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Abstract 

Salmonella is a common food-borne, intracellular pathogen that causes infections in animals 

and humans. During infection of the host, flagella serve as important virulence factors that 

enable the bacterium to reach the site of infection and adhere to the host-cell. Flagella are 

complex organelles, and their expression is organized by an intricate, regulatory network, 

governed by the transcription factor FlhDC. While the transcriptional regulation of flagellar 

genes in Salmonella is well described, there is little known about post-transcriptional 

mechanisms. The RNA binding protein ProQ was found to promote motility, but the molecular 

mode of action remained unclear. Recently, the small RNA FlgO was found to be a contributing 

genetic factor for ProQ-dependent flagellar gene expression. FlgO was hypothesized to base-

pair with the 5’untranslated region of the flhDC mRNA and thereby promote translation of the 

mRNA. As ProQ was positively affecting FlgO steady-state levels, I hypothesized that ProQ 

stabilizes or aids in processing of FlgO. Further, I investigated the effect of FlgO on translation 

of the flhDC mRNA. The results of this work showed that the stability and processing of FlgO 

is independent of ProQ, and in vitro binding assays showed no binding of ProQ to FlgO. 

However, the RNA binding protein Hfq was found to bind and stabilize FlgO. Further, I found 

that overexpression of FlgO increases flhDC mRNA translation and that this effect is 

independent of the small RNAs ArcZ, OmrA/B and OxyS, all of which are known to repress 

flhDC translation. The precise molecular mechanism of how FlgO stimulates translation of 

flhDC remains subject for future work.  
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List of abbreviations 

CIAP  Calf Intestinal Alkaline Phosphatase 

DMSO  Dimethyl sulfoxide 

E. coli  Escherichia coli 

EDTA  Ethylenediaminetetraacetic acid 

GFP   green fluorescent protein 

LA  Luria agar 

LB  Luria broth 

NaOAc Sodium acetate 

nt  nucleotides 

ON  overnight 

RBP  RNA binding protein 

RT  room temperature  

SDS  Sodium dodecyl sulfate 

sRNA  small non-coding RNA 

UTR  untranslated region 

Wt  Wildtype 
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Introduction 

The model organism: Salmonella enterica serovar Typhimurium 

Bacteria of the genus Salmonella are Gram-negative, rod-shaped, facultative anaerobic, and 

belong to the Enterobacteriaceae family. The genus contains two species, S. enterica and S. 

bongori which are characterized according to their serovars. Until today there are in total more 

than 2,500 serovars known (Tindall et al. 2005; Andino and Hanning 2015). As an intracellular 

pathogen, Salmonella infects and colonizes the gastrointestinal tract of both humans and 

animals, and depending on the serovar type, bacteria can be either transmitted from animal to 

human, or just between animals or humans, respectively (Thomson et al. 2008). In humans, the 

majority of infections are caused by the ingestion of contaminated food such as chicken or eggs 

(Andino and Hanning 2015). Even in industrial, developed states, Salmonella is one of the 

leading foodborne pathogens, causing outbreaks with high clinical costs each year (Andino and 

Hanning 2015). In the United States (US), Salmonella causes approximately 1.35 million 

infections per year, whereof roughly 26,500 require hospitalization and about 420 lead to death 

(“Questions and Answers | Salmonella | CDC” 2019) . One of the serovars most frequently 

found in outbreaks in the US is Salmonella enterica serovar Typhimurium (S. Typhimurium) 

(Andino and Hanning 2015). Typically, an infection with S. Typhimurium entails 

gastroenteritis characterized by diarrhea and inflammation in the intestine. Although the 

disease is often self-resolving within 5-7 days, the course of the disease can be more severe in 

immunocompromised patients, children, and the elderly (Coburn, Grassl, and Finlay 2007; 

Wen, Best, and Nourse 2017). As S. Typhimurium is subject of studies in medical and basic 

research, it has become a model organism for investigating bacterial life strategies and 

virulence regulation (Fàbrega and Vila 2013).  
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Post-transcriptional regulators: Small non-coding RNAs  

From the bacteria’s point of view, reaching the site of infection and colonizing the host is 

challenging. After entering the host orally, it is exposed to several changes in parameters such 

as temperature, pH, oxygen, and nutritional availability, it has to resist the host’s immune 

system and compete with already present microorganisms of the microbiota (Coburn, Grassl, 

and Finlay 2007). After reaching the site of infection in the intestine, Salmonella invades both 

epithelial cells and immune cells such as macrophages, within which they can survive and 

proliferate (Fields et al. 1986). Here again, the conditions within host cells are strikingly 

different from those in the intestinal lumen, and thus fast adaptation of the phenotype is 

required. Several regulatory factors that act at all gene expression regulatory levels 

(transcriptional, post-transcriptional and post-translational level) ensure that Salmonella can 

undergo these rapid changes. At the post-transcriptional level, the activity and stability of 

messenger RNA (mRNA) is largely controlled by small non-coding RNA molecules (sRNAs). 

sRNAs are present in all prokaryotes and typically have a length of 50 to 300 nucleotides 

(Boutet, Djerroud, and Perreault 2022). Only a few sRNAs in Salmonella are known to be 

constitutively expressed and thus their abundance in the cell is largely fluctuating, depending 

on when their regulatory activity is needed (Wagner and Romby 2015). Regulatory sRNAs are 

termed cis or trans, depending on where they are encoded in the DNA with respect to their 

target mRNA. Cis-encoded sRNAs are derived from the same locus as the mRNA target is 

expressed, but from the opposite DNA strand, and therefore share extensive complementarity 

to the target mRNA (Storz, Vogel, and Wassarman 2011). Trans-encoded sRNAs are 

transcribed from a different gene locus and therefore generally share less complementarity with 

the target (Gottesman 2005). sRNAs are involved in many different processes, such as 

regulation of metabolism, biofilm formation, and virulence gene expression (Wagner and 

Romby 2015). The modulation of expression is achieved in several ways. Many sRNAs base-
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pair with their target mRNA in a way that blocks the ribosome binding site (RBS), thereby 

hindering translation which subsequently leads to mRNA decay (Waters and Storz 2009; 

Fröhlich and Vogel 2009). Downregulation of expression can further be achieved via inhibition 

of translation initiation by binding to the upstream 5′-untranslated region (5’-UTR) far from 

the RBS (Darfeuille et al. 2007; Sharma et al. 2007), or via initiating mRNA decay without 

inhibition of translation initiation (Pfeiffer et al. 2009). sRNAs can also have a positive 

regulatory effect on gene expression, either by inhibiting mRNA degradation, or by binding to 

the 5’-UTR of an mRNA and thereby enhancing translation (Storz, Vogel, and Wassarman 

2011; Durand et al. 2017). In the latter case, the 5’UTR is folded in a way that inhibit translation 

initiation. The sRNA competes with this structural fold, and binding to the mRNA induces a 

structural change which makes the 5’UTR accessible to the ribosome. It will be part of this 

project to investigate this mechanism further. 

Mediator and controller: RNA-binding proteins 

In many cases, sRNAs function not on their own but require the interaction and control by 

RNA-binding proteins (RBPs) (Holmqvist and Vogel 2018a). RBPs have a large range of 

functions in the bacterial cell, ranging from functions as structural components, e.g. in the 

ribosome, to function in gene expression regulation (Holmqvist and Vogel 2018a). The RNA 

chaperone Hfq is a well described RBP which was discovered over 50 years ago and is known 

to be a global mRNA regulator. It mediates mainly interactions between trans-encoded sRNAs 

and their target mRNAs, and can thereby affect stability and translation of the targets (Vogel 

and Luisi 2011; Gorski, Vogel, and Doudna 2017). Hfq can act as stabilizing component for 

sRNAs, mediate cleavage of sRNA and mRNA, and promote polyadenylation of transcripts 

and thereby induce their degradation (Vogel and Luisi 2011; Updegrove, Zhang, and Storz 

2016). 
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Next to Hfq, there are also other, less well described proteins that regulate gene expression. A 

rather newly discovered RBP is ProQ. Up to its discovery, evidence had accumulated that there 

must exist more sRNA-mediating RBPs, since approximately half of all sRNAs in Salmonella 

and E. coli were not associated with any of the known sRNA-binding RBPs, and bacteria 

without homologues of these RPBs were obviously also capable of posttranscriptional control 

(Holmqvist et al. 2018a). Initially ProQ was described as a protein that specifically regulates 

uptake of the proline into the cell (Milner and Wood 1989; Kunte et al. 1999), but it is now 

considered to be global RBP (Smirnov et al. 2016). ProQ is ~25 kDa large and consists of a N-

terminal FinO-like domain, and a C-terminal Tudor-like domain, which are connected by a 

flexible linker (Smith et al. 2004; Gonzalez et al. 2017). The N-terminal domain is thought to 

be essential for RNA binding and regulation (Pandey et al. 2020), while the C-terminal domain 

seems to play a role in gene regulation (Rizvanovic et al. 2021). ProQ can interact with several 

hundred different RNA targets, and it is assumed that it recognizes its target rather by its 

structure than by sequence (Smirnov et al. 2016; Holmqvist et al. 2018a). ProQ is thought to 

be involved in the following gene expression regulatory mechanisms: I) protecting single 

mRNA from degradation, II) protect duplexed RNA against degradation, III) promoting 

repression of translation via a trans-encoded sRNA(Holmqvist, Berggren, and Rizvanovic 

2020). 

Bringing all pieces together: Regulation of Flagella gene expression  

S. Typhimurium has become an important model to study the interplay of RBPs and sRNA and 

the effects they have on gene expression regulation. In Salmonella it was suggested that ProQ 

plays an important role in virulence regulation, since mutants with a proQ deletion (ΔproQ), 

showed an attenuation in virulence (Westermann et al. 2019). Transcriptomic analyses found 

that the majority of genes that are involved in flagella assembly were downregulated in proQ 

deletion strains (Smirnov et al. 2016; Westermann et al. 2019). Flagella are helical appendages 
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on the outside of the bacterial cell and are used for locomotion. In Salmonella, flagella are 

expressed during the initial phase of the infection process and enable the bacterium to reach 

the site of invasion: the epithelial cells lining the inner surface of the intestinal tract (Jones, 

Lee, and Falkow 1992).  

The regulation of flagellar gene expression is rather complex and involves approximately 50-

60 genes (Kutsukake, Ohya, and Iino 1990). There are two main reasons why the flagellar 

regulation needs to be tightly controlled. First, flagella are very complex organelles. They are 

composed of tens of thousands of protein subunits, which makes them very costly for the cell 

to produce, and thus they should only be expressed under environmental conditions when they 

are beneficial to have. Second, for correct assembly of all the subunits, the gene expression 

must be temporally coordinated, so all components are present in the right time in right 

quantities in the cell (Chevance and Hughes 2008). The transcription of these genes is 

hierarchically organized and controlled by mainly three types of promoters (Karlinsey et al. 

2000). The class I promoter drives expression of FlhDC, a transcription factor and master 

regulator that directly or indirectly regulates downstream genes. Downstream of FlhDC are 

promoters of class II and class II-III whereof the latter is also controlled by the regulator FliA, 

which also acts on class III promoters (Das et al. 2018). These regulators act on further 

downstream located genes encoding the different segments of the flagellar pathway (for 

detailed summary see Das et al. 2018).  

The transcriptional control of flhDC in Salmonella is well described, but not much is known 

about regulation on the post-transcriptional level. There were five sRNAs discovered in 

Escherichia coli (E. coli), a close relative of Salmonella, that were involved in regulation of 

flhDC expression. Four of them, ArcZ, OmrA, OmrB and OxyS are negative regulators, while 

one of them, McaS, is a positive regulator of motility (De Lay and Gottesman 2012). While 

McaS is not encoded in the Salmonella genome, the four negative regulators are present. 
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Furthermore, recent work by Rizvanovic et al. (2021) suggested that the RBP ProQ might be 

involved in post-transcriptional regulation of motility. The majority of flagellar genes were 

observed to be downregulated in proQ deletion strains. The authors speculated that ProQ might 

affect the flhDC mRNA, because cross-linking experiments had identified this mRNA as a 

possible ProQ ligand, and promoters that are activated by FlhDC are downregulated in a proQ 

deletion strain, indicating that ProQ affects synthesis and/or activity of FlhDC (Holmqvist et 

al. 2018b; Rizvanovic et al. 2021). Ongoing studies have confirmed that ProQ acts downstream 

of flhDC transcription, since the activity of the flhDC promoter remained unaffected upon proQ 

deletion (Rizvanovic, unpublished). Genetic screening after using transposon mutagenesis 

further found the sRNA STnc840, here named FlgO, as a contributing factor for ProQ-

dependent activation of flagellar gene expression in Salmonella (Rizvanovic, unpublished). 

FlgO derives from the 3’UTR of flgKL mRNA (a class II-III flagella gene) through processing 

by RNase E (Chao et al. 2017b; 2012b). This sRNA is a very interesting candidate since 

crosslinking immunoprecipitation experiments indicated a ProQ-binding site in the sRNA, and 

FlgO steady-state levels were found to be lower in the absence of ProQ, raising the question if 

ProQ is involved in stabilizing this sRNA. Further, FlgO is predicted to base-pair with the 

5’UTR of flhDC mRNA and it is suggested that this interaction might release an intramolecular 

RNA secondary structure around the Shine-Dalgarno sequence of the mRNA, which leads to 

an increase in flhDC translation. 

Aims 

The aim of this study was to further explore how FlgO affects flhDC expression on the 

posttranscriptional level and the role of ProQ in controlling flagellar gene expression. 

Therefore, the following objects were to be investigated: 

I) The effect of ProQ on FlgO stability and processing, and the ability of ProQ to bind 

to FlgO. 
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II) The effect of FlgO on flhDC mRNA translation. 

III) The ability of FlgO to bind to the 5’UTR of flhDC mRNA. 

 

Material and Methods 

Growth conditions 

All strains used in this study are listed in Table 1 (s. Appendix). Bacterial cells were grown at 

37°C, shaking at 220 rpm under aerobic conditions, either in LB-medium, or in M9-minmal 

medium supplemented with glucose (0.004 %), thiamine (0.05 µg/mL) and histidine 

(0.004 %). When required, the following antibiotics were added to the medium: ampicillin 

(100 µg/ml), chloramphenicol (30 µg/ml), tetracycline (12.5 µg/ml), and kanamycin 

(50 µg/ml). For induction of the PBAD promoter different arabinose concentrations as noted in 

respective results part were added. 

Cloning 

All oligonucleotides and plasmids that were used in this thesis are listed in Table 2 and Table 

3, respectively (s. Appendix). Plasmids that were constructed during this project are pSOB003 

and pSOB005. All other plasmids were kindly provided by the Holmquist lab, and they were 

constructed as indicated in Table 3.  

The plasmids pSOB003 and pSOB005 contain the flgO gene with and without the upstream 

cleavage site under the PBAD promoter. For their construction, Salmonella SL1344 genomic 

DNA was amplified with the primers EHO-1886/1888 (flgO long) and EHO-1887/1888 (flgO 

short), respectively. The parental vector pBAD33 was linearized by PCR amplification with 

the primers EHO-1023/-1356 whereof the latter one also added an XbaI restriction site. The 

parental vector was then removed by DpnI (10 U/µL, Thermo Scientific™) digestion. The 

linearized vector products, and inserts (flgO long and flgO short) were digested with XbaI and 
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then ligated using T4 DNA ligase. The ligation products were transformed into chemically 

competent E. coli TOP10 cells (One Shot™ TOP10 Chemically Competent E. coli, 

Invitrogen™). Transformants were verified by PCR and Sanger sequencing. 

Plasmid extraction from E. coli strains 

Plasmid extraction was performed using the GeneJET Plasmid Miniprep Kit (Thermo 

Scientific™) according to the manufacturer’s guidelines. The kit is based on the following 

principle: i) an ON culture is pelleted by centrifugation, ii) the pellet is resuspended and 

bacteria are lysed iii) proteins, membranes, and chromosomal DNA is precipitated, but plasmid 

DNA stays in solution, iv) the soluble material is applied to a column with a silica membrane 

that binds DNA due the high salt conditions used, v) the DNA on the membrane is washed, and 

finally eluted in water or an elution buffer. 

Transformation via electroporation into Salmonella  

An overnight (ON) culture grown at 37°C was diluted 1:100 in 20 mL fresh LB media (with 

antibiotics added if required) and then grown at 37°C shaking at 220 rpm until OD600 0.5 was 

reached. The cultures were cooled down on ice for 10 min and then transferred to a 50 ml 

Falcon tube. After centrifugation at 4500 rpm, 4°C for 15 min, the medium was removed, and 

the pellet was resuspended in ice-cold sterile water. To remove all the remaining traces of 

medium, the cells were centrifuged and resuspended in water three times. After the last 

pelleting step, the pellet was resuspended in 500 µL water. 50 µl cells was mixed with 1 µl of 

purified plasmid and transferred to an electroporation cuvette. Electroporation was done with 

with the following settings: 2.5 kV, 200 Ohm, 25 μF. Thereafter 950 µl LB medium was added 

to the cuvette, mixed and then transferred to 2 ml Eppendorf tube. The cells were incubated for 

1.5 h at 37°C, shaking at 220 rmp. 100 µL cells were then plated on LA plates (with required 

antibiotics added) using glass beads. 
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PCR to generate flhD 5’UTR DNA templates for in vitro transcription 

To synthesize DNA molecules encoding the flhD 5’UTR, the plasmid DNA from pAR056 was 

amplified with the primer pair EHO-1839/ EHO-1840. Per 50 µL reaction, 10 µL 5X HF 

Phusion buffer (Thermo Scientific™), 1 µL dNTPs (10 mM each), 0.5 µL Phusion Polymerase 

(Thermo Scientific™), 2 µL primer mix (10 µM each) and 1 µL DNA template (10 ng/µL) was 

mixed on ice. The forward primer contained overhangs that added a T7 promoter sequence 

(gaaattaatacgactcactatagg). To achieve DNA concentrations that were high enough for in vitro 

transcription, the PCR reactions were performed as 4x 100 µL reactions that were pooled after 

amplifications. The following cycling conditions were used: initial denaturation at 98°C for 

30 sec and then 30 cycles of denaturing at 98°C for 20 sec, primer annealing at 57°C for 20 

sec, and elongation at 72°C for 60 sec, followed by a terminal elongation step at 72°C for 5 min. 

Afterwards the samples were cooled down to 4°C and then kept on ice or stored at -20°C. 

The PCR product quality was controlled by running 5 µL PCR product mixed with 1 µL 6X 

TriTrack DNA Loading Dye (Thermo Scientific™) on a 2 % agarose gel in 1X TAE (Tris-

acetate-EDTA) buffer at 100 V for 30 min. The remaining product was purified by using the 

GeneJET PCR Purification Kit (Thermo Scientific™) according to manufacturer’s instruction. 

The method is based on a spin column with a silica membrane, that binds the DNA, while 

primers, dNTPs, unincorporated nucleotides, enzymes, and salts are washed off.  

The concentration of the eluted DNA was measured using a NanodropÒ Microvolume 

Spectrophotometer (NanoDropÒ ND-1000 UV/VIS, Thermo ScientificÔ). 

Oligomer annealing to synthesize DNA templates for in vitro transcription 

Per reaction 20 µL 5X DNA annealing buffer, 5 µL forward and reverse primer (each 100 µM) 

were mixed with 70 µL sterile water, heated for 5 min at 95°C and slowly cooled down at RT 

for 45 min. 
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In vitro transcription 

The in vitro transcription was performed using the MEGAscript™ T7 Transcription Kit 

(Invitrogen™). Per 20 µL reaction, 2 µL 10X Reaction Buffer, DNA template (945 ng for flhD; 

2,200 ng for FlgO) and 2 µL of ATP, CTP, GTP and UTP solution, respectively, were 

assembled at room temperature (RT). After addition of 2 µL T7 Enzyme Mix, the mixture was 

incubated ON at 37°C. The next day, samples were treated with 1 µL TurboDNase and 

incubated for 30 min at 37°C. The RNA product was then purified by separating the sample on 

an 8 % polyacrylamide/8 M Urea gel in 1X TBE buffer. Before loading, samples were mixed 

1:1 with GLII native RNA loading buffer (0.025 % xylene cyanole, 0.025 % bromophenol blue, 

99.95 % formamide) and denatured for 3 min at 95°C. After running the gel at 400 V, 20 W, 

the gel was wrapped in plastic foil, the bands were visualized with UV shadowing and cut out 

of the gel. Per cut-out gel band, 500 µL RNA elution buffer (0.5 M NaOAc pH 5.4, 0.1 % SDS, 

0.01 M EDTA) was added and incubated shaking ON at 4°C. The next day, 500 µL of the 

eluted RNA were transferred to a Phase Lock GeI™ (PLG) tube (Eppendorf SE), 500 µL 

mixture of phenol, chloroform and isoamyl alcohol 25:24:1 (v/v) was added, and the solutions 

were mixed by gentle shaking. For phase separation the samples were centrifuged at 

13,000 rpm, for 12 min at RT. 400 µL of the upper phase was transferred to a new 2 mL 

Eppendorff tube, and 20 µL NaOAc, pH 5.2 and 1200 µL 99.5 % ethanol (ice-cold) were added. 

After mixing the solutions, the samples were incubated at -80°C for 30 min. Afterwards, the 

samples were pelleted by centrifugation at 13,000 rpm at 4°C for 30 min. The supernatant was 

discarded and 500 µL 80% ethanol was added. After centrifugation at 13,000 rpm at 4°C for 

10 min, the ethanol was carefully removed, and the pellet was dried at RT for 3 min. The pellet 

was resuspended in 50 µL sterile water at 65°C, 900 rpm shaking for 3 min. The RNA was 

then ready for further use or was stored at -20°C. Quantification of the RNA concentration was 
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done with the NanodropÒ Microvolume Spectrophotometer (NanoDropÒ ND-1000 UV/VIS, 

Thermo ScientificÔ) on a 10X dilution of the sample in sterile water.  

Dephosphorylation 

Per 20 µL reaction, 60 pmol DNA was incubated for 1 min at 95°C and then transferred to ice. 

2 µL 10X CIAP buffer (Invitrogen™) and 1 µL CIAP (20 U/µL, Invitrogen™) were added and 

the mixture was incubated for 30 min at 37°C. Then, the RNA was purified as following: water 

was added to a volume of 200 µL and the sample was transferred to a Phase Lock GeI™ (PLG) 

tube (Eppendorf SE). 200 µL mixture of phenol, chloroform and isoamyl alcohol 25:24:1 (v/v) 

was added, the content was mixed, and the samples were centrifuged for 10 min at 13,000 rpm. 

The upper phase was transferred to a new 2 mL Eppendorf tube. 1:10 volume of 3 M NaOAc 

(pH 5.2) and 3 volumes ice-cold 100 % ethanol were added. The samples were incubated for 

30 min at -80°C to allow precipitation. The precipitate was pelleted by centrifugation for 

30 min at 13,000 rpm at 4°C, washed with 80 % ethanol, centrifuged for 10 min at 13,000 rpm, 

4°C and all liquid was removed. The pellet was dried at room for 5 min at RT and resuspended 

in 30 µL sterile water at 65°C, 1000 rpm. Concentration was quantified using NanodropÒ 

Microvolume Spectrophotometer (NanoDropÒ ND-1000 UV/VIS, Thermo ScientificÔ). 

Radioactive ATP-Labelling 

For radioactive labelling of FlgO RNA, 5 pmol RNA was mixed with 10X buffer A (Thermo 

Scientific™), 1 µL T4 Polynucleotide Kinase (10 U/µL, Thermo Scientific™), 2 µL γ-32P-

ATP (10 µCi/µL) and sterile water up to 20 µL. The sample was incubated at 37°C for 30 min 

and then purified using an illustra MicroSpin G-50 Column (Cytiva) according to the 

manufacturer’s guidelines. The principle for purification is gel filtration. The columns contain 

a SephadexTM G-50 DNA grade resin. Molecules that are larger than the pores in the gel resin 
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cannot be accommodated and thus will be eluted first. Smaller molecules can enter the gel 

matrix which prolongs their migration through the column and thus will be eluted later.  

The labelling of Northern blotting probes was following the same protocol as stated above, the 

only difference was that 10 pmol oligonucleotides and 3 µL γ-32P-ATP (10 µCi/µL) were used 

per sample.  

EMSA 

Per reaction, 10 nM of 32P-5’ labelled in vitro transcribed FlgO RNA (synthesized as described 

above) was mixed with different concentrations (from 0.008 to 1 µM final concentration) of in 

vitro transcribed flhD 5’UTR RNA in 2X reaction buffer (1 M TrisHCl, pH 7.4, 5 M NaCl, 

100 mM MgCl2). If applicable purified Hfq or ProQ protein were added (provided by 

Holmqvist lab). Prior to mixing, the RNA was denatured at 95°C for 1 min and cooled down 

on ice for 2 min, before the reaction buffer was added. The mixed samples were incubated at 

37°C for 40 min. The samples were mixed with 6X native RNA loading buffer (54 %glycerol, 

0.04 % bromophenol diluted in 0.5X TBE) and separated in a native 8% polyacrylamide/0.5X 

TBE gel at room temperature, 200 V for 2 h. The gel was vacuum dried and radioactive signals 

were visualized with a Phosphorimager. 

Sample collection for Northern blot 

Cells from freeze stocks were streaked on LA plates, and after ON incubation at 37°C, 2 mL 

ON cultures were grown from single colonies. The ON cultures were diluted 1:100 in fresh LB 

media and incubated in the water bath at 37°C until an OD600 of 2.0 was reached. Arabinose 

was added (concentration depending on the experiment and will be stated in the respective 

experiment in the “results” section) and cells were grown for another 30 min. Arabinose was 

removed by centrifugation at 3270xg, RT for 25 min and resuspending of the pellet with fresh 
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LB media with 0.2 % glucose. Cells were then incubated again in the water bath at 37°C until 

all required samples were taken.  

Samples were collected before arabinose addition, 30 min after growth in presence of arabinose, 

and 5, 10, 15, 20, 25, 30, 40, 50 and 60 min after arabinose removal. For each sample, 1600 µL 

culture was mixed with 400 µL stop solution (95 % ethanol, 5 % phenol) and then snap-frozen 

in liquid nitrogen. Samples were stored at -80°C until RNA extraction. 

Total RNA extraction 

Samples were thawed on ice, and pelleted by centrifugation at 13,000 rpm for 10 min at 4°C. 

The pellets were resuspended in lysis buffer (TE buffer at pH 8.0 with 0.5 mg/ml lysozyme 

and 1% SDS). After incubation in the water bath at 65°C for 2 min, 1:10 volume of 3 M NaOAc, 

pH 5.2 and one volume of acidic phenol were added. After mixing, the samples were incubated 

at 65°C for 6 min, and centrifuged for 10 min at 13000 rpm, 4°C. The aqueous phase was 

transferred to a Phase Lock GeI™ (PLG) tube (Eppendorf SE). One volume of chloroform was 

added, the sample was mixed thoroughly and centrifuged for 15 min (RT). The aqueous phase 

was precipitated by the addition of three volumes of ethanol (ice-cold) and 1:20 volume of 3 

M NaOAc, pH 5.2, and incubated for 30 min at -80°C. After incubation, the sample was 

pelleted by 30 min centrifugation (4°C). The pellet was washed in 80 % ethanol and 

centrifuged for 10 min (4°C). After removal of ethanol, the pellet was dried for 2 min at room 

temperature and resuspended in 40 µL sterile water for 3 min at 65°C, shaking at 900 rpm. The 

concentration of the samples was quantified using NanodropÒ Microvolume 

Spectrophotometer (NanoDropÒ ND-1000 UV/VIS, Thermo ScientificÔ) and measuring a 

1:10 dilution of the sample in sterile water. The RNA quality was analyzed on a 1 % agarose 

gel. 
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Northern Blot 

Sequences for oligonucleotides used for detection of RNAs are listed in table Table 2. 

10 µg of RNA were diluted in denaturing GLII loading buffer, heated at 95°C for 4 min, cooled 

down on ice for 5 min and loaded on a denaturing gel (8 % polyacrylamide, 8 M urea, 1xTBE). 

After gel electrophoresis for approximately 2.5 hours at max. 380 V, 20 W. The RNA was then 

transferred from the gel to a nitrocellulose membrane (Hybond-XL, GE Healthcare). After UV-

crosslinking at 1200 mJ/cm2, the membranes were incubated in Church buffer (0,25 M Sodium 

Phosphate Buffer (pH 7.2), 1 mM EDTA, 0.07 % SDS) for 45 min at 42°C to block unspecific 

binding sites on the membrane. Radioactively 5′ end-labeled and denatured DNA probes were 

then added for hybridization. After ON incubation at 42°C, the membranes were washed twice 

in 1X SSC/0.1 % SDS and one time in 0.5X SSC/0.1 % SDS. The membrane was then dried, 

placed in plastic, and exposed to a phosphor screen. Radioactive signals were detected with a 

phosphorimager device (Typhoon FLA 7000, GE Healthcare). 

Bulk GFP measurements 

For bulk measurement of GFP from translational reporters, bacteria were grown ON to reach 

stationary phase. The next day, the cultures were diluted 1:100 in fresh M9 medium (antibiotics 

were added if required) and grown in 96-well plates (Costar®) for 16h at 37°C with shaking 

using a plate reader (Tecan infinite pro). The optical density (OD, 600 nm) and GFP 

fluorescence (excitation: 480 nm, emission 520 nm) were measured every 10 min.  

The acquired data were processed using MicrosoftÒ Excel 365. The background signals were 

subtracted from all measurements, average of technical replicates (two or three technical 

replicate per biological replicate) and subsequent average of biological replicates were 

calculated as well as standard deviation of biological replicates. Statistical significance was 

calculated using the formula “=ttest” with the parameters for two-tailed distribution and two-

sample unequal variance (heteroscedastic). 
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Results  

How is FlgO affected by ProQ? 

FlgO derives from the flgKL operon and is generated by RNase E cleavage shortly downstream 

of the flgL stop codon (Chao et al. 2012; 2017). A ProQ bindings site was predicted in the flgL 

3’UTR right up- and downstream of the Rnase E cleavage site, (Holmqvist et al. 2018b), and 

the levels of the FlgO were lower in a Salmonella ProQ deletion strain (∆proQ) and elevated 

when the deletion was complemented with ProQ expressed from a plasmid (Smirnov et al. 

2016). This suggested that ProQ might influence the stability and/or the processing of FlgO. 

Thus, this proposed idea had to be examined with more experimental data. 

To induce and stop FlgO expression and then monitor the FlgO decay over time, FlgO was 

cloned into a vector where it was placed under the control of the arabinose inducible PBAD 

promoter. This allowed to easily start and stop FlgO expression by adding and removing 

arabinose from the medium, respectively. In comparison to rifampicin treatment, which is a 

commonly used method to study RNA degradation, the controlled FlgO-induction via 

arabinose had the major advantage that only FlgO expression was affected. Rifampicin inhibits 

the RNA polymerase and thus stops all transcription, resulting in RNA degradation and 

eventual cell death. With the here applied method however, RNA degradation could not be 

misinterpreted as side-effect of a dying cell, and the decay could be watched over a longer time 

as the cells were kept alive. 

To investigate the processing of FlgO, one construct contained the upstream region with the 

RNase cleavage site (carried on plasmid pSOB003), while the other construct only consisted 

of the readily processed sRNA (carried on plasmid pSOB005). As the master regulator FlhDC 

activates chromosomal expression of the flagella gene flgKL (whereof FlgO derives), the 
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plasmid was transformed into a ∆flhDC strain where native production of FlgO is repressed. 

Plasmid-borne expression of FlgO was then compared to that of a ∆flhDC/∆proQ strain to 

determine the effect of ProQ on FlgO processing and stability. 

 

Figure 1 Northern blot: Arabinose-induced expression of FlgO.  FlgO expression from pSOB003 (FlgO with 
processing site under PBAD promotor). Negative control with ∆flhDC strain (no FlgO induction). Positive control 
with Wt for determining native FlgO levels. Added arabinose concentrations to ∆flhDC with pSOB003 stated in 
numbers above the columns. Northern blot probed with EHO-1795 (FlgO) and EHO-690 (5S rRNA) as loading 
control.  

In a pre-experiment, different concentrations of arabinose were applied to find out how much 

arabinose was needed to induce FlgO to levels resembling native expression. Therefore, the 

cells were grown until early stationary phase (OD600 of 2.0), and then different concentrations 

of arabinose (0.0002-0.02%) were added. After growing the cells for another 30 min in the 

presence of arabinose, samples were taken, total RNA was extracted and examined on a 

northern blot. Probing for FlgO (EHO-1795) confirmed that expression increased with 

increasing arabinose concentration and showed that an expression level equal to native, 
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chromosomal FlgO expression, was observed after induction with 0.001% arabinose (s. Figure 

1). 

  

Figure 2 Northern blot: Impact of ProQ on processing and stability of FlgO  a. FlgO including processing 
site under arabinose inducible PBAD promoter expressed from vector pSOB003 in ∆flhDC and ∆flhDC/∆proQ 
background, respectively. Probed for FlgO (EHO-1795) and 5S rRNA (EHO-690) as loading control. B. FlgO 
under arabinose inducible PBAD promoter expressed from vector pSOB005 in ∆flhDC and ∆flhDC/∆proQ 
background, respectively. Probed for FlgO (EHO-1795) and 5S rRNA (EHO-690) as loading control. 

After the arabinose concentration for induction of native FlgO levels was determined, the 

∆flhDC and ∆flhDC/∆proQ strains with the FlgO-expression plasmids, were grown in LB 

media until early stationary phase (OD600 of 2.0). Then FlgO expression was induced by 

addition of 0.001% arabinose. After 30 min of FlgO induction, cells were washed to remove 

arabinose, and then grown for another 60 minutes, while samples were taken after 5, 10, 15, 

20, 30, 45 and 60 minutes to capture FlgO decay at this specific time point. Total RNA was 

extracted and then analyzed on a Northern blot probed for FlgO (Figure 2). Here, no difference 

in processing of FlgO between samples with or without ProQ could be seen (Figure 2 a). The 

absence of ProQ seems also not to impact the stability of FlgO, as the FlgO decay progresses 

similarly in both strains (Figure 2 a, b). Thus, the previously observed lower FlgO levels in a 

∆proQ strain was probably rather due to overall lower presence of the FlgO-precursor flgKL 

mRNA, caused by lower levels of the master regulator FlhDC presence. 

a b 
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Expression of FlgO from a plasmid increases flhD translation  

The flhDC 5’UTR is approximately 400 nt long and has four proposed transcriptional start sites 

(Kröger et al. 2012). To build a simple model that can quantify translation of the flhD mRNA, 

the flhD 5’UTR, including the start codon, was cloned in frame with gfp on the plasmid 

pAR056 (simplified scheme of construct: Figure 3 a). This translational reporter was expressed 

from a constitutive heterologous promoter. This plasmid was transformed into wild-type 

Salmonella. To investigate the effect of the FlgO on flhD mRNA translation, an overexpression 

plasmid containing FlgO was designed (pAR057) and then transformed into the strain 

containing the pflhD-gfp reporter plasmid. The cells were grown for 16 h while measuring 

growth (OD600) and GFP fluorescence with a TECAN microplate reader. Due to the 

translational reporter system, GFP increases with increased flhD translation. The ratio of 

fluorescence to growth (GFP/OD600) was taken as measure for flhD translation. GFP remains 

as a stable product in the cell, so the endpoint values (after 16 h) were taken to compare the 

different translation efficiency. In the presence of overexpressed FlgO, the fluorescence from 

the translational reporter was approximately two- to three-times higher, compared to the control 

that contained the empty vector backbone (s. Figure 3 b). 

  

a b 
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Figure 3 Translational reporter construct pflhD-gfp in the presence of overexpressed FlgO a. Scheme of the 
translational flhD-gfp reporter (figure made by Alisa Rizvanovic). B. Endpoint measurements of GFP/OD600 ratio 
in strains containing pflhD-gfp and the empty backbone of the FlgO-plasmid (pJV300) vs. pflhD-gfp in the 
presence overexpressed FlgO. Measurements included three biological and two technical replicates each. Error 
bars represent standard deviation. “*” show significant differences (p < 0.05) compared to wild type. Significance 
was determined by performing student’s t-test with the parameters: two-tailed distribution, two-sample unequal 
variance (heteroscedastic). 

Synthesis of flhD 5’UTR and FlgO RNA for in vitro binding assays 

The in vivo experiments indicated an increased flhD mRNA translation in the presence of 

overexpressed FlgO. Thus, it was to be examined under in vitro conditions whether the increase 

of flhD expression was caused by direct binding of FlgO to flhD. In silico structural analyses 

(performed and provided by Erik Holmqvist, unpublished) predicted a folding of the 5’UTR in 

which the upstream part of the 5’UTR covers the Shine-Dalgarno sequence (see Figure 4 a). 

Using the IntaRNA algorithm (Mann, Wright, and Backofen 2017), an interaction site 

consisting of seven, complementary nucleotides between FlgO and flhD 5’UTR was found 

(Figure 4 b). From there on, the complementarity was extended to the neighboring regions that 

might also be involved due to their sequence (see Figure 4 c). 

 

Figure 4 Predicted structural folding of the flhD 5’UTR and interaction with FlgO a. Predicted folding of 
the 5’UTR. b. Predicted interaction between FlgO sRNA and flhD 5’UTR by the IntaRNA algorithm. c. Extended 
complementarity of flhD 5’UTR and FlgO. 

c 

a b 
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To investigate the interaction between the flhD 5’UTR and FlgO under in vitro conditions, a 

105 nt long part of the flhD 5’UTR (hereafter referred to as flhD) was amplified via PCR from 

the flhD gene cloned into the vector pAR056. Respective primers are listed in Table 2. Note 

that the primers also contain an overhang to introduce a promoter sequence for the T7 RNA 

polymerase for later in vitro transcription. 

An attempt to amplify flgO DNA (75 nt) from the plasmid pAR057 by PCR failed. Unspecific 

binding of primers could be reduced only to a certain degree by adjusting the PCR conditions. 

The PCR was still resulting in low amounts of amplified DNA and contained unspecific 

byproducts. The DNA yield was further decreased during PCR product purification as the size 

of the desired product was close to the pore size of the used purification filter. Instead, long 

DNA oligomers (see Table 2) were annealed, and the product was directly used as template for 

in vitro transcription. The flhD DNA and flgO DNA were then transcribed into RNA by the 

addition of T7 RNA polymerase. The in vitro translation product was purified by denaturing 

acrylamide gel electrophoresis and gel extraction. FlgO RNA was dephosphorylated by calf 

intestine alkaline phosphatase and radioactively labelled with 32P -gamma-ATP. 

Interaction between the flhD 5’UTR and FlgO sRNA  

The proposed binding between the flhD 5’UTR and FlgO was investigated by electrophoretic 

mobility shift assays (EMSA). This method is based on electrophoretic separation. Molecules 

migrate through the gel in different speed based on their size and shape. Complexes are larger 

than single molecules, so if an interaction would occur the band of the complex would be 

expected on a different height (a so called “band-shift”). 

Radioactively labelled FlgO was mixed with increased concentrations of flhD RNA and 

incubated for 40 min. Afterwards, the samples were separated by size on a native 

polyacrylamide gel.  
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Figure 5 Electromobility shift assay (EMSA) with flhD 5’UTR and FlgO RNA a. Per lane, 10 nM of 32P-5’ 
labelled in vitro transcribed FlgO RNA, was mixed with different concentrations (from 0.008 to 1 µM final 
concentration) of in vitro transcribed flhD 5’UTR RNA.  B. Per lane, 10 nM of 32P-5’ labelled in vitro transcribed 
FlgO RNA, was mixed with different concentrations (from 0.008 to 1 µM final concentration) of in vitro 
transcribed flhD 5’UTR RNA and/or 50 nm purified Hfq protein. 

The EMSA did not show binding between FlgO and flhD within the range of tested 

concentrations 0.008 µM – 1 µM (Figure 5 a).  

The RBP Hfq is known to facilitate interactions between mRNA and sRNA and FlgO is 

predicted to have a Hfq-binding site (Holmqvist et al. 2016). Thus, it was tested whether the 

addition of 50 nm purified Hfq protein could facilitate interaction between flhD and FlgO. The 

EMSA showed that FlgO could bind to Hfq. However, the addition of flhD RNA led to FlgO 

being titrated off Hfq (Figure 5 b). This suggests that FlgO and flhD 5’UTR bind to the same 

site at Hfq and thus compete for Hfq binding. 

Testing binding of FlgO to shorter flhD RNA molecules 

As there was no binding observed between the synthesized FlgO and flhD molecules under the 

tested conditions, the next idea was that the binding of FlgO to flhD might take place already 

during flhD transcription, so FlgO binds as soon the binding site at the 5’UTR exits the RNA 

polymerase. In this thought model, the binding would occur before flhD can form any internal 

a b 
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structures which would otherwise cover up the FlgO binding site. Thus, a 75 nt (named 

flhD_short) and a 96 nt (flhD_open) were synthesized by long oligomer polymerization and 

subsequent in vitro transcription (scheme of length and sequence, s. Figure 6 a). However, 

neither flhD_short nor flhD_open were observed to bind to FlgO (Figure 6 b). It was also tested 

whether flhD_short could bind to FlgO in the presence of Hfq or ProQ, but again no binding 

was seen (Figure 6 c). To check, whether the absence of interaction was due to internal folds 

that could up the respective binding site, it was tested whether FlgO and flhD_short could be 

annealed by mixing both RNAs, heating the mixture to denature secondary structures and then 

slowly cool down the samples to enable binding. However, even for this sample, there was no 

band shift (s. Figure 6 c, last lane).  

Since no direct interaction between FlgO and flhD 5’UTR could be seen under the tested 

conditions, it is possible that the in vitro conditions do not resemble the in vivo conditions and 

thus RNA molecules fold and interact differently under in vivo conditions. As stated, I did not 

use the complete flhD 5’UTR (which would be around 400 nt long), as this would be too long 

to use it in an EMSA. The folding, and binding of Hfq to the flhD 5’UTR might be completely 

different in the cell. Further, the binding of FlgO could happen co-transcriptional, and that I 

was not able to picture this dynamic of binding with the here synthesized molecules. Another 

reason might be, that there is in fact no direct interaction and instead there is an additional 

regulatory factor mediating the effect of FlgO on the translation of flhD.  
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Figure 6 Electromobility shift assay (EMSA) with flhD 5’UTR_short/_open and FlgO RNA a. Shorter 
versions of flhD 5’UTR called flhD_open and flhD_short. Arrows indicating where the respective construct ends, 
in comparison to the originally used flhD 5’UTR RNA. B. Per lane, 10 nM of 32P-5’ labelled in vitro transcribed 
FlgO RNA, was mixed with different concentrations (from 0.008 to 1 µM final concentration) of in vitro 
transcribed flhD_open or flhD_short RNA. C. Per lane, 10 nM of 32P-5’ labelled in vitro transcribed FlgO RNA, 
was mixed with different concentrations (of in vitro transcribed flhD_short RNA numbers indicating µmolar 
concentration of respective RNA) with added purified Hfq protein (50 nm) or purified ProQ protein (250 nm). 
For annealing of FlgO and flhD_short where mixed and denatured at 95°C and then slowly cooled down to allow 
refolding and binding. 

Whichever reason there is– in summary: the performed in vitro binding assays did not support 

the hypothesis of FlgO binding directly to the proposed binding site on the flhD 5’UTR. Thus, 

more in vivo tests were necessary to consolidate  

1) if there were further sRNAs required for FlgO-dependent flhD activation, 

2) the proposed flhD 5’UTR internal structure opening leading to increase translation, 

3) the direct binding of FlgO to flhD 5’UTR. 

c 

a 

b 
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Investigating the possible requirement of additional sRNAs for FlgO-dependent 

activation of flhD translation 

The in vitro binding experiments could not show direct binding of FlgO to flhD. Thus, the 

observed translation activation might be due to indirect, and not via a direct interaction of FlgO 

with flhD 5’UTR. It was proposed that there might be an additional regulatory sRNA that 

functions as a linker for the signaling between FlgO and flhD translation. 

 

Figure 7 Northern blot: Presence of sRNAs ArcZ, OmrB and OxyS at different FlgO expression levels FlgO 
expression from pSOB003 (FlgO with processing site under PBAD promotor). Negative control with ∆flhDC strain 
(no FlgO induction). Positive control with Wt for determining native FlgO levels. Added arabinose concentrations 
to ∆flhDC with pSOB003 stated in numbers above the columns. Northern blot probed with EHO-1795 (FlgO), 
EHO-923 (ArcZ), EHO-1908 (OmrB), EHO-1909 (OxyS) and EHO-690 (5S rRNA) as loading control. 

It was hypothesized that the presence of this sRNA would most likely be FlgO-dependent. 

Therefore, it had to be searched for sRNAs, which’s abundance would significantly change 

upon FlgO overexpression. The Northern blotting membrane from experiment with FlgO 

induction by different arabinose concentrations (Figure 1) was used to probe for sRNAs that 

are known to be involved in flagellar regulation.  
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From E. coli it is known that the sRNAs ArcZ, OmrA, OmrB and OxyS inhibit FlhD translation 

(De Lay and Gottesman 2012). They are also present in Salmonella. Therefore, these were the 

sRNAs that was probed for (s. Figure 7). The probe for OmrA (EHO-1907) did not yield any 

signal and is therefore not shown. While ArcZ and OxyS levels were not altered in the different 

samples, the OmrB levels were observed to decrease with increasing FlgO levels. 

FlgO-dependent activation of flhD translation is independent of ArcZ, OxyS, OmrAB 

To test whether the FlgO-dependent flhD translation is dependent on the sRNAs ArcZ, OmrA, 

OmrB and OxyS, a GFP reporter assay in sRNA deletion strains was performed. The same 

plasmids, pAR056 carrying pflhD-gfp under a constitutive, heterologous promotor, and the 

plasmid that overexpresses FlgO (pAR057), were transformed into strains with chromosomal 

deletions of either ArcZ (∆arcZ), OmrA and OmrB (∆omrAB) or OxyS (∆oxyS). Although, 

changes in abundance in a FlgO-dependent manner where only observed for OmrB (Figure 7), 

all four sRNAs where tested, as it was easy to include all of them in the assay.  

Compared to the control that contained the empty vector backbone of the FlgO overexpression 

vector (pJV300), the flhD translation activation was possible in all sRNA deletion strains 

(Figure 8), indicating, that they are not the key element in regulating the FlgO-dependent flhD 

translation activation. 
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Figure 8 FlgO-dependent pflhD-gfp translation activation in sRNA deletion strains. Endpoint measurements 
of GFP/OD600 ratio in Wt and sRNA chromosomal deletion strains containing pflhD-gfp and the empty backbone 
of the FlgO-plasmid (pJV300) vs. pflhD-gfp in the presence overexpressed FlgO. Measurements included three 
biological and two technical replicates each. Error bars represent standard deviation. “*” show significant 
differences (p < 0.05) compared to control plasmid pJV300. Significance was determined by performing student’s 
t-test with the parameters: two-tailed distribution, two-sample unequal variance (heteroscedastic). 

Internal structure of flhD à translation activation (GFP reporter assays with Wt/ 

Wt_long and mutants) 

A downside of the GFP-reporter assay was, that the overall GFP expression was rather low, 

resulting in low GFP signals above the background fluorescence. As only a very short part of 

the flhD 5’UTR is included in the pflhD-gfp construct, a second construct including additional 

115 nt upstream of the original construct (called “long”) was designed, to compare if this would 

result in a significant higher GFP expression. 

Further, it was to be investigated how the in silico model of an internal structure in flhD, 

covering up the ribosomal binding site (RBS) and thereby hindering translation (s. Figure 4), 

aligns with experimental in vivo data. Therefore, point mutations were introduced (s. Figure 
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9 a), that were predicted to disrupt the base pairing (M2-1 and M2-2) as well as compensatory 

mutation (M2 1+2) that carries both mutations and is therefore supposed to restore the base 

pairing and should therefore have the translation activation as the original pflhD-gfp (here 

called Wt). 

 

   

Figure 9 Impact of length and point mutations in the 5’UTR on flhD translation a. Point mutations M2-1 and 
M2-2 are proposed to impact the internal structure of flhD, M2-1+2 is proposed to restore base-pairing. B. 
Endpoint measurements of GFP/OD600 ratio in strains containing 5’UTR of the original length from pflhD-gfp or 
the extended 5’UTR fused to gfp (marked as “long”). These constructs were either carrying the Wt 5’UTR 
sequence or the respective mutation that was supposed to affect the internal folding. Measurements included three 
biological and three technical replicates each. Error bars represent standard deviation. Significance was 
determined by performing student’s t-test with the parameters: two-tailed distribution, two-sample unequal 
variance (heteroscedastic). NS= not statistically significant. 

a 

b 
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The GFP levels were not significantly elevated, when the longer version of the 5’UTR (samples 

marked with “long”) was used (Figure 9 b).  

Further, there was no significant difference in flhD translation activation caused by the point 

mutations M2-1 and M2-2 that were proposed to impair the structure. Although the M2-2 

mutant might result in higher translation activation, the standard deviation of all samples is 

high which results in overlapping error bars and thus making the results difficult to interpret. 

Either the mutations enable an alternative fold that still inhibits translation, or the folded 

structure differs strongly from the in silico predictions. 

Overexpressed FlgO enhances translation of both flhD Wt and M2 1+2 mutant 

As the comparison between the extended 5’UTR and the originally used one did not result in 

significant difference, I continued working with the original flhDC 5’UTR-gfp construct. 

Although it was unclear how the mutations M2-1 and M2-2 affected the internal structure of 

the flhD 5’UTR, the mutants were kept, to examine the proposed FlgO binding site. Further, a 

FlgO overexpression vector with mutations that were thought to affect the binding to the 

proposed binding site on flhD 5’UTR was used (referred to as “FlgO M2”). FlgO M2 carried 

mutations that were predicted to base pair with the compensatory mutant flhD M2 1+2 (Figure 

10 a).  

The pflhD-gfp translational reporter system was used to examine the effect of wildtype FlgO 

(referred to as “FlgO Wt”) and FlgO M2 on the translation activation. The FlgO overexpression 

plasmids were introduced into pflhD-gfp Wt and M2 1+2. If the FlgO binding site was as 

predicted, a higher translation activation would be expected for pflhD-gfp Wt with added FlgO 

Wt, and pflhD-gfp M2 1+2 with added FlgO M2.  
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Figure 10 Translation activation of pflhD-gfp Wt and M2 1+2 mutant by FlgO Wt and M2 a. Point mutation 
M2 in FlgO is predicted to bind to the compensatory flhD 5’UTR mutant M2 1+2. B. Endpoint measurements of 
GFP/OD600 ratio in strains containing pflhD-gfp Wt or M2 1+2. An overexpression plasmid with either FlgO Wt 
or FlgO M2 was added. Measurements included three biological and three technical replicates each. Error bars 
represent standard deviation. “*” show significant differences (p < 0.05) compared to wild type. Significance was 
determined by performing student’s t-test with the parameters: two-tailed distribution, two-sample unequal 
variance (heteroscedastic). NS= not statistically significant 

The results of this experiment showed an approximately five- to six-fold increase of translation 

activation of pflhD-gfp Wt with FlgO Wt (Figure 10 b). However, even with the FlgO M2, 

translation activation of the pflhD-gfp Wt was approximately four times higher than in the 

control without FlgO Wt. Activation of translation of the compensatory mutant M2 1+2 with 

FlgO Wt did still result in circa four- to six-fold increase, while translation upon addition of 

the M2 mutant resulted in a large range of no increase to six-fold increase (due to high standard 

deviation). 

Thus, these results show that mutations designed to impair or restore the predicted base-pairing 

do not abolish or re-gain activation of flhD translation. FlgO might not bind at all or somewhere 

else than predicted to the 5’UTR of flhD mRNA. Another possibility would be that the 

mutations in the FlgO sequence make the sRNA product less stable and are subsequently 

degraded which could explain why the FlgO Wt yielded in higher translation activation than 

M2, regardless of mutations in the flhD 5’UTR sequence.  
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To check whether mutations in FlgO effected stability of the sRNA, FlgO plasmids carrying 

point mutations were introduced into Wt Salmonella strains. The mutants M1 and M3 derived 

from previous studies from Rizvanovic, A. (unpublished) were provided by the Holmqvist lab. 

They contain the following changes: M1: single point mutation, changing position 54 from C 

to G; M3 changes in positions 53-55 from CCC to GGG. Further, Wt FlgO plasmids were 

transformed into ∆hfq and ∆proQ strains. It was known from previous experiments that FlgO 

was less stable in the absence of Hfq (Holmqvist, E., personal communication). Given the 

opportunity of conducting this experiment, it was also tested whether the previous observation 

that steady state levels of FlgO are not affected in a proQ deletion strain could be reproduced. 

All strains were grown until OD600 1.0 in M9 minimal media. Then samples were taken, total 

RNA was extracted and the levels of the respective FlgO mutants were analyzed by Northern 

blot (s. Figure 11). The results confirmed that FlgO is less stable in the absence of Hfq, while 

there was no decrease in stability in the proQ deletion strain. When comparing the steady-state 

levels of FlgO Wt with the mutants M1, M2 and M3, there was no difference, indicating that 

the mutations do not affect the stability of FlgO. Thus, the lower translation activation of pflhD-

gfp M2 1+2 cannot be explained with a low stability and thus lower abundance of the FlgO 

mutant M2. This suggests that the binding between flhD 5’UTR and FlgO occurs in a different 

way than how it was hypothesized initially, based on the in silico predictions. Thus, the 

mechanism of how FlgO increases flhD translation remains unclear. 
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Figure 11 Northern blot: Effect of point mutations in FlgO on steady-state-levels FlgO expression from 
pAR057 (Wt), pAR062 (M1), pAR063 (M3), pEH851 (M2). Strain genotype as stated in first row. Northern blot 
probed with EHO-1795 (FlgO) and EHO-690 (5S rRNA) as loading control. Read-through caused by transcription 
beyond the stop-codon on the pFlgO vector. 

 

Discussion 

Flagella are important virulence factors in Salmonella, as they enable motility and therewith 

movement from and to the site of infection (van Asten and van Dijk 2005). While the regulation 

of flagellar gene expression is well described on the transcriptional level, there is still much 

room for discovery of factors and pathways that allow regulation on the post-transcriptional 

level. 

In studies from Rizvanovic, A. (unpublished), the sRNA FlgO was found to partake in post-

transcriptional regulation of flagellar gene expression. FlgO is processed from the flagellar 

3’UTR of the flgKL  mRNA by RNase E cleavage (Chao et al. 2017b; 2012b). ProQ is assumed 

to interact with mRNA favorably by binding to their 3’UTR and there are two predicted ProQ 

binding sites directly up- and downstream of the FlgO processing site (Holmqvist et al. 2018b).  
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FlgO steady-state levels were found to be lower in proQ deletion strains, so it was hypothesized 

that ProQ was involved in processing of FlgO. It is known that Hfq can guide processing of 

sRNAs by RNase E (Chao et al. 2017b), so it was suggested that ProQ might have a similar 

function. Hypothetically, ProQ could direct the RNase E cleavage of the flgKL 3’UTR by 

covering up the parts up- and downstream of the cleavage site. The other hypothesis was that 

FlgO might be stabilized by ProQ, so the absence of ProQ would lead to subsequent 

degradation of FlgO. ProQ was for instance shown to have a stabilizing effect on cspE mRNA 

(Holmqvist et al. 2018b), so it was thought initially, that ProQ might effect FlgO in the same 

way. However, in this work I found that the processing of FlgO works independent from ProQ 

and that FlgO is not less stable in the absence of ProQ. Thus, the previously observed lower 

levels of FlgO in a ∆proQ strain are very likely an indirect effect of lower FlhDC activity in 

the ∆proQ strain, resulting in less flgKL mRNA and therefore also less FlgO. 

 

FlgO was found to be a factor that positively regulates flagellar gene expression on the post-

transcriptional level. The here applied translational reporter pflhD-gfp, yielded higher 

fluorescence levels when FlgO was expressed from an overexpression plasmid (Figure 3). This 

indicated that FlgO directly or indirectly promotes flhDC mRNA translation. Based on this 

observation, we hypothesized a model in which the flhDC 5’UTR folds in a secondary structure 

that blocks the ribosomal binding site. FlgO was suggested to compete with this structure 

through base-pair complementarity and binding, resulting in an opening of the fold which 

would enable the ribosome to bind to the flhDC 5’UTR and allow translation to proceed. This 

mechanism has been described for instance for the sRNAs ArcZ, DsrA and RprA, that were 

found to activate translation of rpoS mRNA by direct base-pairing with the 5’UTR and 

unfolding of an internal stem-loop structure that blocks the translation start site (Soper et al. 

2010).  
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However, when I tested the abilities of FlgO to bind to the flhD 5’UTR in vitro by performing 

electromobility shift assays (EMSA), there was no binding between the RNAs observed (Figure 

5 a). Neither the addition of ProQ nor of Hfq could facilitate interaction of the RNAs (Figure 

5 b). Of course, one has to bear in mind, that this shows only that binding under the tested in 

vitro conditions was not possible. The EMSAs were performed under buffer conditions that are 

considered as “native” but it is probably impossible to resemble exactly the conditions in the 

cell. The RNAs were tested in an isolated system, which does not resemble the cellular situation 

since mRNAs are assumed to be surrounded by a polysome (Noll 2008), and sRNAs (especially 

trans-encoded sRNAs as FlgO) are often accompanied by RBPs (Holmqvist and Vogel 2018b).  

It would have been possible to alter salt concentrations etc. in the native binding buffer to see 

whether there are conditions that allow binding. Another possible reason why no binding was 

observed, is that the binding might happen as a dynamic process during transcription of the 

mRNA. Here, shorter fragments were tested, that should resemble the flhD 5’UTR during 

transcription, so before the whole internal stem-loop could be formed. That no binding was 

observed with the shorter fragments, might be because even here secondary structure might 

form that exclude FlgO from binding. Maybe I did not use the right fragment length that would 

be needed for FlgO to bind. With every fragment length used, just a snapshot is pictured of 

what would happen in the cell during flhD 5’UTR transcription, so there might be still the 

possibility for direct binding between flhD 5’UTR and FlgO. However, the fact that the RNAs 

did not align upon denaturing and re-annealing, might be an indication that there might be no 

binding at the proposed sites. 

Overall, it was more promising to go back to the in vivo translational reporter model and test if 

translation activation could be impacted by point mutations in the predicted binding sites of 

FlgO and flhD 5’UTR. The results of these mutational studies did on the one hand not clearly 

support the idea of FlgO binding directly to the predicted binding site but are on the other hand 
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also hard to interpretate due to the high variation in the measured fluorescence (Figure 10). 

Thus, the experiment should be repeated with more replicates to reduce the variation. 

There was further the suggestion that the signaling between FlgO and flhD might be indirect 

and that there could be another factor involved, such as an inhibitory sRNA. The sRNAs ArcZ, 

OmrA/B, and OxyS are known to negatively affect flagellar gene expression by a post-

transcriptional mechanism and are predicted to base-pair with the flhDC 5′ UTR (De Lay and 

Gottesman 2012). Although, my brief investigations found that the translation enhancing effect 

of FlgO is independent of ArcZ, OmrA/B or OxyS (Figure 8), there might be many more 

sRNAs involved in motility regulation in Salmonella that are waiting for their discovery and 

for their function to be fully elucidated (De Lay and Gottesman 2012; Romilly et al. 2020; Bak 

et al. 2015). Although closely related, Salmonella and E. coli do not share complete sequence 

identity of all their sRNAs and there are sRNAs in E. coli that are not encoded in Salmonella, 

such as McaS (Rizvanovic, A., unpublished).  

A general problem of the here performed in vivo translational reporter assays was that the 

fluorescence levels were very low above background, which resulted in high error bars and 

made it difficult to interpret results. Therefore, the experiments should not only be repeated 

with more technical and biological replicates, to allow a better statistical evaluation, but another 

important part of future work should be to design a better reporter system.  

While being very likely ProQ-independent, FlgO seems to depend on the RBP Hfq, as it was 

documented in this work that the steady-state levels of FlgO are lower in a ∆hfq strain (Figure 

11). It is known that Hfq affects sRNA stability (Sledjeski, Whitman, and Zhang 2001; Møller 

et al. 2002; Massé, Escorcia, and Gottesman 2003). Interesting to know would be though, 

whether Hfq contributes only to stabilization of FlgO, or whether Hfq is also involved in 

processing of FlgO by directing RNase E cleavage. Thus, it would be worth to test the 
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expression of unprocessed FlgO in a ∆hfq strain and observe the processing of FlgO on a 

Northern blot.  

FlgO overexpression in a hfq deletion strain showed no effect on translation activation of pflhd-

gfp (Holmqvist, E., personal communication). FlgO is less stable in the absence of Hfq, but as 

we know that the amounts of FlgO from the overexpression plasmid were still visible in the 

Northern blot (Figure 11), it is rather unlikely that the loss of function in the ∆hfq strain is 

solely due to faster FlgO degradation. This made me wonder whether it might be Hfq that is 

negatively affecting translation of flhD, and if FlgO is needed to abrogate this negative effect. 

If Hfq would be the inhibitor of translation, it would explain why there is no translation increase 

upon FlgO overexpression in the ∆hfq strain. 

It is assumed that Hfq can repress translation even in the absence of regulating sRNA: Hfq was 

described to compete with the ribosome for the RBS, and in another case it was found that Hfq 

binds upstream of the RBS and restructures the 5’UTR in a way that makes the RBS 

inaccessible (Vytvytska et al. 2000; Chen and Gottesman 2017). It is thus thinkable that Hfq 

binds to the flhD 5’UTR, covers the Shine-Dalgarno sequence or promotes a fold of the 5’UTR 

that hinders the ribosome in translation. My EMSAs showed that FlgO is able to titrate flhD 

mRNA away from Hfq (Figure 5 b, Figure 6 b). FlgO seems to compete with the flhD 5’UTR 

for the same binding site on Hfq. FlgO might thus be able to remove the translation inhibiting 

Hfq from the flhD 5’UTR and thereby promote translation. The problem with this theory is 

however the specificity of this action. Many sRNAs can bind to Hfq, so how could it be ensured 

that only FlgO could titrate Hfq away from flhD but not any other sRNA of high abundance? 

And even if it would be an unspecific interaction and just a matter of dose- would the high 

abundance of a certain sRNA then not also cause other mRNA-/sRNA-Hfq complexes to 

dissociate? This seems to be a very chaotic scenario for a finely tuned gene regulation. Maybe 

compartmentalization could be the solution: if the concentration of FlgO would only increase 
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locally, other Hfq-sRNA/-mRNA complexes would not necessarily be affected. Further, it is 

assumed that sRNAs have different affinities for binding to Hfq (Moon and Gottesman 2011). 

This might have also been observed in this work: the overexpression of FlgO led to lower levels 

of OmrB but had no effect on ArcZ and OxyS. All three sRNAs are Hfq-associated (Sittka et 

al. 2008; 2009). FlgO might have competed with OmrB for Hfq binding, leading to degradation 

of the free OmrB and thus resulted in a decrease of OmrB levels. Taken the aspects of local 

concentrations and different binding affinities into account- it is still not entirely convincing 

that this model would provide enough specificity, especially when the alternative model would 

involve specific base-pairing between an (unknown) inhibitory sRNA and flhD 5’UTR while 

Hfq just facilitates the binding and the stability of the complex. 

 

To conclude, this work showed that FlgO is independent of ProQ, but it’s stability (and maybe 

function) depends on Hfq. My data do not support the in silico predicted binding between FlgO 

and the flhD 5’UTR. The hypothesis that FlgO releases an internal fold in the flhD 5’UTR upon 

binding and thereby enables the ribosome to bind to the RBS and start translation has not clearly 

been proven. Future work should involve an optimization of the pflhD-gfp translational reporter 

system to make results of translation activation easier to interpret. For instance, a pflhD-lacZ 

fusion could be tested. Further, it would be interesting to determine the effect of Hfq on folding 

of flhD 5’UTR for example by structural probing (meaning enzymatic and chemical cleavage 

in presence and absence of Hfq) to investigate the hypothesis whereafter Hfq inhibits 

translation of flhD and to investigate how Hfq affects folding of the 5’UTR. Besides this, the 

idea of a repressing sRNA should be further investigated. Simple experiments to start with, 

could be deleting certain sRNAs and monitoring pflhD-gfp/-lacZ translation in the mutant 

strain with and without pFlgO. Another, more advanced experiment could be to express a 

tagged FlgO (e.g. using a MS2- tag), with subsequent affinity purification to find interaction 
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partners of FlgO. This method is described as MS2-TRAP (tagged RNA affinity purification) 

by Yoon, Srikantan, and Gorospe (2012) and has been popularized for bacterial sRNAs as 

“MAPS” by Carrier, Lalaouna, and Massé (2016). MAPS is described to be a powerful tool to 

detect all kinds of RNA:RNA (including mRNA, sRNAs or tRFs) (Carrier, Lalaouna, and 

Massé 2016). 

 

Altogether, more work is needed to understand in detail the effect of FlgO on flhD translation. 

This will contribute to a deeper understanding of flagellar gene regulation in Salmonella and 

expand the knowledge about sRNA-dependent posttranscriptional gene expression 

mechanisms in bacteria.  
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Appendix 

Table 1 Strains   
LA= Liis Andresen; AR= Alisa Rizvanovic; SOB= Sophie Baars; EH= Erik Holmqvist; 

EHS 
number 

Security Name and date Strain Specification Plasmids Marker 

EHS-2093 2 LA 2019.01.22 SL1344 ∆flhDC::FRT     

EHS-2154 2 AR 2019.04.01 SL1344 ∆flhDC::FRT/
∆proQ::FRT 

  

EHS-2773 2 LA 2020.10.08 SL1344 
 

pXG-0 CmR 

EHS-2962 2 AR 2021.03.09 SL1344 
 

pAR056 CmR 

EHS-3011 2 AR 2021.03.24 SL1344 
 

pAR056, 
pJV300 

CmR, AmpR 

EHS-3029 2 AR 2021.04.02 SL1344 
 

pAR056, 
pAR057 

CmR, AmpR 

EHS-3262 1 SOB 2021.10.28 TOP10 
 

pSOB003 CmR 

EHS-3264 1 SOB 2021.10.28 TOP10 
 

pSOB005 CmR 

EHS-3271 2 SOB 2021.11.09 SL1344 ∆flhDC::FRT pSOB003 CmR 

EHS-3272 2 SOB 2021.11.09 SL1344 ∆flhDC::FRT pSOB005 CmR 

EHS-3311 2 EH 2022.01.18 SL1344 ΔoxyS::KmR 
 

KmR 

EHS-3312 2 EH 2022.01.18 SL1344 ΔomrAB::Km
R 

 
KmR 

EHS-3314 2 EH 2022.01.18 SL1344 ΔarcZ:KmR 
 

KmR 

EHS-3355 2 SOB 2021.11.09 SL1344 ∆flhDC::FRT/
∆proQ::FRT 

pSOB003 CmR 

EHS-3356 2 SOB 2021.11.09 SL1344 ∆flhDC::FRT/
∆proQ::FRT 

pSOB005 CmR 

EHS-3376 2 SOB 2022.02.18 SL1344 ΔoxyS::KmR pAR056 CmR, KmR 

EHS-3377 2 SOB 2022.02.18 SL1344 ΔomrAB::Km
R 

pAR056 CmR, KmR 
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EHS-3378 2 SOB 2022.02.18 SL1344 ΔarcZ:KmR pAR056 CmR, KmR 

EHS-3385 2 SOB 2022.03.01 SL1344 ΔoxyS::KmR pAR056, 
pAR057 

KmR, CmR, 
Amp 

EHS-3386 2 SOB 2022.03.01 SL1344 ΔomrAB::Km
R 

pAR056, 
pAR057 

KmR, CmR, 
Amp 

EHS-3387 2 SOB 2022.03.01 SL1344 ΔarcZ:KmR pAR056, 
pAR057 

KmR, CmR, 
Amp 

EHS-3388 2 SOB 2022.03.01 SL1344 ΔoxyS::KmR pAR056, 
pJV300 

KmR, CmR, 
Amp 

EHS-3389 2 SOB 2022.03.01 SL1344 ΔomrAB::Km
R 

pAR056, 
pJV300 

KmR, CmR, 
Amp 

EHS-3390 2 SOB 2022.03.01 SL1344 ΔarcZ:KmR pAR056, 
pJV300 

KmR, CmR, 
Amp 

EHS-3391 2 SOB 2023.03.07 SL1344 
 

pEH847 Cm 

EHS-3392 2 SOB 2023.03.08 SL1344 
 

pEH848 Cm 

EHS-3393 2 SOB 2023.03.09 SL1344 
 

pEH852 Cm 

EHS-3394 2 SOB 2023.03.10 SL1344 
 

pEH845 Cm 

EHS-3395 2 SOB 2023.03.11 SL1344 
 

pEH849 Cm 

EHS-3396 2 SOB 2023.03.12 SL1344 
 

pEH850 Cm 

EHS-3397 2 SOB 2023.03.13 SL1344 
 

pEH854 Cm 

EHS-3406 2 SOB 2023.03.15 SL1344 
 

pAR056, 
pEH851 

Cm,Amp 

EHS-3407 2 SOB 2023.03.15 SL1344 
 

pEH852, 
pJV300 

Cm,Amp 

EHS-3408 2 SOB 2023.03.15 SL1344 
 

pEH852, 
pAR057 

Cm,Amp 

EHS-3409 2 SOB 2023.03.15 SL1344 
 

pEH852, 
pEH851 

Cm,Amp 

EHS-3426 2 SOB 2022.04.08 SL1344 
 

pAR056, 
pBAD-
TOPO 

Cm,Amp 
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EHS-3427 2 SOB 2022.04.08 SL1344 
 

pAR056, 
pJV764-42 

Cm,Amp 

EHS-3428 2 SOB 2022.04.08 SL1344 
 

pAR056, 
pKP23-5 

Cm,Amp 

EHS-3429 2 SOB 2022.04.08 SL1344 
 

pAR056, 
pKP25-13 

Cm,Amp 

EHS-3430 2 SOB 2022.04.08 SL1344 
 

pAR056, 
pKP4-13 

Cm,Amp 

EHS-3431 2 SOB 2022.04.08 SL1344   pAR056, 
pJS005 

Cm,Amp 

       

 

Table 2 Oligonucleotides 
NB= Northern Blot; Tm= melting temperature; fwd= forward; rev= reverse 

Name Comment Sequence (5'-3') Tm for 
PCR 

EHO-0690 5S probe for northern TACGGCGTTTCACTTCTGAGTTCGG 
 

EHO-0923 NB probe for STM ArcZ, 
same as JVO-4208 

GAATACTGCGCCAACACCAG 
 

EHO-0998 Fwd for colony PCR on 
PBAD33-FlgO 

TAAGATTAGCGGATCCTACCTGACG 59 

EHO-1006 Fwd for amplification of 
pLlacO-C from pZE12-luc, 
NsiI site 

GTTTTTATGCATGTGCCACCTGACGTC
TAAGAAAC 

59 

EHO-1023 Fwd for linerizing pBAD 
plasmid for FlgO cloning 

TGGAGAAACAGTAGAGAGTTGCGA 58 

EHO-1122  Rev for pBAD CGGCGGATTTGTCCTACT 58 

EHO-1356 Fw for pBAD33 
amplification, adds XbaI 
restriction site 

atatatctagaagattaaatcagaacgcaga 58 

EHO-1795 Northern blot probe for 
SL1344 STnc840 sRNA  
(from Chao et al 2012, 
EMBO Jr) 

TCCAGTTTCGTGATATGTTTCA 
 

EHO-1837 Fwd for T7-flgO (SL1344) gaaattaatacgactcactataggTTTTTGAAACAT
ATCACGAA 

55 

EHO-1838 Rev for T7-flgO (SL1344) AAAAAAATGCCCGCG  56  

EHO-1839 Fwd for T7-flhD_5UTR 
(SL1344) 

gaaattaatacgactcactataggATGCATTTGACC
TTTTTGC 

58 

EHO-1840 Rev for T7-flhD_5UTR 
(SL1344) 

CATTGTTCCCATCCAGAAT  58  

EHO-1878 Fwd for generating T7-flgO 
DNA template for in vitro 
transcription, anneal with 
EHO-1879 

gaaattaatacgactcactataggTTTTTGAAACAT
ATCACGAAACTGGATATGTTTTGTCT
GCCCGCGCCATCCACCCCGGCGCGGG
CATTTTTTTT 
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EHO-1879 Rev for generating T7-flgO 
DNA template for in vitro 
transcription, anneal with 
EHO-1878 

AAAAAAAATGCCCGCGCCGGGGTGG
ATGGCGCGGGCAGACAAAACATATC
CAGTTTCGTGATATGTTTCAAAAAcctat
agtgagtcgtattaatttc 

 

EHO-1886 Fwd for cloning SL1344 
flgO in pBAD33 
(blunt/XbaI), including 137 
bp uppstream RNase E 
processing site, 5-
monophospate 

P-TGAGCAACCTGGTAGATG 59 

EHO-1887 Fwd for cloning SL1344 
flgO in pBAD33 
(blunt/XbaI), starts at RNase 
E processing site, 5-
monophospate 

P-TTTTTGAAACATATCACGAAACTG 60 

EHO-1888 Rev for cloning SL1344 flgO 
in pBAD333, starts 63 bp 
downstream of flgO 3'end, 
XbaI site 

GTTTTTCTAGAGATAATACGTACGGA
TGGC 

58 

EHO-1898 Fwd for T7-flhD-short for in 
vitro transcription template, 
anneal to EHO-1899 

gaaattaatacgactcactataggATGCATTTGACC
TTTTTGCTTCTTTTACCGGGCCTTCCC
GGCGACATCACGGGGTGCGGCTACGT
CGCACAAAAA 

 

EHO-1899 Rev for T7-flhD-short for in 
vitro transcription template, 
anneal to EHO-1898 

TTTTTGTGCGACGTAGCCGCACCCCG
TGATGTCGCCGGGAAGGCCCGGTAAA
AGAAGCAAAAAGGTCAAATGCATcctat
agtgagtcgtattaatttc 

 

EHO-1900 Fwd for T7-flhD-open for in 
vitro transcription template, 
anneal to EHO-1901 

gaaattaatacgactcactataggATGCATTTGACC
TTTTTGCTTCTTTTACCGGGCCTTCCC
GGCGACATCACGGGGTGCGGCTACGT
CGCACAAAAATAAAGTTGGTTATTAA
AAATG 

 

EHO-1901 Rev for T7-flhD-open for in 
vitro transcription template, 
anneal to EHO-1900 

CATTTTTAATAACCAACTTTATTTTTG
TGCGACGTAGCCGCACCCCGTGATGT
CGCCGGGAAGGCCCGGTAAAAGAAG
CAAAAAGGTCAAATGCATcctatagtgagtc
gtattaatttc 

 

 

Table 3 Plasmids 
AR= Alisa Rizvanovic; SOB= Sophie Baars; EH= Erik Holmqvist; 

Number Name and date Marker Comment / Source 

pAR056 AR 2021.03.05 CmR flhD 5'UTR constructed by DNA annealing (EHO-1759/1760) 
followed by ligation into NheI and NsiI cleaved pXG10-SF  

pAR057 AR 2021.03.06 AmpR FlgO/STnc840 sRNA constructed by DNA annealing (EHO-
1761/1762) followed by ligation into BglII and XbaI cleaved 
pZE12-luc (first amplified with EHO-1007/PLlacO-B) 

pBAD33 provided by 
Holmqvist lab 

CmR 
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pEH845 EH 2022.01.19 CmR SL1344 flhD 5'UTR (212 bp upstream start codon + start codon, 
EHO-1905/-1906) cloned in frame with GFP on pXG10-SF using 
NsiI and NheI, clone 1 

pEH847 EH 2022.02.02 CmR pAR056 mutant (EHO-1910/-1911), nucleotides -51:G and -52:G 
upstream flhD start codon changed to CC, clone 2 

pEH848 EH 2022.02.02 CmR pAR056 mutant (EHO-1912/-1913), nucleotides -12:T and -13:C 
upstream flhD start codon changed to GG, clone 1 

pEH849 EH 2022.02.02 CmR pEH845 mutant (EHO-1910/-1911), nucleotides -51:G and -52:G 
upstream flhD start codon changed to CC, clone 2 

pEH850 EH 2022.02.02 CmR pEH845 mutant (EHO-1912/-1913), nucleotides -12:T and -13:C 
upstream flhD start codon changed to GG, clone 1 

pEH851 EH 2022.02.02 AmpR pAR057 mutant (EHO-1914/-1915), nucleotides 57:C and 58:C in 
flgO changed to GG, clone 1 

pEH852 EH 2022.03.01 CmR pAR056 double mutant (EHO-1910/-1911 and EHO-1912/-1913), 
nucleotides -51G:C, -52G:C, 12T:G, -13C:G, clone 1 

pEH854 EH 2022.03.01 CmR pEH845 double mutant (EHO-1910/-1911 and EHO-1912/-1913), 
nucleotides -51G:C, -52G:C, 12T:G, -13C:G, clone 1 

pJV300 provided by 
Holmqvist lab 

AmpR pZE12-luc based control plasmid, -1 site religated to second 
position of XbaI site, destroys XbaI site (colE1, Amp), PLlacO 
promoter reads into rrnB terminator 

pSOB003 SOB 
2021.10.28 

CmR SL1344 flgKL 3' end (EHO-1886/-1888) inserted into linearized 
pBAD33 (EHO-XXX/-XXX), blunt/XbaI 

pSOB005 SOB 
2021.10.28 

CmR SL1344 flgKL 3' end (EHO-1887/-1888) inserted into linearized 
pBAD33 (EHO-XXX/-XXX), blunt/XbaI 

 


