and after SiiE retention maximum. Especially, because we found evidence 

that the flagellar filament in combination with SiiAB can alter the SiiE surface retention as well 

as subsequent adhesion (Figure III.3.3). Additionally, another super-resolution microscopy 

technique would be of advantage. With single molecule tracking (SMT) we should be able to 

investigate the potential movement of SiiAB through the membrane. Such a dual occupation 

of proton channels for the same function is already known from other bacteria like E. coli and 

P. aeruginosa  (Baker and O'Toole, 2017). It is already described that in dependence of the 

external load on the flagellum, caused by the heterogeneous environments, E. coli can adjust 

the number of stator units (Lele et al., 2013; Tipping et al., 2013). The mechanism behind this 

load-dependent stator assembly is still not fully understood. There is evidence that MotB is 

directly involved in load sensing by its periplasmic domain under light loads (Castillo et al., 

2013). By mutations of the critical aspartate residue (D33), they found speed fluctuations under 
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light loads (Che et al., 2014). The effects of this mutation led to the assumption that the load 

affects the coupling between the translocation and conformational changes in the stator units 

for torque generation. Thus, it was concluded that load changes can alter the stator incorpora-

tion by triggering conformational changes in MotB (Baker and O'Toole, 2017). While this mech-

anism is still not understood, the flagellar mechano-sensing itself is a well described mecha-

nism (Belas, 2014). During invasion, STM is also faced with heterogeneous environmental 

conditions like mucus or cell barriers, thus making potential additional stator complexes like 

invasion-associated proteins as SiiAB beneficial. Besides the flagellar load, also ion availability 

and other stimuli are important (Baker and O'Toole, 2017). Thus, many bacteria exploit various 

proton channels for the same flagellum and rotor incorporation (Baker and O'Toole, 2017; 

Paulick et al., 2015). However, there are also bacteria described that have two stator sets, 

both using the same ion, as P. aeruginosa  (Baker and O'Toole, 2017). It is suggested that 

these two stator sets are required under different environmental conditions or even play distinct 

roles for flagellar function. One stator set (MotCD) seem to generate more torque than the 

other proton channel (MotAB) and is essential during swarming (Doyle et al., 2004; Kuchma 

et al., 2015; Toutain et al., 2005). It is suggested that MotAB tune the motor for behaviors that 

are critical for surface attachment and detachment (Baker and O'Toole, 2017; Conrad et al., 

2011). With our new findings, gained by a multi sequence alignment, showing SiiB also as a 

potential Na+-conducting channel (Figure III.3.2), further analysis can be performed to narrow 

down possible modes of action of SiiAB.  

Taken this together with our results that SiiAB localizes at the flagellum (Figure III.3.10; Figure 

III.3.12), we demonstrated that synthetic siiAB expression generated the same phenotype as 

synthetic motAB expression and slightly increased velocity. We conclude that there is a limit 

of proton channels that can be introduced into the rotor region, as even with motAB expression 

velocity was only increased to a distinct maximum. Hence, synthetic expression of siiAB under 

these conditions did neither show a higher increase in velocity. It is possible that under different 

conditions, e.g. higher amounts of flagella per cell, higher load on the flagellum or tracking 

analysis during invasion process, an increased amount of incorporated proton channels and 

thus, increased velocity occurred. By further investigations, critical residues in SiiB required for 

a potential interaction with FliG should be characterized in more detail to gain insights in the 

incorporation of SiiAB into the flagellar rotor. Here, we find a new potential proton channel that 

can be introduced into the flagellar rotor and as a consequence be used for bacterial motility. 

With further investigations, open questions regarding the exchange of stator complexes in the 

bacterial rotor may be answered in near future. 
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III.3.5. Materials and Methods 

III.3.5.1. Bacterial strains and growth conditions 

Bacterial strains used in this study are listed in Table III.3.1. Bacteria were grown aerobically 

in LB or on LB agar plates, if necessary supplemented with carbenicillin (cb, 50 µg/ml) or kan-

amycin (km, 50 µg/ml). For induction of the Tet-on system encoded on the plasmids used (Ta-

ble III.3.2), anhydrotetracycline (AHT) was added (10 ng/ml final concentration) 1 h after inoc-

ulation of the subculture for additional 1.5 h (1:31). 

Table III.3.1. Bacterial strains used in this study. 

Designation Relevant characteristics Reference 

S. Typhimurium NCTC 12023 wild type NCTC 

WRG205 siiAD13E (Wille et al., 2014) 

MvP589 Δspi4::FRT (Gerlach and Hensel, 2007)  

MvP818 ΔinvC::FRT (Gerlach et al., 2008) 

MvP1387 ΔsiiAB::FRT this study 

MvP2720 ΔmotAB::FRT lab collection 

MvP2779 ΔsiiE::FRT this study 

MvP2933 ΔfliC::FRT ΔfljB::FRT this study 

MvP2937 ΔsiiAB::FRT ΔmotAB::FRT this study 

MvP2936 ∆fliC::FRT ΔfljB::FRT 

∆siiAB::FRT 

this study 

MvP3006 ∆fliC::FRT ΔfljB::FRT 

∆motAB::FRT 

this study 

MvP3072 ΔmotAB::aph fliN::HaloTag this study 

MvP3073 ΔsiiAB::aph siiF::HaloTag this study 

MvP3076 ΔmotAB::FRT fliN::HaloTag this study 

MvP3077 ΔsiiAB::FRT siiF::HaloTag this study 

MvP3111 ΔmotAB::aph siiF::HaloTag this study 

MvP3112 ΔsiiAB::aph fliN::HaloTag this study 

III.3.5.2. Construction of plasmids and strains 

Genes encoding SiiA, SiiB, MotA and MotB were amplified from genomic DNA of STM WT 

(NCTC 12023) and p5166. For generation of siiAB and motAB expression plasmid, p4251 

under tetA promoter control was used. Point mutation in SiiA was inserted into p5216 via Site-

directed mutagenesis. Point mutation in MotB was inserted into p5166 via Site-directed muta-

genesis, amplified and introduced into p5216. For microscopic analysis of ALFA and SPOT 

tagged SiiAB and MotAB, siiAB and motAB were amplified and introduced into pWSK29. Plas-

mids were generated by Gibson assembly (GA) according to manufacturer´s instructions 
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(NEB) using vectors mentioned below. Oligonucleotides used are listed in Table III.3.3. 

MvP3072, MvP3073, MvP3111 and MvP3112 were generated by P22 phage transduction, and 

transductants were selected and cleaned on LB+EGTA+km agar plates. Absence of lysogen 

was checked by growth on green plates and phage-negative transductants were selected on 

LB-Km plates. Additionally, colony PCR was performed to confirm proper insertion. 

Table III.3.2. Plasmids used in this study. All plasmids conferred resistance to carbenicillin. 

Plasmid Relevant characteristics, re-

sistance 

Reference 

p4251 tetR PtetA lab collection 

p5166 PmotAmotAB lab collection 

p5216 tetR PtetA::siiAB this study 

p5505 tetR PtetA::siiAD13EB this study 

p5512 tetR PtetA::motABD33E this study 

p5517 tetR PtetA::motAB this study 

p5531 motA::ALFA tag motB::3xFLAG tag this study 

p5533 siiA::ALFA tag siiB::3xFLAG tag this study 

p5534 siiA::HA tag siiB::ALFA tag this study 

p5613 motA::ALFA tag motB::SPOT tag this study 

p5620 siiA::ALFA tag siiB::SPOT tag this study 

p5731 siiA::GS linker::SPOT tag 

siiB::ALFA tag 

this study 

p5689 motA::ALFA motB::GS linker::SPOT this study 

Table III.3.3. Oligonucleotides used in this study. 

Designation Sequence (3´ -> 5´) Purpose 

Vf-pWSK29-
Pnah 

CAGCTTTTGTTCCCTTTAGTGA amplification p4251 for siiAB 

insertion and p5216 for 

motAB insertion 

Vr-pWSK29-
Ptet-rev 

TTCACTTTTCTCTATCACTGATAGGGAGTGG-

TAAAATAACTCT 

amplification p4251 for siiAB 

insertion 

1f PtetA-siiA CCCTATCAGTGATAGAGAAAAGTGAAATGTAA-

TATCAGGAGACAACAtgg 

insert siiAB for p4251 

1r siiB-
pWSK29 

TCACTAAAGGGAACAAAA-

GCTGTTAATCTTCATTTTTTTCCTCCT 

insert siiAB for p4251 

SiiA-D13E-
for3 

GTTTTGTTGAAACATTCTCTACG D13E into siiA in p5216 

SiiA-D13E-
rev3 

TAGGCCACGGATTACTTTCG siiA D13E into in p5216 
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MotA-p5216-
for 

GATAGAGAAAAGTGAAGTGCTTATCTTATTAG inserts motAB D33E from 
p5506 and motAB from 
p5116 

MotBD33E-
p5216-rev 

CTAAAGGGAACAAAAGCTGTCAC-

CTCGGTTCCGC 

inserts MotAB D33E from 

p5506 and motAB from 

p5116 

Vr-PtetA TTCACTTTTCTCTATCACTGATAGGGAGTGGTA amplification p5216 for inser-

tion motAB D33E and motAB 

ALFA-stop 

FLAG SDM 

For 

CTGCGCCGCCGCCTGACCGAATGAGAC-

TACAAAGACCATGACG 

insertion of ALFA tag into 

p5321 and p5367 

motA-ALFA 

SDM Rev 

TTCTTCTTCCAGGCGGCTCGGTGCTTCCTCAG-

TCGTCTGC 

insertion of ALFA tag into 

p5321 

siiB-ALFA 

SDM Rev 

TTCTTCTTCCAGGCGGCTCG-

GATCTTCATTTTTTTCCTCC 

insertion of ALFA tag into 

p5367 

siiA-ALFA 

SDM Rev 

TTCTTCTTCCAGGCGGCTCGGCTCTGACAC-

CTTTTTATTAATAG 

insertion of ALFA tag into 

p5367 

1f pWSK-

PsiiA 

CTATAGGGCGAATTGGGTACCAAA-

GCGTTATTTGCATTTTCG 

generation p5620 

2r ALFA-siiB TCTGACAC-

CTTTTTATTAATCATTCGGTCAGGCGGCGGCG 

generation p5620 

2r SPOT-siiB TCTGACAC-

CTTTTTATTAATCAGCTGCTCCAATGGCTCAC 

generation p5620 

2r ALFA-motB CATGCTTCCTCAG-

TCGTCTTCATTCGGTCAGGCGGCGGCGC 

generation p5613 

2r SPOT-

motB 

CATGCTTCCTCAG-

TCGTCTTCAGCTGCTCCAATGGCTCACCG 

generation p5613 

3f siiA-siiB TTAATAAAAAGGTGTCAGAG-

TGAAATATATAAATCATTACCG 

generation p5620 

3f motA-motB AGACGACTGAGGAA-

GCATGAAAAATCAGGCTCATCCCATTG 

generation p5613 

3r SPOT-

pWSK 

CACTAAAGGGAACAAAA-

GCTGTCAGCTGCTCCAATGGCTCAC 

Generation of p5613 and 

p5620 

Vf-p5534_siiB CATTATTCACTATTCTTAAAAATATTTCAG-

CAAAAG 

amplification p5534 for 

siiA::GS linker::SPOT gBlock 

(Figure S III.3.9) 

Vr-p5534_siiA CATTTCTATCAATAAATTACTATTGATTTT-

GTCTTCTA 

amplification p5534 for 

siiA::GS linker::SPOT gBlock 

GS-SPOT For GGTTCTCCGGATCGCGTGCGCGCG SDM GS linker into p5613 

motB-tag Rev CCTCGGTTCCGCTTTTGGCGATGTG SDM GS linker into p5613 
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III.3.5.3. Proteome analysis of WT and siiAB deletion strain 

Protein extraction 

For proteome analyses, subcultures of WT and ΔsiiAB were grown for 2.5 h and lysates of 

whole cells were prepared. For cell lysis, the bacteria were pelleted and resuspended in 200 μl 

9.3 M urea in 50 mM TRIS buffer, pH 8.0, and incubated for 1 h at 37 °C with shaking and 

stored at -80 °C at least for 16 h. The lysates were thawed and cell debris was removed at 

20,000 x g for 10 min. The resulting supernatant was used for protein digestion and proteomic 

analyses. 

Protein digestion 

Protein concentration in samples was determined using an IMPLEN NanoPhotometer® and 

100 μg of total protein were digested, respectively. Following reduction with 5 mM DTT in 50 

mM ammonium bicarbonate/NH3, pH 8.5 buffer for 30 min at 37 °C, samples were alkylated 

with 15 mM iodoacetamide (in ABC buffer) for 30 min at RT in dark. For digestion, we used 10 

μg protein and 0.3 μg LysC/Trypsin (Promega) for 3 h at 37 °C. ABC buffer was added to a 

final volume of 79.2 μl, incubated o/N at 37 °C and the reaction was stopped by adding 100% 

formic acid (1% final). After an additional centrifugation for removal of particles, the superna-

tant was transferred to HPLC vials and 1 μg digested protein was analyzed by mass spectrom-

etry. 

Label-free protein quantification by mass spectrometry 

HPLC/MS-MS analysis performed using an Ultimate 3000 Nano HPLC (ThermoFisher). For 

analyses, a volume of 5-10 µl were desalted and concentrated using a precolumn (Thermo-

Fisher, C18 PepMap 5 µm, 100 A with dimension of 300 µm (id) x 5 mm (length)). The corre-

sponding solvent was 0.1% trifluoracetic acid TFA in H2O (flow rate of 25 µl/min). The loaded 

and washed precolumn was switched into the `nano flow line´ (250 nl/min) with an Easy Spray 

column (ThermoFisher, PepMap RSLC C18, 2 µm, 100 A with dimension of 75 µm (id) x 

500 mm) at the end. Peptides were continuously eluted by 80% acetonitrile ACN and 0.1% in 

H2O in 160 min. The electro spray ionization (ESI) was done at 1,500 V (ESI Spray Source, 

ThermoFisher). A Q-Exactive Plus orbitrap mass spectrometer (ThermoFisher) was used to 

determine the MS/MS (HCD fragmentation) data under the following conditions (Table III.3.4): 
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Table III.3.4. Settings for label-free protein quantification by mass spectrometry. 

 MS MS precursor selection MS/MS 

resolution 70,000  17,500 

AGC target 3e6 5e2 1e5 

max IT 50 ms  80 ms 

MS range 375-1,800 m/z   

loop count    10 

NCE   27 

isolation width   1.4 m/z 

charge  2-5  

 

Data analysis 

The resulting data were analyzed by Peaks Studio X and PeaksOnline (Bioinformatics Solution 

Inc, Canada). De novo search was performed for peptide identification by a DB search using 

a protein database for STM 14028 (Salmonella Typhimurium strain 14028s_11_1; 5,372 pro-

teins). Peaks Q (de novo assisted Quantification) and Peaks DB (In-depth de novo assisted 

search) were performed. The MS tolerance was adjusted to 20.0 ppm, the MS/MS tolerance 

to 0.2 Da and two missed cleavages were allowed. The digest mode was set “specific”. Fur-

ther, carbamido-methylation of cysteines and oxidation of methionine for fixed post translation-

ally modifications and for variable modifications were chosen, respectively. The protein hits 

were normalized to DnaK, respectively. Only proteins detected in all replicates of both strains 

were used here. For gene ontology of flagellum-related proteins illustrated by STRING 

(Szklarczyk et al., 2021). 

 

III.3.5.4. Western blot for detection protein biosynthesis 

For sample preparation, bacteria were inoculated 1:31 in LB, supplemented with 50 µg/ml car-

benicillin and induced with AHT after 1 h after inoculation, if necessary, and grown for 2.5 h. 

1 ml was pelleted by centrifugation at 10,000 x g. Pellet was boiled in 1x SDS cracking buffer 

according to the OD600. SDS Laemmli gels were run for 20 min at 80 V and 75 min with 150 V. 

Semi-dry Western blot transfer was performed onto 0.45 µm nitrocellulose membranes at 

0.8 mA/cm2 for 1 h. Following Ponceau S stain, membranes were blocked with 5% skimmed 

dry milk powder in TBS-T (0.1% Tween20 in TBS) for at least 30 min at RT. Primary antibodies 

were incubated o/N in blocking solution at 4 °C. The next day, membranes were washed three 

times with TBS-T and incubated with HRP-conjugated secondary antibody in blocking solution 

for 1 h at RT. Antibodies used in this study are listed Table III.3.5 and Table III.3.6. Membranes 
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were washed an additional three times with TBS-T, incubated with PierceTM ECL Western blot-

ting Substrate (ThermoFisher) following manufacturer’s instructions and imaged using a 

ChemiDocTM Imager (Bio-Rad) and ImageLab software.  

Table III.3.5. Primary antibodies used in this study. 

Antigen Host Conjugated with Dilution Purpose 

GST-SiiE-C rabbit - 1:10,000 WB  

SiiA rabbit - 1:10,000 WB  

SiiA rabbit - 1:1,000 IF 

SiiB rabbit - 1:10,000 WB  

SiiB rabbit - 1:1,000 IF 

Salmonella H 

Antiserum i 

rabbit - 1:500 IF 

ALFA rabbit - 1:1,000 WB  

ALFA llama Atto565 1:500 IF 

SPOT llama Atto488 1:1,000 WB/IF  

SPOT llama Alexa647 1:500 WB/IF 

HA tag rat - 1:10,000 WB 

FLAG tag mouse - 1:2,000 WB 

 

Table III.3.6. Secondary antibodies used in this study. 

Species reactivity Host Conjugated with Dilution Purpose 

rabbit goat HRP 1:10,000 WB 

rat goat HRP 1:10,000 WB 

mouse goat HRP 1:10,000 WB 

rabbit goat Alexa488 1:1,000 IF 

rabbit goat Alexa568 1:1,000 IF 

 

III.3.5.5. Flow cytometry 

For analysis of surface retention of SiiE by flow cytometry, 3x108 bacteria were fixed with 3% 

paraformaldehyde in PBS for at least 20 min at RT. Bacteria were blocked with 2% goat serum 

and 3% BSA in PBS for 30 min and afterwards stained with the specific primary antibody rabbit-

α-SiiE (1:1,000) o/N, 4 °C. Staining with second antibody goat-α-rabbit-Alexa488 (1:2,000) oc-

curred for 1 h at RT. Bacteria were diluted 1:10 in cell culture PBS and measured with a Attune 

NxT Flow Cytometer (Thermo Fisher) and analyzed using Attune NxT software (Goser et al., 

2020; Röder and Hensel, 2020). Bacteria were gated using unstained STM and measured by 

FSC-H and SSC-H. For gating of the SiiE surface signal, positive control STM WT and negative 
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control ΔsiiE were used. All samples were measured under the same conditions (flow rate 

12.5 µl/min). 

 

III.3.5.6. Tracking analyses in liquid medium 

For the microscopic tracking analysis, subcultures were grown for 2.5 h with AHT induction 

after 1 h. As for infection, bacteria were diluted in PBS to an OD600 of 0.2 and further diluted in 

MEM medium in a 8-well chamber. For microscopy, Zeiss Axio Observer.Z1 was used. The 

used objective was the LD Plan-Neofluar 40x/0.6 Korr. Imaging with CoolSNAP camera with a 

camera adapter 1.0x, total magnification 40x, zoom 1.0x. Bacteria were imaged for 60 s with 

150 ms exposure time and 2x2 binning. Tracking analysis was performed automatically with 

ImageJ plugin TrackMate (Ershov et al., 2021). Mean velocity was determined directly by 

TrackMate. Stops were calculated by analysis of the displacement between single frames. A 

stop was defined as displacement <1.5 µm between two frames. Same bacteria were analyzed 

for velocity and stop behavior. Analysis was performed in biological triplicates. Distribution for 

velocity and stops is exemplary shown (Figure III.3.10 A and B), as well as results of the tripli-

cates (Figure III.3.10 C and D). 

 

III.3.5.7. Swimming motility analysis in swim agar 

To further analyze the motility of the strains, subcultures were grown for 2.5 h at 37 °C with 

AHT induction after 1 h. 5 µl of the subcultures were inoculated in the center of swim agar 

plates (1% tryptone, 0.5% NaCl, 0.3% agar, 1 mM MgSO4, complemented with carbenicillin 

(cb, 50 µg/ml) and AHT, if necessary) and the swim zone diameters were measured hourly for 

8 h, and finally after 21 h of incubation at 30 °C. 

 

III.3.5.8. Fluorescence microscopy 

For the microscopic analysis of SiiA, SiiB and the flagellum, subcultures were grown for 2.5 h 

with AHT induction after 1 h, if necessary. OD600 was measured and bacteria were fixed with 

3% PFA in PBS for 15 min at RT on Poly-L-Lysine covered coverslips. Afterwards, bacteria on 

coverslips were centrifuged at 500 x g to further increase the attachment of the bacteria to the 

coverslips. Following fixation, bacteria were washed three times with PBS and treated with 

blocking solution (supplemented with 2% goat serum) for at least 30 min at RT. Bacteria were 

incubated with sera against SiiA, SiiB and the flagellum, respectively, and secondary antibody 

against rabbit conjugated with Alexa488 or Alexa568 in blocking solution (Table III.1.5 and 
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Table III.1.6). For microscopy, Zeiss Axio Observer.Z1 was used. The used objective was the 

alpha Plan-Apochromat 100x/1.46 Oil DIC (UV) M27. Imaging with CoolSNAP camera with a 

camera adapter 1.0x, total magnification 100x, Zoom 1.0x, 2x2 binning. 

 

III.3.5.9. Dual-color 3D-dSTORM microscopy of MotAB and SiiAB at the flagellum and SPI4-

T1SS 

Sample preparation 

Here, we performed dual-color 3D direct stochastic optical reconstruction microscopy 

(dSTORM) as single-molecule super-resolution imaging method to visualize structures with a 

resolution of approximately 20 nm (Huang et al., 2008; Mass et al., 2020). For dSTORM mi-

croscopy, subcultures were grown for 2.5 h and bacteria were fixed with same amounts of a 

methanol and acetic acid mix (4:1) for 20 min at RT and 50 min on ice. Following fixation, 

bacteria were pelleted for 5 min at 7,000 x g and washed three times with PBS. Afterwards, 

pellet was resuspended in GTE buffer (50 mM glucose, 25 mM Tris, pH 8.0, 10 mM EDTA) 

and OD600 was measured. Ca. 3 x 108 bacteria were diluted in 4% sucrose in PBS o/N at 4 °C 

and the other cells were stored in GTE buffer at 4 °C. The next day, bacteria were incubated 

with 20% sucrose in PBS for 10 min at RT. For permeabilization, the cells were treated with 

8 µg/ml lysozyme in GTE buffer for 2 min at RT and 1 h at 4 °C. Bacteria were washed an 

additional three times with PBS and were incubated with blocking solution for at least 30 min 

at RT. For staining of SiiA, SiiB, MotA and MotB in various combinations, the samples were 

incubated with Atto565- and Alexa647-conjugated nanobodies for 1 h at RT. Htl-SiR ligand 

was used for HaloTag detection (10 nM, 45 min RT). Coverslips for TIRF holder were prepared 

with 0.01% Poly-L-Lysine and samples were applied to the coverslips.  

Dual-color 3D-dSTORM image acquisition 

For microscopy, an inverted Olympus IX-81 (Hamburg, Germany) with a motorized filter cas-

sette, revolving nosepiece and z-drive with remote focus handle was used. The microscope 

was equipped with piezo z-stage (NanoScanZ, NZ100) from Prior, a motorized xy-stage IM 

120x80 from Märzhäuser and a mid-long working distance condenser IX2-LWUCD (working 

distance 27 mm, NA 0.55). An Olympus UAPON 150×/1.45 NA oil objective was used. Oxygen 

depletion during dSTORM acquisition was inhibited by usage of scavenger buffer (150 mM 

Tris-HCl, pH 8.8, 0.5 % Glucose (v/w), 0.25 mg/ml Glucose Oxidase, 20 µg/ml Catalase, 15 

mM mercaptoethylamine) and at least 2,000 up to 3,000 frames with 10% and 15% laser power 

and 32 ms exposure time were recorded with cylindrical lens directly in front of the camera for 

transformation of the point spread functions (PSF) (Thorlabs, Newton, NJ, USA; focal length f 
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= 500 mm LJ1144RM-A or f = 1000 mm LJ1516RM-A). According to their z position, cylindrical 

lenses transform PSF from the single localizations and add ellipticity and orientation, relative 

to the focal plane. Thus, to determine the precise z position of each molecule, 3D information 

can be generated (Huang et al., 2008). Excitation was performed with a 640 nm laser (maxi-

mum 500 mW; MPB Communications, Montreal, Quebec, Canada) for AlexaFluor647 (excita-

tion 650 nm/emission 665 nm) and Htl-SiR (excitation 656 nm/emission 677 nm), and a 561 

nm laser (maximum 500 mW; MPB Communications) for Atto565 (excitation 564 nm/emission 

590 nm) and a 405 nm diode-pumped solid-state laser (maximum 100 mW, BCL-100-405; 

CrystaLaser, Reno, NV, USA) for activation, connected to a quad-line TIRF condenser (Olym-

pus). Filtering occurred with a Chroma 600/50 ET or 685/50 ET bandpass filter and detection 

with an Andor iXon Ultra 897 EMCCD camera. To calibrate the images, TetraSpeck™ Micro-

spheres, 0.2 µm (Invitrogen, Waltham, MA, USA; T7280) additionally were recorded in both 

channels with scavenger buffer. For acquisition of PSF deformations, essential for calibration 

curve, the focal plane was moved in 10 nm z steps for each recorded frame (130 nm pixel size) 

with a piezo z-stage (NanoScanZ, NZ100; Prior Scientific, Rockland, MA, USA), usable for 

imaging and processing of the same day. 

Dual-color 3D-dSTORM image processing 

For 3D localization analysis with sub-diffraction accuracy ImageJ plugin ThunderSTORM 

(Ovesny et al., 2014) with an elliptical Gaussian algorithm was used. The wavelet filter (B-

spline) with order 3 and scale 2 was used for image filtering. For the approximate localization 

of the molecules centroid of connected components method with a peak intensity threshold 

equaling two times the standard deviation of the wavelet filter used for signal processing was 

performed. Sub-pixel localization was analyzed with elliptical Gaussian (3D astigmatism) algo-

rithm with a fit radius of 15 pixels. Calibration curves were processed with the cylindrical lens 

calibration command to fit the raw data. Raw data files were processed with similar settings 

using ThunderSTORM. The corresponding calibration files for each wavelength were used for 

the data analysis. Results were visualized via the average-shifted histogram option with a mag-

nification of 5, resulting in a lateral pixel size of 20 nm, step size of 50 nm and total axial range 

of 400 nm.  

Coordinate-based colocalization analysis 

To quantify the 3D dSTORM data, a coordinate-based colocalization (CBC) analysis was per-

formed. The CBC analysis was also performed by ImageJ plugin ThunderSTORM (Malkusch 

et al., 2012). The coordinate information from each localization, rather than its intensity for 

calculation, is used by CBC analysis. The localization of each protein is assigned a CBC value 

between −1 (anti correlated, low probability of colocalization) and 1 (perfectly correlated, high 
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probability of colocalization), indicating how well two types of proteins are correlated in 3D. For 

data analysis, at least 3 different areas with at least 100 bacteria were imaged and arranged 

in box plots (25th–75th percentile) with a mean line.  

 

III.3.5.10. Cell culture 

Polarized MDCK cells (subline pf, obtained from Prof. Dr. M. Goppelt-Struebe, Med. Klinik 4, 

Universitätsklinikum Erlangen) and non-polarized HeLa cells (obtained from Cell Lines Service 

CLS, Heidelberg) were cultured as described before (Gerlach et al., 2008). For adhesion and 

invasion assays, MDCK cells were seeded in 24-well plates at a density 1x105 cells per well 5 

days prior infection to ensure differentiation of cells. At the day of infection, cell density was 

5x105 cells per well. Due to the long incubation time, the medium was supplemented with pen-

icillin and streptomycin. The medium was changed to antibiotic-free medium 1 day before in-

fection (at least 4 h before infection). HeLa cells were seeded one day before infection at a 

density of 1x105 cells per well. At the day of infection cell density was 2x105 cells per well. 

 

III.3.5.11. Adhesion and invasion assay 

To determine adhesion, cells were treated with 3 µg/ml Cytochalasin D 1 h before infection to 

inhibit actin remodeling and uptake of the pathogen. For infection, 2.5 h subcultures of infecting 

STM were grown, MDCK and HeLa cells were infected in technical triplicates at multiplicity of 

infection (MOI) of 5, centrifuged for 5 min at 500 x g and incubated for 25 min at 37 °C in an 

atmosphere of 5% CO2. The cells were washed three times with prewarmed PBS. To deter-

mine adhesion, cells were lysed directly with 0.5% deoxycholate in PBS (freshly prepared). To 

determine invasion, cells were treated with 500 µl medium containing 100 µg/ml gentamicin 

per well for 1 h, washed three times with prewarmed PBS and lysed with 0.5% deoxycholate 

in PBS (freshly prepared). Lysis was performed for 10 min at 37 °C on a shaking platform. 

Lysates were collected in single tubes and serial dilutions of inoculum and lysates were plated 

logarithmic on MH plates to determine CFU. Plates were incubated o/N at 37 °C and CFU were 

counted the next day with Acolyte software. The percentages of adhered and invaded bacteria 

were calculated.  

III.3.5.12. Bioinformatics analyses 

Tertiary structure model predictions were performed by trRosetta algorithms (Du, 2021; Yang 

et al., 2020) and visualized with Pymol. TM-score for modelling by trRosetta. TM-score > 0.4 

= medium, TM-score > 0.5 = high, TM-score > 0.7 = very high confidence. Multi sequence 
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alignments were performed with Clustal Omega (Madeira et al., 2019) and T-Coffee algorithm 

(Notredame et al., 2000). 
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Figure S III.3.1. Full-length multi sequence alignment of various H+- and Na+-conducting channels 
in comparison to STM SiiB. A) Shown is the alignment of H+-conducting channels (MotA) of Campyl-
obacter jejuni (Cj), Salmonella Typhimurium (STM), Escherichia coli (Ec), Helicobacter pylori (Hp), Ba-
cillus subtilis (Bs), Shewanella oneidensis (So) and the Na+-conducting channels MotP and PomA of 
Bs, So and Vibrio alginolyticus (Va). Alignment was performed with Clustal Omega (Madeira et al., 
2019). Highly conserved regions are depicted in dark blue. 

 

 

Figure S III.3.2. SiiE retention and function in dependence of the flagellum and SiiAB. Flow cy-
tometry of retained SiiE. Subcultures were grown for 2.5 h, bacteria were pelleted and fixed with 3% 
PFA in PBS. Retained SiiE was stained with serum against SiiE and Alexa488-conjugated secondary 
antibody. Bacteria were diluted to OD600 of 0.1 and analyzed by flow cytometry. A) Gating for bacteria 
(FSC, SSC) with unstained WT (not shown). B) Histogram of the Alexa488-positive cells and the counts. 
WT was used as positive control and ΔsiiE as negative control for gating. SiiE-positive cells as indicated.  
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Figure S III.3.3. Analysis of expression and function of the introduced ALFA-tag and Spot-Tag. 
A) Shown are protein expression levels for SiiA, SiiB, MotA and MotB with the introduced ALFA- and 
Spot-Tag. Western blot against SiiA and SiiB. Subcultures were grown for 2.5 h with AHT induction after 
1 h, pelleted by centrifugation at 7,000 x g and boiled in SDS cracking buffer according to the OD600. 
SDS-PAGE and Western blot with antibodies α-SiiA (1:10,000), α-SiiB (1:10,000), α-ALFA (1:1,000), α-
Spot-Tag, coupled to Atto488, (1:1,000) and α-rabbit HRP-conjugated (1:10,000) were performed. B) 
Analysis of the functionality of the siiAB vector by invasion assay. Invasion of STM of polarized MDCK 
cells. Subcultures were grown for 2.5 h and MDCK were infected with MOI 5. C) Analysis of the func-
tionality of the motAB vector by swim assay. Same vector backbones were used for further constructs.  
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Figure S III.3.4. MS analysis of the proteome of STM WT and ΔsiiAB. Shown are the hits of the 
proteomic search for STM WT and ΔsiiAB (A) and the corresponding volcano plot (B). A detailed list of 
all hits can be found on the attached CD. 

 

 

Figure S III.3.5. Analyses of protein levels after siiAB synthetic expression in WT. Western blot 
against SiiA and SiiB to check for synthetic expression (*S) of siiAB as well as siiAD13EB. Subcultures 
were grown for 2.5 h with AHT induction after 1 h, pelleted by centrifugation at 7,000 x g and boiled in 
SDS cracking buffer according to the OD600. SDS-PAGE and Western blot with antibodies α-SiiA 
(1:10,000), α-SiiB (1:10,000) and α-rabbit HRP-conjugated (1:10,000) were performed. Same vector 
backbone was used for motAB constructs. 
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Figure S III.3.6. Microscopic analysis of the flagellum, SiiA and SiiB – controls. Microscopic anal-
ysis of flagellum surface signal, SiiA and SiiB. Subcultures were grown for 1 h, induced by addition of 
AHT, and further cultured for 1.5 h, pelleted by centrifugation and fixed with 3% PFA in PBS. Bacteria 
were stained for the flagellum, SiiA and SiiB, respectively. For microscopy, a widefield microscope, 100x 
with oil was used. Scale bar 10 µm. 
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Figure S III.3.7. Presence of flagella and SiiAB. Microscopic analysis of flagellum surface signals and 

SiiB of WT (A) and siiAB (B) strains under different synthetic expression plasmids encoding siiAB and 
motAB (B). Subcultures were grown for 1 h, induced by addition of AHT, and further cultured for 1.5 h, 
pelleted by centrifugation and fixed with 3% PFA in PBS. Bacteria were stained for the flagellum and 
SiiB, respectively. For microscopy, a widefield microscope with 100x objective with oil was used. Scale 
bars 10 µm. 
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Figure S III.3.8. Presence of flagella and SiiB in motAB background. Microscopic analysis of fla-
gellum surface signal and SiiB of motAB mutant under with various expression plasmids encoding siiAB 
and motAB. Subcultures were grown for 1 h, induced by addition of AHT, and further cultured for 1.5 h, 
pelleted by centrifugation and fixed with 3% PFA in PBS. Bacteria were stained for the flagellum and 
SiiB, respectively. For microscopy, a widefield microscope, 100x with oil was used. Scale bar, 10 µm. 
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Figure S III.3.9. gBlock sequence used for SiiA-Spot-Tag insertion. Shown is the sequence for in-
sertion of siiA-GS-linker-Spot-Tag ordered at Seqlab. 
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III.4.1. Abstract 

Salmonella spp. are classified into typhoidal and non-typhoidal serovars and can cause a 

range of foodborne illnesses from self-limiting gastroenteritis to life threatening systemic dis-

ease. Analyses of host-pathogen interactions is a key requirement for the understanding of 

bacterial virulence mechanisms. In former studies, cell culture models as HeLa, MDCK and 

CaCo cell-lines were frequently used to investigate interactions with Salmonella in high tem-

poral and spatial resolution. However, these models lack the complex tissue architecture of 

whole tissues, therefore interpretation of the results and transition to the human host is limited. 

Thus, the need for a cell culture system, displaying all different cell types of organs, is essential 

to gain more insights in physiological processes. Most recently, organoids have become a 

promising tool to study host-pathogen interactions in a setting resembling the in vivo situation. 

Especially the research with human-restricted pathogens like typhoidal Salmonella is depend-

ent on human cell culture with a close relation to in vivo conditions. In contrast to cell culture 

with only a single cell population, crypt-derived intestinal organoids mimic tissue characteristics 

of distinct sections of the gastrointestinal tract. Stem cells of human or murine origin can be 

differentiated to 3D or 2D tissues with crypt formation, distinct cell populations, polarization 

and mucus secretion. 

Here, we demonstrate the use of murine and human intestinal organoids in 3D and 2D to study 

virulence mechanisms of both typhoidal and non-typhoidal Salmonella regarding adhesion, 

invasion, and extra- and intracellular lifestyles. We performed infections with Salmonella en-

terica Typhimurium (STM) and Paratyphi A (SPA), quantified invaded bacteria, and imaged 

infection. For this, we adapted our imaging approaches to analyze Salmonella infection with 

confocal spinning disc microscopy (SDCM), scanning electron microscopy (SEM) and trans-

mission electron microscopy (TEM). Using different labeling techniques, we aimed to identify 

cell types important in Salmonella infection. 

Previous investigations in cell culture models led to definition of hallmark virulence functions 

such as invasion with induction of massive membrane ruffles, formation of Salmonella-con-

taining vacuoles (SCV), and remodeling of the endosomal system of host cells, resulting in 

Salmonella-induced filament (SIF) formation. An established organoid model will help to criti-

cally analyze if these phenotypes also occur in more tissue-like organoid infection models and 

also offers options to investigate the cellular mechanisms of pathogen exit from infected host 

cells. 
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III.4.2. Introduction 

III.4.2.1. Characteristics and cultivation of patient-derived Organoids 

The development of a cell culture model, representing all different cell types of an organ or 

tissue, was shown to be scientifically transformative with various applications in epithelial and 

cell biology, including tissue polarity, adhesion, growth control and differentiation, pathology 

and clinical applications (Fujii et al., 2016; Urbischek et al., 2019; van de Wetering et al., 2015). 

The critical aspect of organoid cultivation is the culture medium, containing defined ingredients, 

controlling growth, proliferation and differentiation, as R-spondins, potentiating Wnt pathway, 

and Noggin, inhibiting differentiation signals from the bone morphogenetic protein (BMP) path-

way (Urbischek et al., 2019). 

Besides tissue development and regeneration, metabolic diseases and other biological pro-

cesses, intestinal organoids can be used to study host-pathogen interactions as during Salmo-

nella infection process. The intestinal epithelium displays an effective barrier against the inva-

sion of microorganisms (Turner, 2009). Simpler cell culture models like Madin-Darby Canine 

Kidney (MDCK) cells or Henrietta Lacks (HeLa) cells only consist of a single cell type and are 

derived from tumors, thus they have error-filled genomes and investigations of host-pathogen 

interactions are more difficult to interpret (Beskow, 2016; Gaush et al., 1966; Ponce de Leon-

Rodriguez et al., 2019). The possibility of intestinal organoids that can be isolated from stem 

cells of the crypts, let scientists now gain insights in infection processes much closer to reality 

(Figure III.4.1). 

The intestine is surrounded by a monolayer of epithelial cells, typically forming villi and crypts 

to enlarge the surface of the intestine (Figure III.4.1 A). The epithelium consists of four major 

differentiated cell types (enterocytes, enteroendocrine cells (EEC), goblet cells and Paneth 

cells), multipotent stem cells, namely Lgr5+ crypt based columnar (CBC) cells and +4 cells, 

and a small population of epithelial cells that include tuft and microfold (M) cells (Beumer and 

Clevers, 2016; Gerbe and Jay, 2016; Iismaa et al., 2018; Takashima et al., 2013). These dif-

ferent cell types are part of distinct areas of the villus and crypt, respectively. EEC, enterocytes, 

goblet cells and M cells migrate to the tip of the villus, whereas Paneth cells are located at the 

bottom of the crypt, involved in stem cell maintenance (Gassler, 2017; Gomez and Boudreau, 

2021). Enterocytes are the most abundant cell type here (Egi Kardia, 2020). Goblet cells func-

tion in production and secretion of mucus and EEC synthesize hormones and neuropeptides. 

Absorptive cells are not only involved in metabolic and digestive functions, but also express 

specific reporters on their surface important for innate immune response (Pott and Hornef, 

2012; van der Flier and Clevers, 2009). By the recognition of luminal antigens and microor-

ganisms, M cells are associated with the immunological vigilance and maturation (Peterson 



                                                                                         Results 

143 

and Artis, 2014). The different cell types of the mammalian intestine are constantly being re-

newed after reaching the villus tip 4-5 days after their generation (Iismaa et al., 2018). As the 

intestine has a cellular and molecular complexity, investigating the mechanisms of the regula-

tion of the epithelial homeostasis is difficult and the usage of conventional cell lines was more 

beneficial (Ponce de Leon-Rodriguez et al., 2019). However, progress in the organoid cultiva-

tion now allows the successful growth of intestinal organoids in 3D (Figure III.4.1) and 2D 

(Figure III.4.15).  

 

Figure III.4.1. Cultivation of 3D intestinal organoids from biopsy samples. A) Schematic overview 
of cultivation of 3D intestinal organoids. The epithelial layer of the intestine consists of villi and crypts. 
The villi are built up from differentiated epithelial cells, including enterocytes, enteroendocrine cells 
(EEC), tuft cells and goblet cells. The crypts consist of paneth cells, +4 cells and crypt base columnar 
cells (CBC). Paneth cells represent mature cells that remain in the crypts and influence the stem cell 
environment. By continuous proliferation of the CBC, new cells are provided during differentiation of the 
villus. Stem cells are isolated from the crypts of intestinal biopsy samples and seeded in a Matrigel-
culture medium mix, allowing growth of 3D cultured cells reproducing the physiology and structure of 
the intestine. Initially, the culture medium is supplemented with growth factors and 10 µM Y27623 for 
inhibition of the Rho-associated, coiled-coil containing protein kinase (ROCK) pathway, improving the 
survival of stem cells in the initiation of differentiation protocols (Ishizaki et al., 2000; Rezania et al., 
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2014). Y27623 inhibits stem cell differentiation, so spheroids are formed. For differentiation, the medium 
is exchanged after 3 days with supplemented medium without Y27623, allowing differentiation. The 
intestinal organoids form villi and crypts and after 10 days, organoids can be dissociated and seeded 
again. B) Micrographs of intestinal organoid growth over time. Exemplary shown are murine colonoids 
and enteroids. Scale bar: 100 µm. 

 

After first cultivation attempts with murine small intestine segments, the approach extended to 

other parts of the intestine, resulting in growth of colonoids, if colon was used, and enteroids, 

if the small intestine was used (Sato et al., 2009; Stelzner et al., 2012). One of the most es-

sential cell types during enteroid formation are the Lgr5+ CBC cells, which differentiate to en-

terocytes, goblet cells, EEC and Paneth cells (Sato et al., 2009) (Figure III.4.1 A). These cells 

initially form spheroids under cultivation conditions with Rho-associated, coiled-coil containing 

protein kinase (ROCK) pathway inhibitor (Y27623), improving the survival of stem cells in the 

initiation of differentiation protocols (Ishizaki et al., 2000; Rezania et al., 2014). Following sphe-

roid stadium, protrusions are formed, mimicking crypts and the intestinal architecture (Sato 

and Clevers, 2013). It was also shown that Paneth cells are crucial for organoids and the 

maintenance of intestinal stem cells (Sato et al., 2011). Organoids can grow under in vitro 

conditions, but the medium has to be supplemented with factors and molecules normally com-

posing their natural niche (Gomez and Boudreau, 2021). To provide this essential environ-

ment, organoids are cultured in semi-viscous medium, enriched with an extracellular matrix 

(Matrigel) to allow differentiation and interactions of the cells. Additionally, a cocktail of biolog-

ical enhancers is added to the medium, containing the bone morphogenetic protein inhibitor 

R-spondin, Wnt3a, Noggin and epidermal growth factors (Ootani et al., 2009; Sato et al., 2011; 

Sato et al., 2009). Following spheroid assembly, the ROCK inhibitor is removed from the me-

dium and the spheroids break the symmetry, leading to crypt formation. Intestinal organoids 

form a lumen with an apical side, in which apoptotic cells and metabolites are ejected (Gomez 

and Boudreau, 2021). In contrast to the gut epithelium, the external milieu is not in touch with 

the apical side of the organoid, but with the basolateral side (Sato et al., 2009). This organiza-

tion makes infection models and analyses of host-pathogen interactions more difficult. How-

ever, new strategies were devised that allow to reverse this polarity, leading to new infection 

protocols and analyses of infection processes. 

 

III.4.2.2. Organoids as model for infection biology 

Infectious diseases are one of the most common causes of death and represent a major health 

problem around the world (WHO, 2008). In times of rising infection rates and frequently emerg-

ing antibiotic-resistance in pathogenic bacteria as well as newly emerging zoonotic diseases 
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as SARS-CoV-2, it is of crucial importance to better understand their pathogenesis for devel-

opment of new strategies to counteract infections or for vaccine development (WHO, 2014). 

Organoid systems are one of the major recent advances for biological research across biolog-

ical research fields including drug treatment, cancer therapy, developmental biology and also 

infection biology. Organoids can be derived from induced and adult stem cells and are able to 

reconstitute complex tissues with different cell types and physiological functions. For many 

diseases, the broader biological context is necessary to elucidate infection routes, disease 

progression and pathogenesis of the causative agent. With their ability to mimic the in vivo 

context, organoids can therefore serve as model in infection biology (Bartfeld, 2016; Dutta and 

Clevers, 2017; Rios and Clevers, 2018). Despite being only a recently developed method, 

numerous bacterial, viral and parasitic pathogens have been analyzed in organoid systems 

such as Cryptosporidium, enterohemorrhagic Escherichia coli, Campylobacter jejuni, Clostrid-

ium difficile, Helicobacter pylori, Listeria monocytogenes, Shigella flexneri, Vibrio cholerae, 

Salmonella enterica, Zika virus, rotavirus and SARS-CoV-2 (Bartfeld and Clevers, 2015; 

Finkbeiner et al., 2012; Forbester et al., 2015; Garcez et al., 2016; He et al., 2019; Heo et al., 

2018; Lamers et al., 2021; Leslie et al., 2015; Ranganathan et al., 2019; Roodsant et al., 2020; 

Tse et al., 2018; Zomer-van Ommen et al., 2016). Even formerly, unculturable pathogens like 

norovirus show the high potential of organoids to become a promising model system for path-

ogens, especially if they are adapted to the human host (Ettayebi et al., 2016). 

Many bacterial pathogens using the intestinal tract as route of entry to deeper tissues and 

systemic spread in the host (Ribet and Cossart, 2015). Intestinal organoids with their ability to 

recapitulate infection relevant characteristics such as crypt and microvilli domains, mucus pro-

duction, defensive and antimicrobial peptide secretion can serve as adequate model system 

for enteric pathogens (Bartfeld and Clevers, 2015; Dutta and Clevers, 2017). Further systems 

with gallbladder and liver organoids can help to study specific infection foci in systemic dis-

eases (Caiazza et al., 2021; Sepe et al., 2020). Co-culture models with immune cells in me-

dium could serve as model for microenvironments like the lamina propria (Schreurs et al., 

2021). A decent set of methods for infection biology research with organoid systems is availa-

ble by now which is schematically presented in Figure III.4.2. 
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Figure III.4.2. Methods of infection studies with 3D and 2D organoids. A) stem cells are cultured in 
Matrigel as described in figure III.4.1 until they develop 3D organoids (B). C) To allow pathogens access 
to the apical side of 3D organoids, microinjection can be performed. D) Generation of apical-out organ-
oids allows infection with pathogens added directly to the culture medium. E) Organoid-derived mono-
layers allow infection from the apical side in a more defined manner described in figure III.4.15. F) Mi-
crobiota and immune cells can be added to organoids grown on transwells (E) and in microfluidic cham-
bers (G). 

 

Salmonella enterica 

One of the most prevalent enteropathogens belongs to the family Salmonella enterica that can 

cause diseases ranging from self-limiting gastroenteritis to life-threatening systemic infections 

(typhoid fever) (Johnson et al., 2018). The pathogenic, Gram-negative bacteria are rod-shaped 

and live facultative anaerobic. There are over 2,500 serovars within the genus of Salmonella 

which can be highly human-specific like Salmonella enterica serovar Typhi (STY) or S. enterica 

serovar Paratyphi A (SPA), or with a broad host range like S. enterica serovar Typhimurium 

(STM) (Pui, 2011). The ability of invasion and subsequent intracellular lifestyle in epithelial and 

immune cells is a major characteristic of Salmonella. The pathogenesis is thereby mediated 
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by virulence genes which are mainly encoded on Salmonella pathogenicity islands (SPI), large 

chromosomal regions harboring several virulence-associated genes (Gerlach and Hensel, 

2007; Hensel, 2004). Salmonella is able to actively invade polarized epithelial cells by the so-

called trigger mechanism (Gerlach et al., 2008). Prior invasion, the giant non-fimbrial adhesin 

SiiE mediates first close contact to the apical side of the target cell. SiiE is secreted by the 

SPI4-encoded type 1 secretion system (SPI4-T1SS). In the further process of the infection, 

effector proteins are translocated via a SPI1-encoded type 3 secretion system (SPI1-T3SS) 

into the target cell and thereby induce manipulation of the actin cytoskeleton in enterocytes (Ly 

and Casanova, 2007). This process leads to membrane protrusions (membrane ruffles) and 

subsequently the non-phagocytic cells internalize the Salmonella in a phagocytic-like manner 

(Galan and Curtiss, 1989; Gerlach et al., 2008). After invasion, Salmonella is present in the 

Salmonella-containing vacuole (SCV), similar to a phagosome. The following intracellular life-

style with maturation of the SCV and as well as replication is depending on effector proteins 

which are translocated via a SPI2-encoded T3SS (SPI2-T3SS). Human-specific typhoidal Sal-

monella serovars replicate in immune cells like macrophages and are able to systemic dissem-

inate to gallbladder, lymph nodes, bone marrow and liver as the infection progresses (Dougan 

and Baker, 2014).  
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III.4.3. Results 

III.4.3.1. 3D imaging of intestinal organoids 

Organoids possess complex structures and are embedded in hydrogel that reconstitute an 

extracellular matrix and allows growth in 3D. These circumstances make microscopy ap-

proaches of whole-mount organoids challenging and imaging is highly dependent on specimen 

preparation, microscope and objective properties. Staining of organoids with fluorescent 

probes can be performed directly in suitable cell culture chambers or with detached organoids, 

released from Matrigel. Imaging is then performed in the respective chambered coverslip or 

after embedding of the detached organoids on conventional microscope slides (Figure III.4.3). 

Imaging quality is further dependent on working distance, parfocal length and numerical aper-

ture of the used objective and the wavelength of light used to illuminate the specimen. 

 

Figure III.4.3. Light microscopy of whole-mount intestinal organoids. A) Distance from specimen 
to microscope objective is higher in setups with organoids cultured in Matrigel in a µ-slide chambered 
coverslip (ibidi) than with fixed organoids that were mounted on microscope slides (B). 

 

Scanning electron microscopy (SEM) gives an impression of the dimensions of 3D organoids 

(Figure III.4.4 A). A side view of 3D enteroids cultured in chambered coverslips reveals how 

challenging fluorescence microscopy with such large specimen can be (Figure III.4.4 B). With 

up to 500 µm in diameter, not nearly half of the organoid can be imaged properly in Z dimension 

with loss of focus and decreasing fluorescence signal with increasing imaging height. Espe-

cially the illumination with shorter wavelengths for DAPI or Alexa488 fluorescence samples is 

problematic as penetration depth in confocal microscopy is typically limited to less than 100 µm 

(Graf and Boppart, 2010). However, the organoid side near the coverslip bottom and also some 

crypt domains were imaged in adequate resolution (Figure III.4.4 B, C, C’). Staining with DAPI, 

phalloidin and CellMask can give an insight into the general organization of a fully differentiated 
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enteroid. CellMask allowed a uniform staining of the plasma membrane without cell-type dif-

ferences exhibited by lectins and shows the dimensions of the enteroid. Nuclei staining with 

DAPI and F-actin staining with phalloidin showed the distribution and orientation of cells in the 

organoid. High F-actin accumulation was visible at the apical side of the epithelial cells, which 

showed a high order of polarization with a high number of microvilli that were densely packed 

on the apical surface. The apical side faced the lumen of the enteroid. DAPI stained nuclei 

were located at the basolateral side. 

 

Figure III.4.4. Imaging and fluorescence labeling of 3D enteroids. A) SEM image of mouse intestinal 
organoid. 3D side view (B), maximum intensity projection (C) and cross-section (C’) of whole-mount 
enteroid. Murine ileum organoids were cultured, fixed and stained with phalloidin-iFluor647 (green), 
DAPI (blue) and CellMask Deep Red (red) in µ-slide chambered coverslip before imaging. Imaging with 
40x objective. Multiple images with overlaps were acquired and stitched. Scale bars: 50 µm. 

 

Imaging of enteroids released from Matrigel and embedded on microscope slides is easier in 

terms of microscope prerequisites. Due to flattening of the organoids between microscope 

slide and coverslip and the resulting lower distance between objective and specimen, imaging 

of whole organoids in full Z was possible (Figure III.4.5). This allowed imaging with higher 



Results  

150 

magnifying objectives and detailed characterization of cells e.g. at the apical side of entero-

cytes (Figure III.4.5 C’). Additionally, the brush border with microvilli structures was visible in 

detail. 

 

Figure III.4.5. Imaging and fluorescence labeling of 3D enteroids. A and B) Maximum intensity pro-
jection and cross-section (A’, B’) of whole-mount murine ileum organoids that were cultured and fixed in 
a 24-well, detached and stained with phalloidin-iFluor647 (green), DAPI (blue) and CellMask Deep Red 
(red) before mounted on microscope slide for imaging. Imaging with 63x objective. Multiple images with 
overlaps were acquired and stitched. Scale bars: 50 µm. 

 

Transmission electron microscopy (TEM) of ultrathin sections of a 3D-cultured enteroid re-

vealed differences regarding the ultrastructure of various cell types (Figure III.4.6). The apical 

side of epithelial cells that are facing the lumen of the enteroid showed highly ordered microvilli 

structure, which therefore were defined as brush border (Figure III.4.6 A). Goblet cells were 

easily distinguishable by TEM because of their unique cellular architecture. A large volume of 

the goblet cell was densely packed with mucus containing secretory vesicles with large glyco-

proteins called mucins (Figure III.4.6 B). Due to harsh fixation methods necessary for TEM, 
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the structure of carbohydrate-rich polymeric mucins may be disrupted, yet secretion of it was 

also visible in Figure III.4.6 B. 

 

Figure III.4.6. 3D organoids develop multiple cell types with brush border and mucus secretion. 
TEM image of mouse intestinal organoid. A+B) Green arrowheads indicate microvilli in a brush border. 
B) Goblet cells with secretory vesicles (blue arrowheads) inside of the cell and secreted mucus (red 
arrowheads) are shown. Scale bars: 2 µm. 

 

Lectins like wheat germ agglutinin (WGA) with a high affinity for sialic acid and N-acetylglu-

cosamine can be used to distinguish between certain cell types within organoids e.g. goblet 

and Paneth cells. WGA-stained murine and human enteroids showed expected high WGA 

signal predominantly in crypt domains (Figure III.4.7 A, B), the area where goblet and Paneth 

cells are mainly present (Figure III.4.1) (Birchenough et al., 2015). Imaging in higher magnifi-

cation also revealed single cells with secreted mucus at the apical side of the cell, these cells 

also showed less F-actin signal (Figure III.4.7 C, C’, C*). Note that WGA also stains the nuclear 

envelope, which was therefore also visible. 
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Figure III.4.7. Fluorescence analysis of 3D enteroids with wheat germ agglutinin. Murine (A) and 
human (B, C, C’, C*) enteroids were cultured, fixed and stained with AlexaFluor488-phalloidin (green), 
DAPI (blue) and CF®640R WGA (red) in µ-slide chambered coverslip before imaging. (C’) and (C*) 
show magnification and side view of a region of interest. Arrowheads indicate accumulation of WGA 
signal. Images are shown as maximum intensity projection. Imaging with 40x objective (A, B) and 63x 
objective (C, C’, C*). Multiple images with overlaps were acquired and stitched. Scale bars: 50 µm (A, 
B), 10 µm (C, C’, C*). 
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III.4.3.2. Lentiviral transfection 

To further analyze host-pathogen interactions without additional staining, we aimed to stably 

transfect the organoids with LifeAct-GFP by lentiviral transduction as a highly efficient method 

of gene transfer into mammalian cells (Figure III.4.8) (Miyoshi and Stappenbeck, 2013). The 

organoids were grown for 2-4 days in 3D organoid medium, supplemented with ROCK inhibi-

tor, to generate as many stem cells as possible. As the lentiviruses interfere with the Matrigel, 

the organoids were seeded on a thin Matrigel layer. Following this step, we incubated the 

organoids for 3 days to allow differentiation. After 7 days, we started selection by Blasticidin 

treatment for 24 h. Blasticidin is a selection antibiotic, acting on eukaryotic and prokaryotic 

cells. The cell death induced by Blasticidin occurs rapidly and allows selection of transfected 

cell lines carrying a Blasticidin resistance gene within one week (Miyoshi and Stappenbeck, 

2013). Additionally, organoids were selected without Blasticidin treatment (Figure III.4.8) and 

non-transduced organoids were treated with Blasticidin (not shown). 

After selection with Blasticidin, we obtained successfully transfected human colon and ileum 

organoids with a rate of approximately 50% (Figure III.4.8). We found a varying distribution of 

the GFP signal among the survived organoids ranging from only one to a few cells, up to nearly 

all cells of a single organoid. Interestingly, we found partly damaged organoids after Blasticidin 

treatment (Figure III.4.8). Thus, as the untreated organoids showed less to no damage, the 

Blasticidin concentration has to be decreased. However, we passaged the successfully trans-

duced organoids and tried to further select for organoids with many positive cells to increase 

the amount in the population. The stable transfection was tested over several months and 

could be confirmed for most of the selected organoids. In future attempts, sorting of the stem 

cells by FACS or by visual inspection during passaging could lead to a monoclonal population 

of stably transfected organoids (Miyoshi and Stappenbeck, 2013). In a next step, these stably 

transfected organoids can then be used for 2D analyses or apical-out approaches to gain more 

insights into STM, SPA or STY infection process under nearly physiological parameters. 
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Figure III.4.8. Lentiviral transfection of human organoids with LifeAct-GFP. Microscopic analyses 
of the lentiviral transduction and following selection. Human organoids were lentiviral transfected for 
24 h. After 24 h transduction, medium was exchanged, organoids covered with additional Matrigel and 
covered with medium. Selection occurred with Blasticidin. Microscopy was performed with the Zeiss 
Axio Vert.A1. Scale bar: 100 µm. A) Human colon spheroids (left) and colonoids (center and right). B) 
Human ileum spheroids (left) and enteroids (center and right). 
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In addition to human organoids, we successfully transfected murine enteroids (Figure III.4.9). 

These cell line survived the Blasticidin treatment and showed no damaged organoids. 

 

Figure III.4.9. Murine enteroids stably transfected with lentivirus. Microscopic analyses of the len-
tiviral transduction of murine enteroids. Organoids were transfected with LifeAct-GFP lentiviruses. Pro-
cedure as described in Figure III.4.8. Images show maximum intensity projection (MIP), brightfield (BF) 
and fluorescence microscopy images with LifeAct-GFP (green, actin) of stably transfected enteroids 
after blasticidin treatment. Scale bar: 100 μm. 

 

III.4.3.3. Analysis of intestinal organoids microinjected with Salmonella 

Fluorescence microscopy of human organoids microinjected with Salmonella 

One challenge in using organoids to study pathogen-host interactions is the difficulty in ac-

cessing the apical, or luminal, surface of the epithelium, which is enclosed by the organoid cell 

layer. Infection of 3D cultured organoids with Salmonella by microinjection is a method to allow 

apical invasion of the pathogenic bacteria to mimic in vivo conditions. Microinjection with a 

glass micropipette is used to enable Salmonella to invade the apical side. Often, not fully dif-

ferentiated organoids with crypts are used, but mostly round shaped spheroids in early culti-

vation because microinjection is much easier with these. 

Figure III.4.10 shows an exemplary image of a 3D human colonoid microinjected with STM WT 

carrying a plasmid for constitutive expression of GFP. For microinjection, a fluorescence mi-

croscope was used to control injection of STM (Figure III.4.10 B). STM were visible inside the 

glass micropipette and the round shaped organoid but also leaking out of the injection side. 

Microinjected human colonoids were fixed for fluorescence imaging, detached, stained with 

DAPI, phalloidin and CellMask and mounted on microscope slides. Multiple small round 

shaped organoids were visible as well as a large organoid with approximately 350 µm in diam-

eter (Figure III.4.10 A). Some STM were visible outside of the organoid and at the basolateral 

side. A large number of poorly visible individual STM were dispersed in the organoid lumen. 

At the injection site, tissue damage could be detected as well as a huge accumulation of STM. 

Invasion sites could not be analyzed in detail because of the tissue damage that occurred 

during microinjection and the staining and embedding steps. Also, the flattening of the organoid 

due to mounting on microscope slides hamper the determination of individual infection sites at 

the bacterial-cell contact site.  
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Figure III.4.10. Fluorescence imaging of 3D human colonoid microinjected with Salmonella 
Typhimurium. A) Human colonoids were microinjected with STM WT expressing GFP (white), fixed at 
1-1.5 h p.i. and stained with phalloidin-iFluor647 (green), DAPI (blue) and CellMask Deep Red (red) 
before imaging. Arrowheads indicate STM at injection site inside and outside of the organoid (white) and 
with and without direct contact to basolateral side of the enteroid (red, yellow, respectively). Images are 
shown as maximum intensity projection. Imaging with 40x objective. Multiple images with overlaps were 
acquired and stitched. Scale bar: 50 µm. B) Exemplary image of microinjection process with STM WT 
expressing GFP (green). Arrowheads indicate injection site with STM leaking off the lumen. 

 

TEM analysis of murine and human organoids microinjected with Salmonella  

Murine organoids were fixed 60 to 90 min p.i. with STM WT. The organoid shown in Figure 

III.4.11 possessed a diameter of approximately 330 μm. It had a round shape and consists of 

a mixture of monolayers and multilayers, some with different cell types (Figure III.4.11 B), sur-

rounding a large, central lumen (Figure III.4.11 A, B). Both, in the lumen and outside of the 

organoid, a multitude of Salmonella were visible (Figure III.4.11 A, B, C). While there were no 

microvilli on the basolateral side of the cells, a large amount can be detected on the apical side 

(Figure III.4.11 E), where also some invading Salmonella could be observed (Figure III.4.11 C 

- F). Two bacteria were already completely enclosed by the plasma membrane of the host cell, 

and were located in a SCV in the distal area of the cell (Figure III.4.11 C - D). At another site 

of the organoid, the Salmonella were only half-enclosed by the host membrane (Figure III.4.11 

E, F). In both cases, however, much of the microvilli around the invasion site were effaced and 

the cell showed an extensive membrane ruffle around the bacteria (Figure III.4.11 D - F), sim-

ilar to previously described membrane ruffles in polarized cell culture models (Gerlach et al., 

2008). 

In another murine organoid, Salmonella had already fully invaded both from basolateral and 

apical side and were located in an area near the nucleus, and possess a SCV (Figure III.4.12). 

Possibly, due to the embedding protocol, the SCV were no longer completely preserved. It 

seems that in this organoid sample mainly basolateral invasion happened. A high number of 

Salmonella and also most of the invasion events were detected at the basolateral side, which 

could indicate that invasion happened primarily at this side (Figure III.4.12 A). 

 



Results  

158 

 

Figure III.4.11. TEM images of a murine colonoid microinjected with Salmonella Typhimurium. 
Murine colonoids were microinjected with STM WT and fixed for TEM 1-1.5 h p.i. A) Overview image of 
the murine colonoid. B) Magnified area from (A) showing presence of STM on the basolateral side (bl) 
outside of the organoid (white arrowhead), the monolayer (black arrow) and multilayer (white arrow) 
surrounding the lumen (ap), and the cellular debris located in the lumen (black arrowhead). C) Section 
of the cell layer surrounding the lumen. Some STM are located on the apical side (ap) (black arrowhead); 
bl (basolateral). D) Detailed view of two invading STM with SCVs partially present (red arrowheads) and 
microvilli effacement (black arrows). E) Section of cell layer of an intestinal organoid showing apical (ap) 
and basolateral (bl) sides and absence of microvilli (black arrows). F) A detailed view shows dividing 
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invading STM that trigger membrane protrusion but that have not yet formed an SCV (blue arrowhead). 
No microvilli are present in the vicinity of the invasion site (black arrows). Scale bars: 100 μm (A), 25 
μm (B), 10 μm (C), 1 μm (D, F), 5 μm (E). 

 

 

Figure III.4.12. TEM images of a murine colonoids microinjected with Salmonella Typhimurium. 
Murine colonoids were microinjected with STM WT and fixed for TEM 1-1.5 h p.i. A) Overview image of 
the murine colon organoid showing apical (ap), basolateral (bl) side and several intracellular STM, one 
is located near the nucleus (black box). B) Detailed view from A shows STM (s) is located within an SCV 
with a single membrane (black arrowhead). C) Overview image from another area of the organoid show-
ing apical (ap) and basolateral (bl) sides, as well as intracellular STM on the basolateral side near the 
nucleus. D) Detailed view from C showing intracellular STM (s) enclosed by an SCV with a single mem-
brane (red arrowhead). Scale bars: 7 μm (A), 500 nm (B), 5 μm (C), 750 nm (D). 
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The human intestinal organoids were microinjected as mentioned above, but they were fixed 

for TEM already 30 min after injection. The organoid shown in Figure III.4.13 A had a diameter 

of approximately 540 μm at its widest point, and again Salmonella were present both outside 

(Figure III.4.13 A) and inside of the organoid (Figure III.4.13 E). With an alternation between 

monolayer and multilayer, with partly different cell types, a similar organization as in the murine 

variant was observed (Figure III.4.13 B). Several invading Salmonella could be recognized, 

which just contact the host cell membrane, so that a membrane ruffle was formed (Figure 

III.4.13 G, I). In the posterior part of this protrusion, fine elongated structures could be ob-

served, which have morphological similarity to cytoskeletal components (Figure III.4.13 G). In 

close vicinity to the invading Salmonella, small round structures were visible and the microvilli 

of the apical side of the cells were still present (Figure III.4.13 I). Furthermore, Salmonella were 

observed to be located, together with other materials, in an electron-light compartment en-

closed by a membrane (Figure III.4.13 F). 
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Figure III.4.13. TEM images of a human colon organoid microinjected with Salmonella Typhi-
murium. Human colonoids were microinjected with STM WT and fixed for TEM 30 min p.i. A) Overview 
image of the human colon organoid. B) Magnified area from (A) shows presence of STM (black arrow-
head) on the basolateral (bl) side, the apical (ap) side, and the monolayer (black arrow) and multilayer 
(white arrow) surrounding the lumen. C) Overview of a possibly apoptotic cell with intracellular STM near 
the lumen (lu). D) Detailed view of STM from C shows enclosure within an SCV with a single membrane 
(red arrowhead). E) Detail of another area of the organoid showing cells in the luminal region (lu). F, G) 
Detail from E. F) Detail of two STM located along with other unknown structures within a single mem-
brane compartment (black arrowhead) and STM in an SCV (blue arrowhead). G) A close-up shows STM 
in contact with a membrane protrusion (green arrow), but not invaded. H) Overview of a part of the cell 
layer of the organoid. I) Detailed view of invading STM with contact to a membrane protrusion (purple 
arrow) and surrounding microvilli (black arrows). Scale bars: 100 μm (A), 25 μm (B), 3 μm (C), 750 nm 
(D, F, G, I), 7 μm (E), 5 μm (H). 

 

III.4.3.4. Generation of apical-out intestinal organoids 

Another method to infect 3D organoids without physical injury is the generation of apical-out 

organoids (Co et al., 2019). The reversal of the polarity of 3D organoids enables analyses of 

pathogen-host interactions at the apical side without microinjection. For the generation of api-

cal-out organoids, murine enteroids were cultured as regular for 7-10 days in Matrigel. These 

normal 3D basal out enteroids were dislodged and solubilized to remove the Matrigel. The 

solubilized enteroids were re-seeded in medium without Matrigel in low-attachment plates or 

with a minimal amount of Matrigel to immobilize the organoids at the bottom of the chambered 

coverslips. In first attempts, mostly enteroids with mixed polarity could be observed (Figure 

III.4.14 A, B). Mixed-polarity enteroids were fixed and stained with DAPI, phalloidin and Cell-

Mask whereas high F-actin signal indicates the apical side. In cross-sections of mixed polarity 

enteroids both apical-out and basal out areas were visible (Figure III.4.14 A’). The formation 

of apical-out organoids is highly heterogenic; however, it allows to infect multiple 3D organoids 

directly within the medium without microinjection. 
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Figure III.4.14. Fluorescence imaging of 3D apical-out enteroids. Maximum intensity projection (A, 
B) and cross-section (A’) of induced mixed polarity murine ileum organoids. Murine ileum organoids 
were cultured with minimal amount of Matrigel. Arrowheads indicate apical (green) and basal (red) re-
gions. Cultivation, fixation and staining with phalloidin-iFluor647 (white) and DAPI (blue) in µ-slide cham-
bered coverslip before imaging. Imaging with 40x objective. Multiple images with overlaps were acquired 
and stitched. Scale bars: 50 µm. 
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III.4.3.5. 2D cultivation, characterization and infection 

Organoid cultivation on transwells – from 3D to 2D 

In addition to 3D cultivated organoids, enzymatic dissected organoids can be seeded on a flat 

plastic surface or transwells (Figure III.4.15). The attachment of the organoid fragments or 

single cells requires coating with complex matrices, e.g. Matrigel, or gelatin, collagen or fibron-

ectin (Aguilar et al., 2021). The complex matrix on the one hand provides a suitable coating 

surface, but on the other hand has several disadvantages like the presence of growth factors 

and other components like gentamicin with batch-to-batch variability (Aguilar et al., 2021). To 

obtain a confluent cell layer, parameters as seeded cell number and medium composition has 

to be considered. With the medium composition, cell differentiation can be inhibited or induced 

for example. The advantages of organoid-derived monolayers are the access to the apical side 

without the need of special equipment. Pathogens can easily be added or removed, as well as 

cell debris and waste products. Additionally, due to the usually flat monolayer, microscopic 

analysis should be also more straightforward. Single cells can easily be analyzed by high-

throughput screenings. However, cell characteristics like differentiation and intercellular con-

nections can differ between organoids and organoid-derived monolayers (Aguilar et al., 2021). 

 

Figure III.4.15. Cultivation of organoid-derived monolayers on transwells. The organoids are en-
zymatically dissected and single cells are seeded on a matrix-coated membrane (here polyester). 
Growth is dependent on the cell number seeded, medium composition as well as the coating matrix. 
The cells of the monolayer have access to nutrients from both cellular surfaces, enabling a more phys-
iological growth. To assess monolayer confluence, transepithelial electrical resistance (TEER) is meas-
ured. 

 

Transwells or other permeable inserts can be used to get access to both sides of the epithe-

lium, increasing the possibilities of investigations. Thus, the cells are able to take up molecules 

from both cellular surfaces, leading to a more physiological metabolic activity. The confluence 

of transwell monolayers is assessed by measuring the transepithelial electrical resistance 
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(TEER). The confluent layer then can be used for specific staining, e.g. PAS staining or im-

munostaining, and infections. 

PAS staining of murine tissue and 2D cultured intestinal organoids 

The periodic acid Schiff (PAS) reaction is one of the most frequently used chemical methods 

in histology. As unstained structures are low in contrast under the light microscope, staining 

with peroxide solution and Schiff´s reagent increases contrast and can help to distinguish forms 

and structures. This method was already used for other biopsy samples and scientific ap-

proaches (Adams and Dilly, 1989; Lauren and Sorvari, 1969; Nikiforou et al., 2016; Osho et 

al., 2017; Spicer, 1960). During the PAS reaction, the samples are treated with periodic acid, 

resulting in the oxidation of the 1,2-glycols into aldehyde groups. Following oxidation, fuchsin-

sulfuric acid (Schiff’s reagent) is added to the samples, causing a reaction of the aldehydes to 

form a red color. Thus, this reaction yields a specific color reaction with unsubstituted polysac-

charides, neutral mucopolysaccharides, muco- and glycoproteins, and glyco- and phospholip-

ids and can be used as evidence for mucus production. We wanted to investigate potential 

mucus production of our human 2D monolayers (Figure III.4.16 A and B) before infection to 

get a better insight and result interpretation. Additionally, for comparison, we stained freshly 

prepared and embedded murine gut samples (Figure III.4.16 D). As a control, we performed a 

toluidine staining (Richart, 1963; Sridharan and Shankar, 2012) (Figure III.4.16 C). Besides 

nucleic acids, toluidine blue also stains mucins, amyloids and granules from mast cells and 

endocrine cells and is described for epoxy resin embedded thin sections (Sridharan and 

Shankar, 2012).  

We stained the human organoid monolayers after 3 days and 11 days, directly before infection 

(Figure III.4.16 A and B). We were able to find smaller areas high in contrast, as exemplarily 

indicated. After 3 days, the amount of these spots was less than after 11 days, indicating a 

differentiation of the cells also in our 2D monolayers. Thus, we concluded that infections can 

be performed under mucus producing conditions with these cells. Additionally, we found an 

increased mucus production and potential goblet cells in colon monolayers in comparison to 

ileum monolayers. Furthermore, epoxy resin embedded thin sections of murine gut samples 

showed an increased signal in toluidine stain (Figure III.4.16 C) and also PAS reaction (Figure 

III.4.16 D). Hence, we performed infections for 30 min and 60 min and demonstrated that usage 

of organoid cell culture can lead to a more complex result in comparison to conventional and 

simpler cell culture models (Figure III.4.18). 
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Figure III.4.16. PAS analysis of human organoid monolayer and murine biopsy samples. PAS 
staining of human colonoids and enteroids (A and B), as well as toluidine stained murine biopsy samples 
(C) and PAS stained murine biopsy samples (D). Arrows indicate stained structures. A and B) Monolay-
ers were fixed with 3% PFA in PBS and incubated with periodic acid solution (10%). After washing, 
samples were incubated with Schiff´s reagent. Following these preparations, the samples were fixed on 
microscope slides. For microscopy, 10x and 20x magnification were used, respectively. Scale bars: A) 
and B) 10 µm, C) 50 µm, D) 100 µm.  

 

2D infections – TEER measurements 

Various cells can be cultured on porous filters. However, due to optical properties of the filter 

material and cell shape, the quality of the cell monolayer is difficult to evaluate (Chen et al., 

2015). However, the TEER measurement can be used as an indicator of the polarization level 

quality for the cultivation. It is described that completely differentiated cell cultures possess a 

stable TEER between 500 and 1,100 Ω/cm2 (Chen et al., 2015).  
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Figure III.4.17. TEER measurement during infection process of intestinal organoid monolayers. 
Shown are TEER measurements during growth (A, C) and infection of human- and mouse-derived mon-
olayers (B, D). The transepithelial electrical resistance (TEER) was measured every day after seeding 
the cells (A) or every hour post infection (p.i.) (B). A) 1*105 cells/well were seeded in 2D monolayer 
medium at day 0. At day 5, medium was changed to differentiation medium as indicated. Monolayers 
were grown for 12 days before infection. B) For infection, 2.5 h subcultures of infective STM were grown 
and organoid monolayers were infected at MOI of 50 for 60 min. The cells were treated with 100 µg/ml 
gentamicin per well for 1 h, washed three times with prewarmed PBS and incubated with 10 µg/ml gen-
tamicin per well for additional 4 h. C) Growth of murine-derived monolayer. Set-up as described for 
human-derived monolayer, with exception of 1.5*105 cells/well were seeded. TEER measurement as 
indicated. D) Infection of mouse-derived monolayer as described for human-derived monolayer. 

 

During cultivation of our 2D monolayers of murine and human organoids, we measured the 

TEER daily, (Figure III.4.17 A, C) whereas during infection, it was determined every hour (Fig-

ure III.4.17 B, D), respectively. We used transwells with polyester membranes with a pore size 

0.4 µm (= 0.4 µm transwell] and 3.0 µm (= 3.0 µm transwell), respectively, to investigate growth 

(Figure III.4.17 A) and also behavior of the cell layer during infection (Figure III.4.17 B). 3.0 µm 

transwells were tested, because potential exit strategies were aimed to be analyzed, allowing 

the bacteria to cross the filter more easily after passaging the 2D monolayer. In the first growth 

phase with 2D monolayer medium, TEER of human-derived monolayers increased almost ex-

ponentially from day 0 (170 Ω/cm2) to day 3 (740 Ω/cm2) on 0.4 µm transwells and from day 0 

(130 Ω/cm2) to day 5 (1,000 Ω/cm2) on 3.0 µm transwells. For the mouse-derived monolayer 

we measured a TEER of Ω/cm2 on 0.4 µm transwells and 387 Ω/cm2 on 3.0 µm transwells after 

5 days (Figure III.4.17 B). The growth curve of the human-derived monolayers on 0.4 µm filter 

flattened earlier than on 3.0 µm transwells, indicating an earlier saturation regarding cell-cell 

contacts and differentiation. At day 5 we changed the medium to differentiation medium and 

observed a saturation of the human-derived monolayers up to day 7 (1,000 Ω/cm2) on the 3.0 

µm transwells, whereas TEER of the monolayer continuously increased on 0.4 µm transwells 

to 1,120 Ω/cm2. Between day 7 and 10, TEER increased up to 1,300 Ω/cm2 on the 3.0 µm 

transwells and decreased back to 960 Ω/cm2. Thus, on both transwells we were able to reach 

an optimal TEER for the human-derived monolayers, indicating a confluent and differentiated 

monolayer. In contrast to this, mouse-derived monolayers at day 7 with a TEER of 800 Ω/cm2 

(3.0 µm) and 2,967 Ω/cm2 (0.4 µm) were infected (Figure III.4.17 D). 

In a next step, we infected the monolayers with STM WT and measured the TEER during 

infection over 5 h (Figure III.4.17 B, D). Directly at the point of infection, the TEER of the mon-

olayer on the 3.0 µm transwells decreased to 590 Ω/cm2 (human) and 335 Ω/cm2 (murine), 

whereas TEER of the monolayer on the 0.4 µm transwells remained stable at 1,070 Ω/cm2 

(human). Contrary, the TEER of the mouse-derived monolayer decreased to 820 Ω/cm2 on 

0.4 µm transwells. After 1 h, a minimum for human-derived monolayers was measured on both 

filters (3.0 µm: 430 Ω/cm2; 0.4 µm: 940 Ω/cm2) (Figure III.4.17 B). Whereas the TEER of the 
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mouse-derived monolayer on 0.4 µm transwells was slightly increasing (1,300 Ω/cm2), TEER 

on 3.0 µm transwells was still decreasing until the end of the measurement (Figure III.4.17 D). 

At 2 h p.i. the TEER of the human-derived monolayer on the 3.0 µm transwells reached 700 

Ω/cm2, not fully recovering to its initial value of 960 Ω/cm2, indicating a loss of barrier integrity. 

In contrast to this, the TEER of the monolayer on the 0.4 µm transwells reached a maximum 

of 1,300 Ω/cm2 2 h p.i., slowly decreasing to 1,000 Ω/cm2 after 5 h p.i., similar to the starting 

TEER. Thus, we concluded a full recovery of the monolayer on 0.4 µm transwells. Comparably, 

the TEER of the mouse-derived monolayer also increased on 0.4 µm transwells to 

2,200 Ω/cm2, not reaching fully recovered start TEER 5 h p.i. (Figure III.4.17 D). This loss of 

barrier integrity and recovery during invasion of STM is already described and we concluded 

that the selected parameters are compatible with the chosen system and can be used for fur-

ther investigations on infection of mutant strains (Figure III.4.18) and also of STY/SPA. Addi-

tionally, in combination with lentiviral transfected organoids, a microscopic analysis of the in-

fection process and actin remodeling can be possible in a next step. 

2D infections – quantification of invasion 

As there are known described phenotypes regarding the SPI1 and SPI4 in cell lines as HeLa, 

MDCK and CaCo2 (Gerlach and Hensel, 2007; Gerlach et al., 2007), in a next step we aimed 

to investigate the invasion of cells in human organoid monolayers. It was already shown that 

distinct SPI are important for different stages of infection (Gerlach and Hensel, 2007). Whereas 

the SPI4 and its giant substrate SiiE are essential for adhesion and invasion of polarized cells 

by supporting translocation of the SPI1-T3SS effector proteins, SPI4 function is not required 

for invasion of non-polarized cells (Gerlach et al., 2008; Wagner et al., 2011). In contrast to 

this, the SPI1-encoded T3SS is essential for a successful invasion of polarized and non-polar-

ized cells. Thus, we decided to analyze these known phenotypes in monolayers of human 

enteroid- and colonoid-derived cells. As we demonstrated mucus production of the cells (Fig-

ure III.4.16), these monolayers differ from simple tumor-based cell culture lines like polarized 

MDCK and non-polarized HeLa cells. We infected the human monolayers for 30 and 60 min, 

lysed the cells, plated lysates onto agar plates and determined colony-forming units to quantify 

invasion (Figure III.4.18) of STM WT, Δspi4 and ΔinvC ) strains. Because of co-regulation of 

the SPI with other systems, important during invasion, it was shown that invC deletion specifi-

cally inhibits SPI1-T3SS assembly (Gerlach et al., 2008; Gerlach et al., 2007).  

Interestingly, we found a 9-fold higher invasion of WT of colon cells 30 min p.i. in comparison 

to ileum (Figure III.4.18 A), whereas invasion of colon cells was slightly lower 60 min p.i. 

(76.5%) (Figure III.4.18 C). At both time points and for both types of organoids, the ΔinvC strain 

showed the most decrease in invasion compared to WT and Δspi4 (Figure III.4.18 B, D). An 
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exception to this is the invasion of colon cells after 30 min, indicating the essential role of the 

SPI1-T3SS for invasion as already described. With an invasion of 2.2% of WT (Figure III.4.18 

B), Δspi4 showed an even more decreased invasion of colon cells after 30 min in comparison 

to ΔinvC (10% of WT). Invasion of ileum cells was less influenced by a spi4 deletion 30 min 

p.i. (65% of WT) than 60 min p.i. (27.4% of WT). Thus, we concluded a higher invasion of ileum 

cells by the WT over time, which is not possible if spi4 is deleted, as invasion of ileum cells by 

the WT was increased 13-fold of 60 min p.i. in comparison to 30 min p.i. In contrast to this, 

Δspi4 invasion of colon cells 60 min p.i. was increased in comparison to 30 min infection 

(43.7%). Hence, we assumed that invasion of colon cells is partly possible after 1 h, even if 

only the SPI1-T3SS is expressed. If the SPI4-T1SS is not expressed for mediating adhesion 

to the apical side, SPI1-T3SS is possibly affected in the efficient translocation of the effector 

proteins into the host cell. Thus, we gained first insights in the SPI1- and SPI4-dependent 

invasion of human-derived cells 30 min p.i. and 60 min p.i., showing distinct differences and 

making further investigations favorable. 

 

Figure III.4.18. Infection of intestinal organoid monolayers with STM. Shown are representative 
infections of exemplary chosen human enteroid and colonoid monolayers on 0.4 µm transwells as indi-
cated with STM WT, Δspi4 and ΔinvC. Infection occurred as described above for 30 min or 60 min at 
MOI 50. To determine invasion, cells were treated with 100 µg/ml gentamicin per well for 1 h, washed 
thrice with prewarmed PBS and lysed with 0.5% deoxycholate in PBS (freshly prepared) for 10 min. The 
samples of inoculum and lysates were diluted and plated to determine CFU. The percentages of invaded 
bacteria were calculated. A) Comparison of the invasion of ileum and colon monolayers by STM WT 
30 min p.i. B) Invasion of ileum and colon monolayers by Δspi4 and ΔinvC in comparison to STM WT 
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30 min p.i. C) Comparison of the invasion of ileum and colon monolayers by STM WT 60 min p.i. B) 
Invasion of ileum and colon monolayers by Δspi4 and ΔinvC in comparison to STM WT 60 min p.i. 

 

In conclusion, we were able to establish a way to quantify the invasion of 2D cultured intestinal 

organoids by STM. As the typhoidal serovars STY and SPA are pathogens that are highly 

adapted to the human host, analysis of these will be of great interest. 

2D cultivation and infection – microscopy 

Imaging of cells grown on transwells is challenging due to the high position of the cells in the 

well and the transwell membrane interfering with illumination. For microscopic analysis, the 

cell culture inserts have to be taken out of the culture well and transwell membranes have to 

be punched out. This makes live cell imaging nearly impossible. However, microscopy of fixed 

membranes, embedded on microscope slides or taped on SEM stubs is possible and analysis 

is described below. 

After fixation and preparation of 2D cultured intestinal organoids for SEM, monolayers could 

be analyzed in highest magnification (Figure III.4.19). Ultrastructural analysis of monolayers of 

human colon, human ileum and murine ileum organoids show adjacent growing cells with a 

densely packed apical brush border that is also intact at the cell borders (Figure III.4.19A, B, 

C, D). A detailed view of the brush border shows microvilli in a high order with almost identical 

length (D). Some areas of the monolayer show higher heterogeneity regarding the morphology 

of cells (Figure III.4.19 E, E’). This may indicate the successful cultivation of distinct cell types, 

e.g. goblet cells that possess less microvilli on their apical side and a large secretion pore on 

their apical side in the center of the cell. (Figure III.4.19 E’) similarly shown in the side-view 

TEM image above (Figure III.4.6 B). 

Monolayers infected with STM and SPA WT were also analyzed (Figure III.4.20). The Salmo-

nella-induced rearrangement of the actin cytoskeleton into membrane ruffles during the inva-

sion process has been studied in detail in our lab (Gerlach et al., 2008; Kommnick and Hensel, 

2021; Kommnick et al., 2019; Lorkowski et al., 2014). We identified Salmonella-induced mem-

brane ruffles at adhesion and invasion sites on 2D cultured murine enteroid-derived monolay-

ers (Figure III.4.20). STM WT induced the formation of small membrane pedestals at adhesion 

sites (Figure III.4.20 A) and small bulky membrane ruffles at invasion sites with multiple bac-

teria inside (Figure III.4.20 B, B’, B’’). First infection experiments with human-adapted typhoidal 

SPA showed less invasiveness and almost no invasion sites at cells with dense brush border. 

Membrane ruffles were only observed at cell borders and cells largely lacking microvilli (Figure 

III.4.20 C, C’). 
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Fluorescence microscopy of STM-infected monolayers was performed (Figure III.4.21). The 

murine enteroid monolayers show adjacent growing cells with high F-actin accumulation at the 

apical site, indicating a densely packed brush border. Multiple invasion sites with microvilli 

effacement are visible at low and high magnification (Figure III.4.21 A, B, C). 

 

Figure III.4.19. SEM imaging of 2D cultured organoids. Organoids were cultured on transwell cell 
culture inserts and fixed for SEM. Overview of 2D cultured human colon (A), human ileum (B) and murine 
(C, D, E, E’) enteroids. Inset (E’) shows a possible goblet cell. Scale bars: 10 µm (A, B, C), 50 µm (E), 
1 µm (E’). 
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Figure III.4.20. SEM imaging of 2D cultured STM and SPA infected organoids. Murine ileum enter-
oids were cultured on transwell cell culture inserts and fixed 30-60 p.i. for SEM. Adhesion (A) and inva-
sion sites (B, B’, B’’) of STM WT on apical side of enterocytes. Invasion site of SPA WT at a cell with 
less prominent brush border (C, C’) Scale bars: 1 µm (A, B’, B’’, C’), 5 µm (B, C). 
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Figure III.4.21. Fluorescence imaging of 2D cultured STM infected organoids. Murine ileum enter-
oids were cultured on transwell cell culture inserts and fixed 30-60 min p.i. for fluorescence microscopy 
and stained with phalloidin-iFluor647 for actin visualization (magenta). Adhesion and invasion sites of 
STM WT expressing GFP (green) on apical side of enterocytes with membrane ruffles are indicated with 
arrowheads. Images are shown as maximum intensity projection of X-Y, X-Z and Y-Z plane. Scale bars: 
10 µm. 

 

 

All in all, we established intestinal organoids in 2D and 3D as infection models for S. enterica. 

Here, we demonstrated a wide range of methods, possible to use for investigation of STM and 

SPA infection. 
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III.4.4. Discussion 

Frequently used cell culture models were over several years the tool to unravel virulence mech-

anisms in host-pathogen interactions. However, the experimental design was restricted to one 

cell type for most of the cell culture-based assays. While it was possible to investigate cellular 

interactions of pathogens with high temporal and spatial resolution, these experiments lacked 

complex tissue architecture and were not suitable to reflect in vivo relevant settings. Most re-

cently, organoid systems have been established in a wide field of biological research, including 

infection biology. Stem-cell derived organoids are capable to reconstitute a certain degree of 

multicellular complexity with a close relation to in vivo conditions in a 3D environment. But still, 

organoid culture remains complex, expensive and time consuming with some issues in repro-

ducibility between labs because of the highly heterogenic nature. 

The results presented here show uninfected and infected 3D and 2D grown organoids of hu-

man and murine origin that were labeled and imaged across scales as well as analyzed re-

garding their behavior during infection. Organoids are difficult to image because of their dimen-

sions in X, Y and Z. Imaging in Z is limited, which is dependent on working distance, parfocal 

length and numerical aperture of the used objectives and the wavelength of light used to illu-

minate the specimen (Figure III.4.3). SDCM of 3D organoids revealed the overall architecture 

with enterocytes facing inward with their apical side but imaging of higher Z planes resulted in 

blurry images with loss of focus and high background (Figure III.4.4). The penetration depth of 

confocal microscopy is roughly limited to less than 100 µm (Graf and Boppart, 2010). Multipho-

ton microscopy can improve penetration depth at least 2-fold (Centonze and White, 1998), but 

lateral resolution is worse and it may lead to photo toxic and bleaching effects due to higher 

light intensities (Hopt and Neher, 2001). Recently developed methods like light sheet-based 

microscopy offer live cell imaging well suited for large specimens with more photons and less 

photo damage (Reynaud et al., 2008). Dipping objectives could be used to reduce distance to 

specimens (Rakotoson et al., 2019). Matrigel may interfere with fluorescence excitation and 

emission and may result in higher background. 

Better resolution and less background can be achieved by releasing organoids from Matrigel 

and mounting them on microscope slides (Figure III.4.5). This method may simplify imaging 

approaches but could create artefacts because of the treatment of the organoids. Detachment 

and preparation with multiple staining and washing steps in solution could damage the speci-

mens. Large, complex organoids may disrupt during this procedure and in result, only round 

shaped spheroids are being analyzed. Flattening of the organoids between coverslip and mi-

croscope slide can also falsify the interpretation of infection sites. However, imaging of organ-

oids mounted on microscope slides allows analyses of cell structures in more detail. 
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Immunostaining and other labeling techniques are commonly used to identify structures of 

interest. Also in the context of organoids as infection model, these methods can help to shed 

light on the cell types important in infection processes. Frequently used antibodies and fluo-

rescent probes are e.g. villin (polarized epithelium), mucin 2 (goblet cells), MMP7 (Paneth 

cells), chromogranin A (enteroendocrine cells), Ki67 (dividing cells), lysozyme (Paneth cells), 

ZO1 (tight-junctions), wheat germ agglutinin (goblet cells, Paneth cells, mucus), ulex euro-

paeus agglutinin I (goblet cells, Paneth cells, mucus, M cells), phalloidin (F-actin) and also 

histological staining like PAS are used to determine certain cell types and structures (Broguiere 

et al., 2018; Farin et al., 2016; Fatehullah et al., 2013; Noel et al., 2017a, b). Through WGA 

staining we also could identify regions of interest with secretory granules inside cells and mu-

cus in crypt domains in enteroids and colonoids as well as the general structure with a combi-

nation of phalloidin, DAPI and CellMask staining (Figure III.4.7). However, it was difficult to 

analyze staining with first and secondary antibodies due to high background. The used meth-

ods have to be improved for further experimental procedures. Flow cytometry, especially if 

combined with reporters that provide information about the physiological state of Salmonella 

(SPI1-T3SS & SPI2-T3SS activity, induced stress, and metabolic pathways), could also repre-

sent a powerful tool to investigate cell types targeted by Salmonella in single cell-based studies 

(Reuter et al., 2021; Röder et al., 2021a, b; Schulte et al., 2021a, b). 

To investigate infection processes in organoids, it is crucial to allow pathogens access to the 

apical side of organoids. One of the techniques to facilitate that is the microinjection of patho-

gens into the lumen of the organoids. This method has been used successfully with Helico-

bacter pylori, Clostridium difficile, Escherichia coli, Salmonella enterica and even SARS-CoV-

2 (Aguilar et al., 2021; Bartfeld and Clevers, 2015; Hentschel et al., 2021; Lamers et al., 2021; 

Ramirez-Flores and Knoll, 2021; Tindle et al., 2021). Technical limitations such as the highly 

heterogenic nature of organoids and the labor- and cost-intensive infection are drawbacks of 

this method. Further, the penetration with an injection needle can damage cell layers and spill-

age of pathogens into the medium could favor unwanted infections at the basal site of the 

organoid. Our microinjection experiments showed exactly these injuries at the injection site 

(Figure III.4.10) and Salmonella infection sites at the basolateral side of intestinal organoids 

(Figure III.4.10, Figure III.4.11, Figure III.4.12, Figure III.4.13). We could observe Salmonella-

containing compartments in microinjected intestinal organoids (Figure III.4.11, Figure III.4.12, 

Figure III.4.13) with a localization near the nucleus as described before (Abrahams and Hensel, 

2006; Salcedo and Holden, 2003) and in an electron-light- compartment which probably rep-

resents a phago-lysosome with subsequent degradation of the pathogen (Buchmeier and 

Heffron, 1991; Carrol et al., 1979). Due to the early fixation time points, no Salmonella-induced 

tubular structures such as SIF could be observed (Krieger et al., 2014; Yin and Zhou, 2018a, 
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b). Krieger et al. (2014) described these tubular structures in detail with a CLEM approach in 

epithelial cell culture. However, no CLEM compatible methods have been yet developed for 

such large specimens as organoids.  

Another method to circumvent physical injury of the organoids is the addition of the pathogens 

directly to the culture medium. To prevent infection processes from happening at the basolat-

eral side it is possible to control the epithelial polarity to generate apical-out organoids (Co et 

al., 2019; Co et al., 2021) (Figure III.4.22). We were indeed able to reproduce this recently 

published method to generate organoids with mixed polarity (Figure III.4.14). As in all the other 

3D-based methods, the generated apical-out organoids are highly heterogenic which could 

hamper experimental design and reproducibility. However, apical-out organoids could repre-

sent a possibility of a 3D infection model without the drawbacks of microinjection. 

All the 3D-based methods described above are difficult to combine with live cell imaging tech-

niques. Lentiviral transfected organoids may help to develop live cell imaging approaches in 

the future (Maru et al., 2016). Interpretation of fixed samples is often hard to analyze e.g. time 

and location of invasion sites (apical or basal side) and also fixation with aldehydes may inter-

fere with surface structures such as mucus. It was also reported that invasion of Salmonella is 

higher in secretory cells, but for some methods as microinjection, not fully differentiated sphe-

roids are utilized which possess only a low number of these cell types (Gagnon et al., 2013; 

Yin and Zhou, 2018a, b). TEM analyzes are also challenging due to the sheer size of the 

specimen with several hundred micrometers in contrast to the ultrathin sections with a thick-

ness of about 70 nm used for TEM. Also interactions with cell debris that accumulates inside 

of 3D organoids. Newly developed organoid-on-a-chip models could represent a future tech-

nique to address this issue, even in combination with a defined microbiota applied to the or-

ganoid tissue (May et al., 2017; Wang et al., 2021). 
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Figure III.4.22. Generation and Infection of apical-out enteroids. A-E) Basal-out enteroids and api-
cal-out enteroids are depicted schematically (A), imaged using modulation contrast microscopy (B) and 
imaged using confocal microscopy (C). D) STM selectively invades the exposed apical surface (green 
arrows) of a mixed polarity enteroid. E-F) 3D confocal reconstruction of STM within an epithelial cell in 
the process of extruding from the apical enteroid surface (E) or within a fully extruded cell after 6 h of 
infection (F). G) STM at different stages of invasion of apical-out enteroid. Nuclei in blue, actin in white, 
ZO-1 in green, β-catenin/STM in red. Scale bars 10 µm (B, C). Figure adapted from Co et al. under CC 
BY license. 

 

To investigate host-pathogen interactions, organoid-derived monolayers can have many ad-

vantages in comparison to 3D organoids as they provide access to the apical side of the cells 

(Aguilar et al., 2021). Thus, pathogens, debris and solutes can be added or removed and a 
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microscopic analysis is even better possible and single cells can be analyzed by high-through-

put screening. 2D monolayers were already successfully used for analysis of infections, in-

cluding Helicobacter pylori (Bartfeld and Clevers, 2015; Boccellato et al., 2019; Schlaermann 

et al., 2016), Escherichia coli (VanDussen et al., 2015), norovirus (Ettayebi et al., 2016; 

Hosmillo et al., 2020) and Epstein Barr virus (EBV) (Wallaschek et al., 2021) infections. Here, 

we demonstrated the possibility of 2D cultivation of human- and murine-derived organoids 

(Figure III.4.16-Figure III.4.21). By high-resolution SEM, we were able to image the intestinal 

brush border on the apical side and conclude a high number of enterocytes in intestinal 2D 

monolayers (Figure III.4.19, Figure III.4.20). Together with TEER measurements, we can as-

sess cell integrity and differentiation of the cells. In contrast to 3D approaches, no further equip-

ment, e.g. for microinjections, is necessary and growth and infection parameters can be con-

trolled more easily as already described (Aguilar et al., 2021). Additionally, TEER measure-

ment allows assessment of the cell integrity during infection (Figure III.4.17). With the calcu-

lated number of cells or staining, we are now able to calculate the MOI and are consequently 

able to quantify the adhesion, invasion and intracellular replication, not possible in 3D organ-

oids. For comparison and also further applications, mucine-producing cell line HT29 can be 

used, which is an adherent epithelial cell line, derived from human colon cancer tumor. This 

cell line was already used to determine viral titers of the human parechovirus (Abed and Boivin, 

2006) and to analyze Bifidobacterium and Lactobacillus strains counteraction to the toxic effect 

of Clostridium difficile (Boonma et al., 2014; He et al., 2002; Wang et al., 2014). In future in-

vestigations, we are now able to combine infections with specific staining and/or transfected 

organoid-derived cells, to analyze if different Salmonella serovars preferentially invade distinct 

cell types. Experimental setups can easily be adjusted, like disadvantageous growth of 2D 

monolayers on transwells on complex matrices like Matrigel, which can be bypassed by using 

alternatives as collagen (Aguilar et al., 2021). Growth on collagen was already shown to be a 

good alternative for stomach and intestinal organoids (Hosmillo et al., 2020; Kayisoglu et al., 

2021; Lulla et al., 2019; Schlaermann et al., 2016). Furthermore, it is possible to grow cells in 

an air-liquid interface, where the cells are in contact with the culture medium only from the 

basolateral side, whereas the apical side is exposed to air (Aguilar et al., 2021). This model 

showed a higher cell differentiation induced by the air exposure (Boccellato et al., 2019; Li et 

al., 2014a; Li et al., 2014b; Sachs et al., 2019; Sepe et al., 2020).  

Besides the microscopic analysis, we were also able to quantify STM infection in human-de-

rived organoid monolayers (Figure III.4.18). Interestingly, STM WT showed reduced invasion 

of organoid-derived monolayers than in other published cell lines (Gerlach et al., 2008; Gerlach 

et al., 2007; Kommnick and Hensel, 2021). Invasion increased 60 min p.i. Thus, we concluded 

that the mucus layer, we stained by PAS stain, slowed down the invasion of the cells. Whereas 
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invasion of colon 30 min p.i. was 9-fold higher in comparison to ileum, invasion was compara-

ble 60 min p.i., indicating that invasion of STM of colon cells is faster than ileum cells. Δspi1 

could not invade, as published before, indicating mucus and different cell types do not alter 

invasion depletion. Interestingly, Δspi4 showed different phenotypes in ileum and colon mon-

olayers, as well as 30 min p.i. and 60 min p.i. No invasion of colon cells was observed 30 min 

p.i., but approximately 70% invasion of WT of ileum cells, indicating a more important role of 

the SPI4 for invasion of colon-derived monolayers. 60 min p.i. invasion of Δspi4 was compa-

rable to slightly increased invasion of colon-derived monolayers. We concluded that invasion 

of colon cells without SPI4-T1SS is more difficult. Thus, we were able to gain new insights in 

STM infection by using human organoid-derived monolayers. 

 

III.4.5. Outlook 

Organoids have advanced infection research, leading to better understanding of host-patho-

gen interactions and diseases. During cellular and molecular pathways triggered by pathogen 

interactions, the organoids maintain tissue architecture. By combining infections with stained 

and transfected organoids, we can gain further insights into host-pathogen interactions and 

preferred cell types for invasion and proliferation. Thus, this knowledge will allow us to treat 

Salmonella infections more targetedly or prevent them, especially those of typhoidal serovars. 

As the typhoidal serovars are highly adapted to the human host, the analysis of their infection 

process is of great interest. As STY during infection influences and reprograms host functions 

and protection mechanisms as immune response to evade immune defense in intestinal hu-

man organoids (Nickerson et al., 2018), further details about Salmonella infection can provide 

new input into future vaccine development. Furthermore, M cell differentiation by addition of 

Receptor Activator of NF-κB Ligand (RANKL) could be of great importance as M cells repre-

sent a common portal for pathogen invasion (Jepson and Clark, 1998) and controlled testing 

of these cells will lead to a better understanding of Salmonella infection.  

Infection process can be analyzed in intestinal organoids, but to analyze the systemic infection 

of typhoidal Salmonella also other organoids, e.g. derived from gall bladder or liver, can shed 

new light on Salmonella infection. In general, first insights of the typhoidal serovars were al-

ready gained in intestinal and gallbladder organoids in 3D and 2D (Nickerson et al., 2018; 

Scanu et al., 2015). Scanu et al. found indications that STY can be a causative agent of 

gallbladder cancer by transforming genetically predisposed cells (Scanu et al., 2015). STM 

was also already shown to be able to induce tumor growth in those predisposed cells in primary 

mouse fibroblast model (Scanu et al., 2015). Sepe et al. observed host cell DNA damages in 

invaded epithelial cells, where double-strand breaks are induced by the CdtB subunit of the 
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typhoid toxin also in neighboring non-infected cells (Sepe et al., 2020). However, the typhoid 

toxin was found to be not involved in initial cell cycle arrest during air-liquid infection of polar-

ized monolayers. Thus, with help of the constantly growing field of different organoids, we gain 

more and more insights in Salmonella and other infections and by optimizing growth and in-

fection conditions get closer to processes induced in the human body. 

 

III.4.6. Materials and Methods 

III.4.6.1. Bacterial strains and growth conditions 

Bacterial strains used in this study are listed in Table III.4.1. Bacteria were grown aerobically 

in LB or on LB agar plates, if necessary supplemented with carbenicillin (cb, 50 µg/ml). Sub-

cultures were grown for 2.5 h (1:31). 

Table III.4.1. Bacterial strains used in this study. 

Designation Relevant characteristics Reference 

S. Typhimurium ATCC14028s wild type Salmonella genetic stock cen-

ter, University of Calgary 

MvP589 Δspi4::FRT (Gerlach and Hensel, 2007)  

MvP818 ΔinvC::FRT (Gerlach and Hensel, 2007) 

S. Paratyphi A 45157 wild type, clinical isolate, 2009 

Nepal outbreak 

(Gal-Mor et al., 2012) 

 

III.4.6.2. Plasmids used in this study 

Plasmids used in this study are listed in Table III.4.2. 

Table III.4.2. Plasmids used in this study. 

Plasmid Relevant characteristics, re-

sistance 

Reference 

pFPVmCherry const. mCherry (Drecktrah et al., 2008) 

pFPV25.1 const. GFP (Valdivia and Falkow, 1996) 

p4878 pLX304 LifeAct::GFP, 3rd genera-

tion lentivirus vector 

based on Addgene #25890 

pMD2.G 2nd generation lentiviral packaging 

plasmid 

Addgene #12259 

psPAX2 VSV-G envelope expressing plas-

mid 

Addgene #12260 
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III.4.6.3. Cell culture 

Murine and human organoids and protocols were kindly provided by Guntram Grassl. The 

organoids were cultured in defined medium, mentioned in Table III.4.3. The organoids were 

incubated at 37 °C with 5% CO2. Every 7 to 10 days after seeding, the enteroids were pas-

saged. For passaging, the medium was removed and 1 ml ice-cold DPBS was added to each 

well. The Matrigel was broken up by pipetting back and forth (20x with P-1000 tip + 15x with 

P-1000 + P-200 µL tip on top). All wells were collected in one 15 ml conical tube on ice, filled 

up with ice-cold PBS and centrifuged for 5 min at 4 °C at 250 x g. The supernatant was dis-

carded and the dissociated organoids were resuspended in an organoid medium-Matrigel mix 

(50:50). 50 µl were spotted in each well and overlayed with 500 µl organoid medium (3D). 

Every other day, medium was replaced. The first two days, the medium additionally was con-

ditioned with 10 µM Y27623. 

Table III.4.3. Ingredients for organoid medium. 

 2D monolayer medium 2D differentiation medium 3D medium 

L-WRN 

condi-

tioned su-

pernatant 

50% 5% 50% 

DMEM F-

12/Gluta-

max 

   

Y27623 10 µM  10 µM (only early culture) 

Pen/Strep 100 µg/ml  100 µg/ml 

FCS 20% 20%  

rm-EGF 50 ng/ml 50 ng/ml 50 ng/ml 

DAPT  5 µM  

Gastrin I   10 nm 

HEPES   10 mM 

A83-01   500 nM 

SB202190   10 µM 

ACC   1 mM 

B27   1x 

 

For infections, we also used monolayers of intestinal murine and human organoids. Matrigel 

was mixed with cold DPBS and 200 µl were filled into the transwells and incubated for at least 

1.5 h at 37 °C, 5% CO2. The medium was removed from all wells with 3D crypt organoids and 
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2 wells were resuspended with 1 ml cold DPBS. As described above, organoids were resus-

pended and collected in 15 ml tubes, pre-filled with cold DPBS. The tubes were centrifuged at 

500 x g. Following centrifugation, supernatant was discarded and the pellet was resuspended 

in 1 ml warm 0.05% Trypsin/EDTA and incubated for 5 min at 37 °C in a water bath. Cells were 

then resuspended 20x with P-1000 tip + 15x with P-1000 + P-200 µL tip on top. We added 10 

ml cold DMEM with 10% FCS and centrifuged an additional time for 5 min at 4 °C for at 500 x 

g. Supernatant was discarded and the pellet was resuspended in monolayer medium (Table 

III.4.3). For human organoids 1*105 cells/well and for murine organoids 1.5*105 cells/well were 

seeded. Every other day medium was replaced and transepithelial electrical resistance (TEER) 

was measured every day. At approximately day 5 (TEER 500-1000), medium was changed to 

differentiation medium (Table III.4.3). 

 

III.4.6.4. Lentiviral transfection 

For microscopic analysis, we transfected organoids with third generation lentivirus system (Ta-

ble III.4.2) (Miyoshi and Stappenbeck, 2013).The organoids were cultured in 24-well plates in 

3D for 10 days. The organoids were resuspended as described above and centrifuged for 5 

min at 4 °C at 400 x g and then trypsinized for 5-10 min in 1 ml PBS. Trypsin digestion was 

stopped by addition of 5 ml cold DPBS and cells were centrifuged again for 5 min at 4 °C at 

400 x g. Cells were resuspended in 3D organoid medium, supplemented with 10 µM Y27623. 

Organoid solution was spotted on Matrigel, prepared before. After 16 h, the medium was dis-

carded and organoids were coated with additional Matrigel (incubation for 20 min) and 3D 

organoid medium, supplemented with 10 µM Y27623. The organoids were incubated 2-4 days 

to generate many stem cells. In the following, the organoids were extracted with medium and 

Matrigel and transferred into 15 ml tubes. The organoids were centrifuged for 5 min at 400 x g 

and supernatant was carefully removed and were resuspended in 1 ml warm 0.05% Tryp-

sin/EDTA and incubated for 5 min at 37 °C in a water bath. We added 5 ml cold DPBS and 

centrifuged an additional time. Cells were resuspended in 3D organoid medium, supplemented 

with 10 µM Y27623. Organoids were adhered to a thin layer of Matrigel for 15 min at 37 °C, 

prepared before, because of the interference of the lentiviruses with the Matrigel. Lentiviral 

particles were prepared by C. Kommnick and V. Göser. We added lentivirus and 8 µg/mL 

polybrene to the cells on hardened Matrigel in a 12-well plate. We incubated the organoids 24 

h with the lentivirus-polybrene mix, discarded the supernatant and coated the cells with addi-

tional Matrigel and added 3D organoid medium, supplemented with 10 µM Y27623. We incu-

bated the organoids for 3 days, changed the medium to 3D organoid medium without ROCK 

inhibitor and started selection with 10 µg/ml Blasticidin (LpLX304 p4878_5) after 7 days for 

24 h. 
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III.4.6.5. Fluorescence labeling of murine and human organoids 

For microscopic analysis of uninfected and infected 3D and 2D cultured organoids, we washed 

the cells thrice with DPBS and fixed them with 3% PFA in PBS for 25 min at RT. Organoids 

grown on transwells were stamped out with the membrane before staining. Fixed cells were 

washed thrice with DPBS and incubated in blocking solution (2% goat serum, 2% bovine serum 

albumin) with 0.5% Triton-X100 for 30 min. For staining, the samples were incubated within 

the respective reagents, diluted in blocking solution with 0.2% Triton-X100 and incubated for 

1 h at RT. Following this step, the samples were washed thrice with DPBS and were mounted 

on microscope slides, using Fluorshield (Sigma) and Entellan (Merck). 

fluorescence 

excitation 

Reagent concentration reference 

488 AlexaFluor488-phalloidin 1:100 Molecular Probes 

405 DAPI 1:1000 Sigma 

588 CellMask Deep Red 2 µg/ml ThermoFisher Scientific 

642 CF®640R WGA 5 µg/ml Biotium 

647 phalloidin-iFluor647 1:100 AAT Bioquest 

 

III.4.6.6. PAS staining of intestinal organoid monolayers and mouse tissue 

As the PAS (periodic acid Schiff) reaction is one of the most frequently used chemical methods 

for histology, we used this method to investigate the mucus layer of our intestinal organoid 

monolayers. First, the fixed monolayers (3% PFA in PBS) were washed with MQ for 1 min. In 

a next step, periodic acid solution (10%) was added and incubated for 5 min. The samples 

were washed for 3 min with MQ. Schiff´s reagent was added and samples were incubated for 

15 min. The washing step was repeated for 3 min. Following this step, the samples were fixed 

on microscope slides, using Entellan. Mouse ileum and colon tissue was acquired from 

C57BL/6 mouse kindly provided by the division Neurobiology (University Osnabrueck). The 

dissected tissue was cut in 0.5 cm pieces and fixed for 24 h in 10% formaldehyde. Dehydration 

was done with ethanol series at RT with 10% for 15 min, 30% for 30 min, 50% for 1 h, 70% for 

2 h, 70% for 72 h, 80% for 4 h, 80% for 16h, 90% for 24 h and two steps with 100% ethanol 

for 24 h each. Samples were embedded with Technovit 8100 according to manufacturer in-

structions (1:1 ethanol:Technovit step for at least 2 h at 4 °C, Technovit and hardener 1 for 

72 h at 4 °C, Technovit and hardener 1+2 for 48 h at 4 °C under anerobic conditions). Trimming 

and semithin sectioning (5 µm) was done with conventional microtome. Toluidine staining was 

performed with one drop of filtered toluidine blue stain solution and let dry. Excess stain was 

rinsed gently with water and dried before microscopy. PAS staining with mouse tissue was 
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performed as described in manufacturer protocol from Roth. Briefly, semithin sections were 

rinsed with distilled water, incubated in 1% periodic acid solution for 10 min and rinsed with tap 

water afterwards for 10 min. After two short 2 min washing steps with distilled water, sections 

were stained with Schiff´s reagent for 10-20 min and rinsed with warm tap water afterwards for 

5 min. For microscopy, Zeiss Axio Observer.Z1 was used. with LD Plan-Neofluar 20x/0.6 ob-

jective. Imaging with CoolSNAP camera with a camera adapter 1.0x, total magnification 20x, 

zoom 1.0x. Additionally, a Zeiss Axio lab A1 with 10x and 20x objectives and Bresser Micro-

Cam SP 3.1 was used. Images were further processed with MicroCamLab II, version x64, 

3.7.8752. 

 

III.4.6.7. Invasion assay of human organoid monolayers 

For infection, 2.5 h subcultures of infecting STM were grown, intestinal organoids on 0.4 µm 

porous filters were infected at multiplicity of infection (MOI) of 50, and incubated for 30 min or 

60 min at 37 °C in an atmosphere of 5% CO2. The cells were washed three times with pre-

warmed PBS. To determine invasion, cells were treated with 200 µl medium containing 

100 µg/ml gentamicin per well for 1 h, washed three times with prewarmed PBS and lysed with 

0.5% deoxycholate in PBS (freshly prepared). Lysis was performed for 10 min at 37 °C on a 

shaking platform. Lysates were collected in single tubes and serial dilutions of inoculum and 

lysates were plated logarithmic on MH plates to determine CFU. Plates were incubated o/N at 

37 °C and CFU were counted the next day with Acolyte software. The percentages of invaded 

bacteria were calculated. Additionally, single wells were fixed with PFA and stained for micros-

copy as described above. For microscopy, Zeiss Axio Observer.Z1 was used. The used ob-

jective was the LD Plan-Neofluar 40x/0.6 Korr. Imaging with CoolSNAP camera with a camera 

adapter 1.0x, total magnification 40x, zoom 1.0x. Bacteria were imaged for 60 s with 150 ms 

exposure time and 2x2 binning. 

 

III.4.6.8. Infection of organoid monolayers for microscopy 

For imaging of infections, Organoids were cultured in 2D as described above. STM infection 

was carried out as described above. SPA WT strain was grown for 8 h under aerobic condi-

tions, subcultured (1:100) in fresh LB medium to stationary phase for 16 h under microaero-

philic conditions as described in (Elhadad et al., 2015). Bacteria were adjusted to an optical 

density of 0.2 at 600 nm in PBS, used for infection with MOI 50 and incubated for 30-60 min 

at 37 °C. After washing thrice with PBS or HEPES, cells were fixed for fluorescence or scan-

ning electron microscopy, respectively. 
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III.4.6.9. 3D Organoid cultivation for imaging 

Ileum and colon organoids of murine and human origin were seeded on surface-treated µ-slide 

8-well chamber slides. 8-wells were cooled during seeding to prevent solidification of Matrigel 

and allow organoids to settle near the polymer coverslip bottom of the chamber. Imaging was 

performed with Cell Observer microscope (Zeiss) equipped with Yokogawa Spinning Disc Unit 

CSU-X1a5000, an incubation chamber, two ORCA Flash 4.0 V3 cameras (Hamamatsu) and 

appropriate filters for the respective fluorescence dyes. The following objectives were used: 

40x (LD-Plan-Neofluar, NA 0.6), 40x (Plan-Apochromat, NA 1.4) and 63x (α-Plan-Apochromat, 

NA 1.4). For imaging of large areas of 3D organoids, multiple images with overlaps were ac-

quired and stitched. 

 

III.4.6.10. Microinjection of 3D cultured organoids 

For microinjection, STM WT was cultured under microaerobic conditions as described above. 

Organoids were microinjected with Zeiss Axio Observer A1 with Eppendorf FemtoJet com-

bined with InjectMan N12. Organoids were fixed at desired time points either 30 min (human 

colon) or between 60-90 min p.i. (murine colon). 

 

III.4.6.11. Generation of immobilized apical-out enteroids for microscopy 

Immobilized apical-out enteroids for microscopy were prepared as described in (Co et al., 

2019). In brief, enteroids were grown as described above for 7-10 days, dislodged with sterile 

spatula and solubilized in 5 mM EDTA in PBS for 1 h at 4°C on a rotating platform. 10 µl 

Matrigel was spread in a cooled µ-slide as described above to form a thin layer and polymer-

ized for 10 min at 37 °C. Enteroids were centrifuged at 200  x g for 3 min at 4 °C and superna-

tant was removed. Enteroids were re-suspended in 30 µl organoid medium, spotted on solidi-

fied Matrigel and incubated for 15 min at 37 °C before organoid medium was added to well for 

cultivation. Fixation, staining and imaging was performed 1-3 days after seeding as described 

above. 

 

III.4.6.12. Sample preparation for electron microscopy 

Sample preparation for SEM 

After the desired incubation time, cells were washed thrice with 0.2 M HEPES and fixed with 

2.5% Glutaraldehyde (Sciences Services, Germany) in 0.2 M HEPES for 20 min at 37 °C. 

Dehydration was done with ethanol series at RT with 10%, 30% and 50% ethanol once for 10 
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min each step and 70%, 90% and 100% ethanol twice for 10 min each step. For chemical 

drying, hexamethyldisilazane (HMDS), diluted with pure ethanol in ratios of 1:3, 1:1, 1:3 was 

used for 15 min for each step and 100% HMDS for 20 min at RT. After the final step, samples 

were air dryed until HMDS has completely evaporated. Transwell membrane was stamped out 

with biopsy punch and taped on aluminum SEM pin stubs with leit-taps before they were coated 

with 6 nm gold with sputter coater Leica EM ACE600. For imaging, Jeol SEM JSM-IT200 was 

used. 

3D organoids were fixed for 2 h at room temperature (RT) in 2.5% glutaraldehyde in 0.1 M 

cacodylate buffer pH 7.4 (Sciences Services, Germany) subsequently washed twice in 0.1 M 

cacodylate buffer pH 7.4 and dehydrated stepwise in a graded ethanol series. Samples were 

critical point dried in 100% ethanol with a critical point drying machine (CPD300, Leica) and 

mounted on aluminum stubs as described above. Samples were sputter-coated with a 10 nm 

thin gold layer and imaged with Zeiss SEM Auriga at 4 kV 

Sample preparation for TEM 

For TEM, organoids were fixed for 2 h at room temperature (RT) in 2.5% glutaraldehyde in 

0.1 M cacodylate buffer pH 7.4, subsequently washed in 0.1 M cacodylate buffer pH, 7.4, post-

fixed for 2 h at RT in 1% osmium tetroxide in 0.1 M cacodylate buffer pH 7.4, dehydrated 

stepwise in a graded ethanol series and embedded in Epon 812 (Fluka, Buchs, Switzerland). 

Ultrathin sections (70 nm, ultramicrotome EM UC7, Leica, Wetzlar, Germany) were afterwards 

stained for 30 min with 1% uranyl acetate (Leica, Germany) and 20 min in 3% lead citrate 

(Leica, Germany). Sections were analyzed in a transmission electron microscope with a Zeiss 

TEM 902 (Oberkochen, Germany) at 80 kV. 

For TEM analysis of microinjected organoids, specimens were fixed with 2.5% glutaraldehyde 

in 0.2 M HEPES buffer for 1 h at RT. Samples were washed thrice with buffer and incubated 

in 2% osmium tetroxide (Electron Microscopy Sciences) in 0.2 M HEPES buffer with 0.1% 

ruthenium red and 1.5% potassium ferrocyanide for 1 h at 4 °C in the dark. After five rinses 

with buffer, organoids were gradually dehydrated with 30%, 50%, 70%, 80%, 90%, 100% eth-

anol at 4 °C with one incubation in 100% anhydrous ethanol and two rinses in anhydrous 

acetone at RT for 10 min each step. For infiltration, samples were incubated in mixtures of 

EPON 812 (Sigma-Aldrich) and acetone. Namely 25% and 75% EPON for 1 h each, 100% 

EPON overnight and 100% EPON for 8 h. Polymerization of the resin was conducted for 72 h 

at 60 °C. Ultrathin sectioning (70 nm) was performed with a Leica EM UC7 (Leica, Wetzlar, 

Germany) and sections were collected on formvar-coated copper slot grids. Sections were 

contrasted with 2% uranyl acetate and 3% lead citrate using a Leica EM AC20 (Leica, Wetzlar, 

Germany) and analyzed with a Zeiss TEM 902 A, operated at 80 kV and equipped with a 2K 
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wide-angle slow-scan CCD camera (TRS, Moorenweis, Germany). Images were collected us-

ing the software ImageSP (TRS image SysProg, Moorenweis, Germany). 
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IV. Discussion 

The SPI4-T1SS of STM is essential for the invasion of polarized epithelial cells by mediating 

the first close contact to the host cells apical side (Gerlach et al., 2008). To convey adhesion, 

SiiE is retained on the cell surface during secretion, prior its release into the extracellular space 

(Gerlach et al., 2007b). However, the detailed mechanism of SiiE secretion and function of the  

 

Figure IV.1. Main results of this work. i) SiiE is retained in the OM by SiiC and possesses a potential 
retention domain in the N-terminal part. ii) For release, SiiE is post-translationally modified and a possi-
ble cleavage site is located between aa27-30. iii) The accessory proton channel, SiiAB, is involved in 
initial steps of SiiE secretion and not needed for release of SiiE. iv) The cytosolic domain (aa206-462) 
of SiiB shows similarities to mechanosensitive channels and there are hints that this domain influence 
SiiE retention, but not adhesion, and swarming behavior. v) SiiB was found to localize at the flagellar 
subunit FliN, more than at the SPI4-T1SS during SiiE retention maximum. Additionally, synthetic ex-
pression of siiAB or motAB both lead to an increased velocity. By bioinformatics analyses of SiiB, I found 
similarities to Na+-conducting channels, rather than to H+-conducting channels. 
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subunits are only partly understood. As the SPI4-T1SS displays a special member of a large 

family of substrates and their cognate T1SS, a better understanding of this system can reveal 

new insights in Salmonella infection and function of other T1SS and thus pave the way to new 

anti-infective drugs and virulence blockers. 

In this work, I uncovered new details of the SiiE secretion mechanism and the role of specific 

subunits, in particular SiiA, SiiB and SiiC. The main conclusions gained in this thesis are shown 

in Figure IV.1. Additionally, I successfully established methods to culture murine and human 

intestinal organoids for microscopic and quantitative analysis of STM and SPA infection, as 

organoids were recently reported to be complex organized versatile model system close to 

processes in the human body. 

 

IV.1. SiiE belongs to a new family of T1SS substrates 

IV.1.1. Adhesive T1SS substrates are retained on the cell surface 

Adherence is an important virulence factor of pathogens, required for biofilm-formation or in-

fection processes among others. Even if T1SS are highly conserved regarding their structure 

and function, new data revealed T1SS substrates that are not secreted in one, but rather in 

two steps with a periplasmic intermediate (Guo et al., 2017; Smith et al., 2018b). The subfamily 

of RTX/BTLCP-linked adhesins for example, consisting of large adhesins with aa repeat se-

quences, Ca2+-binding RTX sequences and a T1SS secretion signal, was only recently de-

scribed (Satchell, 2011). It is intriguing that especially large substrates like the 900 kDa biofilm-

associated substrate LapA or the unusual giant 1.5 MDa ice-binding protein MpIBP show this 

intermediate step in their secretion process (Guo et al., 2017; Smith et al., 2018b). Typically, 

ice-binding proteins are small soluble proteins (Bar Dolev et al., 2016). Only 34 kDa of the 

giant MpIBP attach the bacterium to the ice to keep it in the region, where oxygen and nutrients 

are available (Bar Dolev et al., 2016). This subfamily contains a range of various adhesins like 

LapA of P. putida, important for adhesion to corn seeds and root colonization (Espinosa-Urgel 

et al., 2000; Yousef-Coronado et al., 2008); FrhA of Vibrio cholerae, involved in hemagglutina-

tion and adhesion to epithelial cells, biofilm formation and chitin binding (Syed et al., 2009); 

RtxA of Legionella pneumophila, required for adhesion to and uptake by macrophages and 

amoebae (Cirillo et al., 2002) and the biofilm-promoting factor BpfA in Shewanella oneidensis 

(Theunissen et al., 2010). In accordance with RTX/BTLCP-linked adhesins, the SPI4-T1SS 

substrate SiiE also possesses repetitive BIg domains with Ca2+-binding sites, a C-terminal se-

cretion signal, is retained on the cell surface during secretion and mediates adhesion (Gerlach 
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et al., 2007b; Griessl et al., 2013; Wagner et al., 2014; Wagner et al., 2011). Thus, it is very 

likely that SiiE is also a member of this new subfamily of T1SS substrates.  

 

IV.1.2. SiiE is retained in the OM 

Although, SiiE is known to be retained during secretion process, retention mechanism was 

poorly understood. Other T1SS substrates like LapA and MpIBP are retained by the respective 

secretin - LapE and TolC - to mediate adhesion (Guo et al., 2018; Smith et al., 2018a). Here, 

I demonstrated that SiiE interacts with SiiC in the OM during retention process (Figure IV.1 i) 

and that a controlled expression of siiC regulates the amount of SiiE retained on the cell sur-

face (III.1.). Interestingly, a trimeric state of SiiC, as is the case for TolC, could not be shown. 

One could postulate that SiiC oligomers are not as stably associated as TolC trimers, since 

SiiC is only needed for a short period of time during invasion. 

A mechanism by which SiiE is retained by the SiiCDF complex can be excluded now. This 

becomes even more obvious, when structural modeling and TEM analysis of mini SiiE are 

taken into account. TEM images showed potential mini SiiE structures on the cell surface (III.1). 

Determination of length indicated, such structures would not be visible on the cell surface, as 

the N-terminus (aa1-236) was modelled to extend over approximately 20 nm (III.1). Conse-

quently, the BIg domains with the Ca2+-binding sites would be located within the channel, if 

SiiE is retained by parts of the channel in the IM and OM. Various recombinant SiiE fusion 

proteins with different length were tested on monolayers of polarized cells and it was demon-

strated that the longer the fragment, the more binding was observed (Wagner et al., 2014). 

This is indicative of every BIg domain being able to bind target structures on the host cell, 

resulting in the most efficient adherence. SiiE regions also showed similar structures to the 

regions described for MpIBP, where Ca2+-binding sites are located outside the OM and not in 

the periplasm, as was also described for other RTX adhesins (Guo et al., 2018; Guo et al., 

2017; Guo et al., 2019b) (III.1). Additionally, for MpIBP, distinct interaction surfaces of the RIM 

and RIC with the secretin TolC were shown. WT SiiE cannot mediate adhesion anymore, if 

more than 5 BIg domains are deleted and mini SiiE is not able to mediate adhesion anymore. 

In contrast to non-covalently linked subunits of fimbrial proteins, large non-fimbrial adhesins, 

consisting of one polypeptide with covalently linked BIg domains, have a robust structure with 

no alterations in length (Barlag and Hensel, 2015). Thus, protrusion of the LPS is essential for 

adhesion to the host cell (Barlag and Hensel, 2015; Griessl et al., 2013; Wagner et al., 2011) 

and the more BIg domains protrude the LPS (maximal 5 BIg domains), the more efficient SiiE 

binds to the host cell to allow SPI1-T3SS effector protein translocation. Salmonella also pos-

sesses a biofilm-associated related T1SS adhesin, namely BapA (Latasa et al., 2005). The 
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associated T1SS is composed of the ABC transporter BapC, the PAP BapD and the secretin 

BapB (Guttula et al., 2019). As SiiE, BapA contains BIg domains (28) with Ca2+-binding sites, 

important for folding of the substrate (Guttula et al., 2019). However, in contrast to SiiE, BapA 

is not expressed under laboratory growth conditions (Latasa et al., 2005). BapA is known to 

be involved in formation of pellicles on air-liquid interphase (Latasa et al., 2005). Comparable 

to SiiE, BapA is also retained on the cell surface, but not surface exposed anymore upon de-

letion of some BIg domains (Elpers et al., 2020), indicating the critical role of LPS protrusion 

for adhesion. Interestingly, Bap of Acinetobacter baumannii was shown to not only be involved 

in biofilm-formation, but also in adherence to human bronchial epithelial cells and normal hu-

man neonatal keratinocytes (Brossard and Campagnari, 2012). As BapA is also involved in 

invasion, it displays a further member of surface-exposed adhesins involved in pathogenesis 

(Latasa et al., 2005). 

To be retained in the OM, a periplasmic retention domain in the N-terminus is essential, as 

described for LapA and MpIBP (Guo et al., 2018; Guo et al., 2017; Smith et al., 2018a; Smith 

et al., 2018b). This domain is too bulky to pass through the secretin and hence the substrates 

can only be released if this domain is proteolytically cleaved. Here, by bioinformatic analysis, 

a potential retention domain was identified in the N-terminal region of SiiE (III.1). With a width 

of ~27 Å, this β-sheet domain was modelled to have comparable dimensions to MpIBP and 

LapA and thus is too bulky to pass through SiiC. For TolC a pore diameter of 20 Å in an open 

state is published (Guo et al., 2018). Consequently, it is likely that SiiC possesses a compara-

ble diameter, as also modelled sizes were comparable to TolC (III.1). With a lower sequence 

identity (~20%), the 3D fold of the retention domain is conserved in RTX adhesins, including 

pathogens as V. cholera, P. aeruginosa  and Shewanella oneidensis (Guo et al., 2019b; Smith 

et al., 2018a). The N-terminal retention domain, in contrast to the BIg domains, is structured 

and folded independent of Ca2+ (Guo et al., 2019a; Smith et al., 2018a). This supports the 

results of SiiE being retained in the OM and not the whole T1SS (Figure IV.1 i). As SiiE lacks 

cysteine residues, a retention by a cysteine hook, as it is described for the non-RTX adhesin 

CdrA of P. aeruginosa, can be excluded here. CdrA like SiiE lacks the T(P)-A-A-G site for 

proteolysis (Borlee et al., 2010; Cooley et al., 2016). Bioinformatic analyses of the N-termini of 

several BTLCP-linked adhesins predicted short poly-glycine regions following the di-alanine 

cleavage site (Smith et al., 2018b). By mutational analysis of LapA N-terminal mutant strains 

lacking residues D31 to A95, the first 125 aa, including the poly-glycine linker, were found to 

be the LapA retention region (Smith et al., 2018a). This mechanism of surface anchoring was 

found to be quite common as a LapA chimera harboring the retention domain from a predicted 
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BTLCP-linked adhesin expressed by Vibrio cholerae, was found to be retained on the cell sur-

face (Smith et al., 2018a). Thus, it would be very interesting to analyze chimeras of SiiE with 

LapA, MpIBP, BapA or further predicted retention modules.  

All in all, the subfamily of RTX adhesins that mediate attachment of a range of microorganisms 

is growing and SiiE seems to be its latest member. 

 

IV.1.3. SiiE is post-translationally modified for release 

Proteolytic cleavage of proteins is a common and irreversible PTM, whereby endoproteases 

cleave specific residues within sequence motifs and exoproteases cleaving from the N- or C-

termini (Forrest and Welch, 2020). To release biofilm-associated RTX adhesins into the extra-

cellular space, often a conserved T(P)-A-A-G motif is cleaved (Guo et al., 2019b; Smith et al., 

2018a). Such a di-alanine motif is located at positions 144 and 145 in SiiE (III.1). Strikingly, 

this di-alanine motif was found in the secreted SiiE, excluding a proteolytic cleavage at this 

site. However, MS analyses revealed a potential cleavage site between aa27-30 (III.1) (Figure 

IV.1 ii). Thus, another new potential cleavage motif is postulated. This area is now interesting 

for further mutations and investigations. At position 28 an alanine and at position 29 a lysine 

can be found. However, less proteases cleave alanine (Fulop et al., 1998) and lysine is the 

preferable cleavage site. Nevertheless, proline-endopeptidases also accept alanine in position 

P1 and in most cases lysine in position P2 (Fulop et al., 1998). An additional interesting site 

was Val46-Ile47-Ile48-Val49, a motif cleaved by periplasmic Clp proteases (Mo et al., 2006) 

(III.1). Clp proteases degrade accumulated proteins in the periplasm under stress conditions 

(Bass et al., 1996; Waller and Sauer, 1996) and non-specific proteolysis of folded proteins is 

inhibited as only unfolded proteins without disulfide bonds are cleaved (Strauch and Beckwith, 

1988; Strauch et al., 1989). The protease DegP for example is known to act on at least partially 

unfolded substrates and the cleavage site is normally between a pair of hydrophobic residues 

like Val and Ile (Jones et al., 2002). SiiE lacks cysteine residues and consequently disulfide 

bonds, making it to a potentially target of such periplasmic proteases (Figure IV.2). Thus, two 

peptides are in focus for further investigations of a proteolytic cleavage and its cognate prote-

ase.  

However, there are further PTM like acylation of the RTX toxin HlyA, leading to the mature 

substrate form (Nicaud et al., 1985). Contrary to SiiE and other RTX adhesins, acylation of 

HlyA is not needed for secretion per se, but rather for activation of the toxin (Ludwig et al., 

1996). In general, a variety of PTM, ranging from methylation and phosphorylation to addition 

of complex moieties like lipids and glycans (Cain et al., 2014) can affect conformation, activity, 
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stability and localization as well as protein interactions (Forrest and Welch, 2020). Phosphor-

ylation was shown as a commonly used PTM also in surface-exposed proteins like the flagellar 

protein FliC of P. aeruginosa (Kelly-Wintenberg et al., 1993; Suriyanarayanan et al., 2016) or 

type IV pilus protein PilE of Neisseria gonorrhoeae (Forest et al., 1999). Interestingly, this 

phosphorylation of FliC does not alter motility, but rather increases T2SS-dependent biofilm-

formation (Suriyanarayanan et al., 2016). There are OMPs from Klebsiella pneumoniae, H. 

pylori and Shigella flexneri that are also multi-phosphorylated, but the importance behind this 

is not known (Lai et al., 2020; Standish et al., 2016). PTM like methylation is already described 

for surface-exposed structures like the flagellum (Horstmann et al., 2020). These modifications 

however, occur on the outside, difficult to be transferred to the periplasmic located N-terminus 

of SiiE as a possible release mechanism. Maybe an additional effect has to be investigated in 

more detail in the secreted parts, with less abundant N-terminus. However, a PTM is more 

unlikely for SiiE release, also in comparison to other RTX adhesins, especially taken the results 

of this work into account. Here, besides others, we demonstrated with a very sensitive method 

distinct aa were less found in secreted SiiE than in cytosolic SiiE. Acetylation and succinylation 

are commonly applied PTM that occur predominantly at the N-terminus of the proteins (Cain 

et al., 2014; Christensen et al., 2019). In STM, the protein acetyltransferase (Pat) and deacety-

lase (CobB) were already described to be involved in cell survival during growth following acidic 

stress, invasion of the host and replication within macrophages. Mutants unable to acetylate 

proteins showed reduced host inflammation. However, the relation to specific virulence factors 

is currently unclear and it is suggested that this PTM is related to SPI1 expression (Sang, 

2016). Potentially, retention can be achieved by a PTM in the periplasmic located N-terminus 

of SiiE, which is again reversed by an antagonist to release SiiE into the extracellular space. 

As proteolytic cleavage is a commonly used mechanism to release two-step secreted sub-

strates into the extracellular space, a comparable situation can be assumed for SiiE, although 

the specific mechanism and cleavage site are not clear yet. Nonetheless, in contrast to other 

RTX/BTLCP-linked adhesins, a role of the accessory proton channel SiiAB can be excluded 

here (Figure IV.1).  

 

IV.2. SiiAB – a promiscuous all-rounder? 

SiiAB are the accessory proton channel of the SPI4-T1SS, located in the IM and important for 

the invasion process of polarized cells (Wille et al., 2014). Thus, a role for the SPI4-T1SS and 

SiiE function seems obvious. Here, a role of SiiAB as proton channel for invasion of non-po-

larized cells was found, comparable to MotAB (III.2). SiiAB share similarities with the well-

described flagellar stator unit MotAB as well as ExbBD and TolQR (Kirchweger et al., 2019; 
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Wille et al., 2014). A 5:2 stoichiometry was recently published for ExbBD and MotAB (Deme 

et al., 2020b; Santiveri et al., 2020). I found a comparable ratio for SiiA and SiiB by measure-

ment of fluorescence signal intensities (III.2). This has to be confirmed by further controls in 

more sensitive assays as Blue native PAGE and MS.  

 

IV.2.1. Proton channel SiiAB play an important role for the initial steps of SiiE secre-

tion and not for release 

In a siiAB mutant strain, although it retains SiiE on the cell surface, no adhesion and invasion 

was detected (III.1). The phenotype observed by controlled overexpression of siiC with an 

increased SiiE retention, adhesion and invasion, could not be examined in siiAB mutants with 

overexpression of siiC (III.1), indicating a role of SiiAB in the initial steps of SiiE secretion 

(Figure IV.1 iii). There are different accessory proton channels described that either transfer 

energy of the IM PMF to ion transports in the OM like ExbBD, or transduce energy for pro-

cesses in the IM like MotAB, PomAB and TolQR (Minamino et al., 2018; Ollis et al., 2009; Zhu 

et al., 2014). FRET and two-hybrid analysis demonstrated homo- and heterotypic protein in-

teractions of SiiAB (Wille et al., 2014). Additionally, SiiB interacts with the Walker A box of SiiF 

and is required for SiiF dimerization. Taken this together with the results of my work, there are 

evidences that SiiAB promote initial steps of secretion by interacting with SiiF in the IM (Figure 

IV.2). Various classes of T1SS substrates require accessory proteins for their function, like the 

RTX toxin HylA, or release, like LapA. This family of accessory proteins important for release 

of the substrate, was described as BTLCPs with invariant Cys-His-Asp catalytic triads (Ginalski 

et al., 2004). In former studies, the exact role of this group of proteins was unclear, although a 

modification of the target proteins (T1SS substrates) by transamidase, acetylase or hydrolase 

activity has already been postulated (Ginalski et al., 2004). LapG and LapD for instance, re-

sponsible for LapA release, were shown to belong to this group of accessory proteins (Boyd 

and O'Toole, 2012; Navarro et al., 2011; Newell et al., 2011). LapG is the periplasmic calcium-

dependent cysteine protease, responsible for the posttranslational cleavage of the giant T1SS 

RTX adhesion LapA at an N-terminal di-alanine motif, and is in turn regulated by the IM c-di-

GMP receptor LapD (Boyd and O'Toole, 2012). Homologues of LapG and LapD were found in 

the genomes of over 1,300 bacterial species, spanning 120 genera of Proteobacteria (Smith 

et al., 2018a) and identifying this as a commonly used strategy for regulation of adhesin-local-

ization. Such LapD/LapG homologues were found in multiple bacterial species, including B. 

bronchiseptica (Ambrosis et al., 2016), Shewanella spp. (Zhou et al., 2015), Pectobacterium 

atrosepticum (Perez-Mendoza et al., 2011), Desulfovibrio vulgaris (De Leon et al., 2017), P. 

putida (Gjermansen et al., 2010), and P. aeruginosa  (Cooley et al., 2016; Rybtke et al., 2015). 

The results obtained in this work combined with previous investigations basically exclude a 
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proteolytic cleavage of SiiE by SiiAB in a similar manner, as SiiAB are not homologous to LapG 

and LapD. Nonetheless, SiiAB potentially display a new subgroup of accessory proteins that 

have not been described yet, but are as well involved in secretion regulation of a T1SS sub-

strate. The release mechanism and potential protease of SiiE have to be further investigated 

(Figure IV.2).  

In addition, the siiABC overexpression did not show higher amounts of SiiE retained on cell 

surface, controlled by SiiC in the OM, but nonetheless lead to higher adhesion and invasion 

rates than a siiC overexpression alone. As I also showed that the flagellum and its rotation by 

MotAB, as well as SiiAB play a role during invasion of polarized cells and also SPI4-T1SS 

independent invasion of non-polarized cells, we concluded a role of SiiAB for the flagellum. As 

a consequence, the maximum amounts of SiiE retained on the cell surface are defined by 

availability of SiiC in the OM. An additional overexpression of siiAB supports motility during 

invasion, as motility was found to be an important factor during invasion (III.3). 

 

IV.2.2. The cytosolic domain of SiiB has effects on SiiE and the flagellum 

Mechanosensitive channels possess an extended cytosolic domain, important for sensing IM 

tension changes and emergency release of osmolytes (Edwards et al., 2012; Rasmussen and 

Rasmussen, 2018; Wang et al., 2018). By multiple sequence alignment and tertiary structure 

predictions, I found conservation of potential residues and motifs known to be critical for mech-

anosensitive channels also in SiiB (III.2). As I demonstrated an effect of the osmotic pressure 

on SiiE retention and adhesion in dependence of the deletion of the cytosolic domain of SiiB 

in response to a hyperosmotic environment (600 mOsm), I suggest an important role here 

(III.2) (Figure IV.1 iv). Recent studies revealed that mechanosensitive channels can play es-

sential roles during invasion processes (Edwards et al., 2012; Flegler et al., 2020; Rasmussen 

and Rasmussen, 2018; Schumann et al., 2010). This cytoplasmic domain was further shown 

to sense macromolecular crowding in the cytoplasm (Rowe et al., 2014) and the mechanosen-

sitive channel YnaI is important during invasion of Salmonella (Edwards et al., 2012; Miller, 

unpublished). Without YnaI, STM showed an increased internalization in macrophages and 

epithelial cells (Asogwa, 2019). As siiAB mutants show no adhesion and invasion of polarized 

epithelial cells, this possibly describes a new way of regulation during infection process and a 

new member of the recently described group of mechanosensitive channels involved in STM 

infection. However, not much is known about this new described group of mechanosensitive 

channels important for invasion and further experiments in distinct osmotic environments have 

to be performed and analyzed to verify this phenotype and put it into context of STM infection. 

Furthermore it already has been suggested that SiiAB may form a complex that senses the 
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PMF and transmits this information about the physiological state of the cell to other compo-

nents of the T1SS, instead of providing energy for a coupled function, which has to be proofed 

in future investigations (Wille et al., 2014) (Figure IV.2). 

SiiB additionally was predicted to possess a signal peptide, ranging from aa1-26, which has 

not been shown before (III.2). Typically OM proteins possess such N-terminal secretion sig-

nals, which are cleaved during or after translocation over the IM and varying in their aa se-

quence (Jackson et al., 1985). Nonetheless, SiiB was shown to be located in the IM (Wille et 

al., 2014). However, also some IM proteins are described to possess N-terminal signal pep-

tides and that they have a precursor form with a higher molecular weight in comparison to the 

membrane integrated protein (Jackson et al., 1985). OmpF of E. coli as a hybrid form combined 

with the N-terminus of the IM protein DacA can also be inserted in the OM. Thus, an N-terminal 

signal sequence was postulated for this IM protein. As this signal sequence in SiiB was pre-

dicted with a very low probability and with no clear result of a potential translocation way, it 

might be used by chaperones or is no signal sequence at all. This has to be confirmed by 

molecular weight analysis of cytosolic and membrane integrated SiiB, as well as MS analysis. 

Interestingly, we gained hints that overexpression of the cytosolic domain of SiiB alone has an 

effect on SiiE surface retention, but not on adhesion (III.2). Further, the swarm behavior was 

altered following overexpression of the cytosolic domain (III.2) (Figure IV.1 iv). Thus, the cyto-

solic domain alone might trigger processes at the SPI4-T1SS regarding SiiE secretion, as well 

as at the flagellum regarding torque generation. This indicates a new potential role of this do-

main, only by interaction with SiiF or the C-ring and not by actively pumping protons (Figure 

IV.2). MotA also contains a large cytoplasmic domain that is proposed to interact with the rotor 

(Blair and Berg, 1991; Dean et al., 1984; Zhou et al., 1995).  

 

IV.2.3. Possible SiiAB integration in and interaction with the flagellar rotor 

Here, we demonstrated an important role not only of the flagellum and motility during invasion, 

especially of non-polarized cells, but also the proton channels MotAB and SiiAB (III.3). Inter-

estingly, SiiB was found to localize at the flagellar subunit FliN during SiiE retention maximum 

(III.3) (Figure IV.1 v). Taken this together with the results described above, a promiscuous role 

of SiiAB for the initial steps of SiiE secretion and subsequently as an additional stator unit at 

the flagellum is proposed (III.3). The C-terminal domain of FliG, containing a torque helix, di-

rectly interacts with the stator units MotA and PomA (Lee et al., 2010; Santiveri et al., 2020). 

In both MotA and FliG, critical charged residues necessary for this interaction are described 

(Lloyd and Blair, 1997; Zhou and Blair, 1997; Zhou et al., 1998). By mutant phenotypes it was 

found that charge is the most important feature of these residues. Interestingly, the charged 
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residues in each protein were shown to function redundantly. In FliG, Arg-281, Asp-288, and 

Asp-289 are essential for interaction and function, whereas residues Lys-264 and Arg-297 

were proposed to have secondary roles. In MotA, the important residues for function are Arg-

90 and Glu-98, whereas Glu-150 was suggested to have a secondary role. These residues 

and homologues in FliG, SiiF, MotA and SiiB, respectively, in future experiments can be of 

interest to investigate comparable functions, interactions and mechanisms in STM. Addition-

ally, as I found an effect on the swarm behavior of the cytosolic domain of SiiB only (IV.2.2), a 

possible direct interaction of this domain with the flagellar C-ring can be postulated (Figure 

IV.1 v). In further analyses, the cytosolic domain of MotA and other members of the proton 

channel family, as well as chimeric constructs have to be tested in addition to gain further 

insights into this novel phenotype. Further, this is supported by tracking analysis, where syn-

thetic expression of motAB and siiAB both showed an increased velocity (III.3). As membrane 

ruffle formation is more induced during invasion of polarized cells than of non-polarized cells 

(Kommnick, 2021),  the support of the flagellar rotation by additional SiiAB integration in the 

flagellar rotor during invasion of non-polarized cells is conclusive (Figure IV.2). It is already 

described that in dependence of the external load on the flagellum, caused by the heteroge-

neous environments, E. coli can adjust the number of stator units (Berg, 2003; Macnab, 2004; 

Minamino et al., 2008; Morimoto and Minamino, 2014). There are evidences that MotB is di-

rectly involved in load sensing by its PG domain (Castillo et al., 2013), and that mutations of 

the aspartate residue (D33) were found to be critical (Che et al., 2014). The effects of this 

mutation led to the assumption that the load affects the coupling between the translocation 

and conformational changes in the stator units for torque generation. Thus, it was concluded 

that load changes can alter the stator incorporation by triggering conformational changes in 

MotB (Baker and O'Toole, 2017). Thereupon now, on the one hand SiiAB incorporation follow-

ing MotB mutation should be checked, as well as mutations in SiiA PG domain and the effects 

on the motility and stop behavior, as MotB was shown to interact with FlgI by cross-linking 

(Hizukuri et al., 2010). For control and comparison, further potential proton channels have to 

be included in these experiments. 

Interestingly, SiiB has a higher identity with Na+-conducting channels than with H+-conducting 

channels and possesses specific residues, conserved among Na+-conducting channels (III.3). 

These results shed new light on possible functions and mechanisms of SiiAB, apart from for-

mer described similarities to proton channels like MotAB (Kirchweger et al., 2019). At the fla-

gellum, also Na+-conducting stator complexes like PomAB are described (Yonekura et al., 

2011). PomAB for instance shows structural and functional similarities to MotAB, comparable 

to SiiAB. Thus, it is also possible that Na+-conducting channels share similarities with H+-con-
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ducting channels, supporting our prediction results for SiiB. Besides the flagellar load, ion avail-

ability is an important factor (Baker and O'Toole, 2017). Consequently, many bacteria exploit 

different proton channels for the same flagellum and rotor incorporation, using H+ as well as 

Na+ (Baker and O'Toole, 2017; Paulick et al., 2015). Paulick et al. demonstrated that in S. onei-

densis the number of MotAB stators incorporated in the motor region decreases as the Na+ 

concentration increases. Both types of stators changed between the motor region and a pool 

of stator complexes located in the IM and exchange of PomAB and not MotAB occurred in 

dependence of environmental Na+. Based on these microscopic and swimming analyses, the 

role and function of SiiAB for the flagellum can be further investigated and might reveal a novel 

Na+-conducting channel in STM (Figure IV.2). However, there are also bacteria described that 

have two stator sets, both using the same ion, as for P. aeruginosa  (Baker and O'Toole, 2017). 

It still remains unclear if SiiAB use H+ or Na+, which is an interesting topic for future experi-

ments. As described above, homologues and further proton channels should be used for con-

trol and comparison here, in order to analyze swim behavior and localization by using SRM. 

 

IV.2.4. 3D dSTORM is capable for localization of proton channels in the IM of STM 

Since we found evidence that SiiAB contribute to flagellar movement, we investigated the lo-

calization of this proton channel in the IM at the SPI4-T1SS and the flagellum in comparison 

to MotAB (III.3). To bypass the diffraction limit of 200 nm for conventional light microscopy, by 

which it is not possible to resolve protein complexes in the IM of bacteria, we used SRM 

(Hensel et al., 2013). In the past, in order to stain IM proteins in Gram-negative bacteria tagged 

at their cytosolic side, the bacteria had to be permeabilized for the large antibodies conjugated 

to fluorophores to be able to cross the membranes. Self-labeling enzyme (SLE) tags revolu-

tionized the field, as small ligands with increased photostability and emission of more photons 

than fluorophores, can be used for labeling of the SLE tags (Keppler et al., 2003; Klein et al., 

2011; Los and Wood, 2007). The size of 20-33 kDa of the SLE tags is a limiting factor for 

protein expression, labeling and staining in the IM (Keppler et al., 2004; Los and Wood, 2007). 

To get in closer proximity between tag and fluorophore, new small ALFA-tag and Spot-Tag can 

be used (II.6.2). These can be inserted at both termini and the corresponding optimized nano-

bodies show very high affinities for the tags (Gotzke et al., 2019; Metterlein, 2018; Virant et al., 

2018). A further advantage is the small size of the nanobodies, which can more easily cross 

the membranes and further reduce distances between protein and fluorophore. By dual-color 

3D dSTORM analysis and with novel small tags and corresponding nanobodies, I was able to 

label and image MotA, MotB, SiiA and SiiB and combined these with already described Halo-

Tag fusions (Barlag et al., 2016) to the flagellar subunit FliN or SPI4-T1SS SiiF, respectively 

(III.3). This was one of the first investigations using this method combined with the novel tags 
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to localize proton channels in the IM of Gram-negative bacteria like STM. For comparison and 

as a positive control we used MotAB, which as the stator unit of the flagellum should localize 

there. Following expression and functional checks, localization of MotA and MotB, tagged with 

ALFA-tag and Spot-Tag, respectively, was analyzed in order to validate labeling and usage of 

MotA in further imaging as a representative for MotAB proton channel. The same was done 

for SiiAB, due to similarities between MotA and SiiB, and MotB and SiiA. The same tags were 

introduced based on the homologies. The best combination we found was the fusion of the 

ALFA-tag to MotA and SiiB, respectively, as well as the Spot-Tag – including a linker – to MotB 

and SiiA, respectively. In our approaches, labeling with Spot-Tag in general was more difficult 

than with ALFA-tag (III.3). Along with further development, this hurdle can also be overcome. 

To determine the co-localization of the proton channels with secretion systems, the CBC 

method, directly utilizing the single coordinate information whilst retaining SR information, was 

used (III.3). As MotAB is not only incorporated in the rotor, but rather there is also a pool of 

stator units located in the IM, depending on the load on the flagellum, (Paulick et al., 2015) we 

found MotA not only located near FliN. Comparable amounts of MotA were associated with 

MotB and with FliN, validating our control. Interestingly, SiiB was less associated with SiiF 

during SiiE retention maximum, but in comparable amounts with SiiA and FliN (Figure IV.1 v). 

We concluded, together with the results that SiiAB are important for initial steps of SiiE secre-

tion that SiiAB possibly promiscuously function at the SPI4-T1SS and the flagellum. However, 

function at the flagellum has to be further investigated as described above (Figure IV.2). To 

improve our results gained here, we need further controls. As described before, to test the 

quantification potential of this colocalization approach in our experimental setting, at least one 

of the subunits has to be simultaneously investigated with two tags at once (Mass et al., 2020). 

For the best result, ALFA-tag and Spot-Tag as well as Halo-Tag with one of the other tags, 

respectively, have to be tested to determine the degrees of colocalization. If possible, fluoro-

phores should be tested vice versa and additionally the CBC values should be calculated in a 

bidirectional fashion in further applications, as described before (Malkusch et al., 2012; Mass 

et al., 2020). With these last improvements left, in the near future we will be able to validate 

SiiAB localization at the flagellum and extend our analysis, even to different time points of 

retention. 

 

IV.3. The future is now – tissues and organs in a dish 

Standard cell culture models have been used over several years to unravel virulence mecha-

nisms in host-pathogen interactions, but due to their origin, they often consist of a single cell 
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type with an error-filled genome. On the one hand, it was possible by microscopy and quanti-

tative analysis to easily generate results, but on the other hand, complex tissue and organ 

structures, leading to a completely different host-pathogen interaction, were missing. Recently, 

a new stem cell-derived cell culture model emerged: the organoids. They reconstitute a certain 

degree of multicellular complexity with a close relation to in vivo conditions. However, organoid 

cultivation remains complex, expensive and time consuming and additionally reproducibility is 

affected between labs because of their highly heterogenic nature. Nevertheless, we were able 

to establish one of the complex organoid models, murine and human intestinal organoids, in 

our division (III.4). 

Here, we demonstrated uninfected and infected 3D and 2D grown organoids of human and 

murine origin, which we successfully labeled and imaged as well as analyzed regarding their 

behavior during infection of STM and SPA (III.4). A disadvantage for imaging of the 3D organ-

oids was the immense size of the 3D organoids in X, Y and Z direction. Especially in Z direction, 

imaging was limited, depending on working distance, parfocal length and numerical aperture 

of the used microscope. Thus, beside other reasons, it is difficult to follow infections in 3D 

organoids. Live imaging is only possible with certain limitations. Light sheet-based microscopy 

potentially offers a live cell imaging technique well suited for large specimens with more pho-

tons and less photo damage that can be used in future applications (Reynaud et al., 2008). 

Furthermore, Matrigel, required for cultivation, can interfere with fluorescence excitation and 

emission and may result in higher background. By releasing the organoids from the Matrigel, 

we potentially obtain a better resolution and less background, but due to the treatment of the 

organoids, artefacts can make result interpretation difficult or even false. As along infection 

processes different cell types can be of interest, depending on the pathogen, we tested differ-

ent staining protocols and labeling (III.4). Staining and imaging were difficult and our applied 

protocols have to be further improved to gain better insights in Salmonella and possibly other 

pathogens infection. Nevertheless, high-throughput methods like flow cytometry of single or-

ganoid-derived cells, especially combined with reporters, can provide information about infec-

tion processes as published before (Röder et al., 2021a, b; Schulte et al., 2021a, b). During 

growth of the intestinal organoids in the Matrigel, they also grow a lumen, outlined with the 

apical side of the cells and with the basolateral side facing outward. To infect the apical side, 

often used for entry by intestinal pathogens, different methods can be applied. On the one 

hand microinjections can be performed, on the other hand apical-out organoids can be used. 

Here, we successfully demonstrated both techniques (III.4). Disadvantages during microinjec-

tions are the technical limitations due to the highly heterogenic nature of organoids and the 

labor- and cost-intensive infections, as well as the penetration with an injection needle can 

potentially damage cell layers and spillage of pathogens into the medium could favor unwanted 
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infections at the basal site of the organoids. In contrast to this, by using apical-out organoids, 

pathogens can directly be added to the cell culture medium and infect the apical side of the 

host cell. However, this form of 3D organoids also has the disadvantage that they are highly 

heterogenic, which possibly makes experimental design and reproducibility difficult. All in all, 

we demonstrated that 3D growth and also infection as well as imaging is possible, but that at 

the moment 3D cultured organoids are not, or only less compatible with currently used live cell 

imaging techniques. Furthermore, fixed infections are difficult to image by fluorescence mi-

croscopy as well as electron microscopy. In the future, maybe stably transfected organoids 

can open the door to live cell imaging applications. 

In comparison to 3D organoids, organoid-derived monolayers can have many advantages but 

also come with some drawbacks (III.4). Here, we demonstrated the successful 2D cultivation 

of human- and murine-derived organoids. We were able to differentiate and check for cell in-

tegrity of the monolayers by TEER measurements, as well as to infect and image them by 

electron and fluorescence microscopy. However, transwells also have some disadvantages: 

imaging with an inverted microscope through the transwell membrane is not feasible and 

punching out the membrane and placing it between a microscope slide and coverslip is a harsh 

treatment that could alter infection events or falsify analyses. Furthermore, differentiation of 

the cell layer may vary in comparison to 3D cultured organoids. Nevertheless, in future inves-

tigations, we are now able to combine infections with specific staining and/or transfected or-

ganoid-derived cells, to analyze if different Salmonella serovars preferentially invade distinct 

cell types. The advantages of organoid-derived monolayers are that experimental setups can 

easily be adjusted. It is possible to grow cells in an air-liquid interface, where the cells are in 

contact with the culture medium only from the basolateral side, whereas the apical side is 

exposed to air (Aguilar et al., 2021), which was shown to induce a higher cell differentiation 

(Boccellato et al., 2019; Li et al., 2014a; Li et al., 2014b; Sachs et al., 2019; Sepe et al., 2020). 

We were able to investigate a loss of cell integrity during infection, as well as to quantify invad-

ing STM WT, Δspi4 and ΔinvC (III.4). Interestingly, we found another invasion phenotype of 

Δspi4 than of polarized and non-polarized cell culture models, where invasion also differed 

between ileum-derived and colon-derived monolayers. We concluded a distinct role of the mu-

cus layer, which we stained by PAS stain (III.4), especially for the SPI4-T1SS. Also, in organ-

oids ΔinvC showed no invasion as it is already published, underlining the role of the SPI1-

T3SS. Thus, we are able to further define the SPI4-T1SS phenotype in more detail by using 

murine- and human-derived intestinal monolayers. Furthermore, STM, SPA and STY related 

phenotypes now can be validated in a cell culture dish. Additionally, taken the results from the 

tracking analysis of this work into account, velocity and stop behavior of motAB and siiAB 
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phenotypes under the aspect of mucus production and infection conditions will be of further 

interest here (Figure IV.2). 

All in all, with the help of organoids we are now closer to the human body and its intricate 

processes than ever, but due to heterogeneity and difficult growth, we are also faced with 

variations. However, as this is a fast growing, lucrative niche to not only investigate host-path-

ogen interactions, but also to analyze diseases and processes, protocols for a more stable 

handling will emerge fast. Maybe, in future investigations it is possible to combine different 

organoid types to build up a whole connected system, e.g. for analysis of systemic SPA or 

STY infections as well as other pathogens and viruses, or even drug development. 

 

IV.4. Conclusions and Outlook 

This thesis focused on the SPI4-T1SS and its giant substrate SiiE, essential for invasion of 

polarized cells. I was able to gain new insights in the function and mechanism of the SPI4-

T1SS related canonical subunits SiiCDF, the non-canonical subunits SiiAB and their substrate 

SiiE. I could show that during secretion mechanism of SiiE, SiiAB are important in the initial 

steps, prior to retention of SiiE on the cell-surface by the secretin SiiC. Future investigations in 

this direction should focus on the detailed function of SiiAB during this initial phase of secretion. 

Further of interest is, whether SiiE is indeed held back by a retention domain, as proposed 

here, and what the interaction surface with SiiC looks like. We have to validate the proteolytic 

cleavage of SiiE for its release and to uncover an exact cleavage site as well as the responsible 

protease in the periplasm. Intriguingly, we found SiiAB located at the flagellum. In a next step, 

we have to figure out the distinct role of SiiAB in this relationship, also in comparison to other 

known proton channels. As a consequence of the new evidences gained here, we have to 

define if SiiB belongs to the H+- or Na+-conducting channels. Further, I was able to establish 

intestinal organoids, important for disease investigations, drug development and host-patho-

gen interaction analysis. The mechanism behind SPI4-T1SS mediated adhesion was poorly 

understood, I was now able to gain new insights, leading to a better understanding of the host-

pathogen microenvironment during adhesion and invasion, transferrable to other pathogens 

invading host cells and replicating within them. Even though we have taken a few steps for-

ward, there are still unanswered questions and ways to go (Figure IV.2.). 

Interaction surface between SiiE and SiiC and retention domain 

T1SS were first described to secrete their substrate in one step, like bacteriocins and RTX 

toxins. A new family was recently uncovered, in which the substrate is retained on the cell 

surface in an intermediate step, though a cognate TolC-like OM pore. These RTX adhesins 
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and their secretins have distinct interaction surfaces. As there are many conserved mecha-

nisms and structures among the RTX adhesins (Smith et al., 2018b), we can now, based on 

homology investigations and experiments done by Smith et al. (2018) and Guo et al., design 

new experiments to further resolve domains and areas responsible for this interaction. In the 

future, high-resolution Cryo-TEM analyses of bacteria and published mini cells (Kawamoto et 

al., 2013) can potentially reveal new insights in structures and interactions directly in the mem-

brane. 

SiiE release by proteolytic cleavage 

The release following proteolytic cleavage is a commonly used mechanism for RTX adhesins, 

especially for biofilm-associated substrates (Smith et al., 2018b). Here, we performed pub-

lished assays and homology analyses to demonstrate potential cleavage sites in SiiE. In a next 

step, we will investigate the role of various residues for SiiE retention and release, by mutation 

of the potential cleavage sites determined in the N-terminus of SiiE in frame of this work. If we 

are able to clearly identify a cleavage site, a next step could be the analysis of potential prote-

ases in the IM or periplasm. During STM SPI4-T1SS adhesion, second messengers like c-di-

GMP may also play a role, especially after the Lasa group found that mutants not able to 

synthesize c-di-GMP were attenuated in a systemic murine infection model (Latasa et al., 

2016).  

Localization and function of SiiAB for SiiE 

Following recognition of SiiE by the T1SS, the ABC transporter SiiF dimerizes and SiiE is in-

troduced into the secretion channel (Gerlach et al., 2007b; Smith et al., 2018b; Wille et al., 

2014). SiiAB, the non-canonical subunits of the SPI4-T1SS, are located in the IM, where they 

translocate protons, have an effect on STM adhesion and invasion and are associated with 

SiiF. We demonstrated that SiiAB are not necessary for release of SiiE, but for initial steps of 

SiiE secretion and could limit possible modes of action. By further mutational analyses we have 

to investigate the precise role of SiiAB here. As they potentially display a new mechanism of 

accessory proteins involved in T1SS substrate secretion, we have to search for novel ap-

proaches. Based on this work, possible steps during secretion with an involvement of SiiAB 

include the recognition, the introduction into the channel or the transfer of SiiE from the SiiDF 

complex to SiiC. With further analyses of the PG domain of SiiA we possibly find comparable 

effects on the SPI4-T1SS, SiiE, adhesion and invasion like MotB PG domain on the stator 

incorporation of the flagellum (Baker and O'Toole, 2017). By cross-linking experiments, we 

also can investigate further interaction partners in the periplasm as well as the OM. In another 

possible model described bei Wille et al. (2014), the PMF would not provide energy for a cou-

pled function, but rather provide information about the state of the cell. This would be in line 
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with results already published were the external pH had an effect on SiiE surface expression 

and that SiiE surface expression is reduced when STM enters stationary growth phase 

(Wagner et al., 2011). The purification of SiiAB complexes in comparison to published MotAB 

complexes (Deme et al., 2020b; Santiveri et al., 2020) and following analysis by Blue native 

PAGE or Cryo-TEM imaging, can possibly reveal new insights. 

Localization and function of SiiAB for the flagellum 

Motility is an important factor for bacteria, not only towards nutrients, but also during invasion 

process. We demonstrated a cross-correlation of the flagellum and the SPI4-T1SS during in-

vasion and a distinct role of motility and the proton channels MotAB and SiiAB for invasion of 

polarized and also non-polarized cells. In our dSTORM analysis, we found SiiB located at the 

flagellum and now want to analyze the detailed function, incorporation and interactions. As we 

performed our tracking analyses in medium without host cells, experiments should also be 

performed with different cell culture cell lines. With the now established intestinal organoids, 

which were shown to produce mucus, we will gain further insights in the role of SiiAB at the 

flagellum. Additionally, SiiAB incorporation following MotB mutation should be checked, as well 

as mutations in SiiA PG domain and the effects on the motility and stop behavior. MotB was 

shown to interact with FlgI by cross-linking and that MotB is important for exchange of stators 

in the rotor region (Baker and O'Toole, 2017; Hizukuri et al., 2010). For control and compari-

son, further potential proton channels have to be included in these experiments. Further con-

structs with TolQR and other proton channels as well as chimeric proteins can be tested in 

tracking and also invasion. Thus, we will be able to find conserved structures among different 

proton channels. We were able to localize SiiAB and MotAB in the IM and in close contact with 

the flagellum and the SPI4-T1SS, but we need further improvement of the technique, also for 

validation as described above. Besides further optimization of the validated ALFA-tag and 

Spot-Tag here, we should exchange the Halo-Tag in SiiF and FliN with ALFA-tag and Spot-

Tag, respectively, to minimize the distances between proteins and fluorophores as well as 

between the localized proteins. Also, additional subunits of the SPI4-T1SS and the flagel-

lum can be tested. Another small tag, the EPEA-Tag is a further option to label three pro-

teins per bacterium, which will allow triple-color 3D dSTORM imaging. To gain further in-

sights into the ultrastructure of the processes in the IM, correlative light and electron mi-

croscopy (CLEM) could be performed in addition to dSTORM (Krieger et al., 2014).  

Is SiiAB a H+-conducting channels or a Na+-conducting channel? 

I showed that SiiB has a higher conservation of certain regions with Na+-conducting channels 

and possesses residues that seem specific for them. These results together with the localiza-

tion of SiiB at the flagellum, shed new light on possible functions and mechanisms of SiiAB, 
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apart from former described similarities to proton channels like MotAB (Kirchweger et al., 

2019). At the flagellum, not only H+-, but also Na+-conducting stator complexes like PomAB 

are described, which also share similarities to MotAB (Yonekura et al., 2011). As many bacteria 

exploit different proton channels for the same flagellum and rotor incorporation, using H+ as 

well as Na+, this could also be postulated for STM (Baker and O'Toole, 2017; Paulick et al., 

2015). Based on experiments of Yonekura et al. (2011), Baker and O´Toole (2017) and Paulick 

et al. (2015), we now can design new experiments to potentially show new ways of under-

standing SiiAB structure and function. 

Role of the cytosolic domain of SiiB for SiiE and the flagellum? 

A new field of mechanosensitive channels important for invasion of STM recently emerged 

(Asogwa, 2019; Miller, unpublished; Rasmussen and Rasmussen, 2018). SiiB possesses an 

extended cytosolic domain, interacting with SiiF (Wille et al., 2014). By bioinformatic analyses, 

we found similarities to mechanosensitive channels, which as well harbor long cytosolic do-

mains. In the results obtained in this work, there are hints that a deletion or overexpression of 

this domain affects SiiE retention and function. Thus, by further analyses of critical residues 

already published for mechanosensitive channels and experiments already published for YnaI, 

we will gain more insights in SiiB conduction and function. 

 

While this study answers a lot of open questions in understanding SPI4-T1SS mediated adhe-

sion, there are still many exciting experiments to be done to get to the bottom of things. The 

complete understanding of Salmonella adhesion and invasion will give important evidences for 

the development of new therapies to prevent initial steps of diseases also for other related 

pathogens. Particularly in today's situation with increasingly adapted pathogens and the 

spread of antibiotic resistances among them, research of invasion processes is of great im-

portance for understanding of infection processes, development of anti-infective drugs, viru-

lence inhibtors and therapies as well as transfer to other pathgens and diseases. 
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Figure IV.2. Outlook and open questions. Shown is the schematic overview of the open questions 
and further investigations. 



                                                                                         References 

217 

V. References 

Aguilar, C., Alves da Silva, M., Saraiva, M., Neyazi, M., Olsson, I.A.S., and Bartfeld, S. (2021). 
Organoids as host models for infection biology - a review of methods. Exp Mol Med 53, 1471-
1482. 
Ahmer, B.M., van Reeuwijk, J., Watson, P.R., Wallis, T.S., and Heffron, F. (1999). Salmonella 
SirA is a global regulator of genes mediating enteropathogenesis. Mol Microbiol 31, 971-982. 
Ambrosis, N., Boyd, C.D., GA, O.T., Fernandez, J., and Sisti, F. (2016). Homologs of the LapD-
LapG c-di-GMP Effector System Control Biofilm Formation by Bordetella bronchiseptica. PLoS 
One 11, e0158752. 
Andersen, C., Hughes, C., and Koronakis, V. (2000). Chunnel vision. Export and efflux through 
bacterial channel-tunnels. EMBO Rep 1, 313-318. 
Asogwa, M.M., S.; Spano, S.; Stevens, M. (2019). Investigating the role of the bacterial 
mechanosensitive channel YnaI in Salmonella pathogenesis. 
Azar, J., Bahmad, H.F., Daher, D., Moubarak, M.M., Hadadeh, O., Monzer, A., Al Bitar, S., 
Jamal, M., Al-Sayegh, M., and Abou-Kheir, W. (2021). The Use of Stem Cell-Derived 
Organoids in Disease Modeling: An Update. Int J Mol Sci 22. 
Baker, A.E., and O'Toole, G.A. (2017). Bacteria, Rev Your Engines: Stator Dynamics Regulate 
Flagellar Motility. J Bacteriol 199. 
Bar Dolev, M., Bernheim, R., Guo, S., Davies, P.L., and Braslavsky, I. (2016). Putting life on 
ice: bacteria that bind to frozen water. J R Soc Interface 13. 
Barlag, B., Beutel, O., Janning, D., Czarniak, F., Richter, C.P., Kommnick, C., Goser, V., Kurre, 
R., Fabiani, F., Erhardt, M., et al. (2016). Single molecule super-resolution imaging of proteins 
in living Salmonella enterica using self-labelling enzymes. Sci Rep 6, 31601. 
Barlag, B., and Hensel, M. (2015). The giant adhesin SiiE of Salmonella enterica. Molecules 
20, 1134-1150. 
Bartfeld, S. (2016). Modeling infectious diseases and host-microbe interactions in 
gastrointestinal organoids. Dev Biol 420, 262-270. 
Bass, S., Gu, Q., and Christen, A. (1996). Multicopy suppressors of prc mutant Escherichia 
coli include two HtrA (DegP) protease homologs (HhoAB), DksA, and a truncated R1pA. J 
Bacteriol 178, 1154-1161. 
Bates, M., Huang, B., Dempsey, G.T., and Zhuang, X. (2007). Multicolor super-resolution 
imaging with photo-switchable fluorescent probes. Science 317, 1749-1753. 
Berg, H.C. (2003). The rotary motor of bacterial flagella. Annu Rev Biochem 72, 19-54. 
Berg, H.C., and Anderson, R.A. (1973). Bacteria swim by rotating their flagellar filaments. 
Nature 245, 380-382. 
Beskow, L.M. (2016). Lessons from HeLa Cells: The Ethics and Policy of Biospecimens. Annu 
Rev Genomics Hum Genet 17, 395-417. 
Beumer, J., and Clevers, H. (2016). Regulation and plasticity of intestinal stem cells during 
homeostasis and regeneration. Development 143, 3639-3649. 
Blair, D.F., and Berg, H.C. (1988). Restoration of torque in defective flagellar motors. Science 
242, 1678-1681. 
Blair, D.F., and Berg, H.C. (1990). The MotA protein of E. coli is a proton-conducting 
component of the flagellar motor. Cell 60, 439-449. 
Blair, D.F., and Berg, H.C. (1991). Mutations in the MotA protein of Escherichia coli reveal 
domains critical for proton conduction. J Mol Biol 221, 1433-1442. 
Blokzijl, F., de Ligt, J., Jager, M., Sasselli, V., Roerink, S., Sasaki, N., Huch, M., Boymans, S., 
Kuijk, E., Prins, P., et al. (2016). Tissue-specific mutation accumulation in human adult stem 
cells during life. Nature 538, 260-264. 
Boccellato, F., Woelffling, S., Imai-Matsushima, A., Sanchez, G., Goosmann, C., Schmid, M., 
Berger, H., Morey, P., Denecke, C., Ordemann, J., et al. (2019). Polarised epithelial 
monolayers of the gastric mucosa reveal insights into mucosal homeostasis and defence 
against infection. Gut 68, 400-413. 



References  

218 

Borlee, B.R., Goldman, A.D., Murakami, K., Samudrala, R., Wozniak, D.J., and Parsek, M.R. 
(2010). Pseudomonas aeruginosa  uses a cyclic-di-GMP-regulated adhesin to reinforce the 
biofilm extracellular matrix. Mol Microbiol 75, 827-842. 
Boyd, C.D., and O'Toole, G.A. (2012). Second messenger regulation of biofilm formation: 
breakthroughs in understanding c-di-GMP effector systems. Annu Rev Cell Dev Biol 28, 439-
462. 
Braun, M.B., Traenkle, B., Koch, P.A., Emele, F., Weiss, F., Poetz, O., Stehle, T., and 
Rothbauer, U. (2016). Peptides in headlock--a novel high-affinity and versatile peptide-binding 
nanobody for proteomics and microscopy. Sci Rep 6, 19211. 
Braun, V., Gaisser, S., Herrmann, C., Kampfenkel, K., Killmann, H., and Traub, I. (1996). 
Energy-coupled transport across the outer membrane of Escherichia coli: ExbB binds ExbD 
and TonB in vitro, and leucine 132 in the periplasmic region and aspartate 25 in the 
transmembrane region are important for ExbD activity. J Bacteriol 178, 2836-2845. 
Brossard, K.A., and Campagnari, A.A. (2012). The Acinetobacter baumannii biofilm-associated 
protein plays a role in adherence to human epithelial cells. Infect Immun 80, 228-233. 
Bumba, L., Masin, J., Macek, P., Wald, T., Motlova, L., Bibova, I., Klimova, N., Bednarova, L., 
Veverka, V., Kachala, M., et al. (2016). Calcium-Driven Folding of RTX Domain beta-Rolls 
Ratchets Translocation of RTX Proteins through Type I Secretion Ducts. Mol Cell 62, 47-62. 
Cain, J.A., Solis, N., and Cordwell, S.J. (2014). Beyond gene expression: the impact of protein 
post-translational modifications in bacteria. J Proteomics 97, 265-286. 
Casadevall, A., and Pirofski, L. (2001). Host-pathogen interactions: the attributes of virulence. 
J Infect Dis 184, 337-344. 
Casadevall, A., and Pirofski, L.A. (1999). Host-pathogen interactions: redefining the basic 
concepts of virulence and pathogenicity. Infect Immun 67, 3703-3713. 
Castillo, D.J., Nakamura, S., Morimoto, Y.V., Che, Y.S., Kami-Ike, N., Kudo, S., Minamino, T., 
and Namba, K. (2013). The C-terminal periplasmic domain of MotB is responsible for load-
dependent control of the number of stators of the bacterial flagellar motor. Biophysics (Nagoya-
shi) 9, 173-181. 
Celia, H., Botos, I., Ni, X., Fox, T., De Val, N., Lloubes, R., Jiang, J., and Buchanan, S.K. 
(2019). Cryo-EM structure of the bacterial Ton motor subcomplex ExbB-ExbD provides 
information on structure and stoichiometry. Commun Biol 2, 358. 
Chakravortty, D., Hansen-Wester, I., and Hensel, M. (2002). Salmonella pathogenicity island 
2 mediates protection of intracellular Salmonella from reactive nitrogen intermediates. J Exp 
Med 195, 1155-1166. 
Che, Y.S., Nakamura, S., Morimoto, Y.V., Kami-Ike, N., Namba, K., and Minamino, T. (2014). 
Load-sensitive coupling of proton translocation and torque generation in the bacterial flagellar 
motor. Mol Microbiol 91, 175-184. 
Chen, Y.W., Huang, S.X., de Carvalho, A., Ho, S.H., Islam, M.N., Volpi, S., Notarangelo, L.D., 
Ciancanelli, M., Casanova, J.L., Bhattacharya, J., et al. (2017). A three-dimensional model of 
human lung development and disease from pluripotent stem cells. Nat Cell Biol 19, 542-549. 
Christensen, D.G., Xie, X., Basisty, N., Byrnes, J., McSweeney, S., Schilling, B., and Wolfe, 
A.J. (2019). Post-translational Protein Acetylation: An Elegant Mechanism for Bacteria to 
Dynamically Regulate Metabolic Functions. Front Microbiol 10, 1604. 
Cirillo, S.L.G., Yan, L., Littman, M., Samrakandi, M.M., and Cirillo, J.D. (2002). Role of the 
Legionella pneumophila rtxA gene in amoebae. Microbiology (Reading) 148, 1667-1677. 
Cooley, R.B., Smith, T.J., Leung, W., Tierney, V., Borlee, B.R., O'Toole, G.A., and 
Sondermann, H. (2016). Cyclic Di-GMP-Regulated Periplasmic Proteolysis of a Pseudomonas 
aeruginosa  Type Vb Secretion System Substrate. J Bacteriol 198, 66-76. 
Cornelis, G.R. (2006). The type III secretion injectisome. Nat Rev Microbiol 4, 811-825. 
Coulton, J.W., and Murray, R.G. (1978). Cell envelope associations of Aquaspirillum serpens 
flagella. J Bacteriol 136, 1037-1049. 
De Leon, K.B., Zane, G.M., Trotter, V.V., Krantz, G.P., Arkin, A.P., Butland, G.P., Walian, P.J., 
Fields, M.W., and Wall, J.D. (2017). Unintended Laboratory-Driven Evolution Reveals Genetic 
Requirements for Biofilm Formation by Desulfovibrio vulgaris Hildenborough. mBio 8. 



                                                                                         References 

219 

De Maayer, P., and Cowan, D.A. (2016). Flashy flagella: flagellin modification is relatively 
common and highly versatile among the Enterobacteriaceae. BMC Genomics 17, 377. 
Dean, G.E., Macnab, R.M., Stader, J., Matsumura, P., and Burks, C. (1984). Gene sequence 
and predicted amino acid sequence of the motA protein, a membrane-associated protein 
required for flagellar rotation in Escherichia coli. J Bacteriol 159, 991-999. 
Deme, J.C., Johnson, S., Vickery, O., Aron, A., Monkhouse, H., Griffiths, T., James, R.H., 
Berks, B.C., Coulton, J.W., Stansfeld, P.J., et al. (2020a). Author Correction: Structures of the 
stator complex that drives rotation of the bacterial flagellum. Nat Microbiol 5, 1616. 
Deme, J.C., Johnson, S., Vickery, O., Aron, A., Monkhouse, H., Griffiths, T., James, R.H., 
Berks, B.C., Coulton, J.W., Stansfeld, P.J., et al. (2020b). Structures of the stator complex that 
drives rotation of the bacterial flagellum. Nat Microbiol 5, 1553-1564. 
Duan, Q., Zhou, M., Zhu, L., and Zhu, G. (2013). Flagella and bacterial pathogenicity. J Basic 
Microbiol 53, 1-8. 
Dutta, D., Heo, I., and Clevers, H. (2017). Disease Modeling in Stem Cell-Derived 3D Organoid 
Systems. Trends Mol Med 23, 393-410. 
Edwards, M.D., Black, S., Rasmussen, T., Rasmussen, A., Stokes, N.R., Stephen, T.L., Miller, 
S., and Booth, I.R. (2012). Characterization of three novel mechanosensitive channel activities 
in Escherichia coli. Channels (Austin) 6, 272-281. 
Egi Kardia, M.F., Tanja Strive, Xi-Lei Zeng, Mary Estes, Robyn N. Hall (2020). Isolation, culture 
and maintenance of rabbit intestinal organoids, and organoid-derived cell monolayers. 
Elpers, L., Kretzschmar, J., Nuccio, S.P., Baumler, A.J., and Hensel, M. (2020). Factors 
Required for Adhesion of Salmonella enterica Serovar Typhimurium to Corn Salad 
(Valerianella locusta). Appl Environ Microbiol 86. 
Espinosa-Urgel, M., Salido, A., and Ramos, J.L. (2000). Genetic analysis of functions involved 
in adhesion of Pseudomonas putida to seeds. J Bacteriol 182, 2363-2369. 
Esposito, D., and Chatterjee, D.K. (2006). Enhancement of soluble protein expression through 
the use of fusion tags. Curr Opin Biotechnol 17, 353-358. 
Ettayebi, K., Crawford, S.E., Murakami, K., Broughman, J.R., Karandikar, U., Tenge, V.R., 
Neill, F.H., Blutt, S.E., Zeng, X.L., Qu, L., et al. (2016). Replication of human noroviruses in 
stem cell-derived human enteroids. Science 353, 1387-1393. 
Evan, G.I., Lewis, G.K., Ramsay, G., and Bishop, J.M. (1985). Isolation of monoclonal 
antibodies specific for human c-myc proto-oncogene product. Mol Cell Biol 5, 3610-3616. 
Field, J., Nikawa, J., Broek, D., MacDonald, B., Rodgers, L., Wilson, I.A., Lerner, R.A., and 
Wigler, M. (1988). Purification of a RAS-responsive adenylyl cyclase complex from 
Saccharomyces cerevisiae by use of an epitope addition method. Mol Cell Biol 8, 2159-2165. 
Finkbeiner, S.R., Zeng, X.L., Utama, B., Atmar, R.L., Shroyer, N.F., and Estes, M.K. (2012). 
Stem cell-derived human intestinal organoids as an infection model for rotaviruses. mBio 3, 
e00159-00112. 
Flegler, V.J., Rasmussen, A., Rao, S., Wu, N., Zenobi, R., Sansom, M.S.P., Hedrich, R., 
Rasmussen, T., and Bottcher, B. (2020). The MscS-like channel YnaI has a gating mechanism 
based on flexible pore helices. Proc Natl Acad Sci U S A 117, 28754-28762. 
Forbester, J.L., Lees, E.A., Goulding, D., Forrest, S., Yeung, A., Speak, A., Clare, S., Coomber, 
E.L., Mukhopadhyay, S., Kraiczy, J., et al. (2018). Interleukin-22 promotes phagolysosomal 
fusion to induce protection against Salmonella enterica Typhimurium in human epithelial cells. 
Proc Natl Acad Sci U S A 115, 10118-10123. 
Forest, K.T., Dunham, S.A., Koomey, M., and Tainer, J.A. (1999). Crystallographic structure 
reveals phosphorylated pilin from Neisseria: phosphoserine sites modify type IV pilus surface 
chemistry and fibre morphology. Mol Microbiol 31, 743-752. 
Forrest, S., and Welch, M. (2020). Arming the troops: Post-translational modification of 
extracellular bacterial proteins. Sci Prog 103, 36850420964317. 
Fulop, V., Bocskei, Z., and Polgar, L. (1998). Prolyl oligopeptidase: an unusual beta-propeller 
domain regulates proteolysis. Cell 94, 161-170. 
Gassler, N. (2017). Paneth cells in intestinal physiology and pathophysiology. World J 
Gastrointest Pathophysiol 8, 150-160. 



References  

220 

Gaush, C.R., Hard, W.L., and Smith, T.F. (1966). Characterization of an established line of 
canine kidney cells (MDCK). Proc Soc Exp Biol Med 122, 931-935. 
Gerbe, F., and Jay, P. (2016). Intestinal tuft cells: epithelial sentinels linking luminal cues to 
the immune system. Mucosal Immunol 9, 1353-1359. 
Gerlach, R.G., Claudio, N., Rohde, M., Jackel, D., Wagner, C., and Hensel, M. (2008). 
Cooperation of Salmonella pathogenicity islands 1 and 4 is required to breach epithelial 
barriers. Cell Microbiol 10, 2364-2376. 
Gerlach, R.G., Jackel, D., Geymeier, N., and Hensel, M. (2007a). Salmonella pathogenicity 
island 4-mediated adhesion is coregulated with invasion genes in Salmonella enterica. Infect 
Immun 75, 4697-4709. 
Gerlach, R.G., Jackel, D., Stecher, B., Wagner, C., Lupas, A., Hardt, W.D., and Hensel, M. 
(2007b). Salmonella Pathogenicity Island 4 encodes a giant non-fimbrial adhesin and the 
cognate type 1 secretion system. Cell Microbiol 9, 1834-1850. 
Ginalski, K., Kinch, L., Rychlewski, L., and Grishin, N.V. (2004). BTLCP proteins: a novel family 
of bacterial transglutaminase-like cysteine proteinases. Trends Biochem Sci 29, 392-395. 
Gjermansen, M., Nilsson, M., Yang, L., and Tolker-Nielsen, T. (2010). Characterization of 
starvation-induced dispersion in Pseudomonas putida biofilms: genetic elements and 
molecular mechanisms. Mol Microbiol 75, 815-826. 
Gomez, D.P., and Boudreau, F. (2021). Organoids and Their Use in Modeling Gut Epithelial 
Cell Lineage Differentiation and Barrier Properties During Intestinal Diseases. Front Cell Dev 
Biol 9, 732137. 
Gotzke, H., Kilisch, M., Martinez-Carranza, M., Sograte-Idrissi, S., Rajavel, A., Schlichthaerle, 
T., Engels, N., Jungmann, R., Stenmark, P., Opazo, F., et al. (2019). The ALFA-tag is a highly 
versatile tool for nanobody-based bioscience applications. Nat Commun 10, 4403. 
Griessl, M.H., Schmid, B., Kassler, K., Braunsmann, C., Ritter, R., Barlag, B., Stierhof, Y.D., 
Sturm, K.U., Danzer, C., Wagner, C., et al. (2013). Structural insight into the giant Ca(2)(+)-
binding adhesin SiiE: implications for the adhesion of Salmonella enterica to polarized 
epithelial cells. Structure 21, 741-752. 
Gunn, J.S. (2011). Salmonella host-pathogen interactions: a special topic. Front Microbiol 2, 
191. 
Guo, S., Langelaan, D.N., Phippen, S.W., Smith, S.P., Voets, I.K., and Davies, P.L. (2018). 
Conserved structural features anchor biofilm-associated RTX-adhesins to the outer membrane 
of bacteria. FEBS J 285, 1812-1826. 
Guo, S., Stevens, C.A., Vance, T.D.R., Olijve, L.L.C., Graham, L.A., Campbell, R.L., Yazdi, 
S.R., Escobedo, C., Bar-Dolev, M., Yashunsky, V., et al. (2017). Structure of a 1.5-MDa 
adhesin that binds its Antarctic bacterium to diatoms and ice. Sci Adv 3, e1701440. 
Guo, S., Vance, T.D.R., Stevens, C.A., Voets, I., and Davies, P.L. (2019a). RTX Adhesins are 
Key Bacterial Surface Megaproteins in the Formation of Biofilms. Trends Microbiol 27, 453-
467. 
Guo, S., Vance, T.D.R., Stevens, C.A., Voets, I.K., and Davies, P.L. (2019b). RTX Adhesins 
are Key Bacterial Surface Megaproteins in the Formation of Biofilms. Trends Microbiol 27, 470. 
Guttula, D., Yao, M., Baker, K., Yang, L., Goult, B.T., Doyle, P.S., and Yan, J. (2019). Calcium-
mediated Protein Folding and Stabilization of Salmonella Biofilm-associated Protein A. J Mol 
Biol 431, 433-443. 
Haiko, J., and Westerlund-Wikstrom, B. (2013). The role of the bacterial flagellum in adhesion 
and virulence. Biology (Basel) 2, 1242-1267. 
Haraga, A., Ohlson, M.B., and Miller, S.I. (2008). Salmonellae interplay with host cells. Nat 
Rev Microbiol 6, 53-66. 
Hell, S.W. (2009). Microscopy and its focal switch. Nat Methods 6, 24-32. 
Hensel, M. (2004). Evolution of pathogenicity islands of Salmonella enterica. Int J Med 
Microbiol 294, 95-102. 
Hensel, M., Klingauf, J., and Piehler, J. (2013). Imaging the invisible: resolving cellular 
microcompartments by superresolution microscopy techniques. Biol Chem 394, 1097-1113. 
Hizukuri, Y., Kojima, S., and Homma, M. (2010). Disulphide cross-linking between the stator 
and the bearing components in the bacterial flagellar motor. J Biochem 148, 309-318. 



                                                                                         References 

221 

Hochuli, E., Dobeli, H., and Schacher, A. (1987). New metal chelate adsorbent selective for 
proteins and peptides containing neighbouring histidine residues. J Chromatogr 411, 177-184. 
Hoffmann, C., Gaietta, G., Bunemann, M., Adams, S.R., Oberdorff-Maass, S., Behr, B., 
Vilardaga, J.P., Tsien, R.Y., Ellisman, M.H., and Lohse, M.J. (2005). A FlAsH-based FRET 
approach to determine G protein-coupled receptor activation in living cells. Nat Methods 2, 
171-176. 
Horstmann, J.A., Lunelli, M., Cazzola, H., Heidemann, J., Kuhne, C., Steffen, P., Szefs, S., 
Rossi, C., Lokareddy, R.K., Wang, C., et al. (2020). Methylation of Salmonella Typhimurium 
flagella promotes bacterial adhesion and host cell invasion. Nat Commun 11, 2013. 
Horstmann, J.A., Zschieschang, E., Truschel, T., de Diego, J., Lunelli, M., Rohde, M., May, T., 
Strowig, T., Stradal, T., Kolbe, M., et al. (2017). Flagellin phase-dependent swimming on 
epithelial cell surfaces contributes to productive Salmonella gut colonisation. Cell Microbiol 19. 
Hosking, E.R., Vogt, C., Bakker, E.P., and Manson, M.D. (2006). The Escherichia coli MotAB 
proton channel unplugged. J Mol Biol 364, 921-937. 
Huang, B., Babcock, H., and Zhuang, X. (2010). Breaking the diffraction barrier: super-
resolution imaging of cells. Cell 143, 1047-1058. 
Huang, B., Wang, W., Bates, M., and Zhuang, X. (2008). Three-dimensional super-resolution 
imaging by stochastic optical reconstruction microscopy. Science 319, 810-813. 
Huch, M., Gehart, H., van Boxtel, R., Hamer, K., Blokzijl, F., Verstegen, M.M., Ellis, E., van 
Wenum, M., Fuchs, S.A., de Ligt, J., et al. (2015). Long-term culture of genome-stable bipotent 
stem cells from adult human liver. Cell 160, 299-312. 
Iismaa, S.E., Kaidonis, X., Nicks, A.M., Bogush, N., Kikuchi, K., Naqvi, N., Harvey, R.P., 
Husain, A., and Graham, R.M. (2018). Comparative regenerative mechanisms across different 
mammalian tissues. NPJ Regen Med 3, 6. 
Jackson, M.E., Pratt, J.M., Stoker, N.G., and Holland, I.B. (1985). An inner membrane protein 
N-terminal signal sequence is able to promote efficient localisation of an outer membrane 
protein in Escherichia coli. EMBO J 4, 2377-2383. 
Jones, C.H., Dexter, P., Evans, A.K., Liu, C., Hultgren, S.J., and Hruby, D.E. (2002). 
Escherichia coli DegP protease cleaves between paired hydrophobic residues in a natural 
substrate: the PapA pilin. J Bacteriol 184, 5762-5771. 
Kanonenberg, K., Schwarz, C.K., and Schmitt, L. (2013). Type I secretion systems - a story of 
appendices. Res Microbiol 164, 596-604. 
Kawamoto, A., Morimoto, Y.V., Miyata, T., Minamino, T., Hughes, K.T., Kato, T., and Namba, 
K. (2013). Common and distinct structural features of Salmonella injectisome and flagellar 
basal body. Sci Rep 3, 3369. 
Kelly-Wintenberg, K., South, S.L., and Montie, T.C. (1993). Tyrosine phosphate in a- and b-
type flagellins of Pseudomonas aeruginosa. J Bacteriol 175, 2458-2461. 
Keppler, A., Gendreizig, S., Gronemeyer, T., Pick, H., Vogel, H., and Johnsson, K. (2003). A 
general method for the covalent labeling of fusion proteins with small molecules in vivo. Nat 
Biotechnol 21, 86-89. 
Keppler, A., Kindermann, M., Gendreizig, S., Pick, H., Vogel, H., and Johnsson, K. (2004). 
Labeling of fusion proteins of O6-alkylguanine-DNA alkyltransferase with small molecules in 
vivo and in vitro. Methods 32, 437-444. 
Khan, S., Dapice, M., and Reese, T.S. (1988). Effects of mot gene expression on the structure 
of the flagellar motor. J Mol Biol 202, 575-584. 
Khan, S., Ivey, D.M., and Krulwich, T.A. (1992). Membrane ultrastructure of alkaliphilic Bacillus 
species studied by rapid-freeze electron microscopy. J Bacteriol 174, 5123-5126. 
Khan, S., Khan, I.H., and Reese, T.S. (1991). New structural features of the flagellar base in 
Salmonella typhimurium revealed by rapid-freeze electron microscopy. J Bacteriol 173, 2888-
2896. 
Kim, E.A., Price-Carter, M., Carlquist, W.C., and Blair, D.F. (2008a). Membrane segment 
organization in the stator complex of the flagellar motor: implications for proton flow and proton-
induced conformational change. Biochemistry 47, 11332-11339. 
Kim, T.J., Young, B.M., and Young, G.M. (2008b). Effect of flagellar mutations on Yersinia 
enterocolitica biofilm formation. Appl Environ Microbiol 74, 5466-5474. 



References  

222 

Kirchweger, P., Weiler, S., Egerer-Sieber, C., Blasl, A.T., Hoffmann, S., Schmidt, C., Sander, 
N., Merker, D., Gerlach, R.G., Hensel, M., et al. (2019). Structural and functional 
characterization of SiiA, an auxiliary protein from the SPI4-encoded type 1 secretion system 
from Salmonella enterica. Mol Microbiol 112, 1403-1422. 
Klein, T., Loschberger, A., Proppert, S., Wolter, S., van de Linde, S., and Sauer, M. (2011). 
Live-cell dSTORM with SNAP-tag fusion proteins. Nat Methods 8, 7-9. 
Kocaoglu, O., and Carlson, E.E. (2016). Progress and prospects for small-molecule probes of 
bacterial imaging. Nat Chem Biol 12, 472-478. 
Koirala, S., Mears, P., Sim, M., Golding, I., Chemla, Y.R., Aldridge, P.D., and Rao, C.V. (2014). 
A nutrient-tunable bistable switch controls motility in Salmonella enterica serovar Typhimurium. 
mBio 5, e01611-01614. 
Kojima, S. (2015). Dynamism and regulation of the stator, the energy conversion complex of 
the bacterial flagellar motor. Curr Opin Microbiol 28, 66-71. 
Kojima, S., and Blair, D.F. (2001). Conformational change in the stator of the bacterial flagellar 
motor. Biochemistry 40, 13041-13050. 
Kojima, S., Takao, M., Almira, G., Kawahara, I., Sakuma, M., Homma, M., Kojima, C., and 
Imada, K. (2018). The Helix Rearrangement in the Periplasmic Domain of the Flagellar Stator 
B Subunit Activates Peptidoglycan Binding and Ion Influx. Structure 26, 590-598 e595. 
Kolmer, J.A., and Liu, J.Q. (2000). Virulence and Molecular Polymorphism in International 
Collections of the Wheat Leaf Rust Fungus Puccinia triticina. Phytopathology 90, 427-436. 
Kommnick, C.K., J.; Lepper, A.; Kurre, R. and Michael Hensel (2021). The orchestration of 
invasion – Functional interplay of effector proteins is essential for Salmonella enterica serovar 
Typhimurium to efficiently trigger invasion of highly polarized epithelial cells. unpublished. 
Koronakis, V., Koronakis, E., and Hughes, C. (1989). Isolation and analysis of the C-terminal 
signal directing export of Escherichia coli hemolysin protein across both bacterial membranes. 
EMBO J 8, 595-605. 
Krieger, V., Liebl, D., Zhang, Y., Rajashekar, R., Chlanda, P., Giesker, K., Chikkaballi, D., and 
Hensel, M. (2014). Reorganization of the endosomal system in Salmonella-infected cells: the 
ultrastructure of Salmonella-induced tubular compartments. PLoS Pathog 10, e1004374. 
Kuhlbrandt, W., and Davies, K.M. (2016). Rotary ATPases: A New Twist to an Ancient 
Machine. Trends Biochem Sci 41, 106-116. 
Lai, Y.W., Ridone, P., Peralta, G., Tanaka, M.M., and Baker, M.A.B. (2020). Evolution of the 
Stator Elements of Rotary Prokaryote Motors. J Bacteriol 202. 
Lancaster, M.A., and Knoblich, J.A. (2014). Organogenesis in a dish: modeling development 
and disease using organoid technologies. Science 345, 1247125. 
Lang, J., Cheng, Y., Rolfe, A., Hammack, C., Vera, D., Kyle, K., Wang, J., Meissner, T.B., Ren, 
Y., Cowan, C., et al. (2018). An hPSC-Derived Tissue-Resident Macrophage Model Reveals 
Differential Responses of Macrophages to ZIKV and DENV Infection. Stem Cell Reports 11, 
348-362. 
Larsen, S.H., Adler, J., Gargus, J.J., and Hogg, R.W. (1974). Chemomechanical coupling 
without ATP: the source of energy for motility and chemotaxis in bacteria. Proc Natl Acad Sci 
U S A 71, 1239-1243. 
Latasa, C., Echeverz, M., Garcia, B., Gil, C., Garcia-Ona, E., Burgui, S., Casares, N., Hervas-
Stubbs, S., Lasarte, J.J., Lasa, I., et al. (2016). Evaluation of a Salmonella Strain Lacking the 
Secondary Messenger C-di-GMP and RpoS as a Live Oral Vaccine. PLoS One 11, e0161216. 
Latasa, C., Roux, A., Toledo-Arana, A., Ghigo, J.M., Gamazo, C., Penades, J.R., and Lasa, I. 
(2005). BapA, a large secreted protein required for biofilm formation and host colonization of 
Salmonella enterica serovar Enteritidis. Mol Microbiol 58, 1322-1339. 
Lecher, J., Schwarz, C.K., Stoldt, M., Smits, S.H., Willbold, D., and Schmitt, L. (2012). An RTX 
transporter tethers its unfolded substrate during secretion via a unique N-terminal domain. 
Structure 20, 1778-1787. 
Lederberg, J.I., T. (1956). Phase variation in Salmonella. Genetics 41, 743. 
Lee, L.K., Ginsburg, M.A., Crovace, C., Donohoe, M., and Stock, D. (2010). Structure of the 
torque ring of the flagellar motor and the molecular basis for rotational switching. Nature 466, 
996-1000. 



                                                                                         References 

223 

Lees, E.A., Forbester, J.L., Forrest, S., Kane, L., Goulding, D., and Dougan, G. (2019). Using 
Human Induced Pluripotent Stem Cell-derived Intestinal Organoids to Study and Modify 
Epithelial Cell Protection Against Salmonella and Other Pathogens. J Vis Exp. 
Lemon, K.P., Higgins, D.E., and Kolter, R. (2007). Flagellar motility is critical for Listeria 
monocytogenes biofilm formation. J Bacteriol 189, 4418-4424. 
Leslie, J.L., Huang, S., Opp, J.S., Nagy, M.S., Kobayashi, M., Young, V.B., and Spence, J.R. 
(2015). Persistence and toxin production by Clostridium difficile within human intestinal 
organoids result in disruption of epithelial paracellular barrier function. Infect Immun 83, 138-
145. 
Li, X., Nadauld, L., Ootani, A., Corney, D.C., Pai, R.K., Gevaert, O., Cantrell, M.A., Rack, P.G., 
Neal, J.T., Chan, C.W., et al. (2014a). Oncogenic transformation of diverse gastrointestinal 
tissues in primary organoid culture. Nat Med 20, 769-777. 
Li, Y., Xu, C., and Ma, T. (2014b). In vitro organogenesis from pluripotent stem cells. 
Organogenesis 10, 159-163. 
Lloyd, S.A., and Blair, D.F. (1997). Charged residues of the rotor protein FliG essential for 
torque generation in the flagellar motor of Escherichia coli. J Mol Biol 266, 733-744. 
Los, G.V., and Wood, K. (2007). The HaloTag: a novel technology for cell imaging and protein 
analysis. Methods Mol Biol 356, 195-208. 
Ludwig, A., Garcia, F., Bauer, S., Jarchau, T., Benz, R., Hoppe, J., and Goebel, W. (1996). 
Analysis of the in vivo activation of hemolysin (HlyA) from Escherichia coli. J Bacteriol 178, 
5422-5430. 
Mackman, N., Nicaud, J.M., Gray, L., and Holland, I.B. (1985). Genetical and functional 
organisation of the Escherichia coli haemolysin determinant 2001. Mol Gen Genet 201, 282-
288. 
Macnab, R.M. (2004). Type III flagellar protein export and flagellar assembly. Biochim Biophys 
Acta 1694, 207-217. 
Main-Hester, K.L., Colpitts, K.M., Thomas, G.A., Fang, F.C., and Libby, S.J. (2008). 
Coordinate regulation of Salmonella pathogenicity island 1 (SPI1) and SPI4 in Salmonella 
enterica serovar Typhimurium. Infect Immun 76, 1024-1035. 
Malkusch, S., Endesfelder, U., Mondry, J., Gelleri, M., Verveer, P.J., and Heilemann, M. 
(2012). Coordinate-based colocalization analysis of single-molecule localization microscopy 
data. Histochem Cell Biol 137, 1-10. 
Mandadapu, K.K., Nirody, J.A., Berry, R.M., and Oster, G. (2015). Mechanics of torque 
generation in the bacterial flagellar motor. Proc Natl Acad Sci U S A 112, E4381-4389. 
Marcus, S.L., Brumell, J.H., Pfeifer, C.G., and Finlay, B.B. (2000). Salmonella pathogenicity 
islands: big virulence in small packages. Microbes Infect 2, 145-156. 
Mass, L., Holtmannspotter, M., and Zachgo, S. (2020). Dual-color 3D-dSTORM colocalization 
and quantification of ROXY1 and RNAPII variants throughout the transcription cycle in root 
meristem nuclei. Plant J 104, 1423-1436. 
Mertins, S., Allan, B.J., Townsend, H.G., Koster, W., and Potter, A.A. (2013). Role of motAB 
in adherence and internalization in polarized Caco-2 cells and in cecal colonization of 
Campylobacter jejuni. Avian Dis 57, 116-122. 
Metterlein, M.Y., L.; Buchfellner, A.; Ruf, B. (2018). Spot-Tag: a Nanobody-based Peptide-Tag 
System for Protein Detection, Purification and Imaging. 
Miller, S.S., S. (unpublished). Investigating the Role of the Bacterial Mechanosensitive 
Channel YnaI in Salmonella Pathogenesis.  
Minamino, T., and Imada, K. (2015). The bacterial flagellar motor and its structural diversity. 
Trends Microbiol 23, 267-274. 
Minamino, T., Imada, K., and Namba, K. (2008). Molecular motors of the bacterial flagella. 
Curr Opin Struct Biol 18, 693-701. 
Minamino, T., Kinoshita, M., and Namba, K. (2019). Directional Switching Mechanism of the 
Bacterial Flagellar Motor. Comput Struct Biotechnol J 17, 1075-1081. 
Minamino, T., Terahara, N., Kojima, S., and Namba, K. (2018). Autonomous control 
mechanism of stator assembly in the bacterial flagellar motor in response to changes in the 
environment. Mol Microbiol 109, 723-734. 



References  

224 

Minamino, T.M., Y.; Kawamoto, A.; Terashima, H.; Imada, K. (2018). Salmonella Flagellum. 
Mo, E., Peters, S.E., Willers, C., Maskell, D.J., and Charles, I.G. (2006). Single, double and 
triple mutants of Salmonella enterica serovar Typhimurium degP (htrA), degQ (hhoA) and 
degS (hhoB) have diverse phenotypes on exposure to elevated temperature and their growth 
in vivo is attenuated to different extents. Microb Pathog 41, 174-182. 
Morimoto, Y.V., and Minamino, T. (2014). Structure and function of the bi-directional bacterial 
flagellar motor. Biomolecules 4, 217-234. 
Muyldermans, S. (2013). Nanobodies: natural single-domain antibodies. Annu Rev Biochem 
82, 775-797. 
Nakamura, S., and Minamino, T. (2019). Flagella-Driven Motility of Bacteria. Biomolecules 9. 
Navarro, M.V., Newell, P.D., Krasteva, P.V., Chatterjee, D., Madden, D.R., O'Toole, G.A., and 
Sondermann, H. (2011). Structural basis for c-di-GMP-mediated inside-out signaling 
controlling periplasmic proteolysis. PLoS Biol 9, e1000588. 
Newell, P.D., Boyd, C.D., Sondermann, H., and O'Toole, G.A. (2011). A c-di-GMP effector 
system controls cell adhesion by inside-out signaling and surface protein cleavage. PLoS Biol 
9, e1000587. 
Nicaud, J.M., Mackman, N., Gray, L., and Holland, I.B. (1985). Characterisation of HlyC and 
mechanism of activation and secretion of haemolysin from E. coli 2001. FEBS Lett 187, 339-
344. 
Nooh, M.M., and Bahouth, S.W. (2017). Visualization and quantification of GPCR trafficking in 
mammalian cells by confocal microscopy. Methods Cell Biol 142, 67-78. 
Ollis, A.A., Manning, M., Held, K.G., and Postle, K. (2009). Cytoplasmic membrane 
protonmotive force energizes periplasmic interactions between ExbD and TonB. Mol Microbiol 
73, 466-481. 
Partridge, J.D., and Harshey, R.M. (2013). More than motility: Salmonella flagella contribute 
to overriding friction and facilitating colony hydration during swarming. J Bacteriol 195, 919-
929. 
Paulick, A., Delalez, N.J., Brenzinger, S., Steel, B.C., Berry, R.M., Armitage, J.P., and 
Thormann, K.M. (2015). Dual stator dynamics in the Shewanella oneidensis MR-1 flagellar 
motor. Mol Microbiol 96, 993-1001. 
Perez-Mendoza, D., Coulthurst, S.J., Humphris, S., Campbell, E., Welch, M., Toth, I.K., and 
Salmond, G.P. (2011). A multi-repeat adhesin of the phytopathogen, Pectobacterium 
atrosepticum, is secreted by a Type I pathway and is subject to complex regulation involving a 
non-canonical diguanylate cyclase. Mol Microbiol 82, 719-733. 
Peters, B., Stein, J., Klingl, S., Sander, N., Sandmann, A., Taccardi, N., Sticht, H., Gerlach, 
R.G., Muller, Y.A., and Hensel, M. (2017). Structural and functional dissection reveals distinct 
roles of Ca2+-binding sites in the giant adhesin SiiE of Salmonella enterica. PLoS Pathog 13, 
e1006418. 
Peterson, L.W., and Artis, D. (2014). Intestinal epithelial cells: regulators of barrier function and 
immune homeostasis. Nat Rev Immunol 14, 141-153. 
Ponce de Leon-Rodriguez, M.D.C., Guyot, J.P., and Laurent-Babot, C. (2019). Intestinal in 
vitro cell culture models and their potential to study the effect of food components on intestinal 
inflammation. Crit Rev Food Sci Nutr 59, 3648-3666. 
Pott, J., and Hornef, M. (2012). Innate immune signalling at the intestinal epithelium in 
homeostasis and disease. EMBO Rep 13, 684-698. 
Rasmussen, T., and Rasmussen, A. (2018). Bacterial Mechanosensitive Channels. Subcell 
Biochem 87, 83-116. 
Reynaud, E.G., Krzic, U., Greger, K., and Stelzer, E.H. (2008). Light sheet-based fluorescence 
microscopy: more dimensions, more photons, and less photodamage. HFSP J 2, 266-275. 
Röder, J., Felgner, P., and Hensel, M. (2021a). Comprehensive Single Cell Analyses of the 
Nutritional Environment of Intracellular Salmonella enterica. Front Cell Infect Microbiol 11, 
624650. 
Röder, J., Felgner, P., and Hensel, M. (2021b). Single-cell analyses reveal phosphate 
availability as critical factor for nutrition of Salmonella enterica within mammalian host cells. 
Cell Microbiol 23, e13374. 



                                                                                         References 

225 

Rowe, I., Anishkin, A., Kamaraju, K., Yoshimura, K., and Sukharev, S. (2014). The cytoplasmic 
cage domain of the mechanosensitive channel MscS is a sensor of macromolecular crowding. 
J Gen Physiol 143, 543-557. 
Rust, M.J., Bates, M., and Zhuang, X. (2006). Sub-diffraction-limit imaging by stochastic optical 
reconstruction microscopy (STORM). Nat Methods 3, 793-795. 
Rybtke, M., Berthelsen, J., Yang, L., Hoiby, N., Givskov, M., and Tolker-Nielsen, T. (2015). 
The LapG protein plays a role in Pseudomonas aeruginosa  biofilm formation by controlling 
the presence of the CdrA adhesin on the cell surface. Microbiologyopen 4, 917-930. 
Sachs, N., Papaspyropoulos, A., Zomer-van Ommen, D.D., Heo, I., Bottinger, L., Klay, D., 
Weeber, F., Huelsz-Prince, G., Iakobachvili, N., Amatngalim, G.D., et al. (2019). Long-term 
expanding human airway organoids for disease modeling. EMBO J 38. 
Sahl, S.J., and Moerner, W.E. (2013). Super-resolution fluorescence imaging with single 
molecules. Curr Opin Struct Biol 23, 778-787. 
Sang, Y.R., J.; Ni, J.; Tao, J.; Lu, J.; Yao, J.-F. (2016). Protein Acetylation Is Involved in 
Salmonella enterica Serovar Typhimurium Virulence J Infect Dis 213, 1836-1845. 
Sansonetti, P.J. (2004). War and peace at mucosal surfaces. Nat Rev Immunol 4, 953-964. 
Santiveri, M., Roa-Eguiara, A., Kuhne, C., Wadhwa, N., Hu, H., Berg, H.C., Erhardt, M., and 
Taylor, N.M.I. (2020). Structure and Function of Stator Units of the Bacterial Flagellar Motor. 
Cell 183, 244-257 e216. 
Satchell, K.J. (2011). Structure and function of MARTX toxins and other large repetitive RTX 
proteins. Annu Rev Microbiol 65, 71-90. 
Sauer, K., Camper, A.K., Ehrlich, G.D., Costerton, J.W., and Davies, D.G. (2002). 
Pseudomonas aeruginosa  displays multiple phenotypes during development as a biofilm. J 
Bacteriol 184, 1140-1154. 
Schermelleh, L., Heintzmann, R., and Leonhardt, H. (2010). A guide to super-resolution 
fluorescence microscopy. J Cell Biol 190, 165-175. 
Schulte, M., Olschewski, K., and Hensel, M. (2021a). Fluorescent protein-based reporters 
reveal stress response of intracellular Salmonella enterica at level of single bacterial cells. Cell 
Microbiol 23, e13293. 
Schulte, M., Olschewski, K., and Hensel, M. (2021b). The protected physiological state of 
intracellular Salmonella enterica persisters reduces host cell-imposed stress. Commun Biol 4, 
520. 
Schumann, U., Edwards, M.D., Rasmussen, T., Bartlett, W., van West, P., and Booth, I.R. 
(2010). YbdG in Escherichia coli is a threshold-setting mechanosensitive channel with MscM 
activity. Proc Natl Acad Sci U S A 107, 12664-12669. 
Sepe, L.P., Hartl, K., Iftekhar, A., Berger, H., Kumar, N., Goosmann, C., Chopra, S., Schmidt, 
S.C., Gurumurthy, R.K., Meyer, T.F., et al. (2020). Genotoxic Effect of Salmonella Paratyphi A 
Infection on Human Primary Gallbladder Cells. mBio 11. 
Shi, Y., Pellarin, R., Fridy, P.C., Fernandez-Martinez, J., Thompson, M.K., Li, Y., Wang, Q.J., 
Sali, A., Rout, M.P., and Chait, B.T. (2015). A strategy for dissecting the architectures of native 
macromolecular assemblies. Nat Methods 12, 1135-1138. 
Silverman, M., and Simon, M. (1974). Flagellar rotation and the mechanism of bacterial motility. 
Nature 249, 73-74. 
Smith, T.J., Font, M.E., Kelly, C.M., Sondermann, H., and O'Toole, G.A. (2018a). An N-
Terminal Retention Module Anchors the Giant Adhesin LapA of Pseudomonas fluorescens at 
the Cell Surface: a Novel Subfamily of Type I Secretion Systems. J Bacteriol 200. 
Smith, T.J., Sondermann, H., and O'Toole, G.A. (2018b). Type 1 Does the Two-Step: Type 1 
Secretion Substrates with a Functional Periplasmic Intermediate. J Bacteriol 200. 
Smits, A.H., and Vermeulen, M. (2016). Characterizing Protein-Protein Interactions Using 
Mass Spectrometry: Challenges and Opportunities. Trends Biotechnol 34, 825-834. 
Stader, J., Matsumura, P., Vacante, D., Dean, G.E., and Macnab, R.M. (1986). Nucleotide 
sequence of the Escherichia coli motB gene and site-limited incorporation of its product into 
the cytoplasmic membrane. J Bacteriol 166, 244-252. 



References  

226 

Stadler, C., Rexhepaj, E., Singan, V.R., Murphy, R.F., Pepperkok, R., Uhlen, M., Simpson, 
J.C., and Lundberg, E. (2013). Immunofluorescence and fluorescent-protein tagging show high 
correlation for protein localization in mammalian cells. Nat Methods 10, 315-323. 
Standish, A.J., Teh, M.Y., Tran, E.N.H., Doyle, M.T., Baker, P.J., and Morona, R. (2016). 
Unprecedented Abundance of Protein Tyrosine Phosphorylation Modulates Shigella flexneri 
Virulence. J Mol Biol 428, 4197-4208. 
Strauch, K.L., and Beckwith, J. (1988). An Escherichia coli mutation preventing degradation of 
abnormal periplasmic proteins. Proc Natl Acad Sci U S A 85, 1576-1580. 
Strauch, K.L., Johnson, K., and Beckwith, J. (1989). Characterization of degP, a gene required 
for proteolysis in the cell envelope and essential for growth of Escherichia coli at high 
temperature. J Bacteriol 171, 2689-2696. 
Suriyanarayanan, T., Periasamy, S., Lin, M.H., Ishihama, Y., and Swarup, S. (2016). Flagellin 
FliC Phosphorylation Affects Type 2 Protease Secretion and Biofilm Dispersal in 
Pseudomonas aeruginosa  PAO1. PLoS One 11, e0164155. 
Syed, K.A., Beyhan, S., Correa, N., Queen, J., Liu, J., Peng, F., Satchell, K.J., Yildiz, F., and 
Klose, K.E. (2009). The Vibrio cholerae flagellar regulatory hierarchy controls expression of 
virulence factors. J Bacteriol 191, 6555-6570. 
Takashima, S., Gold, D., and Hartenstein, V. (2013). Stem cells and lineages of the intestine: 
a developmental and evolutionary perspective. Dev Genes Evol 223, 85-102. 
Thanabalu, T., Koronakis, E., Hughes, C., and Koronakis, V. (1998). Substrate-induced 
assembly of a contiguous channel for protein export from E.coli: reversible bridging of an inner-
membrane translocase to an outer membrane exit pore. EMBO J 17, 6487-6496. 
Theunissen, S., De Smet, L., Dansercoer, A., Motte, B., Coenye, T., Van Beeumen, J.J., 
Devreese, B., Savvides, S.N., and Vergauwen, B. (2010). The 285 kDa Bap/RTX hybrid cell 
surface protein (SO4317) of Shewanella oneidensis MR-1 is a key mediator of biofilm 
formation. Res Microbiol 161, 144-152. 
Turner, J.R. (2009). Intestinal mucosal barrier function in health and disease. Nat Rev Immunol 
9, 799-809. 
van de Linde, S., Sauer, M., and Heilemann, M. (2008). Subdiffraction-resolution fluorescence 
imaging of proteins in the mitochondrial inner membrane with photoswitchable fluorophores. J 
Struct Biol 164, 250-254. 
van der Flier, L.G., and Clevers, H. (2009). Stem cells, self-renewal, and differentiation in the 
intestinal epithelium. Annu Rev Physiol 71, 241-260. 
Virant, D., Traenkle, B., Maier, J., Kaiser, P.D., Bodenhofer, M., Schmees, C., Vojnovic, I., 
Pisak-Lukats, B., Endesfelder, U., and Rothbauer, U. (2018). A peptide tag-specific nanobody 
enables high-quality labeling for dSTORM imaging. Nat Commun 9, 930. 
Wagner, C., Barlag, B., Gerlach, R.G., Deiwick, J., and Hensel, M. (2014). The Salmonella 
enterica giant adhesin SiiE binds to polarized epithelial cells in a lectin-like manner. Cell 
Microbiol 16, 962-975. 
Wagner, C., Polke, M., Gerlach, R.G., Linke, D., Stierhof, Y.D., Schwarz, H., and Hensel, M. 
(2011). Functional dissection of SiiE, a giant non-fimbrial adhesin of Salmonella enterica. Cell 
Microbiol 13, 1286-1301. 
Waller, P.R., and Sauer, R.T. (1996). Characterization of degQ and degS, Escherichia coli 
genes encoding homologs of the DegP protease. J Bacteriol 178, 1146-1153. 
Wang, X., Tang, S., Wen, X., Hong, L., Hong, F., and Li, Y. (2018). Transmembrane TM3b of 
Mechanosensitive Channel MscS Interacts With Cytoplasmic Domain Cyto-Helix. Front 
Physiol 9, 1389. 
Waugh, D.S. (2005). Making the most of affinity tags. Trends Biotechnol 23, 316-320. 
Wille, T., Wagner, C., Mittelstadt, W., Blank, K., Sommer, E., Malengo, G., Dohler, D., Lange, 
A., Sourjik, V., Hensel, M., et al. (2014). SiiA and SiiB are novel type I secretion system 
subunits controlling SPI4-mediated adhesion of Salmonella enterica. Cell Microbiol 16, 161-
178. 
Wilmes, S., Staufenbiel, M., Lisse, D., Richter, C.P., Beutel, O., Busch, K.B., Hess, S.T., and 
Piehler, J. (2012). Triple-color super-resolution imaging of live cells: resolving submicroscopic 
receptor organization in the plasma membrane. Angew Chem Int Ed Engl 51, 4868-4871. 



                                                                                         References 

227 

Wilson, M.L., and Macnab, R.M. (1988). Overproduction of the MotA protein of Escherichia coli 
and estimation of its wild-type level. J Bacteriol 170, 588-597. 
Wood, T.K., Gonzalez Barrios, A.F., Herzberg, M., and Lee, J. (2006). Motility influences 
biofilm architecture in Escherichia coli. Appl Microbiol Biotechnol 72, 361-367. 
Ye, L., Wang, J., Beyer, A.I., Teque, F., Cradick, T.J., Qi, Z., Chang, J.C., Bao, G., Muench, 
M.O., Yu, J., et al. (2014). Seamless modification of wild-type induced pluripotent stem cells 
to the natural CCR5Delta32 mutation confers resistance to HIV infection. Proc Natl Acad Sci 
U S A 111, 9591-9596. 
Yonekura, K., Maki-Yonekura, S., and Homma, M. (2011). Structure of the flagellar motor 
protein complex PomAB: implications for the torque-generating conformation. J Bacteriol 193, 
3863-3870. 
Yousef-Coronado, F., Travieso, M.L., and Espinosa-Urgel, M. (2008). Different, overlapping 
mechanisms for colonization of abiotic and plant surfaces by Pseudomonas putida. FEMS 
Microbiol Lett 288, 118-124. 
Zhou, G., Yuan, J., and Gao, H. (2015). Regulation of biofilm formation by BpfA, BpfD, and 
BpfG in Shewanella oneidensis. Front Microbiol 6, 790. 
Zhou, J., and Blair, D.F. (1997). Residues of the cytoplasmic domain of MotA essential for 
torque generation in the bacterial flagellar motor. J Mol Biol 273, 428-439. 
Zhou, J., Fazzio, R.T., and Blair, D.F. (1995). Membrane topology of the MotA protein of 
Escherichia coli. J Mol Biol 251, 237-242. 
Zhou, J., Li, C., Zhao, G., Chu, H., Wang, D., Yan, H.H., Poon, V.K., Wen, L., Wong, B.H., 
Zhao, X., et al. (2017). Human intestinal tract serves as an alternative infection route for Middle 
East respiratory syndrome coronavirus. Sci Adv 3, eaao4966. 
Zhou, J., Lloyd, S.A., and Blair, D.F. (1998). Electrostatic interactions between rotor and stator 
in the bacterial flagellar motor. Proc Natl Acad Sci U S A 95, 6436-6441. 
Zhu, S., Takao, M., Li, N., Sakuma, M., Nishino, Y., Homma, M., Kojima, S., and Imada, K. 
(2014). Conformational change in the periplamic region of the flagellar stator coupled with the 
assembly around the rotor. Proc Natl Acad Sci U S A 111, 13523-13528. 

 

 

 

 

 

 

 

 

 

 

 

 



List of abbreviations  

228 

VI. List of abbreviations 

aa  amino acid 

ABC  ATP-binding cassette 

AHT  anhydrotetracycline 

ATP  adenosine triphosphate 

ATPase adenosine triphosphatase 

BIg  bacterial immunoglobulin domain 

BTLCP bacterial transglutaminase-like cysteine proteinase 

Ca2+  Calcium 

CCW  counter clockwise 

CDR  complementary determining regions 

CFU   colony-forming units 

c-di-GMP Bis-(3'-5')-cyclic dimeric guanosine monophosphate 

CLD  C39-like domain 

CW  clockwise 

IPTG  isopropyl -D-1-thigalactopyranoside 

LB  Luria-Bertani 

LPS  lipopolysaccharide 

MCP  methyl-accepting chemotaxis protein 

NbALFA α-ALFA-tag nanobody 

OAg  O-antigen 

OM  outer membrane 

ORF  open reading frame 

PAP  periplasmic adaptor protein 

PG  peptidoiglycan 

PGB   peptidoiglycan-binding 
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PMF  proton motif force 

PSF  point spread function 

RTX  repeats-in-toxin 

SCV  Salmonella-containing vacuole 

SIF  Salmonella-induced filament 

SPA  Salmonella enterica serovar Paratyphi 

SPI  Salmonella pathogenicity island 

SRM  super-resolution microscopy 

STM  Salmonella enterica serovar Typhimurium 

dSTORM direct stochastic reconstruction microscopy 

STY  Salmonella enterica serovar Typhi 

T1SS  type 1 secretion system 

T3SS  type 3 secretion system 

TIRFM  total internal reflection microscopy 

TM  transmembrane 

WT  wild type 
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