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Populärvetenskaplig sammanfattning

Bakterier lever och vistas ofta i miljöer där flertalet andra bakteriearter också
befinner sig. De har därför utvecklat olika strategier för att kunna konkurrera
med varandra. Ett exempel på en sådan strategi är kontaktberoende hämning av
tillväxt (från Contact-Dependent growth Inhibition, CDI) som bakterier, inklusive
många patogener, använder för att inhibera tillväxten av besläktade
bakteriearter. De gör detta genom att leverera ett toxin in i målcellen, som då
upphör att växa. Som namnet täljer krävs cell-cell kontakt mellan inhibitor- och
målcell. För att skydda sig själva mot autoinhibering producerar
inhibitorcellerna ett immunitetsprotein som blockerar toxinets aktivitet.
Rhs-proteinerna (från rearrangement hotspots) utgör ett sådant system och flera
studier tyder på att det finns en koppling mellan uttrycket av dessa proteiner i
patogener och deras virulens. Det har dock varit okänt hur uttrycket av
proteinerna regleras. I denna studie har uttrycket av den genomiska rhs regionen
i patogenen Salmonella enterica serovar Typhimurium undersökts i infektionsrelevanta förhållanden. För att hitta eventuella regulatorer av regionen har
uttrycket av denna också analyserats i mutanter med utslagna virulensgener.
Studien ger nya insikter i hur Rhs-proteinerna skulle kunna användas under
infektionsstadierna av Salmonellas livsstil.
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Introduction
Contact-Dependent growth Inhibition
Contact-Dependent growth Inhibition, CDI, is a phenomenon utilized by bacteria to inhibit
the growth of related bacterial species (1). It was first described in 2005 in a study where it
was found that Escherichia coli (E. coli) EC93 had outcompeted other E. coli strains in the
gut of a rat, as indicated by its predominance in fecal pellets. It was shown that having the
three-gene cluster cdiBAI was enough to confer an inhibitor phenotype and gave E. coli EC93
the capacity to inhibit the growth of laboratory E. coli K-12 strains. Direct cell-to-cell contact
was required between the inhibitor cell (CDI+) and the target cell (CDI-) and this is an
essential feature of all CDI systems as reflected in the name (2). CDI systems are believed to
be important in competition between bacteria that share the same niche, such as different
strains within a bacterial species (3).

The proteins CdiA, CdiB and CdiI mediate CDI
The gene cdiA encodes an exoprotein that has a conserved N-terminal domain with
characteristic hemagglutinin repeats and a highly variable C-terminal (CT) domain, which
carries the toxic activity. The gene cdiB encodes a beta-barrel protein that can integrate with
the outer membrane and together with cdiA it makes up a two-partner secretion system that
allows secretion and presentation of CdiA on the cell surface. When CdiA binds to the correct
receptor on the target cell the toxin is cleaved off and delivered through a mechanism not yet
entirely understood. The gene cdiI encodes an immunity protein that can inactivate the CdiA
toxin and protect CDI+ cells from auto-inhibition (1).

CDI toxins can have different modes of action
Many of the CDI toxins have nuclease activity, such as RNAses and DNAses, and others are
membrane pore formers that dissipate the proton gradient. They have in common that they
disrupt processes that are central for the metabolism and cell growth without killing the target
cell, since they are bacteriostatic rather than bactericidal (3, 4).
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The rearrangement hotspot proteins are analogous to CDI systems
Although identified over thirty years ago, the rearrangement hotspot, Rhs, proteins were only
recently recognised as being functionally analogous to CDI systems (5, 6). They consist of a
conserved N-terminal domain with characteristic YD-peptide repeats and a highly variable
CT-domain that has toxic activity. The rhs loci also encode immunity proteins that block the
function of cognate toxin (7). In enterobacteria a PxxxxDPxGL peptide motif demarcates the
rhs-CT region, similarly to the VENN peptide motif in other CDI systems (3, 7).

Rhs proteins are widely distributed
Similar to CDI systems rhs loci are found in many of the proteobacteria and it is not
uncommon for species to have several rhs loci on the chromosome (7, 8). In addition, genes
encoding other YD-peptide repeats are found also in Gram-positive bacteria and in eukaryotes
(7). Another common feature of CDI systems, including rhs loci, is to have one or more
additional toxin-immunity pairs just downstream of the main gene cluster. In these so-called
orphan modules the gene encoding the toxin lacks a large part of the conserved N-terminal
domain but contains a highly variable CT-domain (6). However, sequence homology between
main and orphan modules suggests these regions could potentially recombine, which indeed
has been shown to occur with high frequency between rhs(main) and rhs(orphan) in
Salmonella enterica serovar Typhimurium (9). Orphan modules are believed to serve as a
toxin reservoir (6).

The delivery mechanism of Rhs toxins is different from that of CDI systems
In many Gram-negative bacteria the rhs loci are associated with the type VI secretion system
(T6SS), which has been suggested to be involved in the translocation of Rhs proteins to the
cell surface (7, 10). Recently the T6SS in Serratia marcescens was shown to be necessary for
the delivery of two distinct Rhs proteins into target cells (11). The T6SS resembles a
bacteriophage tail and has been shown to deliver a range of different effector molecules into
both bacteria and eukaryotes (12, 13).
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Salmonella enterica serovar Typhimurium as a model for studying the
regulation of the rhs loci
Salmonella enterica serovar Typhimurium (S.tm.) is a Gram-negative pathogen that causes
mild to moderate diarrheal disease in humans and it is commonly isolated in the clinic. It
belongs to the species Salmonella enterica subsp. enterica, which is responsible for almost all
Salmonella infections in humans and domestic animals (14). Tens of million of cases of
salmonellosis, the disease caused by non-typhoidal Salmonella infection, are estimated to
occur worldwide each year with the result of over hundred of thousands of deaths (WHO web
page – fact sheet N°139, 2016). The disease is often self-limited and not treated in healthy
persons but in certain risk groups, such as children, elderly and immunocompromised
individuals the infection can be fatal if left untreated (14, 15). In mice a S.tm. infection results
in systemic illness similar to enteric fever in humans, which is caused by typhoidal
Salmonella enterica serovar Typhi and Salmonella enterica serovar Paratyphi. S.tm. is
therefore often used as a model to study this more severe form of Salmonella infection (15).
S.tm. is a well-studied organism and recently transcriptional profiling of the pathogen in
several infection-relevant conditions was made available online
(http://tinyurl.com/HintonLabSalCom) facilitating the identification and characterization of
previously undescribed genetic loci (16). S.tm. is therefore a suitable model organism to use
when investigating the regulation of the rhs loci that is still poorly understood. Hopefully this
will also improve our understanding of S.tm. pathogenicity as well as virulence in other
bacterial pathogens, which is key in developing new strategies to fight them.

Infection route of S.tm. and Salmonella pathogenicity islands
The majority of the most important virulence genes in S.tm. are located within so called
Salmonella pathogenicity islands (SPIs). For the infection to be successful S.tm. needs to
regulate and coordinate the expression of all virulence genes. To do this S.tm. uses complex
regulatory networks that consist of a large number of regulators whose combined effect will
either inhibit or stimulate expression of virulence genes (14, 16). S.tm. is ingested with
contaminated food or water and survives the acidic stomach by activating an acid tolerance
response to maintain a viable intracellular pH. It then enters the small intestine where it
penetrates the intestinal mucus layer and adheres to epithelial cells, often so-called M-cells.
Genes located within SPI-1 are up-regulated and S.tm. invades the epithelial layer by
delivering effector proteins via a type three secretion system (T3SS) into epithelial cells
whose membranes become ruffled allowing the bacteria to be engulfed into so-called
11

Salmonella-containing vacuoles (SCVs). Once SCVs have migrated across the epithelial layer
the bacteria are engulfed a second time into SCVs by phagocytic cells, e.g. macrophages. S.tm.
then up-regulate genes necessary for survival and replication in this nutrient poor environment,
most of which are located within SPI-2 (14).

The rhs locus in S.tm.
The rhs locus in S.tm. encodes two distinct toxin-immunity pairs, Rhs(main) and Rhs(orphan)
(9) and is located adjacent to T6SS-related genes within SPI-6 (10). Five potential internal
transcriptional starting sites (TSS) have been identified within the rhs locus (16). A sixth
hypothetical TSS was added upstream of rhs(main), representing a full rhs transcript,
(unpublished data). Based on this data five rhs promoters were defined as the 100 bp (for
promoters 2 (2a and 2b are identical), 3, 4 and 5) or 200 bp (for promoter 1) located upstream
of the respective TSSs, including +1 nt (Figure 1). Promoter 2 is located just upstream of the
respective PxxxxDPxGL motifs in rhs(main) and rhs(orphan), i.e. within the conserved
regions. Promoter 3 and 4 are located just upstream of rhs(main) and rhs(orphan) immunity
genes, respectively, i.e. within the variable regions. Promoter 5 is located slightly downstream
of the PxxxxDPxGL motif in rhs(orphan), i.e. also in a variable region (Borg Malin, 2015,
Research Training Report).

Figure 1. A schematic sketch of the rhs locus in S.tm. Five internal transcriptional starting sites (TSS) have
been identified (2-5) and a sixth hypothetical TSS was added (1). Based on this information five rhs promoters
(P1-P5) were defined as the 100 bp or 200 bp upstream of the respective TSSs (including +1 nt) where 2a and 2b
are identical and considered as one promoter (P2).
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Goals and strategy
Goals
The main goal with this project was to investigate the transcriptional expression pattern of the
rhs locus in S.tm. by studying the activity of individual rhs promoters in infection-relevant
conditions. An additional aim was to search for regulators of rhs expression by studying
promoter activities in S.tm. mutants.

Strategy
The project could be divided into two main parts in which the first part consisted of studying
rhs expression in S.tm. wild type and mutants lacking known virulence genes and in infectionrelevant conditions. In the second part an unbiased approach was used to search for regulators
of rhs expression through a transposon mutagenesis.

Tool to measure promoter activities
To study the regulation of expression of the rhs locus a set of plasmid transcriptional fusions
of rhs promoters to Yellow Fluorescent Protein (YFP) was used, including an empty vector
control. These plasmid-carried fusions can easily be transferred to different S.tm. strains and
promoter activities can be investigated under a range of different conditions by measuring the
expression of YFP (Borg Malin, 2015, Research Training Report).

S.tm. virulence mutants
Three S.tm. virulence mutants were chosen for this study, ΔrpoS, ΔhilD and ΔphoPQ.
Previous transcriptional profiling suggested that these virulence factors were either negative
(HilD and PhoPQ) or positive (RpoS) regulators of the rhs locus in S.tm. (Figure 2) (Colgan et
al., unpublished data). In addition HilD and PhoPQ were interesting because they are master
regulators of SPI-1 genes and SPI-2 genes, respectively, and are therefore important during
two different stages of S.tm. infection, i.e. the infiltration of the intestinal epithelial layer and
the survival and replication inside of macrophages (14). RpoS is a more global acting
stationary phase and stress response regulator that is important during several stages of S.tm.
infection, for example during colonization of the gut (15, 17). Studies using transcriptional
fusions on the chromosome also indicated that RpoS is involved in regulation of the rhs locus
(Hammarlöf, et al., unpublished data).
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Figure 2. Transcriptomic data of the rhs locus in S.tm. wild type and ΔrpoS, ΔhilD and ΔphoPQ mutants
in different infection-relevant conditions. Expression of the rhs locus in S.tm. wild type inside of macrophages
(Mac) and in LB at late stationary phase (LSP) is shown. Expression of the rhs locus in S.tm. ΔrpoS, ΔhilD and
ΔphoPQ mutants in LB at late stationary phase, early stationary phase (ESP) and in InSPI2 is shown,
respectively (Colgan et al., unpublished data).

Infection-relevant conditions
Two different infection-relevant media were chosen for experiments, LB and InSPI2, of
which the latter mimics the intracellular environment of a macrophage (18). RpoS would be
active in both media at stationary phase, whereas HilD and PhoPQ would be mostly active in
LB and InSPI2 respectively (Figure 3) (16). YFP expression would in these conditions be
analysed on the population level using an automated instrument from TECAN and on the cell
level using a MACS flow cytometer.
The third and most infection-relevant condition that was chosen for the study was intramacrophage growth (and survival). Infection experiments in which macrophages from a
murine cell-line would be infected with S.tm. carrying the before mentioned plasmid fusions
and then analysed by microscopy and flow cytometry would give both visuals and
quantitative data.
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Figure 3. A heat map showing absolute expression levels of rpoS, hilD, phoP and phoQ in different
infection-relevant conditions. RpoS is expressed in both LB and InSPI2, whereas HilD and PhoPQ are mainly
expressed in LB and InSPI2, respectively. Data was obtained from http://tinyurl.com/HintonLabSalCom.

Transposon mutagenesis
In the search for novel regulators of rhs expression, S.tm. mutant libraries were constructed
that could be analysed using a fluorescence-activated cell-sorting (FACS) instrument. If
mutants were found to have a YFP expression that deviated from wild type then these would
be sorted out and further analysed. Through PCR and a sequencing analysis the mutated genes
could be identified, and possibly reconstructed in a wild type strain to confirm the seen effect
on rhs expression.

Model organism
Two different S.tm. strains were used in this study; S.tm. LT2 and S.tm. 14028. The latter is a
virulent strain and it was used for all experiments. The transposon mutagenesis was done in
S.tm. LT2 as well to increase the chances of finding interesting mutations. It is a non-virulent
strain because of a mutation in the rpoS-gene (19). This strain could therefore not be used for
infection experiments and it is not very suitable for studying the effect of knocking out the
rpoS-gene. The rhs locus is completely conserved between the two strains.
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Experimental Methods
Bacterial strains
All bacterial strains and plasmids used in this study are listed in Table 1.
Table 1. A list of all bacterial strains and plasmids used in the study.
Name of bacterial strain

Description of bacterial strain

S.tm. 14028

A virulent S.tm. wild type strain

S.tm. LT2

A non-virulent S.tm. wild type strain

S.tm. 14028 ΔrpoS

S.tm. 14028 with the rpoS-gene knocked out

S.tm. 14028 ΔhilD

S.tm. 14028 with the hilD-gene knocked out

S.tm. 14028 ΔphoPQ

S.tm. 14028 with the phoPQ-genes knocked out

S.tm. 14028 galK::BFP-cat

S.tm. 14028 in which BFP-cat replaced galK and is controlled under the galK promoter

S.tm. 14028 galK::dTomato-cat

S.tm. 14028 in which dTomato-cat replaced galK and is controlled under the galK
promoter

Name of plasmid

Description of plasmid

pEH167 P1-P5

Plasmids carrying transcriptional fusions of rhs promoters P1-P5 to YFP

pKD4

Plasmid encoding a Kanamycin resistance gene

pSIM5-tet

Plasmid encoding Lambda red system

pCP20

Plasmid encoding Flippase enzyme

pKN972

Plasmid encoding S.tm. Tn10 transposase controlled under a constitutive promoter

Bacterial growth conditions
Bacteria were grown at 37°C at 200 rpm, unless specified otherwise. Two different liquid
growth media were used; Luria-Broth (LB) Miller and InSPI2, see specifications in Table 2.
Overnight cultures were made in 15 ml plastic Falcon tubes or glass tubes using 2 ml growth
media with or without antibiotics in which the bacteria were grown for 16-18 hours. Two
different growth media were used in plates; Luria-agar (LA) and EBU, see specifications in
Table 2. Antibiotics were used at the following concentrations; 50 µg/ml Kanamycin (Kan),
15 µg/ml Tetracyclin (Tet), 15 µg/ml Chloramphenicol (Cam), 100 µg/ml Ampicilin (Amp).
For transposon mutagenesis 25 µg/ml Kanamycin (Kan) was used instead.
Table 2. A list of specifications of the different media used for bacterial growth.
Media
Recipe/Specifications
LB Miller

10 g/l Trypton, 5 g/l yeast, 10 g/l NaCl, pH 7.3

InSPI2

80mM MES (pH 5.8), 4 mM Tricine, 100 µM FeCl3, 376 µM K2SO4, 50 mM NaCl, 0.4 mM
K2HPO4/KH2PO4 pH 5.8 or 25 mM K2HPO4/KH2PO4 pH 7.4, 0.4 % glucose (22.2 mM), 15 mM NH4Cl,
1 mM MgSO4, 0.01 mM CaCl2.

LA

10 g/l Trypton, 5 g/l yeast, 10 g/l NaCl, 15 g/l agar

EBU

500 ml: 650 µl 1 % Evan’s blue, 1.3 ml 1 % Sodium Fluorescein, 20 ml 12 % K2HPO4, 6.5 ml glucose to
autoclaved LA, adding up to 500 ml final volume with ddH2O.
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Strain constructions
Transformations
DNA was transformed into bacterial cells through electroporation. Cells were made
competent by treatment with ice-cold water whilst working on ice. Cells were pelleted by
centrifugation at 4000-4200 rpm for 10 min at 4°C. They were resuspended in 1 ml ice-cold
water and another 10-25 ml (depending on cell volume) was added followed by centrifugation
as before. This wash was repeated once. In a third washing step the cells were resuspended in
1 ml ice-cold water and pelleted at 6000 rpm for 5 min at 4°C. Finally cells were resuspended
in 100-200 µl ice-cold water before being used for transformation. Electroporation cuvettes
from VWR were used. The following settings were used; 25 uF, 200 ohm, 1.8 kV and a
reaction constant >4.5 was considered a successful transformation. After transformation cells
were resuspended in room temperate LB to a final volume of 1 ml followed by incubation at
specified temperatures and times.

Construction of ΔrpoS and ΔphoPQ mutants through phage transduction
In Eppendorf tubes 500 µl overnight culture of S.tm.14028 was mixed with 20 µl phage 22
lysates (generated on strains harbouring either rpoS::kan or phoPQ::kan mutations) and
incubated at 37°C for 1h. From each mixture 100 µl was plated on LA-Kan. Several colonies
from each mutant were purified on LA-Kan. A few colonies per mutant were purified an
additional time and contamination by phage was checked using EBU-green plates. Two
clones of each mutant that were not dark green on the EBU-green plates, suggesting the
absence of phages, were analysed by PCR.

Construction of ΔhilD mutant through Lambda red
A Kanamycin resistance gene (encoding Tn5 neomycin phosphotransferase) was amplified
from pKD4 in a Phusion PCR with primers that contained overhang sequences homologous to
35 nt up- and downstream of the hilD-gene. The PCR product was loaded in several wells on
a 0.8 % agarose gel (1x TAE) and run at 100 V. The gel bands corresponding to the size of
the expected PCR fragment (approx. 1500 nt) were cut out and purified using GeneJET Gel
Extraction Kit #K0692 (Thermo scientific). The concentration of the extracted DNA was
measured in a Nanodrop100 spectrophotometer (Saveen Werner).
An overnight culture of S.tm. 14028 /pSIM5-tet grown at 30° in LB-Tet was reinoculated
1:100 in LB-Tet and grown until optical density at 600 nm (OD600) was 0.3-0.4. The Lambda
17

red system was induced at 42°C for 15 min and 200 rpm (in waterbath Sub Aqua Pro, Grant).
Cells were made competent as described above and 50 µl were transformed with 200 ng DNA
(2µl of the purified PCR product). Cells were incubated at 37°C and 200 rpm for at least 1
hour. From the transformation mix 100 µl was plated directly on LA-Kan and 500 µl was
pelleted, resuspended in 100 µl supernatant and then plated on LA-Kan. Untransformed cells
were also plated on LA-Kan and used as a negative control. All plates were incubated at 37°
overnight (at this temperature the bacterial cells will loose the pSIM5-tet plasmid as it has a
temperature-sensitive oriC (30°C)). Several colonies from the 100 µl plating were picked and
purified on LA-Kan.

Confirmation of gene knockouts by PCR analysis
To confirm gene knockouts internal and external oligos were used in a PCR analysis. Internal
oligos were expected to give no products whereas external oligos were expected to give
products differing in size compared to wild type, calculated as the difference in length
between antibiotic cassettes and knocked out genes. All three mutants were analysed with
external oligos in a 3-step PCR with annealing for 20 s at 60°C, elongation for 2.5-3 min at
72°C during 30 cycles using the protocol specified in Table 3. The ΔrpoS and ΔphoPQ
mutants were analysed with internal oligos in a 3-step PCR with annealing for 20 s at 60°C,
elongation for 45 s at 72°C during 30 cycles using the protocol specified in Table 4. The

ΔhilD mutant was analysed with internal oligos in a 2-step PCR with annealing for 20 s at
72°C and elongation for 1.5 min at 72°C min during 30 cycles using the protocol specified in
Table 5.

Removal of antibiotic resistance cassettes
Antibiotic resistance cassettes were removed by introducing a plasmid, pCP20, carrying the
gene encoding Flippase enzyme into the mutant strains. Overnight cultures from all mutant
strains were reinoculated 1:100 in 10 ml LB with no salt. Cultures were grown until OD600
was 0.4-0.6. Cells were made competent as described above and 50 µl were mixed with 30 ng
pCP20 DNA (1.5 µl of plasmid prep) by pipetting. The plasmid was transformed into the
competent cells and they were incubated at 30°C for about 1.5 h. Cells were plated on LAAmp at volumes 100 µl and 900 µl (cells pelleted at 12000 rpm for 1 min and resuspended in
100 µl supernatant which was then plated) to select for transformed cells. Plates were
incubated at 30°C overnight, as the pCP20 has a temperature-sensitive oriC. A few colonies
per mutant were picked and streaked on LA-Amp and incubated at 30°C overnight. Another
few colonies per mutant were streaked on LA plates and incubated at 42°C overnight, during
18

which the cells were expected to loose the pCP20. Mutant colonies were then streaked on LAAmp, LA-Kan and LA plates to make sure that the pCP20 plasmid was lost and that the
antibiotic resistance cassettes were removed.

Confirmation of the removal of antibiotic cassettes by PCR analysis
To confirm the removal of antibiotic cassettes the flipped mutants were analysed with
external oligos in a 3-step PCR with annealing for 20 s at 60°C, elongation for 3 min at 72°C
during 30 cycles using the protocol specified in Table 3.

Confirmation of correctly constructed mutants through Sanger sequencing
PCR-products from flipped mutants were purified using the GeneJET PCR Purification Kit
#K0701 #K0702 (Thermo Scientific). The DNA concentrations were measured in a
Nanodrop100 spectrophotometer and sequencing samples were prepared using Eurofins
SmartSeq kit (according to the instructions of the manufacturer). Only one primer per sample
was used for sequencing. The obtained sequences were then analysed in CLC main
workbench (Qiagen). Sequences were aligned with respective genes including 3’ UTR and
5’UTR to confirm knockouts. The S.tm 14028 ΔphoPQ mutant aligned perfectly to the 5’UTR
but not to the 3’UTR. Sequencing was repeated using the reverse primer. The new obtained
sequence aligned perfectly to both UTRs. All knockouts were confirmed.

Transformation of promoter constructs into S.tm. 14028 wild type and mutants
All S.tm. 14028 wild type and mutant strains were transformed with plasmids pEH167 P1-P5
(Table 1). Overnight cultures were re-inoculated 1:100 in 2x25 ml LB without salt and grown
until OD600 was about 0.6. Cells were made competent as described above and transformed
with plasmid DNA. They were incubated at 37°C for about 1.5 h before 50 µl was plated on
LA-Kan and incubated at 37°C overnight. Colonies were purified on LA-Kan. Overnight
cultures were made and all mutants were stocked in 10% DMSO at -80°C.
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Table 3. The rpoS, phoPQ and hilD gene knockouts and mutants with removed
antibiotic cassettes were analysed with external oligos in a PCR using the listed
components in the specified amounts.

Component

Volume (µl) – total reaction volume of 50 µl

Dream Taq Green Buffer

5

Dream Taq

0.25

dNTP

1

Fw primer (10 µM)

2.5

Rv primer (10 µM)

2.5

dH20

36.25

DNA

2.5

Table 4. The rpoS and phoPQ gene knockouts were analysed with internal oligos in
a PCR using the listed components in the specified amounts.

Component

Volume (µl) – total reaction volume of 20 µl

Dream Taq Green Buffer

2

Dream Taq

0.1

dNTP

0.4

Fw primer (10 µM)

1

Rv primer (10 µM)

1

dH20

14.5

DNA

1

Table 5. The hilD gene knockout was analysed with internal oligos in a PCR using
the listed components in the specified amounts.

Component

Volume (µl) – total reaction volume of 20 µl

10x GC buffer

4

Phusion polymerase

0.2

dNTP

0.4

Fw primer (10 µM)

1

Rv primer (10 µM)

1

dH20

12.4

DNA

1
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Fluorescent reporter assay using an automated instrument from TECAN
Protocol for assay
All media used was at room temperature. Cells from 100 µl of overnight cultures were
pelleted in 1.5 ml Eppendorf tubes at 6000 rpm for 5 min, and at room temperature. Cells
were washed 1 time using PBS and centrifuged as before. Finally cell pellets were
resuspended in 1 ml PBS and 10 µl of bacterial suspension was mixed with 990 µl growth
media (LB or InSPI2). Samples were added to a 96-well dark plate, by pipetting 200 µl of
each sample into three separate wells (three technical replicates). New tips were used between
each loading. Three biological replicates were used. Optical density at 600 nm and YFP signal
(excitation: 399 nm, emission: 456 nm) were measured every 5 min for 23 h at 37°C.

Data analysis
Background values (from BLANK, i.e. with no bacteria in sample) of OD600 and YFP were
substracted from the data at each time point. Technical replicates were compared and if one of
these three deviated from the other two then it was removed. Technical replicates were then
averaged. Doubling times of wild type and mutant strains were calculated by plotting the
OD600 values from exponential phase, adding a trend line, retrieving the equation for this and
then dividing ln(2) by the respective exponents in the equations. An average of two or three
biological replicates was calculated. The p-values were calculated using the Student’s t-test
function in Excel with the settings two-tails distribution and two-sample equal variance.
Promoter activities were analysed as the change in fluorescence per time unit per cell, and
was calculated as the difference in fluorescence between each 60 min measurements divided
by 60 min and divided by OD600 for the later time point, i.e. dF/dt/OD600(2) (20
‘Supplementary Note’). An average of three biological replicates was calculated and
promoter activities were plotted over time. Growth curves were plotted on a secondary axis in
the same graphs to correlate promoter activities to the growth phases of the bacteria.
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Fluorescent reporter assay using a MACS flow cytometer instrument
Protocol for assay
Cells from LB overnight cultures were washed by adding 100 µl culture to 1 ml PBS,
centrifuging for 5 min at 6000 rpm and finally resuspending cells in 1 ml PBS. Then 4 µl
bacterial suspension was added to 250 µl sterile-filtered PBS in a 96-well plate, flat bottom.
Cells from InSPI2 overnight cultures (OD600 ~ 1) were not washed, but 16 µl were directly
added to wells with 250 µl sterile-filtered PBS. Three biological replicates were used. The
YFP signal was measured in 100,000 ‘events’ per sample.

Data analysis
The obtained data was analysed in the program FlowJo. Bacteria were gated by circling the
most dense part of the heat map showing all events. Bacteria were then gated into either of
three categories: high (>20 a.u.), low (1-20 a.u.) or no YFP (<1 a.u.) expression. The activities
of the different rhs promoters (P1-P5) were compared in the wild type S.tm. strain and the
activity of promoter P2 was compared between mutants and wild type. YFP expression from
different samples were plotted together in overlays using one representative biological
replicate. In the analysis of promoter P2 activity in mutants compared to wild type the
percentage of each population that belonged to the three categories YFP (high), YFP (low)
and YFP (off) was calculated using three biological replicates. In an additional quantitative
analysis the off-populations were excluded, since they were believed to not be viable bacteria,
and the bacteria that expressed YFP were divided into the two categories YFP (high) and YFP
(low). The p-values were calculated using the Student’s t-test function in Excel with the
settings two-tails distribution and two-sample equal variance in both analyses.
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Infection experiments
Bacterial strains and macrophage cell line
The murine macrophage cell line RAW264.7 was used in the infection experiments.
S.tm.14028 /pEH167 P2 was used to infect macrophages that were analysed in a microscope.
S.tm.14028 galK::BFP-cat /pEH167 P2, i.e. that also has a constitutive expression of BFP,
was used to infect macrophages that were used for quantitative analysis in a FACS instrument.

Maintenance and infection media
Cells were grown and maintained in “complete medium”: DMEM, 1X GlutaMax (Gibco
35050.38), 1X Amino acids (Sigma M7145), 10% heat inactivated fetal bovine serum (FBS,
Gibco 10108-165), 1X Pen-Strep at 37°C, 10% CO2. Prior to infection macrophages were
maintained in “infection medium”: complete medium without Pen-Strep. Just before infection
opsonized bacteria were added to “infection medium” without FBS, now called “bacterial
infection medium”. All media were pre-warmed at 37°C before use.

Taking up a new stock
A 1 ml aliquot of macrophages was taken from the liquid nitrogen tank, in which they are
stored, and placed on ice. Cells were thawed in a 37°C waterbath with occasional shaking.
Cells were then transferred into 10 ml of pre-warmed complete medium and pelleted at 900
rpm for 5 min. Cells were resuspended in 1 ml supernatant and transferred to a T-75 flask
with 40 ml pre-warmed complete medium.

Passaging of RAW cells
Macrophages were passaged at least three times before they were used for infection
experiments. They were passaged when they were confluent, i.e. they covered about 80-90 %
of the surface of the dish. Old medium was first removed and new pre-warmed media was
added. Cells were scraped off with a cell scraper and were then mixed by pipetting a few
times. Cells were split 1:6-8 in a new flask.

Infection of RAW cells
Macrophages were seeded in “complete medium” in 24-well plates (for microscopy) or in T25 flasks (for quantitative analysis) two days before experiments. Glass slides that had been
soaked in 95% ethanol were placed at the bottom of wells that were designated for
microscopy. Overnight cultures of the bacterial strains used to infect macrophages were made
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one day prior to infection. On the day of infection the “complete medium” was replaced with
“infection medium” and macrophages were enumerated by using a Bürker Hoff chamber. The
bacteria were opsonized with 10 % mouse serum from 8 weeks old, male BALB/c mice, to
increase macrophage uptake, in the following steps. For each bacterial strain 0.5 ml overnight
culture was pelleted at 6000 rpm for 5 min. Cells were washed by resuspension in 1 ml PBS
and centrifugation as before. Cells were resuspended in 1 ml PBS and 250 µl were transferred
to a new tube with 2.5 ml PBS. OD600 was measured and adjusted until it was 0.4. From the
bacterial suspension 90 µl was mixed with 10 µl mouse serum that had been thawed on ice.
Cells were incubated at 37°C for 30 min. “Bacterial infection medium“ was prepared so that
there would be ten bacteria for every macrophage, giving a multiplicity of infection (MOI) of
10. Macrophages were infected by adding 0.5 ml “bacterial infection medium” in every well
or 5 ml in every flask. Plates and flasks were incubated for 45 min at 37°C, 5% CO2. Cells
were then washed three times with pre-warmed sterile PBS, by first removing old medium
and then adding 1 or 10 ml PBS, respectively. “Infection medium” supplemented with 100
mg/l Gentamicin was added to each well or flask to kill off any extracellular bacteria (that
was not taken up by the macrophages). Cells were incubated for another 45 min at 37°C, 5%
CO2. Cells that were taken for the 0h time point were washed three times with sterile PBS as
before. To the remaining wells or flasks “infection medium” supplemented with 10 mg/l
Gentamicin was added in same amounts as before. The plates and flasks were incubated at
37°C, 5% CO2 and cells were taken at later time points. Microscopy glass slides were lifted
up using a forceps, air dried for about a minute and then mounted on objective glass slides
using a drop of ProQ mounting media. Cells used for quantitative analysis were scraped off
and fixated in Eppendorf tubes. They were pelleted at 1200 rpm for 5 min, washed in 1 ml
PBS once by resuspension and centrifugation as before and then resuspended in 200 µl 4%
PFA followed by incubation at 37°C for 20 min. Cells were washed once in PBS as before
and finally resuspended in 1 ml PBS.

Microscopy and FACS
ProLong® Diamond Antifade Mountant with DAPI from Life Technologies, was used to
stain macrophage nucleus. CellMaskTM Deep Red Plasma membrane stain from Life
Technologies was used to stain cell membranes. Fluorescence in macrophages was analysed
quantitatively using a FACS instrument (BD LSRFortessa™, BD Biosciences). Before
running the sample of interest, macrophages containing bacteria that expressed only BFP or
YFP were analysed, S.tm. 14028 galK::BFP-cat and S.tm. 14028 /pEH167 P2, respectively,
and gates were set accordingly.
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Transposon mutagenesis
Construction of mutant libraries
Mutant libraries were made in S.tm.14028 /pEH167 and S.tm. LT2 /pEH167 by Tn10 through
transposon mutagenesis. pKN972 that constitutively expressed the Tn10 transposase was
transformed into S.tm.14028, the recipient strain. A phage 22 lysate was generated on a donor
strain that carried an F’-plasmid with defective Tn10 elements, i.e. with no homology to the
chromosome in Salmonella. The recipient strain was transduced with a dilution series of the
donor phage 22 lysate, letting the transposons jump into the chromosome with the help of
transposase. The dilution that rendered 1000-3000 colonies was used to scale up the mutant
pool. Transduction mix was plated on LA-Tet to select for mutants that carried transposons in
the chromosome. All mutants (estimated to be about 70,000 clones) were pooled by swiping a
cotton swab along the plate that touched all colonies and dipping it into a tube containing LB
supplemented with 10 mM EGTA to deactivate phages. Cells were washed twice in 15 ml LB
+ 10 mM EGTA by resupension and centrifugation at 3000 rpm for 7 min. Finally cells were
resuspended in 1 ml LB + 10 mM EGTA and stocked with 10% DMSO at -80°C. A phage 22
lysate was generated on this S.tm.14028 Tn10Tet pool and was used to move the library into
S.tm. 14028 /pEH167 P2 by transduction. As before a dilution series of phage 22 lysate was
done to optimize the protocol before scaling it up. Transduction mix was plated on LA-TetKan to select for mutants and plasmid. Mutants were pooled, washed in LB + 10 mM EGTA
as before and finally stocked. The library was estimated to contain about 35,000 mutants. The
second mutant library was made by generating a phage 22 lysate on an already existing S.tm.
LT2 Tn10Tet pool and moving the pool into S.tm. LT2 /pEH167 P2 by transduction, as
described above. This library was estimated to contain about 16,000 mutants.

Mutant sorting and analysis
Mutant libraries were analysed and sorted using a FACS instrument (BDFACSAriaTMIIu, BD
Biosciences). S.tm. 14028 /pEH167 P2 and S.tm. LT2 /pEH167 P2 and S.tm. not expressing
YFP (no plasmid) were first analysed and used to set gates. Three gates were set to sort
mutants that had a down-regulated YFP expression and one gate was set to sort mutants that
had an up-regulated YFP expression. Sorted cells were spun in 1 ml PBS and plated on LATet-Kan. Colonies were picked and grown overnight in 96-well plates. Almost 200 sorted
mutants were reanalysed in the MACS instrument, to confirm their deviating YFP expression,
by adding 4-10 µl from the overnight cultures to 250 µl sterile-filtered PBS in 96-well plates.
The plates with the overnight cultures were stocked in 10% DMSO at -80°C.
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Results
The S.tm. 14028 regulatory mutants had no significant growth defects
When studying gene expression in mutant strains it is important to be aware of potential
growth defects since these could affect the level of expression. Doubling times in LB and
InSPI2 were calculated for S.tm. 14028 wild type and mutant strains used in this study and are
shown in Table 6 and 7, respectively. There was no significant difference in growth rates of
the mutant strains compared to wild type. Therefore growth rates did not have to be taken into
account when comparing YFP expression in mutants and wild type in the sequential
experiments.
Table 6. Doubling times for S.tm. 14028 wild type and three regulatory mutants grown in LB
were calculated. Three biological replicates were used for all strains. There was no significant
difference in growth rates between mutants and wild type (a significant difference is defined as p<0.05).
In LB

S.tm. 14028

S.tm. 14028

S.tm. 14028

ΔrpoS

ΔphoPQ

ΔhilD

22.4

18.9

19.8

20.1

Standard deviation

1.2

0.5

0.09

0.2

p-value

-

0.06

0.1

0.2

Average doubling time

S.tm. 14028 WT

(min)

(mutant vs. wild type)

Table 7. Doubling times for S.tm. 14028 wild type and three regulatory mutants grown in InSPI2
were calculated. Two and three biological replicates were used for wild type and mutant strains
respectively. There was no significant difference in growth rates between mutants and wild type
(a significant difference is defined as p<0.05).
In InSPI2

S.tm. 14028

S.tm. 14028

S.tm. 14028

ΔrpoS

ΔphoPQ

ΔhilD

54.3

50.9

47.5

51.6

Standard deviation

3.0

2.3

1.6

1.4

p-value

-

0.4

0.1

0.4

Average doubling time

S.tm. 14028 WT

(min)

(mutant vs. wild type)
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Internal rhs promoters were active in LB
LB was considered an infection-relevant media because during stationary phase in this growth
media it is known that S.tm. expresses genes required for invasion of the gut epithelium (e.g.
SPI-1). When analysed on the population level three of the rhs promoters (P2, P4 and P5)
were found to be active in LB (Figure 4). Promoter P2 was the most active one and had its
highest activity in late stationary phase, whereas promoters P4 and P5 had a constant low
activity throughout the measurements. Bacteria in late stationary phase were therefore
investigated further on the cell level. In accordance with the previous analysis promoter P2
was the most active one and promoter P4 and P5 also showed some activity, but to a much
lesser extent (Figure 5). In addition, it was discovered that the promoter P2 expression varied
between cells in the population, as reflected by the two peaks. No activity of promoter P1 and
P3 was detected in LB.
These results presents evidence to that an internal rhs transcript is expressed in S.tm. and that
the expression level varies within the bacterial population.

Figure 4. The rhs promoter activities in LB were analysed on the population level in a fluorescent reporter
assay using an automated instrument from TECAN. Promoter activities and OD curves are plotted over time
on the left and right axes, respectively. Promoter P2 was found to be active, in particular during late stationary
phase. Promoter P4 and P5 had a constant low activity, whereas promoters P1 and P3 showed no activity.
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Figure 5. The rhs promoter activities in LB were analysed on the cell level in a fluorescent reporter assay
using a MACS flow cytometer instrument. The number of cells that were counted for each sample is shown in
the legend. Promoter P2 had the highest activity and there was heterogeneity within the bacterial population.
Promoters P4 and P5 showed little activity, whereas no activity was detected for promoter P1 and P3.
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Activities of the rhs promoters in InSPI2 were ambiguous
InSPI2 is a nutrient poor media designed to mimic the intracellular environment of a
macrophage. It was used in this study to investigate whether any of the rhs promoters were
likely to be active inside of the SCV in the macrophage. In the population level analysis the
signals were noisy up until mid-exponential phase because of low OD-values (close to zero)
in the beginning of the assay, so no conclusions can be drawn from early time points.
Nevertheless, promoter P2 appeared to have a decreasing activity that dropped to zero
between exponential and late stationary phase, whereas the activity of promoters P4 and P5
had decreased to zero already at early-mid stationary phase (Figure 6). Since YFP requires
oxygen for its correct folding and because the bacteria grow very slowly in InSPI2 (more than
twice the doubling time compared to in LB, see Table 6 and 7) the cells might have been
more sensitive to poor aeration during this experiment compared to in LB, which might have
affected the level of detected YFP. For the cell level analysis, bacteria that were in mid-late
stationary phase were used. It would have been interesting and presumable more informative
to have taken bacteria from exponential phase. However, to make the experiment more
manageable overnight cultures were used instead. In this analysis the same trend of promoter
activities could be seen as observed in LB, i.e. promoter P2 had the highest activity, whereas
promoters P4 and P5 showed little activity (Figure 7). The expression levels were, however,
much lower in InSPI2 compared to in LB, which is not very surprising considering that
translation is decreased globally under nutrient limiting conditions, which results in less
fluorescent protein. In addition, the samples for the flow were taken from mid-late stationary
phase, a time point when the promoters were not very active in InSPI2.
The growth curve corresponding to promoter P3 in figure 6 only reached early stationary
phase at the end of the experiment. One reason for this could be that the inoculum for this
bacterial strain was lower compared to the others. However it also seems like having the
promoter P3 sequence on the plasmid makes the cells grow slower. The reason for this is not
known, but it could relate to the function of the sequence. No activity of this promoter was
detected in the population level analysis or in mid-late stationary phase in the cell level
analysis. Likewise no activity of promoter P1 was found in InSPI2.
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Figure 6. The rhs promoter activities in InSPI2 were analysed on the population level in a fluorescent
reporter assay using an automated instrument from TECAN. Promoter activities and OD curves are plotted
over time on left and right axes respectively. The activities of promoters P2, P4 and P5 decreased to zero in
stationary phase. No activity was detected for promoter P1 and P3.

Figure 7. The rhs promoter activities in InSPI2 were analysed on the cell level in a fluorescent reporter
assay using a MACS flow cytometer instrument. The number of cells that were counted for each sample is
shown in the legend. YFP expression was lower in InSPI2 compared to in LB, but promoter P2 still had the
highest activity and promoters P4 and P5 were slightly active. No activity was detected for promoter P1 and P3.
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The rhs promoter P2 is regulated by known virulence factors
Transcriptomic data indicated that the three virulence regulators RpoS, HilD and PhoPQ were
involved in the regulation of the rhs locus in S.tm. (Figure 2). The rhs promoter activities
were therefore investigated on both the population and cell level in mutant strains in which
these genes had been knocked out. Indeed, promoter P2 was found to be positively regulated
by RpoS and negatively regulated by HilD in LB (Figure 8 and 9).
To quantify promoter P2 activity, cells were gated into the three categories high YFP
expression (YFP signal > 20 a.u.), low YFP expression (YFP signal > 1 a.u. and < 20 a.u.)
and no YFP expression (YFP signal < 1 a.u.) and an average of three biological replicates was
calculated (Figure 10). The ΔrpoS mutant had a significantly larger percentage of the
population in the YFP (low) category compared to wild type (79 % vs. 23 %). The ΔhilD
mutant had a significantly larger percentage of the population in the YFP (high) category
compared to wild type (69 % vs. 30 %).

Figure 8. The rhs promoter P2 activity in S.tm. 14028 wild type and three regulatory mutants in LB was
analysed on the population level in a fluorescent reporter assay using an automated instrument from
TECAN. Promoter activities and OD curves are plotted over time on left and right axes respectively. RpoS
seemed to be a positive regulator of promoter P2, whereas HilD seemed to be a negative regulator.
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Figure 9. The rhs promoter P2 activity in S.tm. 14028 wild type and three regulatory mutants in LB was
analysed on the cell level in a fluorescent reporter assay using a MACS flow cytometer instrument. The
number of cells that were counted for each sample is shown in the legend. RpoS appeared to be a positive
regulator of promoter P2, whereas HilD appeared to be a negative regulator. ‘

Figure 10. The rhs promoter P2 activity in S.tm. 14028 wild type and three regulatory mutants in LB was
analysed quantitatively on the cell level in a fluorescent reporter assay using a MACS flow cytometer
instrument. Bacteria were gated into three categories depending on their YFP expression levels. The percentage
of the populations that belonged to the different groups was calculated using three biological replicates and is
shown on the Y-axis. The ΔrpoS and ΔhilD mutants had significantly down- and up-regulated promoter P2
activities, respectively. A p-value < 0.05 was defined as significant.
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There was however big variation in the percentage of the population that had no YFP
expression between biological replicates of the wild type, as reflected in the error bars in
Figure 10. The events that correspond to no YFP expression are likely not viable bacteria, but
either dead bacteria or other non-fluorescent particles. To test this theory, bacteria that
constitutively expressed dTomato, an orange fluorescent protein, and carried the P2 plasmid
construct were analysed on the cell level. First bacteria expressing dTomato were gated
(excluding the not orange population) and YFP expression was analysed in this subpopulation
of particles. In the dTomato(+) population there were no YFP(-) cells (Figure 11), which is in
support of the theory proposed.

Figure 11. The rhs promoter P2 activity in S.tm.14028 galK::dTomato-cat that constitutively expressed
dTomato was analysed on the cell level in a fluorescent reporter assay using a MACS flow cytometer
instrument. The number of cells that were counted is shown in the legend. Bacteria that were not orange were
excluded and in the remaining population there were no YFP(-) cells.

The off-population was therefore excluded in a second quantitative analysis of promoter P2
activity (Figure 12). Now 88 % of the ΔrpoS-population vs. 43 % of the wild type-population
belonged to the YFP (low) category and 84 % of the ΔhilD-population vs. 57 % of the wild
type-population belonged to the YFP (high) category. These differences between wild type
and mutants were still significant and presumably more accurate. It now also seemed like
PhoPQ was a negative regulator since the YFP expression was significantly up-regulated in
the ΔphoPQ mutant that had 74 % of the population in the YFP (high) category. This was
surprising since PhoPQ is not expected to be very active in LB. Any deviation in promoter P2
activity in the ΔphoPQ mutant was predicted to be seen first when the bacteria were grown
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InSPI2. However, when analysed in InSPI2 all regulatory mutants behaved very similarly
compared to wild type (Figure 13 and 14).
These results show that an internal rhs transcript is not only expressed in S.tm., but also
regulated by different virulence factors that are important during different stages of
Salmonella infection.

Figure 12. The rhs promoter P2 activity in S.tm. 14028 wild type and three regulatory mutants in LB was
analysed quantitatively on the cell level in a fluorescent reporter assay using a MACS flow cytometer
instrument. Bacteria were gated into two categories depending on their YFP expression levels. The offpopulations were excluded. The percentage of the populations that belonged to the different groups was
calculated using three biological replicates and is shown on the Y-axis. The ΔrpoS and ΔhilD mutants had
significantly down-regulated and up-regulated promoter P2 activities respectively. The ΔphoPQ mutant also
seemed to have an up-regulated promoter P2 activity. A p-value < 0.05 was defined as significant.
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Figure 13. The rhs promoter P2 activity in S.tm. 14028 wild type and three regulatory mutants in InSPI2
was analysed on the population level in a fluorescent reporter assay using an automated instrument from
TECAN. Promoter activities and OD curves are plotted over time on left and right axes respectively. All strains
behaved very similarly, i.e. promoter P2 activity gradually decreased to zero between mid-exponential and late
stationary phase.

Figure 14. The rhs promoter P2 activity in S.tm. 14028 wild type and three regulatory mutants in InSPI2
was analysed on the cell level in a fluorescent reporter assay using a MACS flow cytometer instrument.
The number of cells that were counted for each sample is shown in the legend. The mutants behaved very
similarly to wild type.
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The rhs promoter P2-induced YFP expression was detected in S.tm. 14028
inside of macrophages
RAW 264.7 macrophages were infected with S.tm. 14028 carrying the P2 plasmid construct in
a second and more prestigious attempt to assess its activity in this environment. When
infected macrophages were analysed in a microscope YFP-expressing bacteria were detected
inside of the macrophages, suggesting that promoter P2 was active (Figure 15). However, this
could be an artefact of the long half-life of YFP (> 10 hours) and the fact that YFP was
already in the bacteria before the infection began. To test this a degradation tag could be
added to the YFP gene to mark it for degradation by proteases in the cell and thereby decrease
its half-life. Alternatively the YFP intensity of a single bacterium inside of the macrophage
could be compared with the YFP intensity of a single bacterium taken directly from an
overnight culture, but this would require a high-resolution instrument that can distinguish
single bacteria in the macrophage.
In an attempt to quantify YFP-expressing bacteria inside of macrophages these were infected
with bacteria that constitutively expressed BFP and carried the P2 plasmid construct. One
could then differentiate between bacteria that did or did not express YFP in the macrophage.
Infected macrophages were analysed one cell at a time by flow cytomery. The total
fluorescent intensities of macrophages were measured (Figure 16). From this analysis it looks
like there was one population of macrophages that only expressed BFP and not YFP (gate Q1),
which would suggest that promoter P2 was not active in these cells. However, the majority of
the infected macrophages did express both BFP and YFP (gate Q2) and the difference in BFP
intensity between the macrophages was presumably caused by the different number of
bacteria that were inside of them. More work remains to elucidate whether the detected
promoter P2 activity inside of macrophages was real or just an artefact.
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Macrophage nucleus

Macrophage
cytosol

S.tm. 14028
/ pEH167 P2
expressing YFP
inside of a
macrophage
Figure 15. RAW 264.7 macrophages were infected with S.tm. 14028 /pEH167 P2 and analysed in a
microscope. Macrophages were stained with DAPI (DNA stain to indicate nuclei) and CellMaskTm Deep Red
(Cell membrane stain to indicate cytosol). YFP expression was detected in the bacteria inside of macrophages.

Figure 16. RAW 264.7 macrophages infected with S.tm. 14028 galK::BFP-cat /pEH167 P2 were analysed
using a flow cytometer instrument. Q1=macrophages only expressing BFP, Q2=macrophages expressing both
BFP and YFP, Q3=macrophages only expressing YFP (should theoretically not be any), Q4=macrophages
expressing neither BFP nor YFP (non-infected).
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Mutants that had a down-regulated promoter P2 activity were sorted out
from the transposon mutagenesis libraries
There are bound to be several other regulators of promoter P2 activity. An unbiased attempt to
identify novel regulators was done through a transposon mutagenesis approach. Mutant
libraries in which the majority of S.tm. genes would have been altered were introduced into
S.tm. 14028 /pEH167 P2 and S.tm. LT2 /pEH167 P2. Mutants that had a promoter P2 activity
that deviated from wild type were sorted out in a FACS instrument, using S.tm. wild type
without the P2 vector as the lower threshold and S.tm. wild type carrying the vector P2
construct as the higher threshold. Three gates were set between the two thresholds,
corresponding to down-regulation of YFP expression, and one gate was set above the high
threshold, corresponding to up-regulation of YFP expression. The sorted cells (between 3000
and 180000 for different gates) were plated on LA-Kan-Tet to select for the plasmid and Tn10.
None of the sorted cells with up-regulated YFP expression grew on the plates. This could
either be caused by the technical difficulties of plating such a low amount of cells (~3000) or
possibly there is a biological explanation, i.e. these cells had an up-regulated expression of the
toxin, which could have made them grow poorly. More than 250 colonies were obtained for
mutants that had a down-regulated YFP-expression. Almost 200 of these clones were
reanalysed on the cell level to confirm their deviating YFP expression and they all had a
lower YFP expression compared to wild type (Figure 17). However, it still remains to be
found out whether this deviation is caused by transposons in regulator genes on the
chromosome or by spontaneous mutations in the plasmid that could affect the activity of the
promoter. Examples of mutations that could have such an effect are mutations that change the
promoter sequence or interfere with the segregation of the plasmid resulting in a lower copy
number. Mutations of the former kind would also be interesting to analyse since it would say
something about which rhs promoter sites that are important for regulation and those could
possibly be binding sites. A way to control the plasmid status of the different mutants would
be to move them back into wild type background and re-analyse the promoter P2 activity. If it
is similar to wild type then it indicates that the mutations causing the deviation in YFP
expression are located on the chromosome. The mutants could then be analysed by PCR and
sequencing to identify the exact location of the transposons. Interesting mutations could be
reconstructed to confirm the effect they have on promoter P2 activity.
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Figure 17. YFP expression of three S.tm. 14028 /pEH167 P2 mutants that were sorted out in different
gates in a FACS instrument were analysed in a MACS flow cytometer instrument. They all had a downregulated promoter P2 activity compared to S.tm. 14028 wild type that carried the P2 construct and had a higher
YFP expression compared to S.tm. 14028 wild type without the P2 construct.
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Discussion
The rhs loci are found in a range of bacteria and have been implicated in intercellular
competition mediated by a distinct form of CDI where the Rhs toxins are likely being
delivered to the target cells by T6SS (7, 11). Here we show for the first time that an internal
rhs transcript is expressed in bacteria. Since the full Rhs(main) is needed for delivery of the
toxin into neighbouring cells (9) the internal transcripts must have some other function in the
bacteria. It is tempting to believe that the toxin and immunity pairs could function as toxinantitoxin (TA) systems. TA systems located on the chromosome have in some bacteria been
shown to be involved in persister formation, virulence and colonization of new niches etc.
(21). In accordance with that, the P2 promoter was found to be up-regulated under infectionrelevant conditions. Whether promoter P2 is active inside of macrophages remains to be
explored further. One can speculate that a reduced metabolism and halted growth, which is
often the effect of TA systems, could benefit bacteria residing in the harsh environment that is
the inside of a macrophage.
Interestingly, the activity of promoter P2 appears to never be completely off in LB but the
level of expression varies. For most TA systems the toxin and antitoxin are transcribed
together and the expression is often negatively autoregulated by the binding of the antitoxin to
an operator sequence. Usually the toxin is more stable than the antitoxin and it is the ratio
between these two that determine the fate of the bacteria (21, 22). Since promoter P2 controls
the transcription of both the toxin gene and the immunity gene a variation in its activity would
influence the amounts of available toxin and immunity protein in the cell. The growth phases
of the bacteria appears to be one factor that regulates the expression level and the highest
promoter P2 activity in LB was found to be in late stationary phase. The activity of promoter
P2 was also found to be regulated by at least two known virulence factors, RpoS and HilD,
the former being a positive regulator and the latter being a negative regulator. This suggests
that the internal rhs expression is linked to specific stages of infection.
The cell level analysis of promoter P2 activity revealed heterogeneity within the population.
There were two subpopulations that showed a “high” and “low” expression pattern
respectively. Bacteria that are genetically identical can display different phenotypes as a bet
hedging strategy. This variation in gene expression can be caused by random fluctuation in
the levels of signalling molecules, making some individuals more tolerant to variations in the
environment, but at the cost of growing slower in the present milieu. For example
heterogeneity in expression of virulence genes in S.tm. has been implicated in persister
formation during antibiotic treatment (23).
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On a different note, no activity of promoter P1, corresponding to a full rhs(main) transcript,
was detected in any of the investigated conditions. However, this promoter was merely
hypothetical, since there is no current data on the exact location of the TSS of this transcript.
The transcriptomic data (Figure 2) did, however, not suggest expression of the full rhs(main)
transcript during infection-relevant conditions, suggesting that the internal and not full-length
expression is important during the infectious stages of the Salmonella life-style.
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Ethical Discussion
For any researcher it is important to think about how you process and present the data
produced in your experiments. Falsification of data is of course strictly forbidden and
although this may seem obvious there has been surprisingly many cases where researches
were revealed to have fiddled with data or to have made up fake results. Other ways of
mishandling your data are not as obviously wrong, but could still have great impact on the
results and conclusions drawn from them. Questions that I had to think about during my
master thesis project were: When is it okay to exclude part of your data, is it ever okay? How
can you make your data more credible? When can you say that your results are significant and
what does that really mean? Below I discuss how I dealt with these issues.

Technical replicates
In one of the assays, in which I investigated promoter activities, bacteria were grown in a 96well plate for 23 h in an automated instrument from TECAN and optical density at 600nm and
fluorescence intensity were measured at regular time points. From experience we knew that
the data produced in such assays in this instrument could be somewhat shaky. By using
several technical replicates I accounted for variations caused solely by the technique of the
method used. More specifically I used three technical replicates and if one of these three was
deviating from the other two then I removed it. If they all varied from each other I did not
remove any replicate because there was no way to say which values were more correct. I then
calculated mean values of the technical replicates. If I would have used two technical
replicates instead of three I would not have been able to exclude any of the replicates from my
analysis.

Biological replicates
When working with biological organisms, such as bacteria, you also need biological replicates
to account for natural variation between individuals. The more biological replicates you use
the more credible your results will be considered, and as a minimum you should use
duplicates. In this project I used three biological replicates as a standard and calculated mean
values of them.
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Student’s t-test and p-values
In one of the analyses in this project I compared the level of YFP expression in mutant strains
with the level of YFP expression in a wild type strain. To measure the significance of the
differences in YFP expression I used the Student’s t-test function in Excel (with settings twotails distribution and two-sample equal variance) and I considered a p-value < 0.05 to be
significant, since this is a commonly used threshold. However, it is important to remember
that a p-value does not represent the absolute truth, but rather it is a value of the probability
that two samples come from populations with the same mean values. The lower the p-value is,
the higher the significance of the difference between the two samples is. Another important
point is that depending on what type of t-test you use, such as a one-tails distribution versus a
two-tails distribution you change the meaning of the p-value. Different t-tests are better suited
in different situations.
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