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A B S T R A C T

The expression of bacterial virulence factors is controlled in response to host or environmental factors and most
virulence genes are not expressed under laboratory conditions. Investigations of molecular structures and cel-
lular functions of bacterial virulence factors demand systems for experimentally controlled expression. We de-
scribe a simple and robust system that is based on the tetA promoter and the cognate repressor TetR. Expression
under control of PtetA can be induced by non-antibiotic derivatives of tetracycline such as anhydrotetracycline
(AHT). Tet-on expression cassettes can be used to replace native promoters of chromosomal genes or operons of
interest. Tet-on plasmids allow episomal expression in homologous or heterologous host organisms. We de-
monstrate the application of Tet-on systems for the controlled induction of flagella assembly and motility, and
for surface expression of adhesins of the chaperone/usher family of enteropathogenic Escherichia coli and au-
totransporter adhesins of Yersinia enterocolitica in Salmonella enterica and E. coli. Since inducer AHT can easily
cross bacterial envelopes and mammalian cell membranes, the system can also be applied to control virulence
genes in intracellular bacteria. We demonstrate the controlled synthesis, translocation and function of effector
proteins of the type III secretion system of intracellular S. enterica.

1. Introduction

Bacterial pathogens employ a wide range of strategies in order to
survive, multiply, and disseminate within hosts and the environment.
Central for bacterial pathogenesis are predominantly proteinaceous
virulence determinants, which are secreted to the bacterial cell surface
or released into the external environment. Although these determinants
are structurally diverse, they may be functionally categorized as factors
involved in adherence (i.e. fimbria, pili), invasion (i.e. invasin, inter-
nalin), immune evasion (i.e. capsule), life inside host cells (i.e. effector
proteins) or host cell disintegration (i.e. toxin). Deciphering their
structure, function and interaction partners are not only key steps to
understand pathogenicity, but also to design new vaccines and targets
for new antimicrobials, especially in times of increasing antibiotic re-
sistance (reviewed in Andersson and Hughes, 2010).

However, a major hurdle in studying virulence determinants is their
tight regulation, and suitable conditions for their expression in la-
boratory cultures are either unknown or too complex to mimic. For
instance, the food-borne pathogen Salmonella enterica serovar

Typhimurium (STM) encodes twelve chaperone-usher fimbriae, of
which only Type 1 fimbriae are readily expressed under laboratory
conditions, whereas all of them are present in the bovine intestines
(reviewed in Humphries et al., 2003). Another example are effector
proteins of type III or type IV secretion systems (T3SS, T4SS). A wide
range of pathogens of plants or animals produce a large spectrum of
these functionally highly diverse proteins, which manipulate various
host processes and enable the pathogen to establish their virulence. For
instance the human pathogen Legionella pneumophila encodes more than
250 different effectors (Burstein et al., 2009), 40–60 are present in
pathogenic Escherichia coli such as EHEC (Tobe et al., 2006), and STM
injects a cocktail of more than 60 effector proteins inside the host cy-
toplasm via two distinct T3SS (Malik-Kale et al., 2011). Although their
importance is evident, conditions for in vitro expression are often un-
known. Furthermore, in vivo concentrations of effectors are often low,
restricting their functional characterization.

To overcome these obstacles, ectopic and tunable expression sys-
tems are the preferred choice for the production of virulence factors in a
controlled manner. Various expression systems for controlled
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expression of bacterial genes are available. These systems, however, are
mainly optimized for production of recombinant proteins by bacterial
strains. One of the most commonly used and therefore best studied
systems for recombinant protein expression is the isopropyl β-D-1-
thiogalactopyranoside (IPTG)-inducible lac system in its natural host E.
coli (Rosano and Ceccarelli, 2014). It is based on the lactose (lac) op-
eron of E. coli and protein production can be controlled in a dose-de-
pendent manner with the non-metabolizable molecular mimetic of al-
lolactose (IPTG). While the use of the IPTG system for conditional
expression has been established in diverse species (Leclerc et al., 2016;
Ravishankar et al., 2015; Rosano and Ceccarelli, 2014), the system
showed some limitations in mammalian cell cultures. For instance, the
activation of the lac-based system in the epithelial model cell line HeLa
seems to be lacking and only moderate induction rates were reached
(Gossen and Bujard, 1992).

We recently established a tetracycline-inducible (Tet-on) expression
system for the analyses of the adhesiome of STM in heterologous host E.
coli ORN172 (Hansmeier et al., 2017). Tetracycline resistance gene tetA,
cognate promoter PtetA, and repressor tetR are well-studied elements for
generation of expression cassettes (reviewed in Berens and Hillen,
2004; Gossen et al., 1994). Tet-on and Tet-off systems have already
been widely used in applications ranging from bacteria to mammalian
organisms. Studies from Gossen and Bujard (1992) showed its suit-
ability for the mammalian system. Compared to IPTG-inducible sys-
tems, this system is activated by addition of very low amounts of AHT, a
tetracycline derivate without antibiotic activity and high binding spe-
cificity (Mossman, 1983; Oliva et al., 1992).

In this study, we deployed the Tet-on system for the expression of
the flagellum and a spectrum of virulence factors including adhesins,
invasins, and T3SS-translocated effector proteins from various patho-
gens, as well as in the mammalian model system HeLa.

2. Materials and methods

2.1. Construction of strains and plasmids

Salmonella enterica serovar Typhimurium (STM) strain NCTC 12023
was used as wild-type (WT) strain and isogenic mutant strains were
used in this study. E. coli NEBα was used as cloning strain, and E. coli
ORN172 was used for functional expression of heterologous genes.
Mutant strains of STM were generated by λ Red-mediated recombina-
tion as previously described (Chakravortty et al., 2002). Bacterial
strains and plasmids used in this study are listed in Table S 1. Culti-
vation of pathogenic and genetically modified bacteria was performed
under appropriate biosafety conditions (BL2 for STM, and EC expres-
sing Yersinia spp. or EHEC virulence factors).

Template vector p3773, and plasmids p4390 and p4396 for ex-
pression of Pef or Stf fimbriae, respectively, were described previously
(Hansmeier et al., 2017). The genes encoding YadA and Inv were am-
plified from genomic DNA of Y. enterocolitica harboring virulence
plasmid pYV. The operon encoding for Ecp fimbriae (ecpRABCDE) was
amplified from genomic DNA of E. coli O157:H7 (Sakai). Plasmids for
Tet-on expression were generated by Gibson assembly (GA) according
to manufacturer's instructions (NEB) using p4392 (Hansmeier et al.,
2017) as vector by replacing the fimAICDHF operon by genes or operons
of interest. Oligonucleotides for mutagenesis and GA are listed in Table
S 2.

2.2. Cultivation of bacterial strains and induction by AHT

Bacterial strains and cell lines used in this study are listed in Table S
1. Unless otherwise stated, bacteria were routinely grown aerobically in
lysogeny broth (LB) (10 g Bacto tryptone, 5 g Bacto yeast extract, 10 g
NaCl per liter) or on LB agar plates (LB containing 1.5% Difco agar). If
required for the selection of plasmids or chromosomal markers, car-
benicillin or kanamycin were added at 50 μg/ml. HeLa (ATCC No. CCL-

2) was maintained in DMEM containing 4.5 g/l glucose, 4 mM L-gluta-
mine, sodium pyruvate (Biochrom) and 10% iFCS at 37 °C in an at-
mosphere containing 5% CO2 and 90% humidity.

Anhydrotetracycline (AHT) was obtained from Fluka Sigma-Adrich.
Stock solutions of 200 μg/ml in dimethylformamide (DMF) were stored
in aliquots in the dark at −20 °C. AHT-containing culture media were
freshly prepared, or aliquots of AHT were added directly to cultures.

For induction of expression of PtetA-controlled genes or operons,
overnight cultures of respective strains were diluted 1:31 in fresh
medium with or without AHT and incubated for 3.5 h in a roller drum
(New Brunswick), unless otherwise noted.

2.3. Western blotting and immunostaining

Western blotting was performed as described in Hansmeier et al.
(2017). Briefly, 1.5× 1010 bacteria/ml were pelleted and boiled in
SDS-PAGE loading buffer containing 0.1% glycine/HCl, pH 2.2 for
5min. 10 μl lysates were separated on SDS-PAGE with 8–14 % poly-
acrylamide (depending on the size of the target protein) and transferred
onto 0.22 or 0.45 μm nitrocellulose membrane using a semi-dry elec-
trophoretic transfer unit (BioRad). Blots were incubated with respective
specific antiserum in indicated dilutions (Table S3), and detected with
secondary anti IgG antibody conjugated to horseradish peroxidase and
an ECL detection kit (Pierce). Blots were visualized with a Chemidoc
imaging system (BioRad).

Immunostaining was performed as described before (Vorwerk et al.,
2015). Briefly, infected HeLa cells infected at a multiplicity of infection
(MOI) of 75 were fixed with 3% paraformaldehyde (PFA) at indicated
time points post infection (p.i.), washed with PBS and incubated for
30min in blocking solution (2% goat serum, 2% BSA and 0.1% saponin
in PBS) before incubated with anti-M45 or anti-HA as primary antibody
and matching secondary antibody (Table S3) for 1 h at RT.

2.4. Flow cytometry

Surface expression was analyzed by flow cytometry using a
FACSCalibur (Becton Dickinson) instrument. 6× 108 bacteria were
washed with PBS, fixed for 20min in 3% PFA, before stained with
specific antiserum or antibodies as indicated in Table S 3, and labeled
with secondary goat anti rabbit IgG antibody coupled to Alexa-
Fluor488. Data were analyzed using FCS Express (De Novo Software). A
mutant strain devoid of the respective virulence factor was always used
as a negative control for gating.

2.5. Infection of HeLa cells

HeLa cells were infected with 3.5 h subcultures of Salmonella with a
MOI of 75. Infection was allowed to proceed for further 25min at 37 °C
in an atmosphere of 5% CO2. Subsequently, cells were washed thrice
with warm PBS and incubated with medium containing 100 μg/ml
gentamicin (AppliChem) to kill non-invaded bacteria for 1 h. Finally,
the medium was replaced by medium containing 10 μg/ml gentamicin
for the rest of the experiment.

2.6. Visualization by atomic force microscopy (AFM) and transmission
electron microscopy (TEM)

AFM measurements were performed using the NanoWizard II AFM
system (JPK Instruments AG, Berlin, Germany) in soft contact mode
with silicon nitride AFM probes (nominal force constant: 0.06 N/m;
SiNi, Budget Sensors, Wetzlar, Germany) and a scan rate of 1 Hz. TEM
analysis was conducted using a Zeiss 902 system operating at 50 keV for
samples without negative staining. High-resolution analysis and pho-
tographs were gained at the negatively stained samples using the Libra
120 TEM (Zeiss) operating at 120 keV and equipped with the Omega
energy filter and 2000× 2000 pixel digital camera (Troendle). Samples
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for AFM and TEM were prepared as described before (Hansmeier et al.,
2017). Per subject, three biological replicates were imaged with an
image resolution of 512×512 pixels. Representative images are dis-
played. AFM images were XY tilt corrected, polynomial-fitted and un-
sharpened mask filtered to remove noise using JPK data processing
software (JPK Instruments AG). TEM micrographs were adjusted for
brightness and contrast enhanced using ImageJ or Photoshop software
when necessary.

2.7. Confocal laser scanning microscopy (CLSM)

Before live cell imaging, medium was replaced by Minimal Essential
Medium (MEM) with Earle’s salts, without NaHCO3, L-glutamine and
phenol red (BioChrom) but supplemented with 30mM HEPES, pH 7.4.
Fluorescence imaging was mainly performed using the Leica SP5 con-
focal laser-scanning microscope (CLSM) with live cell periphery,
equipped with an incubation chamber maintaining 37 °C and humidity.
Objectives 10x (HC PL FL 10x, NA 0.3), 20x (HC PL APO CS 20x, NA
0.7), 40x (HCX PL APO CS 40x, NA 1.25–0.75) and 100x objective (HCX
PL APO CS 100x, NA 1.4–0.7) were used and the polychromic mirror
TD 488/543/633 for the three channels GFP/ RFP/ BF (Leica, Wetzlar,
Germany). The LAS AF software (Leica, Wetzlar, Germany) was used for
setting adjustment, image acquisition and image processing. For live
cell experiments, the Zeiss Cell Observer microscope with Yokogawa
Spinning Disc Unit CSU-X1a, Evolve EMCCD camera (Photometrics,
USA) and live cell periphery, equipped with an Alpha Plan-Apochromat
63x (NA 1.46) oil immersion objective (Zeiss) was used. Images were
acquired with the following filter combinations: mTurquoise2 with BP
485/30, GFP with BP 525/50, mCherry with LP 580 and processed by
the ZEN2012 (Zeiss) software. Scale bars for all acquired images were
added with Photoshop CS6 (Adobe).

2.8. Bioinformatics analyses

Statistical analysis was performed by a One-way Analysis of
Variance (ANOVA) using SigmaPlot 13.0.

3. Results

3.1. The Tet-on expression system

We established a tetracycline-inducible expression system for con-
trolled expression of adhesins in non-fimbriated E. coli strain ORN172
(Hansmeier et al., 2017). Repressor TetR binds to the operator in the
tetA promoter and represses expression of tetA. If tetracycline, in-
activated tetracycline, or non-antibiotic derivatives such as anhy-
drotetracycline (AHT) are present in the cell, these compounds bind to
TetR and induce conformational changes that results in release of op-
erator binding and derepression of tetA expression. Tetracycline and
derivatives are small, membrane-permeable compounds that enter cells
without need for specific transport, and very low concentrations are
sufficient to bind to TetR. In this system, expression is activated by the
addition of AHT, a tetracycline derivate without antibiotic activity and
a higher binding specificity to TetR as tetracycline (1011 M−1 vs.
3× 109 M−1) (Mossman, 1983; Oliva et al., 1992). Absence of AHT
causes repression of the operons or genes of interest (Fig. 1). The Tet-on
expression cassette can be used to replace the native promoter of gene/s
under study in the natural genomic context. For this replacement,
template vector p3773 is used for generation of the Tet-on cassette, and
the λ Red recombineering system is used for precise targeting into the
genome (Gerlach et al., 2007). For transfer of PtetA-controlled genes or
operons in homologous or heterologous host organisms, the fusions
may be subcloned onto low copy number vectors like plasmid pWSK29
used here. Salmonella enterica serovar Typhimurium (STM) and E. coli
(EC) were used as host strains.

3.2. Controlled expression of bacterial motility

We first used the Tet-on system to control expression of fliC, en-
coding the main flagella subunit flagellin. Therefore we cloned 7fliC of
STM downstream of PtetA. When we induced expression of fliC in STM
ΔfliC ΔfljB with 100 ng/ml AHT, synthesis of FliC was detected by
Western blot analysis (Fig. 2A). The deletion strain as well as the non-
induced control showed no respective product. To test if AHT-induced
FliC is assembled into functional flagella, we visualized STM WT, STM
ΔfliC ΔfljB and STM ΔfliC ΔfljB [PtetA::fliC] before and 3.5 h after AHT
induction by microscopy (Fig. 2B). Flagellar staining was used to vi-
sualize flagella. STM ΔfliC ΔfljB and the non-induced control showed no
flagella, whereas assembled flagella were detected on the induced
strains harboring [PtetA::fliC].

To elucidate if Tet-on controlled flagella are functional, we analyzed
live bacteria and observed restoration of bacterial motility in AHT-in-
duced STM ΔfliC ΔfljB [PtetA::fliC]. The deletion mutant as well as the
non-induced STM ΔfliC ΔfljB [PtetA::fliC] showed no movement.
Quantitative analyses of the bacterial motility revealed that compared
to STM WT, 84% of the induced STM ΔfliC ΔfljB [PtetA::fliC] were motile
(Fig. 2D). Next, we determined motility on swim agar plate with or
without addition of AHT (Fig. 2C). As control WT STM with sfGFP
under Tet-on was used. GFP fluorescence was only observed on swim
plate containing AHT (data not shown). While the swim zones were
absent of STM ΔfliC ΔfljB and STM ΔfliC ΔfljB [PtetA::fliC] in absence of
AHT, the swim zones of STM WT, and WT [PtetA::fliC] and ΔfliC ΔfljB
[PtetA::fliC] on plate with 100 ng/ml AHT increased from 2 to 8 h of
incubation. However, extended incubation of 24 h indicated that the
swim zone of STM ΔfliC ΔfljB [PtetA::fliC] did not increase further, while
motility of the WT continued.

Interestingly, the microscopic inspection of STM ΔfliC ΔfljB
[PtetA::fliC] after AHT induction revealed that only one polar flagellum
was present, in contrast to the peritrichous flagellation observed for WT
STM (Fig. 2B). Further quantification revealed that peritrichous fla-
gellation was completely absent in AHT–induced STM ΔfliC ΔfljB
[PtetA::fliC] and all flagellated bacteria had only one flagellum (Fig. 2E).
The formation of a single flagellum was observed at various AHT con-
centrations tested (10, 25, 50, or 100 ng/ml). We conclude that the Tet-
on system allows control of flagella assembly and motility.

3.3. Tet-on for controlled production of fimbrial adhesins

Adhesins play an important role in the lifestyle of bacteria. They are
involved in binding to biotic and abiotic surfaces, biofilm formation and
dissemination of bacteria. With this system in hand, we were able to
functionally express and visualize the adhesiome of STM in the non-
fimbriated E. coli strain ORN172 (Hansmeier et al., 2017).

To further elucidate the capability of this expression system, we
tested expression of Type I fimbriae (Fim), plasmid-encoded fimbriae
(Pef) and Stf fimbriae (Stf) under Tet-on control in STM and in EC
ORN172. The fimbriae belong to the large group of chaperone-usher
fimbrial adhesins. Assembly requires secretion of subunits into peri-
plasm and coordinated interplay of the periplasmic chaperone and
outer membrane usher for the assembly of polymeric fimbrial shafts
and tip adhesins (Hospenthal et al., 2017). Synthesis and surface ex-
pression of fimbriae in EC ORN172 and STM Δfim was analyzed by
Western blotting and flow cytometry, respectively (Fig. 3AB). When we
induced expression of fim, stf, or pef fimbriae with 100 ng/ml AHT in EC
or STM, we detected expression of the respective main fimbrial subunits
by Western blotting, while no bands were detectable in negative con-
trols or non-induced samples. Surface expression of fimbriae was de-
termined by flow cytometry. In all cases, we detected populations of
bacteria with increased fluorescence signals in induced samples com-
pared to non-induced samples or negative controls, indicating that
fimbriae were successfully expressed on the surface of the bacteria.
Percentages of bacteria expressing fimbriae in EC ranged from 22% for
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Pef fimbriae to 79% for Fim and Stf fimbriae, which are similar levels as
in STM. We visualized the chaperone-usher fimbriae on the surface of
EC and STM by atomic force microscopy (AFM) and observed com-
parable morphologies (Fig. 3C). The diameters of the fimbriae were in
similar ranges when expressed in STM or EC (data not shown).

We investigated the scalability of Tet-on expression comparing Tet-
on controlled chromosomal pef in STM (STM Ptet::pef), or ectopically on
the low copy-number plasmid pWSK29 in a STM Δpef strain (STM Δpef
[Ptet::pef]), or in EC [PtetA::pef] (Fig. S 2). With increasing concentrations
of AHT, we detected expression of the main subunit PefA by Western
blotting starting at 2.5 ng/ml AHT under all conditions (Fig. S 2A, C, E).
Increased AHT concentrations up to 25 ng/ml resulted in increased
amounts of PefA. Surface expression of Pef fimbriae was determined by
flow cytometry (Fig. S 2B, D, F). When we induced expression of Pef
fimbriae ectopically expressed in STM Δpef [PtetA::pef] or in EC
[PtetA::pef], we detected expression of Pef fimbriae starting with 1 ng/ml
AHT, while maximal expression was reached with 25 ng/ml AHT.
Surface expression of PefA in STM PtetA::pef was detectable after

induction with 1 ng/ml AHT. However, quite surprisingly, maximal
surface expression was reached after induction with 5 ng/ml AHT,
while decreasing with higher concentrations of AHT (Fig. S 2). High
amounts of assembled Pef fimbria may lead to altered properties of
bacteria in flow cytometry, thus preventing detection. Alternatively,
levels of pef expression too high could perturb proper assembly of
fimbriae on the bacterial surface.

The kinetics of expression was analyzed using STM with Tet-on
control of the chromosomal fim operon, or plasmid with Tet-on control
of the fim operon in STM Δfim or EC Δfim (Fig. 4). Cultures were in-
duced by addition of a fixed concentration of 100 ng/ml AHT, and at
various time points after induction, aliquots of cultures were analyzed
for amounts of main subunit FimA by Western blot (Fig. 4A, C, E) and
Fim surface expression by flow cytometry (Fig. 4B, D, F). We detected
FimA already 10min after addition of AHT in Western blots, and STM
positive for surface expression of Fim fimbriae emerged after 10min.
The proportion of the Fim-positive cells rapidly increased, reaching a
maximum of 40% Fim-positive STM cells 25min after induction for

Fig. 1. Scheme for inducible expression of secretion systems, au-
totransporter adhesins or T3SS substrate proteins. A. For con-
trolled expression, promoters of genes or operons of interest were
replaced by a tetracycline-inducible expression cassette, con-
taining the Tet repressor tetR, the tetA operator (promoter of the
tetracycline-exporter TetA and tetO boxes) and, for selection, aph
encoding the aminoglycoside 3-N-acetyltransferase conferring
kanamycin resistance. For plasmid-borne expression, this tetra-
cycline-inducible expression cassette with operons or genes of
interest was introduced into pWSK29. B. In absence of tetracycline
or derivatives such as doxycycline or anhydrotetracycline (AHT),
Tet repressor protein (TetR) binds as a homodimer to operators
tetO boxes and blocks transcription of the operons or genes of
interest. In contrast, in presence of AHT, TetR dissociates from tetO
and transcription of the operons or genes of interest is initiated.

Fig. 2. Inducible flagellar assembly and motility. STM ΔfliC ΔfljB
harboring the expression plasmid for fliC, and STM WT and
STM ΔfliC ΔfljB as positive and negative controls, respectively,
were grown aerobically for 3.5 h in presence or absence of 100 ng/
ml AHT. A. Expression of the major flagellar subunit FliC was
analyzed by Western blots of lysates of STM WT and after AHT
induction in STM ΔfliC ΔfljB [PtetA::fliC] using Salmonella O-an-
tigen-specific antibody. For loading control, see Fig. S 1.
B.Flagella were visualized with flagella stain (BD), and micro-
graphs of respective STM strains show presence (WT), absence
(DfliCDfljB) and reinstatement of flagella (DfliCDfljB[PtetA::fliC])
after AHT induction. Scale bar, 2 μm. C. STM WT,DfliCDfljB
without or with[PtetA::fliC], and WT [PtetA::sfgfp] were inoculated
in the center of swim agar plates without or with 100 ng/ml AHT
as indicated. Plates were incubated at 30°C and diameters of swim
zones were determined in hourly intervals. D. Restoration of fla-
gellar motility in STMDfliCDfljB[PtetA::fliC] after AHT induction.
Indicated STM strains were grown aerobically in absence or pre-
sence of AHT for 3.5 h and cellular motility was quantified by
microscopic inspection of at least 100 bacteria per strain. The
proportion of the motile bacteria is given as percentage of STMWT
set to 100 %. Statistical analysis was performed by One-way
ANOVA. ***, P< 0.001. E. Flagella staining was performed as for
Δ, and at least 100 bacterial cells per strain/condition were scored
for presence of single, polar or multiple, peritrichous flagella.
Various concentrations of AHT as indicated were used for induc-
tion of fliC expression in STMDfliCDfljB[PtetA::fliC]..
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chromosomal Tet-on fim (Fig. 4B). For episomal Tet-on fim, a maximum
of 53% Fim-positive STM was already reached 15min after induction
(Fig. 4D). FimA synthesis and surface expression of Fim fimbriae in EC
was delayed compared to STM (Fig. 4E, F). In contrast, under native
control expression of Fim fimbriae was detected in about 10% of STM
WT cells after 24 h incubation as standing cultures (Fig. 4G). Our results
indicate that the Tet-on system allows efficient and rapid synthesis and
assembly of complex, multimeric surface structures. Our prior work
also indicated adhesin function of Tet-on-controlled Fim and Curli
fimbriae, T1SS-secreted BapA, and non-fimbrial adhesins MisL and
ShdA of STM (Hansmeier et al., 2017).

3.4. AHT-inducible synthesis and surface expression of autotransporter
adhesins

Next, we tested the Tet-on expression system for autotransported
adhesins in heterologous hosts. Autotransporter adhesins are important
virulence factors in Gram-negative pathogens and a simple form of non-
fimbrial adhesins consisting of one protein subunit (Lyskowski et al.,
2011; Pepe and Miller, 1990). We cloned genes encoding auto-
transporter Inv or trimeric autotransporter YadA of Y. enterocolitica
under control of PtetA. After induction of YadA or Inv in EC ORN172
with addition of 100 ng/ml AHT (Fig. 5A), bands of the molecular
weight of YadA or Inv were detected, which were absent in non-induced
controls or in bacteria which did not contain the respective expression
constructs. Using flow cytometry we detected increased fluorescence

signals after induction of expression of inv or yadA compared to non-
induced controls (Fig. 5B). If STM was used as heterologous host for
expression of Y. enterocolitica autotransporter adhesins, we observed
similar specificity of induction by AHT (Fig. S 3). These results indicate
that both YadA and Inv were successfully autotransported and as-
sembled on bacterial surfaces.

We visualized YadA and Inv by transmission electron microscopy
(TEM). On the surface of E. coli expressing YadA, pin-like structures
were visible which were not present in non-induced controls (Fig. 5C).
These structures resembled previously published TEM images of YadA
(Hoiczyk et al., 2000). To further scrutinize the identity of the surface
structures, immunogold-labelling was performed. Specific labeling by
gold-particles was observed, which was not present in non-induced
controls (Fig. 5C). These results confirm the functional expression of
YadA and Inv.

3.5. AHT-inducible synthesis and surface expression of EHEC adhesins

Enteropathogenic E. coli (EHEC) are highly pathogenic EC strains.
Recent outbreaks of fresh produce-associated EHEC infections gave rise
to increased interest in understanding of transmission of this pathogen
along the food chain. As for STM, the genome of EHEC strains encodes a
large number of known or putative fimbrial and non-fimbrial adhesins
(McWilliams and Torres, 2014). Since biological safety requirements
limit the direct experimental analysis of adhesin function in EHEC, we
considered the Tet-on approach as a useful alternative. As candidate

Fig. 3. Controlled synthesis and surface expression of chaperone-usher fimbrial adhesins in E. coli or Salmonella. Fimbrial operons stfACDEFGH or pefACDEF of STM
were placed under control of the Tet-on expression cassette on pWSK29 and transferred in EC ORN172 or STM WT. STM and EC and strains were grown in a roller
drum for 3.5 h in absence or presence of 100 ng/ml AHT. A. Synthesis of main fimbrial subunits StfA or PefA was detected by Western blotting from lysates of
respective EC and STM strains. As loading controls, blots were stripped and reprobed with antibody against DnaK. B. Surface expression of fimbriae in indicated
strains was assessed by flow cytometry based on detection of the main subunits StfA or PefA. The percentage cells positive for StfA or PefA surface expression is
indicated. C. Fimbrial adhesins expressed in STM or EC ORN172 were visualized by AFM. Each panel contains an AFM height image (I), and enlarged deflection
images (II). Arrow heads point to the respective adhesive structure in the deflection images. Scale bars indicate 1 μm (I) or 0.5 μm (II). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article).
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adhesin, we selected the chaperone-usher (C/U) adhesin E. coli
Common Pilus (ECP), that is involved in adhesion to mammalian epi-
thelial cells (Rendon et al., 2007) and recently was demonstrated to
mediate adhesion to plant surfaces (Rossez et al., 2014). The ECP op-
eron of outbreak strain EHEC O157:H7 Sakai was cloned in a Tet-on
vector and expressed in an EC laboratory strain and STM (Fig. 6). As for
STM fimbriae, we observed efficient induction of main subunit EcpA
(Fig. 6A), surface expression of ECP in both heterologous hosts, and
50% or 40% of EC or STM cells were positive for surface expression of
ECP (Fig. 6B). Visualization by AFM or TEM revealed that ECP ex-
pressing EC or STM were decorated with large number of the ECP ap-
pendages if expression was induced (Fig. 6CD, 100 ng/ml AHT), while
surface appendages were absent in non-induced controls (Fig. 6CD,
0 ng/ml AHT). The length and morphology of heterologous expressed
ECP was comparable to ECP on the surface of pathogenic EC stains
(Rendon et al., 2007). We also succeeded to functionally express var-
ious other fimbrial and non-fimbrial adhesins of EHEC O157:H7 out-
break strain Sakai and EAEC outbreak strain O104:H4 C227 (L.E., un-
published observations). We conclude that the Tet-on system provides
an efficient and robust experimental tool for structural and functional
characterization of adhesins of highly pathogenic bacteria.

3.6. Tet-on for controlled secretion and translocation of type III secretion
system substrate proteins

The bacterial type III secretion systems (T3SS) and their repertoires
of translocated proteins are key elements in diseases caused by Gram-
negative bacteria pathogenic to plants, animals or man. Translocation
of effector proteins of the Salmonella Pathogenicity Island 2 (SPI2)-

encoded T3SS by intracellular STM leads to massive remodeling of the
host cell endosomal system and Salmonella-induced filaments (SIF) are a
prominent phenotypic consequence (Liss and Hensel, 2015). STM
strains deficient in SifA fail to induce SIF, while mutant strains defective
in SseF and/or SseG induce SIF with aberrant morphology termed
‘pseudo-SIF’ (Kuhle and Hensel, 2002). Both phenotypes are distinct
and easily distinguishable from the SIF morphology induced by STM
WT. Thus, we selected effector proteins SifA, SseF and SseG as candi-
dates for Tet-on controlled expression.

We generated epitope-tagged alleles of single effector sifA::M45 or
combination of two effectors sseF::HA sseG::M45 under control of PtetA
in pWSK29. The resulting vectors were introduced in STM WT and the
respective deletion strains. Western blot analyses confirmed the
synthesis of all effectors after induction with 100 ng/ml AHT
(Fig. 7AB). Synthesis of the effector proteins was absent in non-induced
controls. Next, we analyzed if effector proteins synthesized under
control of the Tet-on system are also translocated into host cells
(Fig. 7CD). STM harboring plasmids [sifA::M45] or [sseF::HA
sseG::M45] with effector genes under control of their native promoters
were used as positive controls, as their expression were already de-
scribed elsewhere (Halici et al., 2008; Hansen-Wester et al., 2002;
Kuhle and Hensel, 2002). We infected epithelial cell line HeLa stably
expressing LAMP1-eGFP (Krieger et al., 2014) with STM
[PtetA::sifA::M45] or [PtetA::sseF::HA sseG::M45] as well as the respective
control strains STM [sifA::M45] or [sseF::HA sseG::M45]. At 3 h p.i. STM
[PtetA::sifA::M45] or STM [PtetA::sseF::HA sseG::M45] were left non-in-
duced (0 ng/ml AHT) or induced (100 ng/ml AHT). Cells were fixed and
immuno-stained against Salmonella O-antigen and the respective epi-
tope tags (HA or M45) for visualization by epifluorescence microscopy.

Fig. 4. Kinetics of AHT-induced synthesis of FimA and surface
expression of Fim fimbriae. The promoter of the chromosomal fim
operon in STM was replaced by the Tet-on cassette (A, B), or the
fim operon downstream of the Tet-on cassette was cloned in vector
pWSK29 and the resulting plasmid was introduced in an STM Δfim
strain (C, D) or EC Δfim strain ORN172 (E, F). Cultures were
grown with aeration at 37 °C in a roller drum and induced by
addition of AHT to a final concentration of 100 ng/ml if indicated.
G) STM WT and STM Δfim were cultured in LB broth for 3.5 h with
agitation in a roller drum, or for 24 or 48 h as standing culture.
Culture aliquots were collected prior and at various time points
after AHT addition and processed for Western blot analyses of
FimA and DnaK as loading control (A, C, E), or flow cytometry for
determination of FimA-positive bacteria (B, D, F, G). The per-
centage of cells positive for Fim surface expression is given, and
means and standard deviations of three independent experiments
are shown.

M. Schulte et al. International Journal of Medical Microbiology 309 (2019) 54–65

59



At 8 h p.i., we observed translocation of SifA-M45, SseF-HA and SseG-
M45 infected cells and co-localization with LAMP1 along SIF after AHT
induction, whereas the non-induced strains showed no effector trans-
location (Fig. 7CD). Effector proteins synthesized under control of their
native promoters and under control of the Tet-on system showed similar
subcellular distribution, LAMP1 co-localization, and decoration of SIF
membranes. Thus, there is no visual difference between Tet-on induc-
tion and native controlled effector expression.

The additional metabolic burden of ectopic expression of virulence
factors and the absence of antibiotic selection of plasmids under in vivo
conditions may force the loss of plasmids and by this reduce the effi-
ciency of the Tet-on systems. To account for this potential artifact, we
tested the stability of representative Tet-on plasmids for expression of
the pef operon, or effector proteins of the SPI2-T3SS (Fig. S 4). We did
not observe significant loss of Tet-on plasmids after AHT induction in
the absence of selective pressure under culture conditions, or in in-
tracellular STM.

Next, we tested the functionality of the inducible effector expression
system (Fig. 8). HeLa LAMP1-GFP cells were infected with STM WT,
ΔsifA, or ΔsifA [PtetA::sifA::M45]. Imaging was performed 8 h p.i. and
the induction of SIF was analyzed in infected host cell (Fig. 8A). SIF
formation was detected in more than 80% of STMWT-infected cells, but
was absent in STM ΔsifA-infected cells. A plasmid for expression of sifA
under control of the native promoter restored SIF formation in ca. 75%
of infected cells. Tet-on expression of sifA also restored SIF formation,
and about 35% of infected cells showed SIF (Fig. 8B). We analyzed the
contribution of effector proteins SseF and SseG. Cells infected with STM

ΔsseFG or ΔsseFG [PtetA::sseF::HA sseG::M45] without addition of AHT
showed ‘pseudo-SIF’ phenotype, while AHT induction of STM ΔsseFG
[PtetA::sseF::HA sseG::M45] restored normal SIF morphology in infected
host cells (Fig. 8C). We quantified SIF morphologies at 0, 2, 4, and 6 h
after AHT induction of sseFG expression (Fig. 8D). Over time of in-
duction, the number of host cells showing pseudo-SIF continuously
decreased, while the proportion of cells with normal SIF increased to
more than 80% at 6 h after Tet-on induction.

Finally, we investigated if the Tet-on system can be applied to
control effector synthesis and translocation in temporal precisely con-
trolled manner in living host cells (Fig. 8E). Time-lapse microcopy was
performed over 105min and allowed tracking of individual SIF in in-
fected cells. As expected for STM ΔsseFG, at 5 h p.i. we observed thin
and discontinuous SIF or 'pseudo-SIF' indicated by small diameter and
low fluorescence intensity of LAMP1-GFP-positive tubular compart-
ments. Upon induction of intracellular STM ΔsseFG [PtetA::sseF::HA
sseG::M45] by AHT, onset of formation of SIF with normal morphology
was obvious. We also detected conversion of pseudo-SIF to normal SIF
with an increased extension of the SIF network over time of induction.
Pseudo-SIF to SIF conversion frequently initiated in portions of SIF
proximal to the SCV and continued towards peripheral portions
(Fig. 8E).

These data show that the Tet-on system is suited to precisely control
T3SS effector synthesis, subsequent translocation, and action in host
cells in a live cell imaging setting.

Fig. 5. Synthesis and surface expression of autotransporter adhesins of Yersinia enterocolitica in E. coli ORN172. Yersinia enterocolitica inv or yadA were cloned on
plasmids under control of the Tet-on cassette and resulting plasmids were introduced into EC ORN172. Strains without plasmid (negative control), or harboring the
indicated expression plasmid were grown for 3.5 h aerobically in presence or absence of 100 ng/ml AHT. A. Synthesis of Inv and YadA under control of the Tet-on
cassette was analyzed by Western blotting using antisera specific to the respective adhesin. As loading controls, blots were stripped and reprobed with antibody
against DnaK. B. Surface presentation of autotransporter adhesins by EC was detected by flow cytometry of fixed cell with adhesin-specific antisera. Immuno-labeled
EC without plasmid were used to define gating. The percentage of Inv- or YadA-positive cells is indicated. C. Visualization of autotransporter adhesins on EC by TEM
after negative staining. Each panel contains an overview image (I), and enlarged unstained (II) and immuno-gold labeled TEM images (III). Arrow heads point to the
respective surface structures. Scale bars indicate 0.5 μm (I) or 0.1 μm (II).
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4. Discussion

By using the well-characterized Tet repressor and the promoter of
tetA resistance gene, we have deployed a simple, robust and versatile
system for the controlled expression of bacterial genes. In this work, we
showed that the Tet-on system can be applied to control surface ex-
pression of the flagella filament, single protein adhesins, multi-subunit
polymeric fimbrial adhesins and effector proteins of T3SS.

A large body of structural and biochemical data is available on the
Tet repressor and its interaction with operator sequences in PtetA
(Berens and Hillen, 2004; Henssler et al., 2004; Resch et al., 2008). The
system is well described at the molecular level and it is also applicable
in tissues as demonstrated in mammalian systems. Tet-on expression
systems have been frequently used for induction of transgenes in
mammalian organisms, indicated an excellent ability of inducers to
penetrate tissues (Loessner et al., 2009). The application of Tet-on
systems for controlled expression of transgenes in eukaryotic cells, tis-
sues and organisms is also widely documented (reviewed in Berens and
Hillen, 2004; Gossen et al., 1994). Tet-on systems for control of eu-
karyotic gene expression have been engineered in an opposite manner,
i.e. addition of inducers cause TetR binding and transcriptional acti-
vation, while the original bacterial system is based on binding of tet-
racycline to TetR, resulting in binding to tetO and activation of tran-
scription. Modifications of the system led to generation of the Tet-off
systems, in which withdrawal of inducer activates transcription under

control of PtetA. Such Tet-off systems are widely used in eukaryotic
expression systems and Tet-off cassettes would also be of interest for
bacterial systems.

The Tet-on system allows expression control by insertion of cas-
settes into defined positions of the chromosome of a bacterial host, as
well as in episomal elements. The Tet-on controlled functions may be
transplanted into heterologous hosts, as demonstrated here by expres-
sion of EHEC fimbriae or Yersinia autotransporter adhesins in STM and
EC laboratory strains.

It is important for analyses of virulence factors that experimentally
expressed variants are structurally identical to native structures. This is
especially difficult when dealing with multi-protein complexes like se-
cretion systems, in which the expression and assembly of the individual
components needs to be synchronized for functionality and structural
integrity. To control structural resemblance of our expressed virulence
determinants we visualized these structures by AFM or TEM. Both
techniques are established to resolve biological structures with nan-
ometer resolution (Anselmetti et al., 2007; Grin et al., 2011; Kim, 2017;
Xiao and Dufrene, 2016). Using these techniques, we confirmed that Pef
fimbriae of STM, Ecp fimbriae of EHEC, and YadA of Y. enterocolitica
assembled after Tet-on induction resemble published structures (Chessa
et al., 2008; Hoiczyk et al., 2000; Saldana et al., 2014). We also showed
that there are no structural differences between those expressed in their
natural or heterologous host E. coli. Thus, we conclude that in closely
related species such as E. coli, S. enterica and Y. enterocolitica, episomal

Fig. 6. Synthesis and surface expression of chaperone-usher adhesin Ecp of enteropathogenic E. coli in heterologous hosts. The ecp operon of EHEC O157:H7 strain
Sakai was cloned under control of the Tet-on cassette and the resulting plasmid was introduced in EC ORN172 or STM. Strains without plasmid (negative control), or
harboring the indicated expression plasmid were grown for 3.5 h aerobically in presence or absence of 100 ng/ml AHT. A. Synthesis of EcpA under control of the Tet-
on cassette was analyzed by Western blotting using specific antisera. As loading controls, blots were stripped and reprobed with antibody against DnaK. B. Surface
expression of Ecp fimbriae in EC or STM was detected by flow cytometry of fixed cell with antisera specific to EcpA. Immuno-labeled strains without plasmid were
used to define gating. The percentage of Ecp-positive cells is indicated. C. Visualization of Ecp on EC or STM by AFM. Each panel contains an AFM height image (I),
and enlarged deflection images (II). D. Visualization of Ecp on EC or STM by TEM after negative staining. Each panel contains an overview image (I), and enlarged
details (II). Arrow heads point to the respective surface structure in the enlarged images. Scale bars indicate 0.5 μm (I) or 0.1 μm (II). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article).
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heterologous expression of virulence determinants is possible and that
the resulting multi-protein complexes resemble their native counter-
part.

In addition to the analyses of the assembly of complex polymeric
surface structures in heterologous hosts, we demonstrated the control of
T3SS effector synthesis and translocation. For Tet-on expression of ef-
fectors of the SPI2-T3SS there was no difference between the inducible
expression of one or two effector proteins. Using the Tet-on system, we
could follow the Salmonella-induced remodeling of the host cell en-
dosomal system, and in particular the conversion of single membrane
SIF to double membrane SIF. This phenomenon has been previously
observed in host cells infected with WT STM and absent in mutant
strains lacking effector proteins SseF or SseG (Krieger et al., 2014;
Rajashekar et al., 2008). Here we showed that Tet-on controlled ex-
pression of sseFG in an sseFG-deficient strain leads to synthesis and
translocation of the effectors, which allowed us to follow SseF/SseG-
dependent remodeling in living host cells in a time-resolved manner.
This on-demand expression can be instrumental for the understanding
of the contribution of single or multiple effector proteins to the ma-
nipulation of host cell functions. The large number of effector proteins
of T3SS and T4SS complicates the analyses of their role in host pa-
thogen interaction. The controlled expression at a defined stage of in-
fection, for example by intracellular STM as shown here, allows a high
degree of experimental control. We observed SPI2-T3SS effector pro-
tein-dependent phenotypes in living infected host cells. This experi-
mental option will allow to unravel the contribution of single effectors
or subsets of effectors from a large group of effector proteins that are
usually jointly translocated into host cells. While gene deletions cause

static perturbations in host pathogen interaction, the experimentally
controlled induction or repression enables investigations in dynamic
systems. We initiated further studies that deploy the Tet-on system, for
example, to the analysis of the role of STM adhesins with surfaces of
fresh produce, to investigate the role of STM-specific peptidoglycan-
modifying enzymes, or to probe the biosynthetic capacity of in-
tracellular STM in various types of host cells (unpublished observa-
tions).

The Tet-on system can be controlled by the non-antibiotic tetra-
cycline derivative AHT in nano-molar concentrations. AHT efficiently
penetrates bacterial envelopes, and also efficiently reaches intracellular
bacteria due to the efficient diffusion across membranes. Important
advantages of the Tet-on system described here are the low amounts of
inducer required, resulting in an inexpensive expression system, the
robustness, small size of the expression cassette, and the independence
from the genetic context of the host cell, thus allowing genetic trans-
plantation for heterologous expression. Potential limitations may be the
long half-life of AHT (Politi et al., 2014), sensitivity towards light of
tetracycline and derivatives, and potential uncontrolled induction due
to presence of trace amounts of tetracycline in materials of animal
origin.

The Tet-on controlled expression is scalable by the amount of in-
ducer applied, and the response occurs rapidly. We observed synthesis
of fimbrial subunits and surface assembly of fimbriae as early as 10min
after AHT addition. This rapid response may allow new forms of ana-
lyses of the kinetics and molecular mechanisms of assembly of complex
bacterial surface appendages. In contrast to other commonly used in-
ducers for control of bacterial gene expression, AHT and other

Fig. 7. Inducible synthesis and translocation of SPI2-T3SS effector proteins. Genes encoding epitope-tagged effector proteins SifA-M45 (A, C) or SseF-HA/SseG-M45
(B, D) were placed under control of native promoters, or under control of the AHT-inducible promoter. The resulting plasmids were introduced in WT STM. A, B. STM
strains harboring the indicated expression plasmids were grown aerobically for 6 h with or without induction by 100 ng/ml AHT. Epitope-tagged effector proteins
were detected by Western blots using HA- or M45-specific antibodies. Corresponding loading controls by Ponceau S staining are shown in Fig. S 1BC. C, D. Analysis of
effector translocation in STM-infected HeLa LAMP1-GFP cells. Translocated SifA-M45 (C) and SseF-HA/SseG-M45 (D) were immuno-labeled by epitope tag-specific
antibodies and visualized by CLSM. STM were visualized by Salmonella O-antigen staining. Overlay images are maximum intensity projections showing LAMP1
protein (green), effectors (red) and STM (turquoise). Scale bars: 20 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article).
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tetracycline derivatives are not metabolized and uptake does not re-
quire specific transport systems.

Tet-on systems have been used in a wide range of bacterial species,
for example facultative intracellular Listeria monocytogenes (Schmitter
et al., 2017), mycobacteria (Klotzsche et al., 2009), or obligate in-
tracellular Chlamydia trachomatis (Wickstrum et al., 2013), or in tumor-
targeting engineered bacteria (Kotula et al., 2014). A Tet-on system has
been developed for use in Yersinia spp. (Obrist and Miller, 2012), and
the tetA promoter was used to investigate the role of plasminogen-ac-
tivating protease Pla of Y. pestis during pathogenesis of the pneumonic
plaque (Lathem et al., 2007). With respect to adhesins, Tet-on systems
were used for controlled expression of Ag 43 autotransporter adhesin
involved in biofilm formation of E. coli (Da Re et al., 2007), and to
investigate the contribution of Type I fimbria to formation of in-
tracellular bacterial communities of UPEC (Wright et al., 2007). Ap-
plication to bacterial protein secretion systems include use of an Tet-on
control system dissect the role of the T4SS in the distinct phases of the
lifecycle to intracellular Brucella abortus (Smith et al., 2016) and ex-
pression of T4SS subunit IcmD of the obligate intracellular pathogen
Coxiella burnetii (Chubiz et al., 2010). A similar strategy was used by
Klein et al. (2017) to investigate the role of the SPI1-encoded T3SS to

control of the release of intracellular STM from the SCV. Howell et al.
(2013) used a Tet-on system to control expression of T3SS effector ExoU
of Pseudomonas aeruginosa.

To manipulate regulatory cascades, Tet-on systems were used to
control expression of members of the regulatory cascade controlling
genes encoding the SPI1-T3SS (Winchell et al., 2014), or the master
regulator FlhDC for flagellar assembly (Sim et al., 2017). Tet-on systems
are used in biotechnical protein expression systems, and form func-
tional modules in synthetic biology approaches (Bhomkar et al., 2011;
Vick et al., 2011).

To conclude, we demonstrated that the Tet-on system is a robust,
versatile and broadly applicable tool for the study of complex bacterial
virulence factors.
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Fig. 8. Restoration of SPI2-T3SS-dependent pheno-
types by Tet-on controlled effector expression. Genes
encoding epitope-tagged effector proteins SifA-M45 or
SseF-HA/SseG-M45 were placed under control of the
AHT-inducible promoter. The resulting plasmids were
introduced in STM ΔsseFG or ΔsifA strains. LAMP1-GFP
(green) expressing HeLa cells were infected with STM
WT, ΔsifA, ΔsifA [PsifA sifA::M45], or [PtetA::sifA::M45]
(A, B), or WT, ΔsseFG, ΔsseFG [PtetA::sscB sseF::HA
sseG::M45] (C, D). If indicated, expression was induced
by addition of AHT to the medium of infected host cells
at 100 ng/ml final concentration. A, C. Representative
infected cells at 8 h p.i. are shown. Scale bars: 20 μm
and 5 μm in overview and details, respectively. B.
Quantification of infected host cells showing SIF for-
mation after infection as described for A. D. Cells were
infected with STM ΔsseFG [PtetA::sscB sseF::HA
sseG::M45] as in C), and infected cells were scored for
SIF phenotypes at various time points after AHT addi-
tion as indicated. At least 100 infected cells were in-
vestigated per strain, condition or time point (B, D). E.
LAMP1-GFP (green) expressing HeLa cells were in-
fected with ΔsseFG [PtetA::sscB sseF::HA sseG::M45] and
expression was induced by AHT addition 5 h p.i.
Regions of infected host cells showing formation of
tubular endosomal compartments were imaged. Red,
yellow, blue and white arrows indicate the extension of
individual SIF and conversion of pseudo-SIF to SIF.
Time stamps indicate the time point after AHT addition
in min. Scale bar: 5 μm. (For interpretation of the re-
ferences to colour in this figure legend, the reader is
referred to the web version of this article).
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