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1 Abstract 

Bacterial infections are a major public health problem worldwide. Over the years, multi-drug resistant 

(MDR) pathogens emergence combined with approval absence of new antibiotics in clinics has resulted 

in untreatable infections. Thus, routine medical procedure constitutes a risk of infection for patients. 

Therefore, it is crucial to identify novel strategies to efficiently and effectively combat bacterial 

pathogens. 

 

In vitro, it is challenging to reproduce the microenvironment that pathogens encounter in vivo. 

Consequently, important stress conditions are omitted, decreasing the ability to identify relevant 

inhibitor targets. The host immune response largely focuses on the pathogen envelope that constitutes 

the first line of defense for pathogens and a strong physical barrier. Pathogens possess several 

envelope stress response systems that enable an adapted response to host attacks, ensuring survival 

and growth. Inhibiting these systems may enhance host immunity and provide efficient infection 

control. The extracytoplasmic stress response factor sigma E (E), encoded by rpoE, is crucial for the 

virulence of several pathogens, including Salmonella. E regulates expression of more than 100 genes, 

including those that encode proteases, chaperones, and sRNAs to maintain envelope homeostasis. 

However, it remains unclear which E-regulated gene(s) is (are) critical for in vivo fitness. Here, we 

used an unbiased approach to identify target mutations that restore ∆rpoE survival by using a 

transposon library screen. While the parental strain ∆rpoE was cleared from infected mice, several 

transposon mutants with inactivated ompC survived, indicating partial fitness rescue. Clean mutations 

(i.e., ∆rpoE ∆ompC) reproduced the transposon effect, confirming the involvement of OmpC in ∆rpoE 

survival. OmpC could be the entry pore for a toxic molecule whose damages require E-mediated 

repair. Or, OmpC itself could be or generate a cargo in the periplasm. Further studies are required to 

understand the exact underlying molecular mechanisms, but the effect of ompC deletion on ∆rpoE 

fitness is remarkable. Another in vivo screen of the transposon library identified pnp as a target 

mutation. pnp encodes a major regulator involved in mRNAs degradation and cold shock resistance. 

Truncated pnp, in combination with ∆rpoE ∆ompC, almost reached WT-like fitness. Surprisingly, in vivo 

proteomics data demonstrated few differences between WT and mutant bacteria. This suggests that 

Salmonella can bypass E by a few minor alterations mediated by ompC and pnp deletions. 

 
Collectively, we demonstrate that a small number of mutations can rescue the in vivo fitness of an 

avirulent regulatory mutant. Synergizing with host studies allows the identification of inhibitor targets 

that would not be found with our standard in vitro mimicking conditions. We therefore invalidated 
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rpoE as an inhibitor target. Our approach could be more widely used in the future to evaluate other 

major systems such as the master regulator phoP or the general stress response sigma factor rpoS 

before potential inhibitors reach the clinics. 
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2 Introduction 

 
2.1 Emergence and rise of multi-drug resistant (MDR) pathogens 

 
During his PhD in 1897, French physician Ernest Duchesne paved the way for antibiotic research by 

discovering that certain mold kill bacteria, but his work eventually was forgotten (1). Sir Alexander 

Fleming followed similar path in 1928 by identifying and extracting penicillin from Penicillium notatum 

fungus (2). The “Golden Age” of antibiotic discovery lasted from the 1940s to the 1960s (3,4). Doctors 

thought they had won the battle against bacterial infections. However, emergence of MDR pathogens 

has occurred in the past decades, posing serious problems during the routine medical interventions. 

In the meantime, the number of newly discovered and approved antibiotics by the U. S. Food and Drug 

Administration has decreased rapidly. Even more striking is the absence of new antibiotics class that 

reached the clinics since 1987 (5). 

 

The emergence of MDR pathogens is due to overuse and misuse of antibiotics by the human 

population, extensive utilization of antibiotics in livestock food, and use of pesticides in agriculture (6). 

Pathogens are naturally inclined to mutate their genome, but the mutation rate frequency increases 

with pressures such as antibiotics. Once exposed to antibiotics, some pathogens pool quickly acquires 

numerous mechanisms to subvert the effect of many antibiotics. Over the past few decades, the 

number of MDR pathogens has significantly increased. Additionally, pathogens acquire resistance 

against antibiotics that have not reached the clinics, such as fluoroquinolones (Figure 1). Extensively 

drug resistant (XDR) and pan drug resistant (PDR) pathogens have also emerged. MDR refers to the 

lack of susceptibility to at least one agent in three or more categories, XDR to only one in two 

categories, and PDR to all agents in all categories (7). The current resistance emergence problem 

occurs mainly in Gram-negative pathogens, but it is also seen in Gram-positive pathogens. Most 

nosocomial infections worldwide are caused by Enterococcus faecium, Staphylococcus aureus, 

Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter species, 

all of them constituting the well-known ESKAPE group (8,9). 

 

ESKAPE pathogens, among others, resist antibiotic effects by inactivating or alterating the drug, 

modifying the drug binding site, reducing intracellular drug accumulation by decreasing the membrane 

permeability or increasing efflux, or biofilm formation (10). Extrachromosomal plasmids allow rapid 

resistance transmission by horizontal gene transfer between unrelated bacteria (11). In developed 

countries, increasing numbers of infections that were previously controlled now again threaten 

 

 

6 



Introduction 

7 

 

 

 
hospital patients. In developing countries, problems arise from poor access to diagnosis and 

medication (12). Antimicrobial resistance is expected to cause 10 million deaths in 2050, which is 

higher than cancer-related fatalities. Thus, new treatment discovery is crucial for humanity and 

represents one of the most critical challenges of the century. 

 

 

Figure 1. MDR pathogen numbers increased while 
new antibiotic discoveries number decreased (www.gov.uk). 

 
 

 

2.2 Salmonella as a pathogen model, and BALB/c mice as an animal model 

 
To discover new strategies to efficiently fight bacterial pathogens, we selected the well-established 

pathogen Salmonella and the BALB/c mice model of infection (13). 

2.2.1 Salmonella as a pathogen model 

Salmonella are Gram-negative, facultatively intracellular pathogens, belonging to the 

Enterobacteriaceae family that includes Escherichia, Shigella, Yersinia, and Klebsiella. Due to a 

common ancestry with E. coli (14), Salmonella genetic manipulation and laboratory culture is 

straightforward, making them an excellent pathogen model. Highly reproducible results combined 

with a wide range of available techniques (Fluorescence-Activated Cell Sorting, microscopy, 

proteomics, transcriptomics, cell culture, macrophage killing assays, activity reporters) and extensive 

literature allow a solid understanding of the molecular mechanisms involved in host-Salmonella 

interactions. Salmonella enterica serovar Typhi (S. Typhi) is the causative agent of typhoid fever, a 

foodborne disease and life-threatening infection. As S. Typhi is a human-restricted pathogen, no 

practical model exists to study this systemic disease in humans. Indeed, humanized mouse models 

exist, but exhibit highly variable outcomes (15). Salmonella enterica serovar Typhimurium (S. 

Typhimurium) is responsible for typhoid-like fever in genetically susceptible mice. Since S. Typhi and 
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S. Typhimurium share 89% of coding sequences (16), S. Tyhimurium infection of genetically susceptible 

BALB/c mice provides a reliable, tractable and widely used model. 

2.2.2 The BALB/c mouse model 

BALB/c mice lack, among other genes, the NRAMP1 transporter (Natural Resistance Associated 

Macrophage Protein 1), which is essential for controlling Salmonella infection (17). Therefore, BALB/c 

mice cannot resist Salmonella Typhimurium infection as their immune system is unable to clear the 

pathogen. BALB/c mice are thus a commonly used and well-characterized animal model (18). 

Therefore, Salmonella pathogenesis can be investigated using a mouse model that mimics human 

infection with S. Typhi. 

Routes of infection (oral, intraperitoneal or intravenous) depend on the scientific questions and 

hypotheses formulated. Indeed, Salmonella infection results from consumption of contaminated food 

or water, and most of the bacteria is killed by the stomach acidity. However, the surviving pool 

generates a gut inflammation, invades gut M cells, and is engulfed by resident macrophages from the 

submucosa. Salmonella then reach the mesenteric lymph nodes and the bloodstream to invade deep 

organs such as the liver and spleen. There, pathogens can replicate in the so-called Salmonella- 

containing vacuole (SCV) within macrophages at a rate of 0.5 to 1.5 log a day. Therefore, the oral route 

of infection in the animal model represents the natural course. Unfortunately, variability exists 

between individual mouse due to a decreased control of the exact number of bacteria that reach the 

blood. Thus, larger study groups are required. 

In the laboratory, we use the intravenous route. The advantage of the intravenous infection is 

bypassing the gut, thus focusing on the systemic part of Salmonella infection. The intraperitoneal route 

is technically easier and should provide the same information as the intravenous route. The main 

difference is that Salmonella must cross the peritoneal barrier before reaching the blood. 

 

2.3 General strategy: synergize with the host defense 

 
Our approach consisted in confronting a mutant lacking an envelope stress response system – which 

exhibits weak in vitro phenotype – with the host immune response. Inhibiting such pathogen stress 

response might enhance host immunity to provide efficient infection control. 

2.3.1 Weak in vitro phenotype 

Certain gene mutations do not alter a pathogen’s ability to grow in vitro. For instance, rpoE, the gene 

which encodes the extracytoplasmic stress response factor and also the topic of this thesis, can be 

deleted with a few effects on Salmonella growth in vitro, especially at low pH and during stationary 

phase. Therefore, rpoE in vitro does not seem to be a satisfactory inhibitor target. However, Salmonella 
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confront few stresses in different laboratory media (LB, M9, MgMES), while intense and diverse 

stresses are encountered within a host (13). Thus, we must synergize rpoE inhibition with the host 

defense. 

 

Most of the host attacks are focused on the pathogen envelope which serves as a strong physical 

barrier. 

2.3.2 The pathogen envelope 

 

Figure 2. Gram-negative pathogen envelope adapted from (19). 
 
 

General organization (20) 

The envelope of Gram-negative bacteria contains two membranes that separate the aqueous 

periplasm: the asymmetric outer membrane (OM) and the inner membrane (IM). The OM is composed 

of a lipopolysaccharide (LPS) layer exposed to the environment, and a phospholipid layer facing the 

peptidoglycan (PG) layer. The LPS is constituted of lipid A, which serves as an anchor for the core 

polysaccharide, and a certain number of O-polysaccharide repeats. The PG is composed of a unique 

polysaccharide with repeating N-acetyl-glucosamine and N-acetyl-muramic acid moieties. The PG 

possesses vital structural properties. Lipoproteins are inserted into the phospholipid layer, facing the 

PG. Lipoproteins are crucial for virulence as they allow surface adhesion with the host cells, but also 

translocation of virulence factors in the cytoplasm. Finally, the IM contains numerous proteins. Highly 

important systems contain a sensor located in the IM such as PhoQ which is part of the two-component 

system PhoPQ; or EnvZ-OmpR where EnvZ is the IM sensor that phosphorylates or dephosphorylates 

the transcription factor OmpR. 
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Porins (20) 

Porins are proteins that insert into the OM and form channels due to their hydrophobic exterior. They 

form homotrimers and are constituted of 8 or 16 stranded, anti-parallel ß-barrels. The L3 loop folds 

into the pore and defines the constriction zone or pore diameter. Hydrophilic center allows the 

passage of water and small water-soluble molecules (less than 600 kDa) and waste excretion. Some 

porins are specific to the diffusion of small molecules, such as maltose, maltodextrin or phosphate. 

Host damaging molecules exploit porin function to enter Salmonella cells, including hydrogen peroxide 

(H2O2), nitric oxide (NO) and antimicrobial peptides (AMP). Salmonella encode several porins with 

different abundance levels depending on the environment: the major porins are OmpA, OmpC, OmpF, 

and OmpD. 

 

OmpA is a structural porin that stabilizes bacterial shape, and is highly expressed (21). 

OmpC is a small pore strongly cation selective expressed at high osmolarity, such as that found in 

human tissues. OmpF is a slightly cation selective large pore expressed at low osmolarity. OmpF and 

OmpC opposing levels are controlled by EnvZ/OmpR. The single mutants were not described as 

attenuated in vivo (22). The double ompC ompF mutant was highly attenuated orally – 1,000 fold – but 

less attenuated intravenously – only 10 fold – in a typhoid fever mouse model (23). 

OmpD is another Salmonella major porin whose homolog in E. coli is NmpC. OmpD participates in 

paraquat, H2O2, and NaOCl entrance (24–26), but its involvement in virulence is under debate due to 

contradictory studies results. Dorman et al. showed that ∆ompD is slightly less virulent than WT 

bacteria after oral infection (22) while Meyer et al. claimed there is no difference between WT and 

mutant fitness (27). More recently, Ipinza et al. observed that ∆ompD bacteria establish a better 

systemic infection than WT after oral and intra-peritoneal inoculation (28). 

 

Efflux system (29) 

Resistance-Nodulation-Division (RND) superfamily exporters are involved in the active efflux of small 

molecules, including antibiotics. They are composed of the OMP TolC and a possible combination of 

IM permease, such as AcrA or AcrB, to form a multidrug efflux complex. In vitro, up-regulation of RND 

leads to increase resistance to antibiotics. Many clinical isolates overexpress RND efflux systems, 

suggesting a role in antibiotic resistance in vivo as well. 

 

By its thickness, the pathogens' envelope constitutes a strong physical barrier. By its content diversity, 

it represents the first line of defense for pathogens that modulate their envelope surface according to 

different type of attacks from the host. A few examples of envelope modulation by pathogens is 

provided below: LPS modification, Bam machinery, and Secretion Systems (SS). 
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2.3.3 Pathogens’ envelope modulation 

 
LPS modification (30) 

The LPS is an example of Pathogen-Associated Molecular Pattern (PAMP) recognized by phagocyte 

Pattern Recognition Receptors (PRR) that are major components of the innate immune system. The 

LPS is a major virulence factor of Gram-negative bacteria and confers resistance to bile salts, 

hydrophobic antibiotics, complement-mediated killing and macrophages antibacterial activities. 

PhoPQ is one of the major regulatory systems that controls the biogenesis and modification of LPS. 

PhoPQ is a two-component system crucial for virulence. The IM sensor kinase PhoQ senses stresses 

such as low pH, low magnesium and CAMPs. In response, the transcription factor PhoP activates or 

represses genes to ensure bacterial survival. LPS modifications focus on the reduction of polymer 

length of the O-antigen, specific core polysaccharide changes or lipid A structural modifications. PmrAB 

is another major two-component system that modifies LPS composition after activation by high Fe3+ 

concentration or low pH (31). 

 

Bam machinery (32) 

The Bam complex role is to ensure proper folding and insertion of the ß-barrels structure in the OM. It 

is composed of BamA – the central and essential OMP of the machinery – and four lipoproteins termed 

BamB, BamC, BamD – which is essential – and BamE. Chaperones support the Bam machinery folding 

process by avoiding aggregation of unfolded OMPs during their transport across the aqueous 

periplasm. Thus, the Bam machinery maintains the envelope integrity by regulating and controlling the 

OM composition, hence its permeability. 

 

Secretion systems (33) 

Secretion Systems are used by pathogens to directly secrete effector proteins into the host cytosol. 

Salmonella possess two Type III Secretion Systems (TTSS) encoded on Salmonella pathogenicity island- 

1 (SPI-1) and -2 (SPI-2). TTSS-1 directs invasion of non-phagocytic host cells and promotes 

inflammation. TTSS-2 permits effector protein translocation across the SCV membrane within 

macrophages to control intracellular events. SS also allow the secretion of proteins into the 

surrounding environment to influence host cell physiology. Indeed, secreted proteins can scavenge 

nutrients or digest peptide complexes. 
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2.4 Host immune system attacks 

 
During infection, the host innate immune system attacks pathogens to eliminate them using numerous 

mechanisms such as, among others, Cationic Anti Microbial Peptides (CAMPs), Reactive Oxygen 

Species (ROS), Reactive Nitrogen Species (RNS) which are further described below. 

 

Cationic Anti Microbial Peptides (34) 

CAMPs are produced by innate immune cells to control Salmonella infection. Similar to polymyxin B or 

C18G, CAMPs are positively charged peptides. Salmonella have evolved several mechanisms to counter 

CAMPs’ effects. For instance, Salmonella regulate LPS O-antigen length, reduce surface negative 

charges to decrease CAMPs’ binding, decrease membrane fluidity to diminish interactions with CAMPs, 

and increase efflux or proteolytic degradation of CAMPs before they exert their effect. 

 

Reactive Oxygen Species (35) 

ROS are produced by host phagocytes. After engulfment, H2O2 from macrophages degrades pathogens 

or damaged cells into smaller compounds for recycling. H2O2 can react with Fe2+ during the Fenton 

reaction to generate free radical molecules. As the latter are unstable, they react with other molecules 

by chain reactions, damaging proteins, lipids, and DNA. Salmonella have evolved to produce enzymes 

that transform ROS into less toxic compounds, including catalases and superoxide dismutases that 

scavenge H2O2 and O2-, respectively. 

 
Reactive Nitrogen Species (36) 

Macrophages use inducible Nitric Oxide Synthases (iNOS) to produce copious amount of Nitric Oxide 

(NO) as part of the innate immune response. The free radical NO is highly reactive and forms 

intermediates compounds that increase NO damaging activity. Salmonella have evolved strategies to 

detoxify NO thanks to three enzymes that convert NO into less toxic compounds such as ammonium, 

nitrous oxide and nitrate. 

 

2.5 Salmonella envelope stress response systems 

 
During their life cycle, Salmonella encounter a wide variety of environments. Salmonella use cues to 

activate appropriate stress systems and ensure survival. Six partially overlapping systems overcome 

envelope stress (Figures 3-8): Outer Membrane Vesicles (OMVs), Conjugative plasmid expression 

(CpxAR), Bacterial adaptive response (BaeSR), Phage Shock Protein (PSP), Regulator of capsule 

synthesis (Rcs), and the extracytoplasmic stress response factor E that are further detailed in this part 
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(37,38). Conservation of these systems among Gram-negative pathogens suggests a high relevance for 

in vivo fitness (39). 
 

2.5.1 OMVs 

 

Figure 3. OMVs allow excretion of overproduced components (19). 
 
 

OMVs are produced by cells from all domains of life, including Eukarya, Archaea and Bacteria. OMVs 

are spherical structures with a diameter of 30-300 nm. Pathogens use these structures to eliminate 

overproduced or damaged components whose accumulation can be toxic, to promote infection spread 

to different loci, and to transfer genetic information or nutrient. Interestingly, a degP mutant produces 

higher levels of OMVs, DegP being an essential protease regulated by two other envelope stress 

systems, E and CpxAR. 

2.5.2 CpxAR 

Figure 4. The CpxAR system (37). 
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CpxAR is a two-component system that responds to aggregated pili proteins, high pH, misfolded 

proteins or surface adhesion (40–43). CpxAR consists of CpxA, an IM kinase and phosphatase sensor, 

CpxR, a cytoplasmic response regulator, and CpxP, a negative regulator (44). Upon stress, CpxA 

autophosphorylates a conserved histidine residue. The phosphate is then transferred to an aspartate 

residue of CpxR. CpxR~P regulates the expression of more 100 genes, including cpxP, by binding to a 

specific recognition site (45,46). Interestingly, Cpx and E share overlapping functions as, for example, 

CpxR~P activates degP transcription (47,48). Another example is that E senses increased expression 

of the P subunit (49). Interestingly, CpxR is dispensable for Salmonella virulence (50). 

2.5.3 BaeSR 

Figure 5. The BaeSR system (51). 
 
 

BaeSR is a two-component system which, after activation by a plethora of compounds, enhances efflux 

system expression to expel toxic compounds. BaeSR is composed of BaeS, an IM kinase sensor, and 

BaeR, a cytoplasmic response regulator (52). The BaeSR system is activated by spheroplast, misfolded 

pilus subunits, tannins, bile salts, flavonoid, stationary phase growth, some metals and some 

antibiotics (53–62). BaeS autophosphorylates a conserved histidine residue before funneling the 

phosphate to a conserved aspartate residue on BaeR. BaeR~P binds to the promoter region of the 

multidrug efflux systems acrD and mdtABC (58,63,64). Interestingly, the CpxAR and BaeSR systems 

regulate overlapping genes such as acrD, mdtA, and spy (65–67). Involvement in Salmonella 

pathogenesis has not been described yet. 
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2.5.4 PSP 
 
 

 

Figure 6. The PSP system (37). 
 
 

The PSP system is activated by changes in the IM proton motive force due to filamentous 

bacteriophage infection, secretion defects, ethanol, lipid biosynthesis disruption, extreme 

temperature, or osmolarity (68–70). The system is composed of 6 proteins. Under non-inducing 

conditions, PspA, the cytoplasmic negative regulator, binds free cytoplasmic activator PspF (71,72). 

Under inducing conditions, PspA associates with the IMP PspB and PspC. pspD encodes an IMP of 

unknown function, while pspE encodes a periplasmic enzyme (73). Interestingly, the PSP and E 

systems share overlapping activities in Salmonella as rpoE and pspA mutants exhibit lower proton 

motive force compared to WT cells (74). 

2.5.5 Rcs 

Figure 7. The Rcs system (51). 
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The Rcs system is an atypical phosphorelay system activated by any defect in the OM or LPS. It is 

composed of the IM sensor histidine kinase RcsC, the intermediate IM phosphorelay protein RcsD, and 

the DNA-binding proteins RcsA and RcsB, the latter of which is also the cytoplasmic response regulator 

(75,76). Under non-stressed conditions, the inhibitor IgaA (Inhibitor of growth activity A) maintains 

low system activity (77). IgaA is essential unless the Rcs system is also inactivated (78). The lipoprotein 

RcsF acts as a sensor (79,80). Recently, it was suggested that RcsF directly interacts with RcsC (81). 

RcsC autophosphorylates a conserved histidine residue, transfers the phosphate to its conserved 

aspartate residue, then to a RcsD conserved histidine residue (76). The cytoplasmic transcriptional 

factor RcsB, either preferentially by itself, or in combination with RcsA, receives the phosphate and 

induces expression of genes involved in biofilm formation, motility, periplasmic quality control, 

osmotic homeostasis, and surface-antigen production (77). The Rcs system is activated by Penicillin- 

Binding Protein loss (82), RcsF overexpression (83), AMPs (84), and some antibiotics (85). Maximal 

activation of the Rcs system attenuates Salmonella virulence (86). 

 
 

2.5.6 The extracytoplasmic envelope stress response 

32 is the sigma factor involved in heat shock and is encoded by rpoH. In 1987, Erickson et al. noted 

that 32 does not recognize its own promoter upstream of rpoH (87). Later, the sigma factor that 

transcribes promoter 3 of rpoH was discovered and termed extracytoplasmic stress response factor 

sigma E, E, or 24 (88,89). The rpoE gene encodes sigma E (90). In E. coli, rpoE is essential for viability 

(91,92), but suppressor mutations often arise to allow growth. Mutations in ptsN, which encodes an 

enzyme involved in carbohydrate metabolism, yhbW, encoding a gene of unknown function, and ydcQ, 

encoding a putative DNA-binding protein, abolish E essentiality (93,94). A nucleotide change in the 

rpoE second codon’s third base creates a faster and more robust E envelope stress response (95). 

Interestingly, unlike E. coli, E is not essential for Salmonella viability (96). Reasons proposed for this 

observation are the over-reaction of E. coli to E absence (94), or the requirement of E to transcribe 

genes that are not properly regulated, leading to loss of envelope homeostasis (93). However, E 

represents the only envelope stress system that is crucial for Salmonella virulence as an rpoE mutant 

is completely attenuated in the mouse typhoid fever models (96). 
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2.6 Role of E
 

 
2.6.1 Sigma factors role 

 

Figure 8. RNA polymerase subunits composition. 
 

Four subunits compose the core RNA polymerase: þ, þ’, two copies of α, and m (Figure 8). When the 

last subunit sigma () binds to the core RNA polymerase, the complex is referred to as the RNA 

polymerase holoenzyme.  recognizes DNA promoters to initiate transcription start. The promoter 

sequence is composed of two consensus sequences located at the -35 bp and -10 bp sites from the 

transcriptional start site. In E. coli, rpoD encodes 70, the general sigma factor, that allows normal 

growth. rpoN, rpoS, rpoH and rpoE encode alternative sigma factors. Alternative sigma factors use 

environmental cues to activate gene regulons and promote survival. rpoN encodes 54 and is involved 

in nitrogen assimilation while rpoS encodes 38 and is implicated in stationary phase, oxidative and 

osmotic stresses. 32 is encoded by rpoH and is involved in the heat shock response. 

rpoE encodes E, or 24, and is involved in the extracytoplasmic stress response. 
 

2.6.2 E expression under non-stressed conditions 

rpoE is part of an operon containing rseD, rseA, rseB, and rseC. rse refers to “regulator of sigma E”. 

Expression of the rpoErseArseBrseC operon is driven by several promoters (90) and E activates its own 

transcription (97,98). Under non-stressed conditions, E is sequestered at the IM by the cytoplasmic 

domain of the anti-sigma factor RseA (99,100). RseA sterically occludes E binding sites to the core 

RNA polymerase (101). rseB encodes a periplasmic protein that assumes the role of a second anti- 

sigma factor as it inhibits DegS proteolysis (99,100,102). RseB stimulates RseA binding to E as RseB 

increases E:RseA association (103) and is necessary for efficient binding to RseA (104). RseC has a 

slight positive effect on E activity as deleting rseC in rseB mutant abolishes the slight induction of E 

activity in an rseB mutant (99). The E:RseA:RseB ratio is 2:5:1 (103), indicating that the amount of free 

E is very low. Recently, a gene encoded upstream of rpoE has been described: rseD is predicted to 

encode the rpoE leader peptide that aids rpoE translation (105). 
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2.6.3 E expression under certain stressed conditions 

Figure 9. Molecular mechanisms of E activation (37). 
 

 
In E. coli, some stress conditions activate E, including heat shock (106), entry into stationary phase 

(107), metal exposure (108,109), hyperosmotic shock (110), altered LPS structure (111), OMPs 

overproduction, and unfolded or misfolded OMPs (112). In Salmonella, AMP (113) and acid exposure 

(114) are additional E-activity inducers. 

 

YQF constitutes the C terminal part of most Salmonella OMPs (115). This motif from unfolded and 

misfolded OMPs binds to the PDZ domain of the essential IM protease, DegS (116,117). This binding 

results in conformational changes that activate DegS protease activity (118) by relieving inhibitory 

contacts between the PDZ domain and protease domain of DegS (119). The periplasmic domain of 

RseA is subject to a first cleavage by DegS (120). Another essential IM protease termed RseP further 

cleaves RseA (121–124). RseB and DegS independently inhibit RseP cleavage of intact RseA. 

Recognition of the cleaved amino acid by the RseP PDZ domain is not essential for sequential cleavage 

of RseA and the σE stress response in vivo (125). As opposed to substrate recognition, the PDZ domain 

of RseP likely acts as an inhibitor of proteolytic activity (126). The serine protease complex ClpXP 

degrades the remaining part of RseA freeing E in the cytoplasm (127). E then recruits the core RNA 

polymerase and activates transcription of over 100 genes in E. coli. 

 

Acid activation of E is independent of the unfolded OMP signal or degradation by DegS, but requires 

RseA degradation by RseP. An atypical stimulus for E upon entry into stationary phase is the alarmone 

guanosine 3’,5’-bispyrophosphate (ppGpp), which is a general signal of starvation-induced stress. 
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Interestingly, ppGpp is the only cytoplasmic activator and does not use the classical unfolded OMP 

pathway as seen in acid activation (107). Additionally, by directing cell lysis in late stationary phase, E 

provides nutrients from dead cells for the next generation (128). Together, these data imply that E 

has a broader role than previously recognized. 

2.6.4 E-regulated genes 

E maintains envelope homeostasis by (i) ensuring assembly, proper folding, and insertion of OMPs 

(chaperone), (ii) clearing the periplasm of debris (protease), (iii) providing membrane with LPS and PL 

(biosynthesis enzyme), (iv) rapidly balancing disorder in the amount of OMPs produced (sRNAs), and 

(v) likely other unknown tasks. Not all the E-regulated genes contain a consensus sequence, allowing 

a direct and indirect - thus broader - regulation. 

 

Chaperones (32) 

Chaperones have two functions: the maturation of proteins located in the OM (OMPs and 

Lipoproteins), and the protection of periplasmic proteins under stress conditions. E activates 

periplasmic chaperones expression such as FkpA or SurA, two peptidyl-prolyl isomerases (PPIase). FkpA 

plays a role in the folding of some OMPs. SurA is necessary for the transport of unfolded OMPs to the 

Bam machinery. SurA recognizes their surface exposed hydrophobic areas and protects them from 

aggregation in the aqueous periplasm. Skp functions during OMP assembly (129,130). The general 

model proposes SurA as the primary pathway which transport the bulk mass of OMPs across the 

periplasm. The combination DegP/Skp constitutes the secondary pathway which rescues the proteins 

that fall out of the primary pathway. At least one of these pathways has to be functional as double 

mutants skp surA or degP surA are not viable in E. coli. 

 

Proteases 

Proteases role is to degrade unfolded or misfolded OMPs in the periplasm. E triggers likewise 

proteases expression like the essential proteins DegP, a serine endoprotease (90,91,131,132), or RseP, 

a zinc metalloprotease (121). DegP possesses the specificity to act as a chaperone below 28°C and as 

a protease at higher temperature. It degrades abnormal proteins such as mutant proteins and 

oxidatively damaged proteins. RseP degrades remnant signal peptides left in the IM, such as RseA. 

 

LPS and PL biosynthesis (97,133) 

Other E-regulated genes are involved in lipid A biosynthesis such as lpxD and lpxP. plsB is involved in 

PL biosynthesis, and tolR plays a role in OM invagination during cell division. The two essential 

components of the Bam machinery, bamA and bamD, are under E-control. 
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sRNAs 

E also leads to the expression of 3 non-coding small regulatory RNAs (sRNAs) conserved among 

Enterobacteriacea namely MicL (134), MicA (135), and RybB (136). MicA, MicL and RybB require the 

RNA binding protein Hfq, a chaperone that brings the sRNA in the vicinity of the mRNA and modifies 

its conformation to expose the binding site for base-pairing (137). The sRNAs bind imperfectly to the 

mRNA targets close to the ribosome binding site thus inhibiting translation (138). MicA downregulates 

OmpA expression, a highly abundant structural porin (139) as well as OmpX, an outer membrane 

protein (140). RybB facilitates rapid decay of OmpC, OmpD, OmpF, OmpN and OmpS porins (141,142). 

MicL targets the very abundant lipoprotein Lpp. Therefore, sRNAs allow E to rapidly downregulate the 

amount of major OMPs in case of accumulation of misfolded or unfolded proteins, thus preserving 

envelope homeostasis (143). 

 

Primary metabolism and others 

Other genes regulated by E are involved in primary metabolism such as fusA, eno, tufA, recR and ppA. 

FusA is an elongation factor that facilitates ribosome translocation along the mRNA molecule while 

Eno is a component of the degradosome complex that degrades RNAs. TufA is an elongation factor 

that validates codon/anticodon match during translation, and RecR is a DNA repair protein. PpA 

catalyzes a reaction that provides energy for protein, RNA and DNA synthesis. 

The general sigma factor rpoD and the alternative sigma factor rpoH also belong to the E regulon (97). 

Finally, some E-dependent genes are involved in unknown mechanism such as sbmA, ygiM, yggN and 

bacA (144,133). 

 

In Salmonella, most of the target genes are identical (145–149). E represents a central component of 

a successful infection as it seems to up-regulate SPI-2 genes both in the early and late stages of 

infection (150). In Salmonella Typhi, it was suggested that E upregulates sPI-1 and sPI-2 expression. 

Evidences suggest that E regulation also occurs post-transcriptionally (151). 

 
By regulating directly and indirectly more than 100 genes in E. coli and Salmonella, E is crucial for 

viability and virulence, respectively. Interestingly, E expression is also relevant for other pathogens. 

2.6.5 E relevance in other pathogens 

In Vibrio cholerae, rpoE significantly contributes to virulence (152). rpoE is essential for Yersinia 

enterocolita growth (153) while rpoE is required for intracellular survival of Haemophilus influenzae in 

macrophages (154). In Mycobacterium tuberculosis, ∆rpoE is more susceptible to the activated murine 

macrophages killing (155). E. coli rpoE restores the mucoidy of a Pseudomonas aeruginosa algU mutant 
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(156) showing functional equivalence of these genes. AlgU is responsible for alginate overproduction, 

leading to mucoidy and chronic infections of cystic fibrosis patients (157). 

Rhodius et al. demonstrated that some genes regulated by E are conserved among different genomes: 

E. coli, S. typhi, S. typhimurium, S. flexneri, Y. pestis, the insect pathogen P. luminescens and the plant 

pathogen E. carotovora highlighting the importance of rpoE (158). 

 

2.7 Goal of the Ph.D. project 

 
Even though E regulates numerous genes, their impact on virulence is subtle. Some genes are 

involved in virulence and exhibit an attenuated phenotype in vivo such as degS, bamE, skp or surA, but 

their phenotype is not as strong as an rpoE mutant, which is completely cleared by the host immune 

system in typhoid fever mouse model (159). 

 

Therefore, the goal of my Ph.D. project was to: 

- seek inhibitor targets of E essentiality in vivo; 

- understand the molecular mechanisms of E activation in vivo; 

- assess the ability of rpoE and the efflux system as potential inhibitor targets. 
 

 
To address this topic, our specific aims were to: 

- use transposon screenings to identify target genes that could restore rpoE virulence in vivo; 

- investigate the target genes’ molecular mechanisms involved in the virulence rescue strain; 

- analyze the relevance of our in vivo-mimicking condition 
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Abstract 

 

Salmonella enterica lacking the extracytoplasmic stress factor σE (encoded by rpoE), is 

avirulent and  gets completely cleared  from infected mice  within a few days, suggesting that 

σE may represent an attractive target for urgently needed novel antimicrobials. However, we 

show here that just two mutations can bypass the requirement for σE and restore almost wild- 

type levels of virulence. As an essential first step, inactivation of the major porin OmpC 

boosted in vivo fitness about 1,000fold, in part by reducing periplasmic misfolded proteins, 

(probably including OmpC itself as a major component). Under mildly acidic in vitro 

conditions, inactivation of OmpC rescued the poor viability of Salmonella ΔrpoE during 
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stationary phase, and reversed most proteome alterations during exponential growth. σE- 

dependent gene regulation thus seemed to be a largely indirect consequence of preventing 

OmpC-mediated damage. N-terminal truncation of polynucleotide phosphorylase boosted in 

vivo fitness another 1,000fold and caused mostly subtle differences in protein abundance. The 

final virulence-restored Salmonella bypass mutant had also highly similar in vitro and in vivo 

proteome profiles compared to wild-type. Instead of switching to a distinct envelope 

maintenance program in absence of σE, the two-step bypass  thus  restored  Salmonella virulence 

by removing a major trouble-maker in the cell envelope (OmpC), as well as fine- tuning of 

many other components. Minor fitness costs of both mutational steps in wild-type Salmonella, 

and the clinical occurrence of OmpC mutations in various pathogenic bacteria, suggest a 

substantial risk for resistance emergence against σE inhibitors. These data  demonstrate the 

importance of early in vivo assessment of potential resistance pathways to avoid costly late-

stage failures. Our methods provide a generally applicable strategy for such experiments. 
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Bacterial infections are a major threat to human health worldwide 1. All major pathogens 

show rapidly increasing resistance to available drugs. Without effective novel antimicrobials, 

infections become untreatable, and medical procedures such as organ transplantation, cancer 

chemotherapy, or major surgery, are at risk. Unfortunately, antimicrobial discovery and 

development are slow for Gram-negative bacterial pathogens, with no approval of new 

antibiotic classes in the past decades. Traditional pipelines for antimicrobial discovery employ 

rich in vitro conditions that miss important opportunities that may exist in host 

microenvironment. In particular, antibacterial attacks of the host innate immune system can 

damage pathogen cells, and pathogens need to limit and repair this damage for survival and 

growth. Inhibiting such pathogen stress responses might enforce host immunity to provide 

efficient infection control 2. 

The bacterial cell envelope constitutes the host/pathogen interface and is a hotspot of 

host attacks and counteracting bacterial defenses. A key regulator of the bacterial cell   

envelope, the RNA polymerase extracytoplasmic  stress subunit  σE (also called  σ24, encoded 

by rpoE) is crucial for virulence of diverse pathogens 3,4. σE may thus represent an attractive 

target whose inhibition could render pathogens more vulnerable to hostile conditions in host 

tissues 3 (Figure 1a). The role of σE in virulence has been most extensively studied in 

Salmonella enterica serovar Typhimurium. σE is essential for systemic Salmonella  virulence  

in a mouse model of typhoid fever  5, in contrast to only minor roles for the two other major  

cell envelope regulators Rcs 6 and Cpx 7. σE is induced by unfolded outer membrane proteins, 

accumulating lipopolysaccharides in the periplasm, or by low pH 8,9. σE regulates hundreds of 

proteins at transcriptional and post-transcriptional levels, including proteins associated  with  

the type-3 secretion system (T3SS) encoded on pathogenicity island 2 (SPI-2), but most 

affected proteins show only modest changes in abundance 10-15. In general, σE facilitates 

delivery of LPS and porins to the outer membrane, repairs/degrades misfolded porins in the 
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periplasm, and limits the synthesis of outer membrane constituents. These and other σE- 

dependent processes protect Salmonella during extended stationary phase 16 as well as during 

exposure to oxidative stress 16, antimicrobial peptides 17, or severe acid shock 9. However, the 

relative importance of these and other stresses in vivo, and the underlying molecular 

mechanisms remain largely unclear. This knowledge  gap  impairs thorough assessment  of σE 

as a potential target, in particular in terms of potential pathways to resistance against σE 

inhibitors. The possibility of such resistance pathways is supported by (i) several suppressor 

mutations that bypass the otherwise essential role of σE in closely related Escherichia coli 18-20 

and Vibrio cholerae 21; and (ii) the fact that σE can also be bypassed by exposure to low levels  

of various antibiotics 18 or overexpression of a single small RNA 22. 

 

OmpC causes in vivo essentiality of σE 

 

σE regulates directly and indirectly the expression of several hundreds of genes including 

MicA, MicL and RybB. These three noncoding sRNAs have broad impact on cell envelope 

functions and might mediate a large part of σE-dependent processes 4,23. However, a 

Salmonella enterica serovar Typhimurium SL1344 ΔmicA ΔmicL ΔrybB mutant lacking all 

three small RNAs retained wild-type levels of in vivo fitness (in marked contrast to 

Salmonella ΔrpoE, which could not be recovered from infected mice at day 5 post-infection) 

(Figure 1d), indicating that other σE-dependent genes are required for Salmonella in vivo 

fitness. 

To identify such genes, we generated a transposon library in Salmonella ΔrpoE. We 

employed TN5pp, a Tn5-derived transposon in which a kanamycin-resistance cassette is 

flanked by two outward facing σ70 promoters with high (Ptac) or moderate (Pbla) activity, 

respectively (Figure 1b). Chromosomal insertion of this transposon insertion might drive 

elevated transcription of adjacent genes, thereby rescuing otherwise σE-dependent expression. 
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At day 5 post-infection of a single mouse with this transposon library, we recovered a few 

hundred CFU from spleen and liver, indicating partial rescue of in vivo fitness. Sequencing of 

transposon insertion sites (Figure 1c) revealed three dominant clones (29, 16, and 3 out of a 

total of 57) with insertions in, or upstream, of ompC, which encodes a major outer membrane 

channel (porin) (Figure 1b). Single strain infections with the most identified transposon 

mutant Salmonella ΔrpoE ompC1::Tn5pp revealed at least 1,000fold improved in vivo fitness 

compared to Salmonella ΔrpoE (Figure 1d). 

ompC3::Tn5pp interrupted the ompC signal peptide  sequence  (Figure 1b),  which 

should render OmpC dysfunctional. ompC1::Tn5pp preserved the entire ompC gene but 

diminished its expression almost 100fold (Figure 1e), without affecting the abundance of two 

other major porins, OmpD and OmpF (Supplementary Figure 1a). Together, these data 

suggested  that  loss of OmpC might increase the in vivo  fitness of  Salmonella  in absence of 

σE. Indeed, a clean ompC deletion rescued survival of Salmonella ΔrpoE to the same extent as 

ompC1::Tn5pp, while ompC complementation in trans again abolished spleen colonization 

(Figure 1d, pOmpC). By contrast, deletion of ompC in wild-type Salmonella  caused a slight   

but highly significant fitness defect (Supplementary Figure 2a), that was undetectable in less 

sensitive single-strain infection assays (Figure 1d), as reported before 24. Together, these data 

show that the dominant porin OmpC contributes to Salmonella in vivo fitness, presumably by 

permitting nutrient uptake. On the other hand, OmpC causes major problems that require 

mitigation by σE-dependent processes to maintain fitness.  A similar  link between essentiality 

of σE and the dominant porin OmpU has previously been observed in vitro for Vibrio cholerae 

21, while deletion of ompC together with ompF and ompA only partially bypasses the 

requirement for σE in more closely related E. coli 25. 

We used SWATH 26 to compare the proteomes of the  various Salmonella strains 

grown under in vitro conditions that mimic conditions that Salmonella may encounter during 
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systemic infection including mildly acidic pH (5.5) and magnesium limitation. Numerous 

proteins showed lower abundance in Salmonella ΔrpoE compared to wild-type (Figure 1f).  

This included many SPI-2 associated proteins as expected 10,12,15, but also members of the 

PhoPQ regulon, which was surprising given previous reports on PhoP-repression of σE   

through MicA 4. This suboptimal abundance of these crucial virulence proteins could  

contribute to poor in vivo fitness of Salmonella ΔrpoE. By contrast, outer membrane proteins 

such as porins, the Bam complex for outer membrane protein insertion, the Lpt machinery for 

LPS delivery to the outer leaflet of the outer membrane, or LolAB that facilitate lipoprotein 

delivery to the outer membrane, all showed no  significant alterations as observed previously 

for E. coli 19 and Salmonella 10-15 (Supplementary Figure 1b). There was thus a disconnect 

under our experimental conditions between the proposed main function of σE in orchestrating 

proper delivery of outer membrane components, and lacking changes in respective cell 

envelope proteins in its absence. 

Strikingly, additional mutation of ompC annihilated most proteome alterations 

(Supplementary Figure 1c), and no significant differences remained between the Salmonella 

ΔrpoE ΔompC double mutant and wild-type Salmonella (Figure 1g), despite the fact that all 

direct σE regulation was absent in Salmonella ΔrpoE ΔompC. These surprising data suggested 

that under our experimental conditions, largely indirect mechanisms mediate the σE impact on 

the Salmonella proteome,  while direct transcriptional and post-transcriptional control by σE  

and its target genes played an apparently minor role, at least in absence of OmpC-mediated 

perturbations of Salmonella physiology. 

 
 

Mildly acidic stationary cultures phenocopy in vivo σE requirements 

 

The porin OmpC could cause cell envelope perturbations by (i) its channel function 

facilitating translocation of toxic environmental compounds (“channel hypothesis”); (ii) as a 
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major cargo that could overwhelm folding and delivery pathways for outer membrane 

proteins, resulting in toxic protein aggregates in the periplasm (“cargo hypothesis”) 27; or 

combinations of these and other unknown mechanisms 25 (Figure 2a). 

OmpC has been shown to permit entry of reactive oxygen species (ROS) such as 

hydrogen peroxide (H2O2) 
28. ROS are key components of anti-Salmonella immunity 29-31, and 

ROS are more active against Salmonella lacking σE 16. Absence of OmpC could thus diminish 

ROS entry into the Salmonella cell, and this would diminish requirements for σE-dependent 

defense/damage repair.  To test this model,  we used a sensitive PkatG-gfp-ova reporter fusion  

that specifically detects host-generated ROS that reach the Salmonella cytosol 30,31, to   

determine Salmonella exposure to ROS (Figure 2b). In vitro, wild-type Salmonella showed 

higher GFP fluorescence upon exposure to 10 µM H2O2 compared to Salmonella ΔompC 

(Supplementary Figure 3a), confirming previous in vitro data 28. However, in vivo Salmonella 

ΔompC and wild-type Salmonella had indistinguishable GFP levels with about 10-15% cells 

with high GFP content (GFPHi) (Figure 2d), indicating that OmpC was dispensable for ROS 

entry in vivo. A ROS-related mechanism was also unlikely to explain the OmpC-σE link since 

Salmonella ΔrpoE shows enhanced sensitivity only at H2O2 exposure levels that are several 

orders of magnitude higher compared to physiological levels (4 mM 16 vs. less than 20 μM 31). 

Together, these data suggested that factors other than ROS might cause the OmpC-dependent 

requirement of σE in vivo. 

To further test the OmpC “channel hypothesis”, we occluded the OmpC restriction 

zone by a glycin132 to aspartate in the L3 loop. An analogous Gly119Asp mutation in OmpF 

diminishes translocation through OmpF with minimal impact on the overall porin structure 32 

(Figure 2c). Salmonella ΔrpoE ompC G132D carrying this “occluded” variant had in vivo 

fitness comparable to Salmonella ΔrpoE ΔompC totally lacking OmpC (Figure 1d), but 

OmpC G132D had also diminished abundance (Figure 1e), suggesting that OmpC channel 
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closure, lower OmpC cargo, or both might have contributed to the fitness gain from this 

variant, rendering these data non-informative for discriminate the “channel” and “cargo” 

hypotheses. 

Salmonella expressed closely related porins, OmpD and OmpF, at moderate and very 

low levels, respectively (Supplementary Figure 1a). Deletion of  ompD did  not  improve  in 

vivo fitness of Salmonella ΔrpoE (Figure 1d), consistent with our inability to identify ompD 

mutants in our transposon screen. Moreover, replacing the ompC gene by ompD  

(ompC::ompD), rescued in vivo fitness as well as a simple ompC deletion (Figure 1d). These 

data demonstrate that OmpD did not contribute significantly to perturbations that require σE   

for maintaining in vivo fitness. Likewise, inactivation of the small RNA MicF that represses 

OmpF 33, had no impact on in vivo fitness of Salmonella ΔrpoE ΔompC. Together, these data 

suggest that in contrast to OmpC, OmpD and OmpF do not cause detectable perturbations that 

need mitigation by σE. Again,  this information was not conclusive with respect to  the 

“channel” and “ cargo” hypotheses, as these porins differ both in channel properties and 

abundance from OmpC. 

Some contribution of misfolded periplasmic proteins to the poor fitness of Salmonella 

ΔrpoE was indicated by the moderate fitness rescue that we obtained by overexpressing of the 

periplasmic protease DegP 34,35 (Figure 1d, pDegP). By contrast, DegP overexpression did not 

further enhance in vivo fitness of Salmonella ΔrpoE ΔompC (Figure 1d) suggesting that once 

OmpC is inactive, periplasmic protein aggregates might not be a major problem affecting in 

vivo fitness. Again, this could be either a consequence of less translocation of toxic molecules 

(“channel” hypothesis), or less cargo due to the absence of OmpC itself. 

A prerequisite for the channel hypothesis would be actual presence of toxic molecules 

that enter exclusively through OmpC. Although such compounds might exist in the 

Salmonella microenvironment in infected tissues, two reporters for envelope stress, the 
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strictly σE-dependent fusion PmicA-gfp-ova (Supplementary Figure 3b) and the broadly 

responsive fusion PdegP-gfp-ova, had both non-impressive in vivo activities (Figure 2d, red  

lines) similar to baseline activities of these fusion in our in vivo-mimicking in vitro culture 

conditions with no toxic molecules, and clearly lower than in Salmonella exposed to 5 μg ml-1 

polymyxin B, a widely used inducer of envelope stress (Figure 2d, black lines). These data 

could suggest that the detectable live Salmonella  have  to  deal  mostly with internally 

generated envelope stress during infection, with limited impact of external stress. However, 

some Salmonella could still be exposed to overwhelming envelope attacks that cause lethal 

damage, rendering this Salmonella subset undetectable for flow cytometry (which depends on 

fluorescent protein retention by an intact envelope) 31,36 and plating. We have previously 

observed an analogous situation for host  ROS  attacks  that killed  Salmonella in neutrophils 

and inflammatory monocytes, whereas Salmonella in red pulp macrophages experienced only 

weak non-lethal ROS stress 31. 

The hypothesis that toxic external molecules entering through OmpC may not explain 

the in vivo phenotypes, was supported by data for in vitro stationary cultures in mildly acidic 

minimal medium with no  toxic compounds (Figure 2e,f). Live/dead  staining revealed 

extensive loss of viability in Salmonella ΔrpoE and Salmonella ΔrpoE ΔompD, but not 

Salmonella ΔrpoE ΔompC or Salmonella ΔrpoE ompC G132D, thus phenocopying respective 

in vivo fitness data (Figure 1d). Salmonella ΔrpoE had few dead cells in exponential cultures,  

or exponential or overnight  cultures  at pH 7.4. A specific role of σE at  mildly acidic 

conditions in host microenvironments was compatible with previous data for cell culture 

infections that showed less severe Salmonella  ΔrpoE fitness  defects  in presence  of 

ammonium chloride that diminishes acidification of Salmonella-containing vacuoles 9. Acidic 

pH can increase protein misfolding and aggregation in the periplasm, especially during 

stationary phase 35 (that resembles very slow Salmonella in vivo growth 37). Coping with such 
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protein aggregates requires increased chaperone and protease activity as induced by σE, to 

minimize envelope damage 38. Together, these data show that (i) slow growth under mildly 

acidic conditions with no external toxic compounds, phenocopies the in vivo OmpC- σE link; 

and (ii) that OmpC can cause a requirement for σE most likely because of its ability to 

overwhelm folding and delivery pathways under adverse conditions (“cargo” hypothesis). 

How distinct properties of OmpC such as abundance and/or propensity to misfold and 

aggregate at acidic conditions, might cause its dominant role for σE requires further studies. 

 

Restoration of high in vivo fitness by a truncated polynucleotide phosphorylase 

OmpC inactivation rescued spleen colonization of Salmonella ΔrpoE at least 1,000fold, but 

bacterial loads at day 4 post-infection were still 10,000fold lower compared to wild-type 

Salmonella (Figure 1d), and mice showed no detectable disease signs. Poor in vivo 

Salmonella colonization could reflect reduced proliferation, enhanced killing, or both. 

Salmonella ΔrpoE ΔompC carrying the growth rate reporter TIMERbac 37 showed almost wild- 

type TIMERbac signals indicative of substantial proliferation, suggesting that the overall low 

fitness of this strain was mostly due to rapid killing. 

Envelope stress due to dysfunctional σE can result in increased induction of another 

cell envelope stress response system, Rcs 19, which could lead to poor Salmonella in vivo 

fitness 6. Salmonella ΔrpoE ΔompC ΔrcsD lacking phosphotransferase RcsD, which is 

required for activating the response regulator RcsB, showed strong down-regulation of RcsB 

but no other significant proteome differences (Figure 2h), and slightly increased in vivo  

fitness (Figure 3b). We used this mutant as a basis for further investigations. 

To identify other factors involved in rapid killing, we performed another round of 

transposon mutagenesis with TN5pp. Surprisingly, after two rounds of enrichment, mice 

infected with the transposon mutant pool showed clear disease signs at days four to five post- 
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infection. Sequencing of transposon insertion sites revealed a dominant clone  with an  

insertion in pnp encoding polynucleotide phosphorylase (PNPase), which is involved in RNA 

metabolism 39, and three minor clones with insertions in cadA, ftsI2, and yicH (Figure 3a). 

Single strain infections confirmed at least 1,000fold increased spleen loads (compared to 

Salmonella ΔrpoE ΔompC ΔrcsD) for Salmonella ΔrpoE ΔompC ΔrcsD pnp::Tn5pp 

achieving almost wild-type levels, and more than 100fold increased levels for the other three 

clones (Figure 3b). A clean deletion of cadA failed to boost in vivo fitness and we did not 

further investigate the three minor clones. 

A clean deletion of pnp in Salmonella ΔrpoE ΔompC ΔrcsD resulted in elevated, but 

highly variable in vivo fitness (Figure 3b). As a potential explanation for this discrepancy, the 

transposon insertion might not fully inactivated pnp, but rather generate truncated N-terminal 

and C-terminal (from an internal ATG codon) fragments of this multi-domain protein 40 

(Figure 3c), that could have conferred the fitness rescue. To test this hypothesis, we deleted 

the pnp N-terminal sequence upstream of the transposon insertion site (amino acids 2-199). It 

is possible that the N-terminal fragment of polynucleotide phosphorylase in the transposon 

mutant contributed to in vivo fitness but for sake of simplicity, we focused on the strain 

encoding the truncated C-terminus. This strain Salmonella ΔrpoE ΔompC ΔrcsD pnpΔ2-199 

(abbreviated as Δ4) caused clear disease signs such as rough hair coat and reduced surface 

temperature, and had rather consistent 1,000fold increased spleen loads. A more accurate 

analysis using competitive infections together with wild-type Salmonella, revealed a 

competitive index 0.16 ± 0.09 (Supplementary Figure 2b). This was equivalent to a six-fold 

difference in spleen loads at day 4 post-infection between wild-type and mutant, a minor 

difference compared to the over 10,000fold in vivo expansion of wild-type Salmonella during 

this time interval. These data suggested an almost complete rescue of in vivo fitness and 

virulence in the mutant. 
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Despite the marked impact of the N-terminal truncation of pnp in the Salmonella 

ΔrpoE ΔompC ΔrcsD background, the same pnp truncation had only small impact on fitness 

of Salmonella ΔrpoE (Figure 3b), consistent with our inability to recover pnp mutants in our 

first screen. This indicated an indispensable role of ompC inactivation as a first step in fitness 

rescue in absence of σE. 

PNPase contains two RNase PH-like domains PH1 and PH2, which are connected by  

an all α-helical domain AAHD 39. The C-terminus is composed of two RNA binding domains 

KH and  S1 (Figure 3c). The active center is  located in PH2, but PH1 (which is largely 

missing in our Δ2-199 mutant) also affects PNPase activity, in part by stabilizing the trimeric 

structure. PNPase has both 3’->5’ RNA exonuclease and RNA polymerase (adding 

untemplated nucleotides) activities 39. PNPase is part of the RNase E degradosome and the 

poly(A) polymerase I polyadenylation complexes, and regulates a wide range of complex 

phenotypes. PNPase has a broad impact on various RNA species including sRNAs, rRNAs,  

and tRNAs. In addition, PNPase can regulate virulence factor activities by its RNA binding 

activity independent of RNA metabolism. A Salmonella mutant with dysfunctional PNPase  

due to truncation of RNA binding domain S1, increases Salmonella expression of virulence 

genes associated with SPI-1 and SPI-2 and abolishes formation of Agf fibers 41 in rich media. 

These alterations do not affect Salmonella systemic virulence but may enable the mutant to 

cause persistent infections after oral inoculation 42. 

Proteome analysis of Salmonella ΔrpoE ΔompC ΔrcsD pnp Δ2-199 (Δ4) showed a 

threefold decrease in PNPase levels as well as many subtle and a few more pronounced 

differences to Salmonella ΔrpoE ΔompC ΔrcsD (Figure 3d). Similar to the effects of 

dysfunctional PNPase 41, N-terminal truncation stimulated expression of SPI-2 associated 

factors (red). We did not detect upregulation of SPI-1 associated factors, probably as SPI-1 is 

strongly repressed under in vitro-mimicking conditions. The cold-shock associated regulator 
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CspA had increased abundance consistent with a role of PNPase in degradation of cspA 

transcripts 39. Together, these data could suggest decreased activity of the N-terminally 

truncated PNPase variant. On the other hand, the marked difference of this variant to a full 

pnp deletion indicated that the N-truncated variant had still some residual functions. 

We also  detected alterations in three envelope proteins (green), the glutamate 

transporter GltS, porin OmpD, and the lipoprotein NlpI. The 3.5fold increase in OmpD levels 

might partially compensate the diminished nutrient uptake across the outer membrane due to 

the absence of OmpC, but how this would contribute to reduced Salmonella killing is unclear. 

Decreased NlpI levels can cause hyper-production of outer membrane vesicles (OMV), which 

increases resistance to membrane-damaging agents  such as antimicrobial peptides  43,  and 

helps to get rid of damaged periplasmic components 35. Diminished NlpI levels also stimulate 

increased peptidoglycan synthesis 44. Comparison of Salmonella ΔrpoE ΔompC ΔrcsD pnp Δ2-

199 (Δ4) with wild-type Salmonella revealed the combined effects of the different steps in 

fitness rescue and a few additional proteins with unclear relevance to Salmonella virulence 

including colicin Ib (Cib), YggN, YccU and the flavin transferase Ftp (Figure 3e). 

Although the relevance of these individual alterations for fitness rescue remains to be 

investigated, the low number of differentially proteins associated with Salmonella outer 

membrane maintenance was striking given the major role of σE for mitigating envelope stress. 

In vitro cultures might imperfectly reflect the in vivo conditions that Salmonella encounter in 

infected host tissues, but our (less comprehensive) data for Salmonella purified ex vivo from 

spleen also revealed highly similar proteome profiles for wild-type Salmonella and 

Salmonella ΔrpoE ΔompC ΔrcsD pnp Δ2-199 (Δ4) (Supplementary Figure 4). The only clear 

difference was the tenfold lower abundance of the outer membrane porin for fatty acids FadL 

in the Δ4 mutant in vivo, in contrast to in vitro cultures where FadL abundance remained in 

1.3fold range for all strains. As the intermediate Salmonella strains were poor colonizers we 
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were unable to purify enough material for assigning this in vivo FadL modulation to a specific 

step (ΔrpoE, ΔompC, ΔrcsD, or pnp Δ2-199). OmpD that showed fivefold higher abundance 

in vitro in Δ4, had only twofold (and non-significantly) elevated levels in vivo. Taken 

together, these data suggest that Salmonella can bypass σE, an absolutely crucial contributor 

to in vivo fitness and virulence, by a number of minor alterations, instead of using a 

completely distinct envelope maintenance program, under the precondition that the major 

“trouble-maker” OmpC is absent. Such mostly subtle differences might have been expected 

since (i) σE itself modulates expression of many genes in only moderate and apparently 

largely indirect ways, and (ii) Salmonella in vivo properties are already selected for high 

fitness and might be incompatible with major alterations associated with a distinct envelope 

maintenance program. 

 
 

Conclusion 

 

The extracytoplasmic stress factor σE plays a crucial role in Salmonella virulence in a mouse 

typhoid fever model, providing in vivo validation for σE as an attractive target for 

antimicrobial chemotherapy. However, we show here that just two mutations were sufficient  

to rescue spleen colonization by 100,000,000 fold resulting in almost wild-type levels of 

virulence. 

The specific mutations and their physiological consequences provide new insights into 

key issues for Salmonella envelope maintenance. In particular, σE was primarily needed to 

mitigate lethal damage caused by the major porin OmpC in vivo and during stationary phase   

in mildly acidic in vitro cultures. Inactivation of OmpC also reversed most distortions in  

protein abundances that were caused in absence of σE, further supporting a crucial OmpC - σE 

link. Truncation of PNPase had mostly subtle consequences on gene expression and was not 

required under our in vitro conditions, but dramatically boosted in vivo fitness. The final 
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virulence-restored Salmonella bypass mutant had highly similar in vitro and in vivo proteome 

profiles compared to wild-type. Instead of switching to an alternative envelope maintenance 

program in absence of σE, the two-step bypass thus restored Salmonella virulence by 

removing a major trouble-maker in the cell envelope as well as fine-tuning of many other 

components. σE-dependent gene regulation seemed to be a largely indirect consequence of 

preventing OmpC-mediated damage, at least under our conditions. 

These data demonstrate an effective two-step bypass pathway for developing in vivo 

resistance against potential σE inhibitors. Both steps have only minimal fitness costs in vitro 

and in vivo. The requirement for two consecutive steps could diminish resistance rates to 

acceptable levels. However, the first step,  ompC inactivation, is also  associated  with 

resistance to clinically relevant antibiotics 45,46, and clinical strains with low OmpC levels are 

repeatedly isolated 45,47-49. At least in some clinical infections, only a single inactivating 

mutation in PNPase (or maybe other genes, Figure 3a) would thus be needed to render σE 

inhibitors ineffective. Together, these findings might devaluate σE as an antimicrobial target. 

In general, in vivo validation of potential targets relies mostly on quantifying 

attenuation levels. We propose that this should be augmented by a detailed in vivo risk 

assessment for potential pathways to resistance. It is important to perform such experiments in 

a relevant in vivo setting, since gene essentiality and bypass pathways are highly condition- 

dependent. It is generally unclear how well particular in vitro cultures mimic relevant in vivo 

environments, and in vivo/in vitro discrepancies in resistance rates and pathways (as also seen 

in this study) are common 50. This can lead to a major waste of resources when compounds 

fail late in clinical trials because of inacceptable resistance emergence in patients, in spite of 

low resistance in vitro (e.g., 51). Our approach provides an effective, broadly applicable 

strategy to mitigate such risks. 
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Methods 

 
Salmonella cultures 

 

Salmonella strains used in this study were derived from Salmonella enterica serovar 

Typhimurium SL1344 hisG rpsL xyl 52,53. The H2O2 biosensor construct PkatG-gfp-ova was 

described previously31. Envelope stress reporter constructs PdegP-gfp-ova and PmicA-gfp-ova 

were obtained by exchanging the PkatG promoter for SL1344 bp 244,513 – 244,323 (PdegP) or 

2,989,124 - 2,989,445 (PmicA). Salmonella chromosomal mutants were generated using red 

recombinase-mediated allelic followed by P22 phage transduction and FLP recombinase- 

mediated removal of the resistance cassette 54, or using two consecutive single-crossovers  

with positive and negative selection markers (aphT; sacB or i-sceI). Tn5pp  was synthesized 

by GENEART. Transposon libraries were generated by electroporation of a transposome 

complex formed by mixing PCR-amplified Tn5pp with EZ-Tn5™ Transposase (Epicentre). 

Plasmids pOmpC and pDegP carried ompC or degP, respectively, under control of the 

constitutive PybaJ promoter on pBR322 backbones. Salmonella were cultured at 37°C with 

aeration (200 rpm) in Lennox LB with addition of 90 μg ml-1 streptomycin with or without  

100 μg ml-1 ampicillin or in MgMES medium 55 adjusted to pH 5.5. 

 
 

Mouse Infections and Tissue Collection 

 

All animal experiments were approved (license 2239, Kantonales Veterinäramt Basel) and 

performed according to local guidelines (Tierschutz-Verordnung, Basel) and the Swiss animal 

protection law (Tierschutz-Gesetz). Female 8-12 weeks old BALB/cAnNCr were infected by 

tail vein injection of 800-2800 CFU (virulent Salmonella strains), or up to 100,000 CFU 

(strongly attenuated strains, transposon libraries) in 100 µl PBS and euthanized at 4-5 days 

post infection. Spleen tissue was collected from each mouse and dissected into several pieces. 

CFU counts were determined by plating. Competitive indices were determined using mixed 
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infections by dividing output ratios (mutant/wild-type) by the inoculum ratios (mutant/wild- 

type). We estimated sample size by a sequential statistical design. We first infected three mice 

each based on effect sizes and variation observed in our previous studies 56, and used the 

results to estimate group sizes for obtaining statistical significance with sufficient power. We 

did neither randomize nor blind the experiments. However, flow cytometry analysis was 

carried out using an automated unbiased approach (see Flow Cytometry section). 

 
 

Flow Cytometry 

 

Spleen homogenates were prepared for flow cytometry as described 31. Relevant spectral 

parameters of 10,000 to 50,000 Salmonella were recorded in a FACS Fortessa II equipped 

with 488 nm and 561 nm lasers (Becton Dickinson), using thresholds on SSC and FSC to 

exclude electronic noise (channels: tagBFP2, excitation 405 nm, emission 460-480 nm; GFP, 

excitation 488 nm, emission 502-525; mCherry, excitation 561 nm, emission 595-664 nm; 

yellow autofluorescence channel, excitation 488 nm, emission 573-613 nm; infrared 

autofluorescence channel, excitation 561 nm, emission 750-810 nm). Salmonella viability was 

determined using the LIVE/DEAD™ BacLight™ Bacterial Viability Kit (InVitrogen) 

(channels: Syto 9, excitation 488 nm, emission 502-525 nm; Propidium iodide, excitation 561 

nm, emission 595-664 nm). Data processing was done with FlowJo and FCS Express. 

TIMERbac fluorescence was measured with green (excitation 488 nm, emission 502-525) and 

orange (excitation 561 nm, emission 604-628 nm) channels and displayed as log ratio. 

For purification of Salmonella from infected spleen, samples were sorted using an 

Aria IIIu cell sorter (BD Biosciences) with scatter and fluorescence channels (green, 

excitation 488 nm, emission 499-529 nm; orange, excitation 561 nm, emission 595-664 nm). 

 
 

Proteomics 



Publications 

40 

 

 

 

Triplicate or quadruplicate cell pellets from independent experiments were prepared for 

proteomics with the sample preparation kit from PreOmics (PreOmics GmbH, Germany), 

according to the protocol version 2.2. The cell pellets were lysed in 50 µl of the provided lysis 

buffer and heated for 5 min at 95 °C. The samples were sonicated with a Bioruptor 

(Diagenode) applying the standard 10 min method (30 s on, 30 s off, 10 cycles). The protein 

concentration was determined by BCA assay (Thermo-Pierce, 23252). A maximum of 100 µg 

protein was digested at 37 °C for four hours. After clean-up according to the manufacturers 

procedure, the peptides were dried in a vacuum centrifuge and frozen at -20 °C until further 

use. 

Data independent analysis (DIA) was performed using a HRM DIA method as 

previously described 57. Liquid chromatography and mass spectrometer setup was identical to 

the PRM analysis. Peptide separation was performed over 90 min. The HRM DIA method 

contained a MS1 scan (target setting: 5e6 ions, maximum accumulation time: 100 ms, scan 

range: 400-1220 m/z, resolution: 120,000 FWHM) followed by acquisition of 38 DIA 

windows (target setting: 3e6 ions, maximum accumulation time: auto, resolution: 30,000 

FWHM). Stepped collision energy was 22.5%, 25%, 27.5%. Spectra were recorded in profile 

mode. 

SWATH data files were converted to htrms file format using HTRMS Converter 

(Biognosys AG, Switzerland). Converted files were imported into Spectronaut 11 (Biognosys 

AG, Switzerland) using default parameters with the following exceptions for the 

quantification settings: no cross run normalization and only proteotypic peptides allowed. An 

in-house Salmonella enterica serovar Typhimurium SL1344 spectral library was generate 

from Salmonella grown under different standard media conditions and from Salmonella 

purified from mouse spleen. This spectral library was merged with an in-house generated 

mouse spectral library. Peptide and protein identification was performed allowing a q-value of 
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0.01. Protein abundance was taken from the protein group quantity calculation (PG.quantity) 

as provided by the software. Samples were normalized using the top 100 most abundant 

proteins. 

 
 

Statistical analysis 

 

Colonization data were log-transformed, which results in normally distributed data 58, and 

analyzed by one-way ANOVA followed by comparison of selected columns to a control 

column taking into account the multiple comparison problem using GraphPad Prism 7.03. 

Proteome data were log-transformed and analyzed by two-tailed t-tests followed by 

determining the Benjamini-Hochberg false-discovery rate q for multiple comparisons. A q- 

value of 0.05 is shown as a dashed line in the respective volcano plots. 

 
 

Data availability 

 

The data that support the findings of this study are available from the corresponding author 

upon request. 
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Figure legends 

 

 
 

Figure 1: OmpC causes in vivo essentiality of σE. 

 

a, Schematic model for host attacks targeting the Salmonella envelope and Salmonella 

defenses that mitigate the damage. b, Upper panel: Structure of transposon Tn5pp with two 

outward facing promoters; lower panel, map of identified transposon insertions sites at the 

ompC locus. c, Frequency of transposon insertions sites in Salmonella ΔrpoE after mouse 

passage. d, In vivo growth of various Salmonella strains. Spleen loads at day 4 (virulent 

strains) or day 5 (attenuated strains) post intravenous infection, normalized by inoculum size 

are shown. Statistical significance of differences to the control strain Salmonella ΔrpoE as 

tested by one-way ANOVA is shown in color (red, P< 0.0001; orange, P< 0.001; black, P> 

0.05; det.thr., detection threshold). e, Abundance of OmpC protein relative to the most 

abundant outer membrane protein OmpA in various Salmonella strains. Statistical 

significance of differences to wild-type strain Salmonella ΔrpoE as tested by one-way 

ANOVA (****, P< 0.0001). f, Protein abundance differences between Salmonella ΔrpoE and 

wild-type. The dashed line represents a Benjamini-Hochberg false-disovery rate q = 0.05. 

Salmonella pathogenicity island 2 (SPI-2) - associated proteins are shown in red, PhoP- 

associated proteins are shown in blue. g, Protein abundance differences between Salmonella 

ΔrpoE ΔompC and wild-type. No protein passed the q = 0.05 criterion. 

 
 

Figure 2: Mildly acidic stationary cultures phenocopy in vivo  σE requirements. 

a, Schematic model for OmpC-dependent envelope damage. Toxic molecules might 

translocate across the outer membrane through OmpC (i; “channel” hypothesis). OmpC might 

provide a major contribution to misfolded protein aggregates overwhelming folding and 

delivery pathways to the outer membrane (ii, “cargo” hypothesis). b, Left panel: 
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Simultaneous detection of two different Salmonella strains containing either blue fluorescent 

protein (BFP, ΔompC) or mCherry (WT, wild-type) in the same spleen using flow cytometry. 

GFP reporter as a read-out for PkatG promoter activity can then be detected for both strains as 

an independent third fluorescence color (right panel). The dashed line was used as a threshold 

to determine the fraction of Salmonella cells with high GFP content (GFPHi). c, Structures of 

OmpF (PDB entry 2omf) and OmpF G119D (1mpf). d, Activities of cell envelope stress 

reporter fusions to gfp in MgMES medium (grey), MgMES medium containing 5 mg l-1 

poylmyxin B, or in mouse spleen (red). The insets show the median GFP fluorescence. e, 

Viability of various Salmonella strains in MgMES medium at pH 5.5. f, quantification of 

independent replicates of data shown in e. Differences in viability compared to wild-type 

(WT) was tested by one-way ANOVA (****, P< 0.0001; n.s., not significant). g, TIMERbac 

log(green/orange) ratios for Salmonella ΔrpoE ΔompC and wild-type in spleen as detected by 

flow cytometry. h, Protein abundance differences between Salmonella ΔrpoE ΔompC ΔrcsD 

and Salmonella ΔrpoE ΔompC wild-type. Only RcsB passed the q = 0.05 criterion. 

 
 

Figure 3: Restoration of high in vivo fitness by a truncated polynucleotide 

phosphorylase. 

a, Frequency of transposon insertions sites in Salmonella ΔrpoE ΔompC ΔrcsD after mouse 

passage. b, In vivo growth of various Salmonella strains. Spleen loads at day 4 (virulent 

strains) or day 5 (strongly attenuated strains) post intravenous infection, normalized by 

inoculum size are shown. Statistical significance of differences to the control strain 

Salmonella ΔrpoE ΔompC ΔrcsD as tested by one-way ANOVA is shown in color (red, P< 

0.0001; black, P> 0.05; det.thr., detection threshold). c, Domain structure and transposon 

insertion site in PNPase. The yellow region was deleted in the N-terminal truncation mutant 

pnp Δ2-199 (aα, all α-helical domain AAHD; KH, RNA binding domain; PH1, RNase PH- 
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like domain 1; PH2, PH1, RNase PH-like domain 2; S1, RNA binding domain). d, Protein 

abundance differences between Salmonella ΔrpoE ΔompC ΔrcsD pnp Δ2-199 (Δ4) and 

Salmonella ΔrpoE ΔompC ΔrcsD. The dashed line represents a Benjamini-Hochberg false- 

disovery rate q = 0.05. Salmonella pathogenicity island 2 (SPI-2) - associated proteins are 

shown in red, envelope-associated proteins are shown in green. e, Protein abundance 

differences between Salmonella ΔrpoE ΔompC ΔrcsD pnp Δ2-199 (Δ4) and wild-type. 
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Supplementary Figure 1: Protein abundance in various strains in vitro. 

 
a, Abundance of porins OmpC (same data as in Figure 1e), OmpD, and OmpF. b, Fold 

differences in abundance of envelope-associated proteins between Salmonella ΔrpoE and 

wild-type (POR, porins; C/P/I, periplasmic chaperones, protease DegP, and periplasmic 

peptidyl-prolyl cis-trans isomerases). c, Fold differences in protein abundance in two different 

strain combinations. The dashed line represents complete reversal of ΔrpoE-dependent 

alterations in the Salmonella ΔrpoE ΔompC strain. Salmonella pathogenicity island 2 (SPI-2) 

- associated proteins are shown in red, PhoP-associated proteins are shown in blue. 

 

 
 

Supplementary Figure 2: Competitive indices from mixed infections. 

 
The dashed lines represent wild-type levels of in vivo fitness. Values below 1 indicate 

attenuation of the mutant (***, P< 0.001; two-tailed t-test on log-transformed data). 

 
 

Supplementary Figure 3: In vitro activities of reporter fusions. 

 

a, Activity of PkatG-gfp-ova in wild-type Salmonella (grey,  black) or Salmonella ΔompC (red) 

in MgMES (shaded) or MgMES containing 10 μM H2O2. b, Activity of PmicA-gfp-ova in wild- 

type Salmonella (grey, black) or Salmonella ΔrpoE (braun) in MgMES (shaded) or MgMES 

containing 5 mg l-1 polymyxin B. 

 

Supplementary Figure 4: In vitro activities of reporter fusions. 

 
Protein abundance differences between Salmonella ΔrpoE ΔompC ΔrcsD pnp Δ2-199 (Δ4) 

and wild-type in mouse spleen. None of the proteins passed the q = 0.05 criterion. 
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ABSTRACT 

Extensive efforts have been devoted to developing efflux inhibitors for combatting multi-drug 

resistant (MDR) bacterial pathogens. However, we show here that MDR clinical isolates of 

Escherichia coli, a major threat to human health worldwide, largely retain high-level 

resistance against old and new antimicrobials even after genetic disruption of efflux. 

Additional mutagenesis revealed efflux-independent mechanisms including antibiotic- 

modifying enzymes and target gene mutations as primary causes of resistance against all 

tested classes of clinically relevant antibiotics. Genetic inactivation of major efflux systems 

also failed to restore susceptibility in diverse MDR Pseudomonas aeruginosa clinical isolates. 

Novel control strategies for MDR pathogens are urgently needed, but efflux inhibition might 

have limited impact. 
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Multi-drug resistant (MDR) Gram-negative bacterial pathogens represent a major global  

threat to human health. MDR pathogens drive clinical usage of last-resort antibiotics such as 

carbapenems and colistin further amplifying resistance development and the emergence of 

pan-resistant pathogens 1. As a consequence, deaths attributable to antimicrobial resistance 

may rise sharply, although the global burden of MDR remains difficult to estimate 2. 

Resistance is multi-factorial but one promiscuous mechanism covering diverse antibiotic 

classes is the expression of so-called resistance-nodulation-division (RND) superfamily 

exporters, which mediate active efflux of small molecules including many antibiotics 3-6. In 

laboratory strains of various Gram-negative bacterial pathogens, upregulation of RND efflux 

systems increases resistance to diverse antibiotics, while genetic inactivation of such systems 

renders mutants hypersensitive. Overexpression of RND efflux systems is observed in many 

MDR clinical isolates suggesting that efflux might be involved in increasing resistance 7. 

Based on these observations, academia and industry have devoted major efforts to develop 

efflux inhibitors, hoping that such inhibitors could broadly restore sensitivity to old 

antimicrobials, and/or break the intrinsic resistance of Gram-negative bacteria against drugs 

that are efficacious against Gram-positive bacteria lacking RND efflux systems. 

Surprisingly, however, the foundation for these efforts has been rather weak. Almost 

all evidence for the impact of efflux comes from non-representative laboratory strains, while 

the quantitative contribution of efflux to clinical MDR remains unclear due to technical 

difficulties. Common methods for genetically inactivating efflux remain ineffective for MDR 

clinical strains. Efflux inhibitors are widely used to assess efflux contributions in clinical 

strains. However, currently available inhibitors are hampered by their selective efflux 

inhibition for certain drugs at low concentrations, and pleiotropic effects on cell envelope 

integrity and overall bacterial physiology at high concentrations, impairing conclusive 

interpretation 5. Efflux system gene expression and sequences can be readily determined, but 
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overexpression and sequence polymorphisms of these genes poorly correlate with resistance 

levels in clinical isolates 8,9. 

As part of the Innovative Medicines Initiative (IMI) Translocation project 10, we 

developed in this study a method that enables generation of genetically defined efflux mutants  

in diverse MDR clinical isolates. We employed a suicide plasmid (Figure 1a) and two 

consecutive single cross-overs using a positive selection marker (thiopurine-S-  

methyltranferase Tpm conferring resistance to tellurite 11) that works even in MDR isolates,  

and a negative selection marker (levansucrase SacB conferring susceptibility to sucrose) for 

gene deletion events (see ONLINE METHODS). We used this method to study the role of 

efflux in two major MDR pathogens that represent particularly serious threats 1, Escherichia 

coli expressing extended-spectrum β-lactamases (ESBL-E. coli) 12, and multi-resistant 

Pseudomonas aeruginosa 13. 

We selected ESBL-E. coli clinical isolates that  were obtained  at  the University 

Hospital Basel from patient blood, sputum, surface swabs, urine, or fecal samples. All isolates 

were non-susceptible to agents of three or more antimicrobial categories thus fulfilling the 

standard definition for MDR status 14. Whole genome sequencing revealed that these isolates  

are genetically diverse with hundreds of allelic differences, and cover seven different multi- 

locus sequence types (STs) with the expected dominance of ST 131 15 (Figure 1b). These  

strains carry various β-lactamases and other highly heterogeneous resistance determinants 

(Figure 1c). 

To determine the contribution of efflux, we aimed at deleting tolC which encodes the 

outer membrane channel required for the function of all known E. coli RND efflux systems. 

For several strains, we could obtain clean deletions of tolC within three days. However, for 

many others we had to screen hundreds of clones to obtain the desired mutants (see ONLINE 

METHODS). Altogether, we managed to obtain tolC mutants for 18 out of 24 ESBL-E. coli 
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isolates. We are not aware of any genetically defined efflux mutant of ESBL-E. coli clinical 

isolates in previous literature. 

 

 
Figure 1: Gene deletion plasmid and diversity of clinical Escherichia coli strains. 

(a) Plasmid for deleting genes in MDR bacterial pathogens. The plasmid carries the R6K γ 

origin of replication which depends on the replication protein π (encoded by pir) which is 

absent in almost all clinical strains; tpm encoding thiopurine-S-methyltranferase, which  

confers resistance to tellurite (most MDR clinical isolates are sensitive to tellurite); the origin 

of conjugational transfer oriT; traJ encoding the transcriptional activator for conjugational 

transfer genes; sacB encoding levansucrase conferring sensitivity to sucrose. The hooked 

arrows represent promoters. 

(b,c) Analysis of clinical Escherichia coli strains expressing extended-spectrum β-lactamases 

by whole genome sequencing. (b) Tree illustrating the relationship between 18 strains for 
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which we could obtain ΔtolC mutants, based on the cgMLST (core genome multi-locus 

sequence typing) allelic profiles. The scale bar represents 500 allelic differences. The tree is 

colored according to MLST sequence types (STs). (c) Occurrence of acquired antimicrobial 

resistance genes as detected by ResFinder 16 and inspection of gyrA alleles. 

To determine efflux activities of E. coli isolates and their respective tolC mutants, we 

used a Nile Red-based assay 17 that is especially suitable for comparing efflux in diverse   

isolates 18 (Figure 2a,b). Seventeen ESBL-E. coli isolates showed rapid efflux with kinetics in 

the range of previous reported data 17 (examples are shown as black lines in Fig. 2a). Deletion  

of tolC totally abolished efflux in 15 strains and dramatically slowed down efflux in two other 

strains (Figure 2a,b). The molecular mechanism of residual slow glucose-dependent Nile Red 

fluorescence loss in these two  tolC mutants remain unknown,  but may involve outer  

membrane efflux proteins that could partially compensate for TolC 19, or other efflux 

mechanisms that do not depend on a particular outer membrane efflux protein. ESBL18 and 

ESBL18 ΔtolC showed declining fluorescence signals in energy-depleted cells even before re- 

energization with glucose, preventing quantitative analysis of energy-dependent efflux (dotted 

orange line in Figure 2a). Nevertheless, our data indicate complete inactivation of efflux as a 

result of tolC deletion in 15 out of 18 clinical isolates. 

We tested the strains for susceptibility to therapeutically relevant antimicrobials 

according to EUCAST (v 6.0; available at http://www.eucast.org/clinical_breakpoints/) using 

commercial phenotyping systems (Vitek 2 and E-tests, bio-Mérieux). We represent the data as 

minimal inhibitory concentrations that prevent growth (MIC) (Figure 2c-d). High MIC values 

corresponding to probable clinical treatment failures (“resistant” according to EUCAST) are 

shown in red, while likely efficacious treatment is represented by the blue regions 

(“sensitive”). If RND efflux represented a major contribution to clinical antimicrobial 

resistance, we would expect our efflux mutants to show markedly decreased MIC values, 

compared to their parental clinical isolates. Deletion of tolC in ESBL-E. coli had indeed some 

http://www.eucast.org/clinical_breakpoints/)
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impact on MIC values in various isolates (arrows in Figure 2c), in some cases similar to what 

has been observed in fully susceptible laboratory strains 3-6. However, such changes were  

almost always too small to convert highly resistant strains into susceptible ones (i.e., moving 

from the red to the blue areas). For β-lactam antibiotics, changes occurred sometimes even in  

the opposite direction (i.e., getting more resistant) as previously reported in an efflux inhibitor 

study 20. This could be a consequence of pleiotropic effects of efflux inactivation (see below). 

 

 
Figure 2: Impact of genetic inactivation of efflux on antimicrobial susceptibility in 

ESBL-E.coli. 
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(a,b) Efflux activities in clinical isolates and corresponding ΔtolC mutants. (a) Energy- 

depleted cells were loaded with Nile red. Cells were then re-energized with glucose (arrow, 

120 s), and efflux was measured as decrease in Nile red fluorescence (which is lower in 

aqueous solution compared to bacterial membranes). All isolates except ESBL18 showed 

rapid energy-dependent efflux (examples shown in black), whereas all ΔtolC mutants showed 

no, or much slower, fluorescence loss upon energization (examples shown in green). ESBL18 

and its ΔtolC mutant (orange dotted line) lost fluorescence in an energy-independent manner 

(i.e., even prior to glucose addition) preventing quantitative analysis of efflux. (b) Time 

intervals after energization until 50% of fluorescence intensity was lost. Time resolution 

prevented measurement of half-times below 10 s (dotted line) or above 300 s (dashed line). 

(c,d) Minimal inhibitory concentrations that prevent growth (MICs) of ESBL-expressing 

Escherichia coli isolates and corresponding ΔtolC mutants. Data are shown for common 

therapeutically used antimicrobials (c), and for drugs that are ineffective against Escherichia 

coli (d). Crosses represent values for parental isolates. The impact of ΔtolC deletion is 

represented by arrows. If there is no arrow, the mutant MIC remained at the parental level. 

MIC ranges corresponding to clinical resistance (red) or susceptibility (blue) according to 

EUCAST breakpoints are shown as background. Breakpoints shown in (d) are estimates 

based on values for other bacterial pathogens. The thick blue arrows mark conversion of 

clinical resistance to susceptibility as a result of genetic inactivation of major efflux systems, 

while the dotted blue line for ESBL08 and amikacin should still be reported as “intermediate” 

(see text). MIC values outside the measurement range are shown above the highest tick, or 

below the lowest tick, respectively. 

(e,f) Impact of additional inactivation of specific resistance determinants in efflux-deficient 

strains. (e) Comparison of susceptibility of parental strains, their ΔtolC mutants, and various 

double mutants (AMC, Amoxicillin/Clavulanic acid; SXT, Trimethoprim-sulfamethoxazole). 

We determined susceptibility to ciprofloxacin using a broth microdilution technique to cover 

the nanomolar concentration range. (f) Antimicrobial spectrum changes in double mutants 

(blue, switch from “resistant” or “intermediate” in the tolC mutant to “sensitive” in the double 

mutant; light blue, “sensitive” status further enforced; white, “sensitive” unaltered; red, 

“resistant” unaltered; AMK, Amikacin; CAZ, Ceftazidime; CIP, Ciprofloxacin; CRO, 

Ceftriaxone; FEP, Cefepime; TOB, Tobramycin; TZP, Piperacillin/Tazobactam). The green 

boxes indicate resistance mechanisms that were specifically inactivated in each of the four 

double mutants. 
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The only exception was isolate ESBL10 that became susceptible to the 

aminoglycosides tobramycin and amikacin, and trimethoprim-sulfamethoxazole upon tolC 

deletion (thick blue arrows in Figure 2c). Interestingly, ESBL10 was the only isolate that 

showed resistance to these drugs but lacked antibiotic-specific resistance determinants (such 

as aac(6’)-Ib and aac(6’)-Ib-cr encoding aminoglycoside modifying enzymes, of dfrA alleles 

and sul alleles resistant to trimethoprim or sulfamethoxazole, repectively; Figure 1c). This 

apparent lack of specific resistance mechanisms would be compatible with an important role 

of general mechanisms such as efflux. On the other hand, ESBL10 tolC remained resistant to 

agents in three clinically relevant antimicrobial categories and thus retained MDR status. 

Another mutant, ESBL08 ΔtolC, showed diminished MIC for amikacin (MIC 4 mg l-1) but 

retained tobramycin resistance. Under these circumstances, the amikacin MIC may not be a 

reliable predictor of clinical activity 21 and the strain should be reported as “intermediate” for 

amikacin according to EUCAST expert rules 

(http://www.eucast.org/expert_rules_and_intrinsic_resistance/) 22 (dotted blue arrow in Figure 

2c). 

The modest impact of efflux inactivation was initially surprising, but did not   

necessarily indicate that efflux had no role in MDR. Inactivating efflux can cause pleiotropic 

side effects including suppression of outer membrane porin F (OmpF) 20,23-25. Such pleiotropic 

effects might provide compensatory resistance mechanisms not present in the wild-type  

isolates, thus replacing one mechanism (efflux) by another (i.e., poor porin-dependent drug 

entry) with little overall change in MIC (or even increased resistance as observed for β-   

lactams 20). Alternatively, the non-impressive ΔtolC phenotypes could also be due to the large 

sets of antibiotic-modifying enzymes, acquired  antibiotic-resistant target  alleles such as 

dfrA14, and mutated chromosomal target genes such as gyrAS83L D87N in our isolates (Figure   

1c). To determine the quantitative contributions of efflux/compensatory side effects vs. 

http://www.eucast.org/expert_rules_and_intrinsic_resistance/)
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efflux-independent antibiotic-specific mechanisms, we constructed double mutants in isolates 

from three different E. coli sequence types. 

To inactivate multiple resistance mechanisms simultaneously, we cured plasmids 

carrying multiple antibiotic-modifying genes and acquired antibiotic-resistant target alleles 

(Supplemental Figure 1) in two strains yielding double mutants ESBL11 ΔtolC pESBL11- and 

ESBL03 ΔtolC pH105- (ESBL03 contained  a plasmid  with 99.95% sequence  identity to 

pH105 26). For comparison, we constructed two additional double mutants in which a single 

resistance determinant was targeted  (ESBL13  ΔtolC ΔdfrA14, potentially restored 

susceptibility to trimethoprim; ESBL06 ΔtolC gyrAL83S N87D, potentially restored susceptibility 

to ciprofloxacin). Susceptibility measurements showed that  all  four double  mutants 

specifically lost resistance phenotypes in strict concordance with the respective targeted 

mechanisms (Figure 2e,f). We observed striking MIC changes in all five tested clinically 

relevant antimicrobial categories,  in marked  contrast to the mostly modest changes observed 

for ΔtolC. These results indicated that (i) antibiotic-modifying enzymes and resistant target 

alleles mediated  high-level resistance to diverse classes of antibiotics even in absence of   

efflux, and (ii) pleiotropic effects of the tolC deletion did not confer clinically relevant 



Publications 

69 

 

 

 

resistance to any of the tested antibiotics. Together, this evidence suggested a limited role of 

RND efflux for MDR of ESBL E. coli clinical isolates. 

 
Supplemental Figure 1: Plasmid-encoded antimicrobial resistance genes. 

(a,b) Gene clusters that contained all detected antimicrobial resistance genes on plasmids 

present in ESBL11 (pESBL11; 30,000 bp of a total plasmid sequence of 148,945 bp are   

shown) and ESBL03 (pH105; 20,000 bp of a total plasmid length of 134,920 bp). Gene names 

in red indicate genes conferring resistance to clinically relevant antibiotics that were tested in 

this study (AMC, Amoxicillin/Clavulanic acid; CAZ, Ceftazidime; CRO, Ceftriaxone; FEP, 

Cefepime; SXT, Trimethoprim-sulfamethoxazole SXT;  TOB,  Tobramycin).  AAC(6′)-Ib-cr 

can modify both tobramycin and amikacin. However, strain ESBL11 was only resistant to 

tobramycin while amikacin MIC remained below the EUCAST breakpoint (Figure 2c). 

Similar findings have been obtained for many Enterobacteriaceae that possess AAC(6′)-Ib 21. 

AAC(6′)-Ib-cr can also cause low-level resistance to ciprofloxacin 27, but in ESBL11 which 

carries also a high-resistance chromosomal gyrAS83L D87N allele (Figure 1c), AAC(6′)-Ib-cr 

likely provided only a modest contribution to overall ciprofloxacin resistance. Gene names in 

black indicate other resistance genes. Transposable elements are shown in blue, and other  

genes are grey. 

 
Efflux may have a more important role during initial encounters with new drugs, at a 

time when specific resistance mechanisms might yet not have evolved 3-6. To evaluate this 

possibility, we tested erythromycin and fusidic acid, two drugs that are used against Gram- 
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positive bacteria but are ineffective against E. coli because of RND efflux-mediated intrinsic 

resistance 5. Indeed, tolC deletion greatly increased sensitivity to these drugs in several MDR 

ESBL-E. coli clinical isolates (Figure 2d), but a sizable fraction showed no or only weak 

sensitization upon efflux inactivation. These data suggest that even without specific selection 

pressures, several MDR clinical isolates already carried potent resistance mechanisms  to 

“new” drugs limiting the impact of efflux inhibition. 

We also selected several MDR P. aeruginosa isolates from four different Belgian 

hospitals 28 that had divergent serotypes, antibiograms and efflux pump expression patterns 

(Supplemental Figure 2a-d). In seven out of 12 tested P. aeruginosa strains, we were able to 

delete oprM encoding the outer membrane channel of major efflux systems MexAB and 

MexXY (except for rare isolates of the taxonomic  outlier PA7  group  29,  in which MexXY 

uses OprA), as well as minor systems MexMN, MexVW, and partially MexJK. For some 

extensively MDR P. aeruginosa isolates, there was a high background growth even at 200 mg l-

1 tellurite hampering positive selection for ex-conjugants. One genetically defined efflux mutant 

for a clinical MDR P. aeruginosa isolate from the rare outlier PA7 group was reported 

previously 30. 

Similar to our findings for ESBL E. coli, MDR P. aeruginosa ΔoprM mutants showed 

mostly non-impressive alterations in antimicrobial susceptibility. Strain PA256 ΔoprM had a 

diminished MIC value for amikacin (6 mg l-1) but remained resistant to tobramycin. Under  

these circumstances, the amikacin MIC may not be a reliable predictor of clinical activity, and 

the strain should be reported as “resistant” for amikacin 22 (dotted blue arrow in Supplemental 

Figure 2a). Deletion of oprM had more remarkable effects on P. aeruginosa susceptibility to 

aztreonam (which is rarely used against this pathogen) and a ceftazidime / avibactam 

combination that was approved  in 2015, after isolation of the  P. aeruginosa  strains used in  

this study 28 (Supplemental Figure 2b). However, several mutants retained resistance 
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suggesting the presence of potent alternative (pre-existing) resistance mechanisms. We also 

tested two drugs, tigecycline and azithromycin, that cannot be used therapeutically against P. 

aeruginosa because of high intrinsic resistance. In laboratory strains, inactivation of just one 

OprM-dependent efflux pump, MexAB, largely overcomes this intrinsic resistance 5. 

Similarly, oprM deletion dramatically increased  sensitivity to  both “new”  drugs in some of 

our clinical isolates (Supplemental Figure 2c). Susceptibility breakpoints for these two drugs 

have  not been established  for  P. aeruginosa but using EUCAST breakpoints for other  

bacterial pathogens as tentative first approximations, several oprM mutants might indeed have 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
become sensitive to clinically achievable tigecycline concentrations (hatched blue area). On 

the other hand, several mutant strains retained high resistance against both tigecycline and 

azithromycin. 

 
Supplemental Figure 2: Impact of oprM deletion on MDR P. aeruginosa clinical isolates. 

(a,b,c) Minimal inhibitory concentrations that prevent growth (MICs) of P. aeruginosa strains 

and their ΔoprM mutants. Data are  shown  for  common therapeutically used  antimicrobials 

(a), for rarely used or just recently approved drugs (b) (Ceft. / Avib., Ceftazidime / 
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Avibactam), and for drugs that are ineffective against P. aeruginosa. (c). Crosses represent 

values for parental isolates. The impact of oprM deletion is represented by arrows. If there is 

no arrow, the mutant MIC remained at the parental level. MIC ranges corresponding to 

clinical resistance (red) or susceptibility (blue) according to EUCAST breakpoints are shown 

as background. Breakpoints for Ceftazidime / Avibactam (b) were based on values for 

Ceftazidime. Breakpoints shown in (c) are estimates based on values for other bacterial 

pathogens. The thick blue arrows mark conversion of clinical resistance to susceptibility as a 

result of genetic inactivation of major efflux systems, while the dotted blue line for PA256 

and amikacin should still be reported as “resistant” (see text). MIC values outside the 

measurement range are shown above the highest tick, or below the lowest tick, respectively. 

(d) Strain characteristics of highly resistant Pseudomonas aeruginosa clinical isolates (n.d., 

not detected). 

 
 

Deletion of oprM inactivates the clinically most relevant RND efflux systems in P. 

aeruginosa, MexAB and MexXY 31, which represent the primary targets for efflux inhibitor 

development programs against MDR P. aeruginosa. In addition, P. aeruginosa  encodes  

various other RND efflux systems that are independent of OprM  5. It is possible that  such  

other efflux systems masked the effect of oprM deletion in some of our mutants (as it has    

been shown for one single isolate of the rare PA7 group 30), but the most important alternative 

pumps, MexCD-OprJ or MexEF-OprN, were not overexpressed in our most refractory strains 

142 and 256 (Supplemental Figure 2d). In general, it might be challenging to develop 

promiscuous but safe inhibitors/inhibitor combinations for all relevant P. aeruginosa efflux 

systems, given the toxicity of several otherwise promising inhibitors 3-6. 

Together, our genetically defined mutants show that major RND efflux systems 

contribute to the MDR phenotype and intrinsic resistance of many clinical ESBL-E. coli and 

P. aeruginosa strains. However, the effect size is often moderate due to potent efflux- 

independent resistance mechanisms. A limited contribution of efflux to high-level resistance 

has been previously postulated based on observations with laboratory strains 5 and three 



Publications 

73 

 

 

 

Salmonella isolates from pigs 32. Our data indicate that efflux inhibitors might have limited 

impact on therapeutic success with old or even new antimicrobials against key human MDR 

pathogens, arguing against the main motivation for the extensive past and current   

development programs for such inhibitors. Efflux might play a more important role in strains 

with only low-level resistance (which we did not include in this study), but this would have 

little relevance for solving the urgent MDR crisis. Further research on RND efflux systems  

and their substrate selectivity is still essential to obtain a rational basis for developing 

efficacious novel drugs that escape efflux. Moreover, efflux systems can contribute to  

pathogen virulence 33 suggesting a potential role for efflux inhibitors in anti-virulence 

strategies. 

We have determined the quantitative contribution of major efflux systems to 

resistance in diverse MDR clinical isolates of two major bacterial pathogens that have been at 

the focus of RND efflux research. Future studies could determine the role of efflux in clinical 

multi-drug resistance in additional pathogens using the methods developed in this study. 
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METHODS 

 
Methods, including statements of data availability and any associated accession codes and 

references, are available in the online version of the paper. 
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4 Discussion 

 
The aim of this work was to explore opportunities to synergize with the host immune system in order 

to fight pathogens infections more efficiently. More precisely, we aimed to identify target mutations 

that could rescue fitness of an avirulent rpoE Salmonella mutant by using an unbiased method. Our 

approach revealed that two deletions could reverse the rpoE phenotype in vivo. 

 
4.1 Advantages and limitations of the techniques used 

 
Transposon screening is an unbiased method to identify target genes. Due to outward facing 

promoters with strong or moderate activity (Ptac or Pbla, respectively), our transposon strategy was 

designed to identify up- or down-regulation of adjacent genes in addition to loss of function due to 

transposon insertion. Our library contains 50,000 clones. The Salmonella genome is 5’067’450 bp 

length – including plasmids – suggesting the transposon inserted approximately every 101 bp. Due to 

the relatively small number of clones in our library, we mainly obtained insertion inside genes resulting 

in loss-of-function mutations. This result is not surprising because statistically, the chances of obtaining 

insertions within a gene, resulting in its disruption, are higher than the ones to up- or down-regulate 

one. For the same reason, it is not surprising that none of the recovered clones had an insertion of the 

transposon in E-dependent genes. This raises the possibility of a “hot spot” for transposon insertion 

in the input library. Sequencing the input library could have been an option in order to determine in 

vitro enrichment of any transposon insertion. Generating a transposon library bears some intrinsic 

limitations, as insertions in small genes are less likely to occur. Additionally, insertions in essential 

genes would be deleterious and, therefore, be negatively selected and lost. 

 

The animal model we used in our study was a systemic infection in susceptible BALB/c mice. The main 

advantage of this animal model is to study the pathogen adaption in a complex living mammalian 

organism with high diversity of cells type and high complexity of molecular interactions. The use of 

susceptible mice had two main advantages: (i) in the clinics, immunocompromised patients are subject 

to pathogens with a high mutation frequency rate (160) and (ii) we could technically obtain sufficient 

amounts of bacteria allowing further characterization. However, we must consider that murine and 

human physiology/immunology are different, potentially limiting the predictive power for human 

patients. 
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4.2 Rescue the survival of an avirulent mutant by deleting a major porin 

 
In this first transposon screen, we obtained only loss-of-function mutations meaning either (i) most 

E-dependent genes may have an individually limited effect on virulence or (ii) our library missed 

appropriate insertion sites upstream of key E-dependent genes. Clones of the output library had 

mainly the transposon integrated in three different positions in the promoters’ region of ompC (red 

stars in figure 10), which is also upstream of the sRNA micF, and the phosphotransferase rcsD. This 

insertion resulted in significantly lowering ompC expression as measured by proteomics. We focused 

on the dominant clone (the circled one in Figure 10). Interestingly, in the dominant clones, the genes 

hit by the transposon and its adjacent genes are directly or indirectly linked to the pathogen envelope. 

 
 

 

Figure 10. Major transposon integration sites in the ∆rpoE output library. 
 

4.2.1 MicF 

As Ptac was facing towards the sRNA micF, we hypothesized that one transposon role was to increase 

micF expression. micF encodes a small regulatory RNA targeting several mRNAs, whose genes are 

implicated in diverse function (161): the biofilm formation regulator protein BssS, the lipid A deacylase 

LpxR, a hypothetical periplasmic protein YahO, the leucine-responsive transcriptional regulator Lrp, 

and another major porin, OmpF. Unfortunately, due to technical reasons, we were unable to directly 

quantify micF expression by qRT-PCR. Additionally, ∆rpoE ∆ompC ∆micF bacteria exhibit the same in 

vivo fitness as ∆rpoE ∆ompC. Finally, Ptac is located 280 bp from the micF promoter. This would produce 

a long, potentially inefficient transcript. Together, these data suggest that the beneficial effect of the 

transposon is not linked to micF expression. 

4.2.2 OmpC 

ompC encodes a major Salmonella porin. Due to the presence of a terminator encoded downstream 

of ompC, that should stop transcription, we did not investigate adjacent downstream genes. Binding 

sites for the sRNAs RybB, RseX and MicC are downstream of Pbla. RybB is E-activated and has 
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numerous mRNA targets. RseX and MicC down-regulates OmpA and OmpC levels, and OmpC and 

OmpD levels, respectively. Downstream of Ptac are diverse transcription factor binding sites such as Lrp 

– a MicF target, OmpR – part of the EnvZ/OmpR two-component system, CpxR – the response regulator 

of the envelope stress response system CpxAR, and IHF – the Integration Host Factor that down- 

regulates ompC transcription (162). These observations suggest that the transposon integrated into a 

highly regulated zone of the genome where many regulatory networks converge. 

4.2.3 OmpC: “channel hypothesis” 

OmpC level is tightly regulated, suggesting OmpC plays a crucial role in vivo. Surprisingly, ompC has no 

reported effect on in vivo fitness (22). However, our in vivo data showed a slight but still significant 

decrease in ∆ompC mutant in vivo fitness, indicating Salmonella requires OmpC for systemic infection. 

This discrepancy could be due to our more sensitive method (FACS). Our in vivo and in vitro proteomics 

data showed that OmpC is the second most abundant porin in Salmonella, following the structural 

porin OmpA. OmpC is important for acquisition of nutrients and/or specific molecules. OmpC is 

involved in the antibiotic passage in vivo and in vitro in E. coli, S. Typhimurium, K. pneumoniae, and E. 

asburiae as drug resistant strains were described to lose OmpC (163–167). These findings suggest that 

(i) OmpC may be a possible pore for undesired toxic molecules (“channel hypothesis”), and that (ii) 

pathogens can support the loss of OmpC within the host. 

4.2.4 OmpC: “cargo hypothesis” 

Another possible reason to explain why deletion of OmpC leads to partial rescue of in vivo fitness is 

that, during infection, different type of stresses may lead to the unfolding of outer membrane proteins 

(e.g. OmpC) followed by accumulation in the periplasmic space (“cargo hypothesis”). Overexpression 

of degP, encoding a E-dependent protease, increases ΔrpoE in vivo fitness as we could recover a few 

bacteria from infected mice at day 5. Next, we combined degP and skp overexpression as these two 

proteins are part of the same pathway during OMP assembly in vivo (32). Preliminary data showed 

that in vivo fitness was not further improved. 

These data led us to conclude that OmpC induces accumulation of periplasmic cargo that has a 

negative effect on bacterial in vivo fitness. As overexpression of degP in ΔrpoE ΔompC reach the same 

in vivo fitness as ΔrpoE ΔompC (without degP overexpression), we could not rule out that the “cargo 

hypothesis” is the only stress induced by OmpC. To further test the “cargo hypothesis”, we could 

overexpress other proteases alone or in combination. Indeed, the OmpC-dependent cargo effect 

perhaps overwhelms DegP. 

Additionally, cell fractionation, followed by proteomics comparative analysis between the cytoplasm 

and the periplasm could also be performed. If this hypothesis is correct, we should detect OmpC 

enrichment in the ∆rpoE bacterial periplasm. 
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This means that the “cargo hypothesis” partially explains the rescue phenotype but is not the sole 

explanation. To try to decipher between the two hypotheses, we first stained live/dead cells in MgMES 

pH 5.5 during stationary phase as OMPs are more prone to aggregation at low pH (168). We could 

show that ∆ompC rescued ∆rpoE survival, suggesting that either (i) OmpC itself is aggregated thus toxic, 

or (ii) OmpC allows the passage of a toxic molecule that lead to cargo formation in the periplasm. Most 

likely, OmpC is not a pore entrance only for H+, as the latter would pass through OmpD as well, and 

∆ompD does not restore ∆rpoE survival. Potential toxic molecules that could pass through OmpC are 

organic acid such as lactate, acetate, or citrate, which are not present in our MgMES media. 

 

We then generated ΔrpoE OmpCG132D – a mutant that should have a smaller OmpC pore size – and we 

tested its in vitro and in vivo fitness. This mutant exhibited ΔrpoE ΔompC-like fitness and was able to 

rescue ΔrpoE survival at mildly acidic pH. Even though we checked by sequencing the promoters’ 

region and the coding sequence, in vitro proteomic results demonstrated a decreased OmpC level in 

ΔrpoE OmpCG132D, suggesting that the protein might be unstable, thus degraded. 

 
Sequencing the output library could have been an option to not omit any target, to calculate each 

mutation frequency rate, and to perhaps better understand the rescue phenotype by linking all the 

information from the different transposon targets and the adjacent genes. 

 

It seems difficult to decipher between the two hypotheses. A combination of the “channel” and the 

“cargo” hypotheses likely explains the survival advantage. It is still possible that other hypotheses exist. 

4.2.5 OmpC: other hypotheses 

Liu et al. have shown that ∆ompC survives better than the WT in human blood and serum (164). The 

authors suggested that OmpC is an immunogen as anti-OmpC antibodies were detected in human 

serum, thus suggesting that the immune system recognizes more, and attacks better a strain 

expressing ompC. A way to assess this hypothesis would be to test comparative complement killing of 

rpoE and rpoE ompC. 

 

Our in vitro proteomics results showed an overall proteins level down-regulation in ΔrpoE compared 

to WT, especially a down-regulation in virulence genes such as SPI-2 and PhoP-dependent genes, as 

previously described. Decreased expression of virulence genes leads to decreased fitness, which might 

explain ΔrpoE phenotype. Interestingly, ΔrpoE ΔompC proteomics profile already resembles more WT 

profile. Therefore, OmpC seems to induce a stress in ΔrpoE that may decrease virulence. This might 
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contribute to a decreased fitness of ΔrpoE. We can also conclude that deletion of ompC partially 

positively impact the expression of these virulence genes. 

4.2.6 No involvement of other porins 

Surprisingly, no major porins were up- or down-regulated in response to ompC deletion. Many 

examples exist of OmpC- and OmpF-deficient strains that become drug resistant in vitro and in vivo in 

S. Typhi and E. coli (169–172). 

OmpD is 66% identical to OmpC. However, ΔrpoE ΔompD did not rescue ΔrpoE survival in vivo nor in 

vitro. Replacing ompC by ompD in ompC locus did not rescue in vivo fitness as well as simple ompC 

deletion. Together, these data show that OmpD does not contribute significantly to perturbations that 

require E for maintaining in vivo fitness. These results may suggest a pore specificity between porins 

and confirms again the presence of an OmpC-dependent stress in ΔrpoE. 

4.2.7 Minor contribution of rcsD 

Rcs is another envelope stress response system highly expressed in ∆rpoE bacteria (93). 

Overexpression of the Rcs system is deleterious for Salmonella (78). As rcsD is encoded downstream 

of micF, we deleted this phosphotransferase of the Rcs system. Deletion seemed to increase slightly 

∆rpoE ∆ompC fitness. In vivo proteomics data showed that the main difference between ∆rpoE ∆ompC 

and ∆rpoE ∆ompC ∆rcsD is the decreased abundance of RcsB, the major DNA-binding protein of the 

Rcs sytem. Preliminary data showed that ∆rpoE ∆ompC ∆rcsB is avirulent. Together, these data suggest 

that a low basal activity of the Rcs system may be necessary. Also, it is important to note that this 

benefit is seen only in ∆rpoE ∆ompC bacteria as an ΔrpoE ΔrcsD double mutant is avirulent in vivo, 

highlighting again the crucial role of OmpC in survival. 

 
4.3 Increase the in vivo fitness with a second mutation 

 
To identify additional target(s) that could increase the in vivo fitness of ∆rpoE ∆ompC ∆rcsD, we 

performed two rounds of transposon screens. Indeed, after collecting the clones obtained from the 

first in vivo passage, no significant target was identified, and a second mouse was infected with roughly 

200,000 clones for enrichment of clones with a fitness advantage. Among the million clones recovered 

from the spleen, four clones were found several times with the transposon inserted in cadA, yicH, ftsI2, 

or pnp. The most highly dominant clone was pnp, which was found nine times out of 20 sequenced 

clones. cadA, yicH, and ftsI2 were found two times each. The target genes are discussed further below. 
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4.3.1 pnp 

Figure 11. Transposon insertion site in pnp and adjacent genes (top left). Gene composition (bottom 

left) adapted from (173). pnp tructural organization (bottom right) adapted from (174)). 

 

pnp encodes a major regulator termed polynucleotide phosphorylase (PNPase) that is involved in RNA 

processing and cold shock response. The transposon integrated 596 bp from the pnp start codon with 

Pbla looking toward the 3’ end of pnp (Figure 11). Downstream of Ptac lies sraG, a sRNA that post- 

transcriptionally down-regulates pnp expression (175). As (i) Ptac could increase sraG expression, 

leading to a decreased in pnp expression, (ii) terminators are encoded upstream and downstream of 

pnp, and (iii) the transposon integrated in pnp, pnp is likely the transposon target. Downstream of pnp, 

nlpI encodes a lipoprotein. We cannot exclude that the transposon insertion affects nlpI expression as 

pnp and nlpI form an operon (176). In vivo proteomics data showed a decrease in NlpI level in ∆rpoE 

∆ompC ∆rcsD pnp∆2-199 compared to the WT. Interestingly, OMVs formation increased in ∆nlpI (177), 

allowing cells to better resist membrane-damaging agents. This might slightly contribute to the 

increased fitness. 

 

However, pnp deletion in ∆rpoE ∆ompC ∆rcsD mutant bacteria led to unreproducible results in vivo. 

Mice over 12 weeks are more resistant to Salmonella infection due to a more mature immune system, 

thus decreasing the total number of output CFUs. Moreover, infecting with WT bacteria likely creates 

a favorable niche for the Salmonella mutant by overwhelming the host immune system. However, no 

correlation with mice age or presence of the WT in the inoculum was observed. We therefore 

generated a truncated mutant lacking the 5’ pnp where the transposon inserted, deleting amino acids 

2 to 199 in ∆rpoE ∆ompC ∆rcsD, termed ∆4. In vivo proteomics results showed a threefold decreased 

expression in PNPase, showing that this enzyme is still active. Interestingly, ∆4 mutant reproducibly 

exhibited a high level of in vivo fitness. The 5’ pnp truncation may produce multiple effects; however, 
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due to its reproducible phenotype compared to the clone containing the transposon, we decided to 

further investigate ∆rpoE ∆ompC ∆rcsD pnp ∆2-199. pnp involvement is crucial in in vivo fitness only 

when OmpC is absent as ∆rpoE pnp ∆2-199 is strongly attenuated. 

 

PNP contains repeated exoribonuclease domains called RNase PH domain 1 (orange in figure 11) and 

RNase PH domain 2 (blue in figure 11). Only domain 2 is active in RNA degradation (178). As we 

observed an increase in fitness of ∆rpoE ∆ompC ∆rcsD ∆Nt-pnp bacteria, domain 1 might be essential 

in events aside from RNA degradation. RNase-PH forms a hexameric ring of three identical 

homodimers (right panel in figure 11). The ring-like structure is important for activity in the maturation 

of tRNA precursors as a mutant with a disrupted trimerization interface is not functional (179). Our 

truncated protein could be unable to fold into this ring structure, conferring a survival advantage. The 

principal role of tRNA is to link the mRNA and the amino acids sequence of proteins. It is difficult to 

predict why such a deletion would increase fitness. 

 

PNPase interacts with the endoribonuclease RNase E to form the degradosome, a multienzyme 

complex that degrades mRNA. In ∆rpoE bacteria, mRNAs levels increase due to the absence of the 

sRNAs RybB, MicA and MicL. In ∆pnp bacteria, steady-state levels of mRNA increase (180). In our 

mutant, interaction with the degradosome is not modified and the RNase PH domain 2 is intact. If 

deleting the RNase PH domain 1 increases activity of the RNase PH domain 2, then the mRNA level 

should be WT-like. The high in vivo fitness level of ∆rpoE ∆ompC ∆rcsD ∆Nt-pnp bacteria may be due 

to a “back-to-normal” steady-state level of mRNAs. An accumulation of mRNA could be deleterious for 

Salmonella due to steric hindrance in the cytoplasm by disturbing other crucial reactions. We could 

verify the mRNA accumulation by Northern Blot analysis. It could also be deleterious to be 

overwhelmed with mRNA as many unnecessary and/or inappropriate proteins are produced, causing 

energy loss and eventual death. We could also compare WT and mutant bacterial transcriptomes for 

a broader view and better understanding of the rescue phenotype. However, if deleting RNase PH 

domain 1 has no effect on the activity of RNase PH domain 2, then the steady-state level of mRNA 

would not be implicated in in vivo fitness. 

 

As pnp has pleiotropic functions, it is challenging to identify a specific role in the survival advantage. 

The pleiotropic effect was already observed by proteomics, where the overall protein levels were 

almost restored to WT profile. Nevertheless, a 1,000 fold increase in in vivo fitness suggests that 

Salmonella can bypass σE, an absolutely crucial contributor to in vivo fitness and virulence, by a number 

of minor alterations, instead of using a completely distinct envelope maintenance program, under the 

precondition that the major “trouble-maker” OmpC is absent. 
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4.3.2 cadA 
 

 

Figure 12. Transposon insertion site in cadA and adjacent genes. 
 
 

Another target gene that was identified by our transposon screen was cadA. cadA encodes a lysine 

decarboxylase that consumes a proton when producing cadaverine, a polyamine, in the cytoplasm. 

Cadaverine is then exported to the periplasmic space by the lysine:cadaverine antiporter CadB. By 

consuming H+, cadA increases cytoplasmic pH, protecting the cell from mild acid stress (181). The 

transposon inserted at 1534 bp from the cadA start codon with Pbla facing the 5’ region of cadA and 

the downstream gene yjdL. yjdL encodes a dipeptide/tripeptide:H+ symporter (182). cadB is encoded 

upstream of cadA. As Ptac and cadB are encoded in opposite directions, we cannot exclude that the 

transposon role is to repress cadB expression by antisense. If cadA and cadB are deleted, cells are less 

resistant to mildly acidic pH, which should not provide a survival advantage. It is possible that the 

transposon role is to up-regulate yjdL thanks to Pbla and to down-regulate cadA expression in the 

meantime. Nonetheless, this is unlikely as the accumulation of H+ in the cytoplasm due to the lack of 

cadA would be worse by the action of YjdL, which imports dipeptide, and H+ in the cytoplasm. 

 
Thus, most likely, the transposon role is to disrupt cadA expression. However, ∆rpoE ∆ompC ∆rcsD 

∆cadA bacteria did not reach WT fitness, indicating part of cadA may be necessary in vivo. The CadA 

protein is composed of three parts: an N-terminal domain, a major domain from 390 - 1635 bp, and a 

C-terminal domain (183). The transposon insertion at 1534 bp disrupts the major decarboxylase 

domain of cadA leaving intact the N- and the C-terminal domains. However, an internal ATG is lacking 

to initiate transcription: the N- and C-terminal domains are probably not expressed. We also cannot 

exclude a secondary mutation somewhere else in the genome that would explain ∆rpoE ∆ompC ∆rcsD 

cadA::Tn5 phenotype. 

4.3.3 yicH 
 

 

Figure 13. Transposon insertion site in yicH and adjacent genes. 
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yicH is a 1710 bp gene that is poorly described. It may encode a protein with ß-barrel structures (184), 

and is predicted to be an IMP (185). The transposon integrated at 1037 bp from the yicH start codon 

(Figure 13). Ptac faces the 5’ region of yicH and the downstream gene yicI. yicI encodes – in the opposite 

direction – an enzyme involved in the carbohydrate metabolic process. We cannot exclude that the 

transposon role is to repress yicI by antisense expression through Ptac. Upstream of yicH is yicE, which 

encodes an H+:xanthine symporter. As the distance between Pbla and yicE is 1191 bp, Pbla likely has no 

direct effect on yicE transcription, suggesting yicH is the transposon target. 

 

According to the Membranome database (https://membranome.org/), the transmembrane domains 

of YicH are encoded within the first 81 bp, indicating the transposon has no effect on them. We could 

generate a truncated mutant and a knockout of yicH in order to characterize this gene and test its 

involvement in fitness. As yicE encodes a symporter and as yicH is predicted to encode an IMP, yicH 

may also encode a transporter that involves H+. To test this hypothesis, we could test the passage of 

different molecules through this transporter by electrophysiology even though the panel of possible 

molecules is vast. 

4.3.4 ftsI2 
 

 

Figure 14. Transposon integration site in ftsI2 and adjacent genes. 
 
 

ftsI2 encodes a penicillin-binding protein (PBP) involved in cell wall structure. The transposon 

integrated at 164 bp from the start codon with Pbla facing the 5’ region of ftsI2. ftsI2 contains a domain 

encoding the PBP dimer and a domain encoding for the transpeptidase activity, both of which were 

intact after transposon insertion. Two internal methionines located downstream of the transposon 

could cause in-frame expression of the 3’ part of ftsI2. The adjacent downstream gene is rrmA, which 

encodes a 23S rRNA methyltransferase. Upstream of ftsI2 is cspC, a small gene encoding a stress 

protein involved in cold shock resistance. cspC expression is likely disrupted by Ptac, which is encoded 

in the opposite direction. It was shown recently that a cspC mutant was more sensitive to envelope 

stress in vitro, and double mutant cspC cspE was shown to be attenuated in vivo (186). Interestingly, 

ß-lactams bind to PBP, leading to an inhibition of cell wall synthesis. If the transposon insertion 

decreases ftsI2 expression, ß-lactams cannot exert their deadly effect. Alternatively, Salmonella cell 
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wall integrity may be compromised, leading to a decrease in fitness, unless another PBP compensates. 

An increase in ß-lactam resistance was already observed in PBP point mutants. Two mechanisms were 

possible: (i) decreasing ß-lactam binding to PBP active site, (ii) evolving a ß-lactamase activity that 

degrades the antibiotic (187). To test these hypotheses, we could generate truncated mutants, test 

their in vivo fitness, and challenge them in vitro with ß-lactams. 

4.3.5 Suppressor mutations of E essentiality in vitro 

In E. coli, rpoE is essential for viability unless unlinked suppressor mutations occur to ensure growth in 

the absence of rpoE. Mutations in yhbW, ptsN, and ydcQ were described in E. coli. yhbW encodes a 

putative luciferase-like monooxygenase of unknown function and was not investigated further by the 

authors (93). ptsN encodes a phosphotransferase enzyme involved in carbohydrate metabolism. It is 

interesting to note that this gene encodes the only suppressor mutation described thus far whose 

expression is E-regulated (158). Overexpression of ptsN reduces cell envelope stress. Theoretically, 

we could have detected it with our approach due to the transposon promoters’ activity. We may not 

have detected ptsN in our screen because rpoE is not essential for Salmonella viability, or because ptsN 

overexpression was not as dominant as ompC deletion. ydcQ encodes the antitoxin of a toxin-antitoxin 

system. It is surprising that the absence of ydcQ allows survival as it is the “antidote” of the system. 

YdcQ loss leads to a decreased in envelope stress response and in OMVs production. The toxin may 

trigger a signaling cascade that activates other, typically dormant stress response systems. 

 

In V. cholerae, rpoE is also essential. ompU, which encodes the major porin, was identified as a 

significant suppressor mutation of rpoE essentiality (188). Interestingly, OmpU and OmpC share 67% 

identity, highlighting that major porin loss is not specific to Salmonella. 

 

These suppressor mutations described above are highly diverse in terms of role. This shows that it is 

possible to circumvent E essentiality in vitro by many ways. Our results demonstrated this is also 

possible in vivo. Indeed, under host attacks, the frequency rate of mutations might increase, 

emphasizing, once again, pathogen plasticity to ensure survival. 

 

4.4 Implications of our results 

 
By deleting rpoE, we aimed to simulate the effects of an rpoE specific inhibitor and the challenges 

posed by development of bacterial resistance. Would an rpoE inhibitor be useful in fighting Salmonella 

infection? Therefore, the intent of our approach was to synergize with the host immune system and 

seek suppressor mutations in vivo. 
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In our study, we could show that an avirulent strain ΔrpoE, mimicking a bactericidal antibiotic, could 

be rescued (fitness gain of about 100,000,000 fold) by only two further mutations. Furthermore, the 

deletion of ompC on top of the rpoE mutant may be considered as an attempt to mimic a bacteriostatic 

antibiotic, that was here again rescued by only one mutation. In clinics, frequency mutation rates are 

known to increase upon antibiotics treatment, even at sub-lethal concentrations (160). It seems 

straightforward for bacteria to become resistant to antibiotic. Indeed, a widely known clinical relevant 

mutation that give rise to resistance and implies a porin is the loss of OprD in P. aeruginosa, increasing 

the resistance to carbapenem. Additionally, as described above, pathogens showing already ompC null 

or down mutations are circulating in clinical isolates, making here already a first step towards 

resistance to a potential rpoE inhibitor. Our data reported here could have only been obtained by using 

an adapted in vivo model, because these data could not have been predicted with the actual in vitro 

conditions. 

 

It was shown that the pathogen efflux system TolC-AcrAB is a potential target in vitro for antibiotics 

(29). However, the clinical relevance of the efflux system remains largely unknown. We inactivated 

TolC in ESBL-E.coli strains and we tested their antibiotic resistance profile. We observed non-significant 

slight changes, demonstrating that deleting efflux system in clinically relevant strains has no impact on 

drug resistance. Therefore, we also invalidated this system as a potential target for inhibitor. 

 

Taken together, our study implications are the following: (i) rpoE and the efflux system are most likely 

not suitable target for inhibitor development, (ii) the commonly available in vitro conditions do not 

suit to target validation, and (iii) the necessity to use relevant in vivo model as well as clinically relevant 

strains. 
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5 Conclusion and future perspectives 

In this study, we used a new strategy in order to fight pathogens infections more efficiently. Our aim 

was to identify potentially relevant inhibitor targets. We used a strain deleted of rpoE, a major regulon 

which encodes an envelope stress response factor. ∆rpoE exhibits small growth defects in vitro at low 

pH and during exponential phase. However, an rpoE mutant is completely cleared by the host immune 

system in our typhoid fever-like mouse model. Thus, our approach consisted in synergizing with the 

host immune system and seek suppressor mutations of rpoE essentiality in vivo. 

 

By using transposon screens, we identified two loss-of-function mutations that rescued the fitness of 

∆rpoE in vivo: a major Salmonella porin encoded by ompC, and a major regulator involved in RNAs 

processing encoded by pnp. While the exact molecular mechanisms underlying the fitness rescue are 

not completely clear yet, we could show that these two combined mutations allowed a 100,000,000 

fold increase in fitness, which is remarkable. 

 

Pathogens constantly mutate their genome to ensure survival. As this two-step mechanism would 

cause moderate fitness cost for bacteria, it is tempting to believe that these mutations can be rather 

easily acquired by pathogens in a patient. We thus invalidated rpoE as a potential inhibitor target. Our 

approach can be used in the future to evaluate the activity of potential inhibitor of other genes. Major 

regulator genes crucial for virulence could be tested before their potential inhibitor reach advanced 

clinical phase trial, saving time, energy, material, and investment. 

 

Our approach highlights the importance of using in vitro conditions that mimic as best possible in vivo 

microenvironments encountered by pathogens during infection. Indeed, commonly used laboratory 

conditions often lack components complexity and fail to fully activate appropriate stress response 

genes. This renders the identification of suppressor mutations challenging and makes in vitro target 

validation unreliable. Therefore, our studies bring a new paradigm for evaluating target inhibitor in 

vivo. 



References 

90 

 

 

 

 

6 References 

1. Duchesne E, Pouillard J, Sauvy A. Une découverte oubliée : la thèse de médecine du docteur. 

Hist Sci Med. 2002;11–20. 

2. Fleming A. ON THE ANTIBACTERIAL ACTION OF CULTURES OF A PENICILLIUM , WITH SPECIAL 

REFERENCE TO THEIR USE IN THE ISOLATION OF B . INFLUENZAE . Br J Exp Pathol. 

1929;(1923). 

3. Kingston W. Antibiotics , invention and innovation. Res Policy. 2000; 

4. Singh SB, Barrett JF. Empirical antibacterial drug discovery — Foundation in natural products. 

Biochem Pharmacol. 2006;71:1006–15. 

5. Lewis K. Platforms for antibiotic discovery. Nat Rev Drug Discov [Internet]. 2013 Apr 

30;12:371. Available from: http://dx.doi.org/10.1038/nrd3975 

6. Ventola CL. The Antibiotic Resistance Crisis Part 1 : Causes and Threats. P T. 2015;40(4):277– 
83. 

7. Magiorakos A, Srinivasan A, Carey RB, Carmeli Y, Falagas ME, Giske CG, et al. Multidrug- 

resistant, extensively drug-resistant and pandrug-resistant bacteria : an international expert 

proposal for interim standard definitions for acquired resistance. Clin Microbiol Infect 

[Internet]. 2011;18(3):268–81. Available from: http://dx.doi.org/10.1111/j.1469- 

0691.2011.03570.x 

8. Rice LB. Federal Funding for the Study of Antimicrobial Resistance in Nosocomial Pathogens : 

No ESKAPE. J Infect Dis. 2008;197(January):1079–81. 

9. Esposito S, Simone G De. Update on the main MDR pathogens : prevalence and treatment 

options. Infez Med. 2017;301–10. 
10. Santajit S, Indrawattana N. Mechanisms of Antimicrobial Resistance in ESKAPE Pathogens. 

Biomed Res Int. 2016;2016. 

11. Carattoli A. International Journal of Medical Microbiology Plasmids and the spread of 

resistance. Int J Med Microbiol [Internet]. 2013;303(6–7):298–304. Available from: 

http://dx.doi.org/10.1016/j.ijmm.2013.02.001 

12. Theuretzbacher U. Global antibacterial resistance : The never-ending story. J Glob Antimicrob 

Resist [Internet]. 2013;1(2):63–9. Available from: 

http://dx.doi.org/10.1016/j.jgar.2013.03.010 

13. Bumann D, Cunrath O. Heterogeneity of Salmonella-host interactions in infected host tissues. 
Curr Opin Microbiol [Internet]. 2017;39:57–63. Available from: 

http://dx.doi.org/10.1016/j.mib.2017.09.008 

14. Doolittle RF, Feng D-F, Tsang S, Cho G, Little E. Determining Divergence Times of the Major 

Kingdoms of Living Organisms with a Protein Clock. Science (80- ) [Internet]. 

1996;271(5248):470–7. Available from: 

http://www.sciencemag.org/cgi/doi/10.1126/science.271.5248.470 

15. de Jong HK, Parry CM, van der Poll T, Wiersinga WJ. Host-Pathogen Interaction in Invasive 

Salmonellosis. PLoS Pathog. 2012;8(10):1–9. 

16. McClelland M, Sanderson KE, Spieth J, Clifton SW, Latreille P, Courtney L, et al. Complete 

genome sequence of Salmonella enterica serovar Typhimurium LT2. Nature [Internet]. 

2001;413(6858):852–6. Available from: http://dx.doi.org/10.1038/35101614 

17. Gunshin H, Mackenzie B, Berger U V., Gunshin Y, Romero MF, Boron WF, et al. Cloning and 

characterization of a mammalian proton-coupled metal-ion transporter. Nature. 

1997;388(6641):482–8. 

18. Vidal S, Tremblay ML, Govoni G, Gauthier S, Sebastiani G, Malo D, et al. The Ity/Lsh/Bcg locus: 

natural resistance to infection with intracellular parasites is abrogated by disruption of the 

Nramp1 gene. J Exp Med [Internet]. 1995;182(3):655–66. Available from: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2192162&tool=pmcentrez&rend 

http://dx.doi.org/10.1038/nrd3975
http://dx.doi.org/10.1111/j.1469-
http://dx.doi.org/10.1016/j.ijmm.2013.02.001
http://dx.doi.org/10.1016/j.ijmm.2013.02.001
http://dx.doi.org/10.1016/j.jgar.2013.03.010
http://dx.doi.org/10.1016/j.jgar.2013.03.010
http://dx.doi.org/10.1016/j.mib.2017.09.008
http://dx.doi.org/10.1016/j.mib.2017.09.008
http://www.sciencemag.org/cgi/doi/10.1126/science.271.5248.470
http://www.sciencemag.org/cgi/doi/10.1126/science.271.5248.470
http://dx.doi.org/10.1038/35101614
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2192162&tool=pmcentrez&rend
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2192162&tool=pmcentrez&rend


References 

91 

 

 

 
ertype=abstract 

19. Schwechheimer C, Kuehn MJ. Outer-membrane vesicles from Gram-negative bacteria: 

Biogenesis and functions. Nat Rev Microbiol [Internet]. 2015;13(10):605–19. Available from: 

http://dx.doi.org/10.1038/nrmicro3525 

20. Silhavy TJ, Kahne D, Walker S. The bacterial cell envelope. Cold Spring Harb Perspect Biol 

[Internet]. 2010;2(5):a000414. Available from: 

http://cshperspectives.cshlp.org/content/2/5/a000414.full.pdf 

21. Wang Y. The function of OmpA in Escherichia coli. Biochem Biophys Res Commun. 

2002;292(2):396–401. 

22. Dorman CJ, Chatfield S, Higgins CF, Hayward C, Dougan G. Characterization of porin and ompR 

mutants of a virulent strain of Salmonella typhimurium: ompR mutants are attenuated in vivo. 

Infect Immun. 1989;57(7):2136–40. 

23. Chatfield SN, Dorman CJ, Hayward C, Dougan G. Role of ompR-dependent genes in Salmonella 

typhimurium virulence: Mutants deficient in both ompC and ompF are attenuated in vivo. 

Infect Immun. 1991;59(1):449–52. 

24. Santiviago CA, Fuentes JA, Bueno SM, Trombert AN, Hildago AA, Socias LT, et al. and ompD ( 

porin ) genes are required for the efficient efflux of methyl viologen. Mol Microbiol. 

2002;46:687–98. 

25. Calderón IL, Morales E, Caro NJ, Chahúan CA, Collao B, Gil F, et al. Response regulator ArcA of 

Salmonella enterica serovar Typhimurium downregulates expression of OmpD, a porin 

facilitating uptake of hydrogen peroxide. Res Microbiol. 2011;162(2):214–22. 

26. Aguayo D, Pacheco N, Morales EH, Collao B, Luraschi R, Cabezas C, et al. Hydrogen peroxide 

and hypochlorous acid influx through the major S. Typhimurium porin OmpD is affected by 

substitution of key residues of the channel. Arch Biochem Biophys [Internet]. 2015;568:38– 

45. Available from: http://dx.doi.org/10.1016/j.abb.2015.01.005 
27. Meyer PN, Wilmes-Riesenberg MR, Stathopoulos C, Curtiss R. Virulence of a Salmonella 

typhimurium OmpD mutant. Infect Immun. 1998;66(1):387–90. 

28. Ipinza F, Collao B, Monsalva D, Bustamante VH, Luraschi R, Alegría-Arcos M, et al. 

Participation of the Salmonella OmpD porin in the infection of RAW264.7 macrophages and 

BALB/c mice. PLoS One. 2014;9(10). 

29. Piddock LJ V. Understanding the basis of antibiotic resistance: a platform for drug discovery. 

Microbiology. 2014;160(2014):2366–73. 

30. Ernst RK, Guina T, Miller SI. Salmonella typhimurium outer membrane remodeling: Role in 
resistance to host innate immunity. Microbes Infect. 2001;3(14–15):1327–34. 

31. Gunn JS. The Salmonella PmrAB regulon: lipopolysaccharide modifications, antimicrobial 

peptide resistance and more. Trends Microbiol. 2008;16(6):284–90. 

32. Goemans C, Denoncin K, Collet JF. Folding mechanisms of periplasmic proteins. Biochim 

Biophys Acta - Mol Cell Res [Internet]. 2014;1843(8):1517–28. Available from: 

http://dx.doi.org/10.1016/j.bbamcr.2013.10.014 

33. Moest TP, Méresse S. Salmonella T3SSs: Successful mission of the secret(ion) agents. Curr 
Opin Microbiol. 2013;16(1):38–44. 

34. Matamouros S, Miller SI. S. Typhimurium strategies to resist killing by cationic antimicrobial 

peptides. Biochim Biophys Acta - Biomembr [Internet]. 2015;1848(11):3021–5. Available 

from: http://dx.doi.org/10.1016/j.bbamem.2015.01.013 

35. Imlay JA. Disgnosing oxidative stress in bacteria: not as eay as your might think. Curr Opin 

Microbiol. 2015;24(217):124–31. 

36. Prior K, Hautefort I, Hinton JCD, Richardson DJ, Rowley G. All Stressed Out. Salmonella 

Pathogenesis and Reactive Nitrogen Species [Internet]. Vol. 56, Advances in Microbial 

Physiology. Elsevier; 2010. 1-28 p. Available from: http://dx.doi.org/10.1016/S0065- 

2911(09)05601-X 

37. Rowley G, Spector M, Kormanec J, Roberts M. Pushing the envelope: Extracytoplasmic stress 
responses in bacterial pathogens. Vol. 4, Nature Reviews Microbiology. 2006. p. 383–94. 

http://dx.doi.org/10.1038/nrmicro3525
http://dx.doi.org/10.1038/nrmicro3525
http://cshperspectives.cshlp.org/content/2/5/a000414.full.pdf
http://cshperspectives.cshlp.org/content/2/5/a000414.full.pdf
http://dx.doi.org/10.1016/j.abb.2015.01.005
http://dx.doi.org/10.1016/j.bbamcr.2013.10.014
http://dx.doi.org/10.1016/j.bbamcr.2013.10.014
http://dx.doi.org/10.1016/j.bbamem.2015.01.013
http://dx.doi.org/10.1016/S0065-


References 

92 

 

 

 
38. Macritchie DM, Raivio TL. Envelope Stress Responses. EcoSal Plus [Internet]. 2009;3(2). 

Available from: 

http://www.asmscience.org/content/journal/ecosalplus/10.1128/ecosalplus.5.4.7 

39. Raivio TL. Envelope stress responses and Gram-negative bacterial pathogenesis. Mol 

Microbiol [Internet]. 2005;56(5):1119–28. Available from: 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&l 

ist_uids=15882407 

40. Snyder WB, Davis LJB, Danese PN, Cosma CL, Silhavy TJ. Overproduction of nlpE, a new outer 

membrane lipoprotein, suppresses the toxicity of periplasmic lacZ by activation of the Cpx 

signal transduction pathway. J Bacteriol. 1995;177(15):4216–23. 

41. Danese PN, Silhavy TJ. CpxP, a stress-combative member of the Cpx regulon. J Bacteriol. 

1998;180(4):831–9. 

42. Hung DL, Raivio TL, Jones CH, Silhavy TJ, Hultgren SJ. Cpx signaling pathway monitors 
biogenesis and affects assembly and expression of P pili. EMBO J. 2001;20(7):1508–18. 

43. Otto K, Silhavy TJ. Surface sensing and adhesion of Escherichia coli controlled by the Cpx- 

signaling pathway. Proc Natl Acad Sci [Internet]. 2002;99(4):2287–92. Available from: 

http://www.pnas.org/cgi/doi/10.1073/pnas.042521699 

44. Jianming D, Shiro luchi, Hoi-Shan K, Zhe L, Lin ECC. The deduced amino-acid sequence of the 

cloned cpxR gene suggests the protein is the cognate regulator for the membrane sensor, 

CpxA, in a two-component signal transduction system of Escherichia coli. Gene. 1993;136(1– 

2):227–30. 

45. Raivio TL, Popkin DL, Silhavy TJ. The Cpx Envelope Stress Response Is Controlled by 

Amplification and Feedback Inhibition The Cpx Envelope Stress Response Is Controlled by 

Amplification and Feedback Inhibition. J Bacteriol. 1999;181(17):5263–72. 

46. De Wulf P, McGuire AM, Liu X, Lin ECC. Genome-wide profiling of promoter recognition by the 

two-component response regulator CpxR-P in Escherichia coli. J Biol Chem. 

2002;277(29):26652–61. 

47. Danese PN, Snyder WB, Cosma CL, Davis LJ, Silhavy TJ. The Cpx two-component signal 

transduction pathway of Escherichia coli regulates transcription of the gene specifying the 

stress-inducible periplasmic protease, DegP. Genes Dev [Internet]. 1995 Feb 15;9(4):387–98. 

Available from: http://www.ncbi.nlm.nih.gov/pubmed/7883164 

48. Pogliano J, Lynch a S, Belin D, Lin EC, Beckwith J. Regulation of Escherichia coli cell envelope 

proteins involved in protein folding and degradation by the Cpx two-component system. 
Genes Dev. 1997;11(9):1169–82. 

49. Jones CH, Danese PN, Pinkner JS, Silhavy TJ, Hultgren SJ. The chaperone-assisted membrane 

release and folding pathway is sensed by two signal transduction systems. EMBO J. 

1997;16(21):6394–406. 

50. Humphreys S, Rowley G, Stevenson A, Muna F, Woodward MJ, Gilbert S, et al. Role of the 

Two-Component Regulator CpxAR in the Virulence of Salmonella enterica Serotype 

Typhimurium Role of the Two-Component Regulator CpxAR in the Virulence of Salmonella 

enterica Serotype Typhimurium. Infect Immun. 2004;72(8):4654–4661. 

51. Guest RL, Raivio TL. Role of the Gram-Negative Envelope Stress Response in the Presence of 

Antimicrobial Agents. Trends Microbiol [Internet]. 2016;24(5):377–90. Available from: 

http://dx.doi.org/10.1016/j.tim.2016.03.001 

52. Nagasawa S, Ishige K, Mizuno T. Novel Members of the Escherichia Two-Component Signal 

Transduction Genes in. J Biochem. 1993;357:350–7. 

53. Raffa RG, Raivio TL. A third envelope stress signal transduction pathway in Escherichia coli. 

Mol Microbiol. 2002;45:1599–611. 

54. Baranova N, Nikaido H. The BaeSR Two-Component Regulatory System Activates Transcription 

of the yegMNOB ( mdtABCD ) Transporter Gene Cluster in Escherichia coli and Increases Its 

Resistance to Novobiocin and Deoxycholate. J Bacteriol. 2002;184(15):4168–76. 

55. Nagakubo S, Nishino K, Hirata T, Yamaguchi A. The Putative Response Regulator BaeR 

http://www.asmscience.org/content/journal/ecosalplus/10.1128/ecosalplus.5.4.7
http://www.asmscience.org/content/journal/ecosalplus/10.1128/ecosalplus.5.4.7
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&l
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&l
http://www.pnas.org/cgi/doi/10.1073/pnas.042521699
http://www.pnas.org/cgi/doi/10.1073/pnas.042521699
http://www.ncbi.nlm.nih.gov/pubmed/7883164
http://dx.doi.org/10.1016/j.tim.2016.03.001
http://dx.doi.org/10.1016/j.tim.2016.03.001


References 

93 

 

 

 
Stimulates Multidrug Resistance of Escherichia coli via a Novel Multidrug Exporter System , 
MdtABC. J Bacteriol. 2002;184(15):4161–7. 

56. Zhou L, Lei X, Bochner BR, Wanner BL. Phenotype MicroArray Analysis of Escherichia coli K-12 

Mutants with Deletions of All Two-Component Systems. J Bacteriol. 2003;185(16):4956–72. 

57. Hu WS, Li P, Cheng C. Correlation between Ceftriaxone Resistance of Salmonella enterica 

Serovar Typhimurium and Expression of Outer Membrane Proteins OmpW and Ail / OmpX- 

Like Protein , Which Are Regulated by BaeR of a Two-Component System. Antimicrob Agents 

Chemother. 2005;49(9):3955–8. 

58. Nishino K, Nikaido E, Yamaguchi A. Regulation of Multidrug Efflux Systems Involved in 

Multidrug and Metal Resistance of Salmonella enterica Serovar Typhimurium • . J Bacteriol. 

2007;189(24):9066–75. 

59. Zoetendal EG, Smith AH, Sundset MA, Mackie RI. The BaeSR Two-Component Regulatory 

System Mediates Resistance to Condensed Tannins in Escherichia coli • †. Appl Env Microbiol. 
2008;74(2):535–9. 

60. Bury-Moné S, Nomane Y, Reymond N, Barbet R, Jacquet E, Jacq A, et al. Global Analysis of 
Extracytoplasmic Stress Signaling in Escherichia coli. Plos Genet. 2009;5(9). 

61. Appia-ayme C, Patrick E, Sullivan MJ, Alston MJ, Field SJ, Anjum MF, et al. Novel Inducers of 

the Envelope Stress Response BaeSR in Salmonella Typhimurium : BaeR Is Critically Required 

for Tungstate Waste Disposal. PLoS One. 2011;6(8). 

62. Wang D, Fierke CA. The BaeSR regulon is involved in defense against zinc toxicity in E. coli. 

Metallomics. 2013;5(4):372–83. 

63. Nishino K, Honda T, Yamaguchi A. Genome-Wide Analyses of Escherichia coli Gene Expression 

Responsive to the BaeSR Two-Component Regulatory System. J Bacteriol. 2005;187(5):1763– 

72. 

64. Guerrero P, Collao B, Morales EH, Calderon IL, Ipinza F, Parra S, et al. Characterization of the 

BaeSR two-component system from Salmonella Typhimurium and its role in cipro X oxacin- 

induced mdtA expression. Arch Microb. 2012;453–60. 

65. Hirakawa H, Inazumi Y, Masaki T, Hirata T, Yamaguchi A. Indole induces the expression of 

multidrug exporter genes in Escherichia coli. Mol Microbiol. 2005;55:1113–26. 

66. Yamamoto K, Ogasawara H, Ishihama A. Involvement of multiple transcription factors for 

metal-induced spy gene expression in Escherichia coli. J Biotechnol. 2008;133:196–200. 

67. Hagenmaier S, Stierhof Y, Henning ULF. A New Periplasmic Protein of Escherichia coli Which Is 

Synthesized in Spheroplasts but Not in Intact Cells. J Bacteriol. 1997;179(6):2073–6. 

68. Brissette JL, Russel M, Weiner L, Model P. Phage shock protein, a stress protein of Escherichia 

coli. Proc Natl Acad Sci U S A. 1990;87(3):862–6. 

69. Bergler H, Abraham D, Aschauer H, Turnowsky F. Inhibition of lipid biosynthesis induces the 

expression of the pspA gene. Microbiology. 1994;118(1 994). 

70. Kobayashi H, Yamamoto M, Aono R. Appearance of a stress-response protein, phage-shock 

protein A, in. Microbiology. 1998;(1 998):353–9. 

71. Operon S, Brissette JL, Weiner L, Ripmaster TL. Characterization and Sequence of the 

Escherichia. J Mol Biol. 1991;35–48. 

72. Jovanovic G, Jovanovic G, Dworkin J, Dworkin J, Model P, Model P, et al. Autogenous Control 

of PspF, a Constitutively Active Enhancer- Binding Protein of. Microbiology. 

1997;179(16):5232–7. 

73. Adams H, Teertstra W, Koster M, Tommassen J. PspE (phage-shock protein E) of Escherichia 

coli is a rhodanese. FEBS Lett. 2002;518(1–3):173–6. 

74. Becker LA, Bang IS, Crouch ML, Fang FC. Compensatory role of PspA, a member of the phage 

shock protein operon, in rpoE mutant Salmonella enterica serovar Typhimurium. Mol 

Microbiol. 2005;56(4):1004–16. 

75. Gottesman S, Trisler P, Torres-cabassa A. Regulation of Capsular Polysaccharide Synthesis in 

Escherichia coli K-12 : Characterization of Three Regulatory Genes. J Bacteriol. 

1985;162(3):1111–9. 



References 

94 

 

 

 
76. Takeda S, Fujisawa Y. A novel feature of the multistep phosphorelay in Escherichia coli : a 

revised model of the RcsC ! YojN ! RcsB signalling pathway implicated in capsular synthesis 

and swarming behaviour. Mol Microbiol. 2001;40:440–50. 

77. Domínguez-bernal G, Pucciarelli MG, Ramos-morales F, García- M, Cano DA, Casadesús J, et al. 

Repression of the RcsC-YojN-RcsB phosphorelay by the IgaA protein is a requisite for 

Salmonella virulence. Mol Microbiol. 2004;53:1437–49. 

78. Cano DA, Domı G, Tierrez A, Portillo FG, Casadesu J. Regulation of Capsule Synthesis and Cell 

Motility in Salmonella enterica by the Essential Gene igaA. Genetics. 

2002;1523(December):1513–23. 

79. Castanie M, Cam K, Jacq A. RcsF Is an Outer Membrane Lipoprotein Involved in the RcsCDB 

Phosphorelay Signaling Pathway in Escherichia coli. J Bacteriol. 2006;188(12):4264–70. 

80. Cho S, Szewczyk J, Pesavento C, Zietek M, Banzhaf M, Hov A, et al. Detecting Envelope Stress 

by Monitoring b -Barrel Assembly. Cell. 2014; 

81. Sato T, Takano A, Hori N, Izawa T, Eda T, Sato K, et al. Role of the inner-membrane histidine 

kinase RcsC and outer-membrane lipoprotein RcsF in the activation of the Rcs phosphorelay 

signal transduction system in Escherichia coli. Microbiology [Internet]. 2017 Jul 8 [cited 2018 

Jan 22];163(7):1071–80. Available from: 

http://mic.microbiologyresearch.org/content/journal/micro/10.1099/mic.0.000483 

82. Evans KL, Kannan S, Li G, Pedro MA De, Young D. Eliminating a Set of Four Penicillin Binding 

Proteins Triggers the Rcs Phosphorelay and Cpx Stress Responses in Escherichia coli. J 

Bacteriol. 2013;195(19):4415–24. 

83. Gervais OISG, Drapeau GR. Identification , Cloning , and Characterization of rcsF , a New 

Regulator Gene for Exopolysaccharide Synthesis That Suppresses the Division Mutation ftsZ84 

in Eschenichia coli K-12. J Bacteriol. 1992;174(24):8016–22. 

84. Farris C, Sanowar S, Bader MW, Pfuetzner R, Miller SI. Antimicrobial peptides activate the Rcs 

regulon through the outer membrane lipoprotein RcsF. J Bacteriol. 2010;192(19):4894–903. 

85. Laubacher ME, Ades SE. The Rcs Phosphorelay Is a Cell Envelope Stress Response Activated by 

Peptidoglycan Stress and Contributes to Intrinsic Antibiotic Resistance. J Bacteriol. 

2008;190(6):2065–74. 

86. Mouslim C, Delgado M, Groisman EA. Activation of the RcsC / YojN / RcsB phosphorelay 

system attenuates Salmonella virulence. Mol Microbiol. 2004;54:386–95. 

87. Erickson JW, Vaughn V, Walter WA, Neidhardt FC, Gross CA. Regulation of the promoters and 
transcripts of rpoH, the Escherichia coli heat shock regulatory gene. Genes Dev. 
1987;1(5):419–32. 

88. Erickson JW, Gross CA. Identification of the sigma E subunit of Escherichia coli RNA 

polymerase: a second alternate sigma factor involved in high-temperature gene expression. 

Genes Dev. 1989;3(9):1462–71. 

89. Wang QP, Kaguni JM. A novel sigma factor is involved in expression of the rpoH gene of 

Escherichia coli. J Bacteriol. 1989;171(8):4248–53. 

90. Raina S, Missiakas D, Georgopoulos C. The rpoE gene encoding the sigma E (sigma 24) heat 

shock sigma factor of Escherichia coli. EMBO J [Internet]. 1995 Mar 1;14(5):1043–55. Available 

from: http://www.ncbi.nlm.nih.gov/pubmed/7889935 

91. Hiratsu K, Amemura M, Nashimoto H, Shinagawa H, Makino K. The rpoE gene of Escherichia 

coli, which encodes sigma (E), is essential for bacterial growth at high temperature. J 

Bacteriol. 1995;177(10):2918–22. 

92. De Las Peñas A, Connolly L, Gross CA. SigmaE is an essential sigma factor in Escherichia coli. J 

Bacteriol [Internet]. 1997 Nov;179(21):6862–4. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/9352942 

93. Hayden JD, Ades SE. The extracytoplasmic stress factor, σE, is required to maintain cell 
envelope integrity in Escherichia coli. PLoS One. 2008;3(2). 

94. Button JE, Silhavy TJ, Ruiz N. A suppressor of cell death caused by the loss of sigmaE 
downregulates extracytoplasmic stress responses and outer membrane vesicle production in 

http://mic.microbiologyresearch.org/content/journal/micro/10.1099/mic.0.000483
http://mic.microbiologyresearch.org/content/journal/micro/10.1099/mic.0.000483
http://www.ncbi.nlm.nih.gov/pubmed/7889935
http://www.ncbi.nlm.nih.gov/pubmed/9352942
http://www.ncbi.nlm.nih.gov/pubmed/9352942


References 

95 

 

 

 
Escherichia coli. J Bacteriol [Internet]. 2007;189(5):1523–30. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/17172327%5Cnhttp://www.pubmedcentral.nih.gov/ar 

ticlerender.fcgi?artid=PMC1855761 

95. Konovalova A, Schwalm JA, Silhavy TJ. A suppressor mutation that creates a faster and more 
robust σE envelope stress response. J Bacteriol. 2016;198(17):2345–51. 

96. Humphreys S, Stevenson A, Bacon A, Weinhardt AB, Roberts M. The alternative sigma factor, 

σ(E), is critically important for the virulence of Salmonella typhimurium. Infect Immun. 

1999;67(4):1560–8. 

97. Dartigalongue C, Missiakas D, Raina S. Characterization of the Escherichia coli sigma E 
Regulon. J Biol Chem. 2001;276(24):20866–75. 

98. Rouvière PE, De Las Peñas a, Mecsas J, Lu CZ, Rudd KE, Gross C a. rpoE, the gene encoding the 

second heat-shock sigma factor, sigma E, in Escherichia coli. Vol. 14, The EMBO journal. 1995. 

p. 1032–42. 

99. De Las Peñas A, Connolly L, Gross CA. The sigmaE-mediated response to extracytoplasmic 

stress in Escherichia coli is transduced by RseA and RseB, two negative regulators of sigmaE. 

Mol Microbiol. 1997;24(2):373–85. 

100. Missiakas D, Mayer MP, Lemaire M, Georgopoulos C, Raina S. Modulation of the Escherichia 

coli sigmaE (RpoE) heat-shock transcription-factor activity by the RseA, RseB and RseC 

proteins. Mol Microbiol. 1997;24(2):355–71. 

101. Campbell EA, Tupy JL, Gruber TM, Wang S, Sharp MM, Gross CA, et al. Crystal structure of 

Escherichia coli sigmaE with the cytoplasmic domain of its anti-sigma RseA. Mol Cell 

[Internet]. 2003;11(4):1067–78. Available from: 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPl 

us&list_uids=12718891 

102. Cezairliyan BO, Sauer RT. Inhibition of regulated proteolysis by RseB. Proc Natl Acad Sci U S A. 

2007;104(10):3771–6. 

103. Collinet B, Yuzawa H, Chen T, Herrera C, Missiakas D. RseB binding to the periplasmic domain 

of RseA modulates the RseA:σ(E) interaction in the cytoplasm and the availability of σ(E)·RNA 

polymerase. J Biol Chem. 2000;275(43):33898–904. 

104. Ahuja N, Korkin D, Chaba R, Cezairliyan BO, Sauer RT, Kim KK, et al. Analyzing the interaction 

of RseA and RseB, the two negative regulators of the σEenvelope stress response, using a 

combined bioinformatic and experimental strategy. J Biol Chem. 2009;284(8):5403–13. 

105. Yakhnin H, Aichele R, Ades SE, Romeo T, Babitzke P. Circuitry linking the global Csr and σ E - 

dependent cell envelope stress response systems. J Bacteriol [Internet]. 2017;JB.00484-17. 

Available from: http://jb.asm.org/lookup/doi/10.1128/JB.00484-17 

106. Ades SE, Grigorova IL, Gross CA. Regulation of the alternative sigma factor sigma(E) during 

initiation, adaptation, and shutoff of the extracytoplasmic heat shock response in Escherichia 

coli. J Bacteriol [Internet]. 2003;185(8):2512–9. Available from: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=152616&tool=pmcentrez&rende 

rtype=abstract 

107. Costanzo A, Ades SE. Growth phase-dependent regulation of the extracytoplasmic stress 

factor, ??E, by guanosine 3???,5???-bispyrophosphate (ppGpp). J Bacteriol. 

2006;188(13):4627–34. 

108. Egler M, Grosse C, Grass G, Nies DH. Role of the extracytoplasmic function protein family 

sigma factor RpoE in metal resistance of Escherichia coli. J Bacteriol [Internet]. 

2005;187(7):2297–307. Available from: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1065229&tool=pmcentrez&rend 

ertype=abstract 

109. Yamamoto K, Ishihama A. Transcriptional response of Escherichia coli to external zinc. J 
Bacteriol. 2005;187(18):6333–40. 

110. Bianchi a a, Baneyx F. Hyperosmotic shock induces the sigma32 and sigmaE stress regulons of 
Escherichia coli. Mol Microbiol [Internet]. 1999;34(5):1029–38. Available from: 

http://www.pubmedcentral.nih.gov/ar
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPl
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPl
http://jb.asm.org/lookup/doi/10.1128/JB.00484-17
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=152616&tool=pmcentrez&rende
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=152616&tool=pmcentrez&rende
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1065229&tool=pmcentrez&rend
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1065229&tool=pmcentrez&rend


References 

96 

 

 

 
http://www.ncbi.nlm.nih.gov/pubmed/10594827 

111. Tam C, Missiakas D. Changes in lipopolysaccharide structure induce the sigma(E)-dependent 

response of Escherichia coli. Mol Microbiol [Internet]. 2005;55(5):1403–12. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/15720549 

112. Mecsas J, Rouviere PE, Erickson JW, Donohue TJ, Gross CA. The activity of sigma E, an 

Escherichia coli heat-inducible sigma-factor, is modulated by expression of outer membrane 

proteins. Genes Dev [Internet]. 1993;7(12B):2618–28. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/8276244 

113. Crouch M-L, Becker LA, Bang I-S, Tanabe H, Ouellette AJ, Fang FC. The alternative sigma factor 

σE is required for resistance of Salmonella enterica serovar Typhimurium to anti-microbial 

peptides. Mol Microbiol [Internet]. 2005;56(3):789–99. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/15819632%5Cnhttp://onlinelibrary.wiley.com/store/1 

0.1111/j.1365-2958.2005.04578.x/asset/j.1365- 

2958.2005.04578.x.pdf?v=1&t=i15e6ug6&s=9310b50015ba349d1ab7f9441ccc6f25ab812b86 

%5Cnhttp://doi.wiley.com/10.1111/j.1365-2958.2 
114. Muller C, Bang I-S, Velayudhan J, Karlinsey J, Papenfort K, Vogel J, et al. Acid stress activation 

of the sigma(E) stress response in Salmonella enterica serovar Typhimurium. Mol Microbiol. 

2009;71(5):1228–38. 

115. Walsh NP, Alba BM, Bose B, Gross CA, Sauer RT. OMP peptide signals initiate the envelope- 

stress response by activating DegS protease via relief of inhibition mediated by its PDZ 

domain. Cell. 2003;113(1):61–71. 

116. Alba BM, Zhong HJ, Pelayo JC, Gross CA. degS (hhoB) is an essential Escherichia coli gene 

whose indispensable function is to provide σEactivity. Mol Microbiol. 2001;40(6):1323–33. 

117. Hasselblatt H, Kurzbauer R, Wilken C, Krojer T, Sawa J, Kurt J, et al. Regulation of the σE stress 

response by DegS: How the PDZ domain keeps the protease inactive in the resting state and 

allows integration of different OMP-derived stress signals upon folding stress. Genes Dev. 

2007;21(20):2659–70. 

118. Wilken C, Kitzing K, Kurzbauer R, Ehrmann M, Clausen T. Crystal structure of the DegS stress 

sensor: How a PDZ domain recognizes misfolded protein and activates a protease. Cell. 

2004;117(4):483–94. 

119. Sohn J, Grant RA, Sauer RT. OMP Peptides Activate the DegS Stress-Sensor Protease by a 

Relief of Inhibition Mechanism. Structure [Internet]. 2009;17(10):1411–21. Available from: 

http://dx.doi.org/10.1016/j.str.2009.07.017 

120. Ades SE, Connolly LE, Alba BM, Gross CA. The Escherichia coli sigma(E)-dependent 

extracytoplasmic stress response is controlled by the regulated proteolysis of an anti-sigma 

factor. Genes Dev [Internet]. 1999;13(18):2449–61. Available from: 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC317020/pdf/x10.pdf 

121. Dartigalongue C, Loferer H, Raina S. EcfE, a new essential inner membrane protease: its role in 

the regulation of heat shock response in Escherichia coli. EMBO J. 2001;20(21):5908–18. 

122. Alba BM, Leeds JA, Onufryk C, Lu CZ, Gross CA. DegS and YaeL participate sequentially in the 

cleavage of RseA to activate the ??E-dependent extracytoplasmic stress response. Genes Dev. 

2002;16(16):2156–68. 

123. Kanehara K, Ito K, Akiyama Y. YaeL (EcfE) activates the σE pathway of stress response through 

a site-2 cleavage of anti-σE, RseA. Genes Dev. 2002;16(16):2147–55. 

124. Kanehara K, Ito K, Akiyama Y. YaeL proteolysis of RseA is controlled by the PDZ domain of YaeL 

and a Gln-rich region of RseA. EMBO J. 2003;22(23):6389–98. 

125. Hizukuri Y, Akiyama Y. PDZ domains of RseP are not essential for sequential cleavage of RseA 

or stress-induced σE activation in vivo. Mol Microbiol. 2012;86(5):1232–45. 

126. Bohn C, Collier J, Bouloc P. Dispensable PDZ domain of Escherichia coli YaeL essential 

protease. Mol Microbiol. 2004;52(2):427–35. 
127. Flynn JM, Levchenko I, Sauer RT, Baker TA. Modulating substrate choice: The SspB adaptor 

delivers a regulator of the extracytoplasmic-stress response to the AAA+ protease ClpXP for 

http://www.ncbi.nlm.nih.gov/pubmed/10594827
http://www.ncbi.nlm.nih.gov/pubmed/15720549
http://www.ncbi.nlm.nih.gov/pubmed/15720549
http://www.ncbi.nlm.nih.gov/pubmed/8276244
http://www.ncbi.nlm.nih.gov/pubmed/8276244
http://onlinelibrary.wiley.com/store/1
http://doi.wiley.com/10.1111/j.1365-2958.2
http://dx.doi.org/10.1016/j.str.2009.07.017
http://dx.doi.org/10.1016/j.str.2009.07.017
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC317020/pdf/x10.pdf
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC317020/pdf/x10.pdf


References 

97 

 

 

 
degradation. Genes Dev. 2004;18(18):2292–301. 

128. Nitta T, Nagamitsu H, Murata M, Izu H, Yamada M. Function of the ??(E) regulon in dead-cell 

lysis in stationary-phase escherichia coli. J Bacteriol. 2000;182(18):5231–7. 

129. Missiakas D, Betton JM, Raina S. New components of protein folding in extracytoplasmic 

compartments of escherichia coli SurA, FkpA and Skp/OmpH. Mol Microbiol. 1996;21(4):871– 

84. 

130. Rouvière PE, Gross CA. SurA, a periplasmic protein with peptidyl-prolyl isomerase activity, 
participates in the assembly of outer membrane porins. Genes Dev. 1996;10(24):3170–82. 

131. Strauch KL, Johnson K, Beckwith J. Characterization of degP, a gene required for proteolysis in 

the cell envelope and essential for growth of Escherichia coli at high temperature. J Bacteriol. 

1989;171(5):2689–96. 

132. Lipinska B, Zylicz M, Georgopoulos C. The HtrA (DegP) protein, essential for Escherichia coli 
survival at high temperatures, is an endopeptidase. J Bacteriol. 1990;172(4):1791–7. 

133. Onufryk C, Crouch M-L, Fang FC, Gross C a. Characterization of six lipoproteins in the sigmaE 

regulon. J Bacteriol [Internet]. 2005;187(13):4552–61. Available from: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1151791&tool=pmcentrez&rend 

ertype=abstract%5Cnhttp://www.ncbi.nlm.nih.gov/pubmed/15968066%5Cnhttp://www.pub 

medcentral.nih.gov/articlerender.fcgi?artid=PMC1151791 

134. Guo MS, Updegrove TB, Gogol EB, Shabalina SA, Gross CA, Storz G. MicL, a new σE-dependent 

sRNA, combats envelope stress by repressing synthesis of Lpp, the major outer membrane 

lipoprotein. Genes Dev. 2014;28(14):1620–34. 

135. Udekwu KI, Wagner EGH. Sigma E controls biogenesis of the antisense RNA MicA. Nucleic 

Acids Res. 2007;35(4):1279–88. 

136. Johansen J, Rasmussen AA, Overgaard M, Valentin-Hansen P. Conserved small non-coding 

RNAs that belong to the sigmaE regulon: role in down-regulation of outer membrane 

proteins. J Mol Biol [Internet]. 2006;364(1):1–8. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/17007876 

137. Henderson CA, Vincent HA, Stone CM, Phillips JO, Cary PD, Gowers DM, et al. Characterization 

of MicA interactions suggests a potential novel means of gene regulation by small non-coding 

RNAs. Nucleic Acids Res. 2013;41(5):3386–97. 

138. Mizuno T, Chou MY, Inouye M. A unique mechanism regulating gene expression: translational 

inhibition by a complementary RNA transcript (micRNA). Proc Natl Acad Sci U S A [Internet]. 

1984;81(7):1966–70. Available from: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=345417&tool=pmcentrez&rende 

rtype=abstract 

139. Udekwu KI, Darfeuille F, Vogel J, Reimegård J, Holmqvist E, Wagner EGH. Hfq-dependent 

regulation of OmpA synthesis is mediated by an antisense RNA. Genes Dev. 

2005;19(19):2355–66. 

140. Johansen J, Eriksen M, Kallipolitis B, Valentin-Hansen P. Down-regulation of Outer Membrane 

Proteins by Noncoding RNAs: Unraveling the cAMP-CRP- and σE-Dependent CyaR-ompX 

Regulatory Case. J Mol Biol. 2008;383(1):1–9. 

141. Papenfort K, Pfeiffer V, Mika F, Lucchini S, Hinton JCD, Vogel J. ? E -dependent small RNAs of 

Salmonella respond to membrane stress by accelerating global omp mRNA decay. Mol 

Microbiol [Internet]. 2006 Dec;62(6):1674–88. Available from: 

http://doi.wiley.com/10.1111/j.1365-2958.2006.05524.x 

142. Gogol EB, Rhodius VA, Papenfort K, Vogel J, Gross CA. Small RNAs endow a transcriptional 

activator with essential repressor functions for single-tier control of a global stress regulon. 

Proc Natl Acad Sci [Internet]. 2011;108(31):12875–80. Available from: 

http://www.pnas.org/cgi/doi/10.1073/pnas.1109379108 

143. Klein G, Raina S. Small regulatory bacterial RNAs regulating the envelope stress response. 

Biochem Soc Trans [Internet]. 2017;45(2):417–25. Available from: 

http://biochemsoctrans.org/lookup/doi/10.1042/BST20160367 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1151791&tool=pmcentrez&rend
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1151791&tool=pmcentrez&rend
http://www.ncbi.nlm.nih.gov/pubmed/17007876
http://www.ncbi.nlm.nih.gov/pubmed/17007876
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=345417&tool=pmcentrez&rende
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=345417&tool=pmcentrez&rende
http://doi.wiley.com/10.1111/j.1365-2958.2006.05524.x
http://doi.wiley.com/10.1111/j.1365-2958.2006.05524.x
http://www.pnas.org/cgi/doi/10.1073/pnas.1109379108
http://www.pnas.org/cgi/doi/10.1073/pnas.1109379108
http://biochemsoctrans.org/lookup/doi/10.1042/BST20160367
http://biochemsoctrans.org/lookup/doi/10.1042/BST20160367


References 

98 

 

 

 
144. Rezuchova B, Miticka H, Homerova D, Roberts M, Kormanec J. New members of the 

Escherichia coli sigmaE regulon identified by a two-plasmid system. FEMS Microbiol Lett 

[Internet]. 2003;225(1):1–7. Available from: 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&l 

ist_uids=12900013%5Cnhttp://femsle.oxfordjournals.org/content/femsle/225/1/1.full.pdf 

145. Miticka H, Rowley G, Rezuchova B, Homerova D, Humphreys S, Farn J, et al. Transcriptional 

analysis of the rpoE gene encoding extracytoplasmic stress response sigma factor sigmaE in 

Salmonella enterica serovar Typhimurium. FEMS Microbiol Lett [Internet]. 2003;226(2):307– 

14. Available from: http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6T2W- 

49C52T3- 

3&_user=616288&_rdoc=1&_fmt=&_orig=search&_sort=d&view=c&_acct=C000032378&_ver 

sion=1&_urlVersion=0&_userid=616288&md5=3e92e148008d96ad7841872fc1194424%5Cnp 

apers2://publication/uuid/467 

146. Skovierova H, Rowley G, Rezuchova B, Homerova D, Lewis C, Roberts M, et al. Identification of 

the sigmaE regulon of Salmonella enterica serovar Typhimurium. Microbiology [Internet]. 

2006;152(Pt 5):1347–59. Available from: http://www.ncbi.nlm.nih.gov/pubmed/16622052 

147. Skovierova H, Rezuchova B, Homerova D, Roberts M, Kormanec J. Characterization of the 

sigmaE-dependent rpoEp3 promoter of Salmonella enterica serovar Typhimurium. FEMS 

Microbiol Lett [Internet]. 2006 Aug;261(1):53–9. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/16842358 

148. Osborne SE, Coombes BK. RpoE fine tunes expression of a subset of SsrB-regulated virulence 

factors in Salmonella enterica serovar Typhimurium. BMC Microbiol. 2009;9. 

149. Li J, Overall CC, Johnson RC, Jones MB, McDermott JE, Heffron F, et al. ChIP-seq analysis of the 

σe regulon of salmonella enterica serovar typhimurium reveals new genes implicated in heat 

shock and oxidative stress response. PLoS One. 2015;10(9):1–15. 

150. Li J, Overall CC, Nakayasu ES, Kidwai AS, Jones MB, Johnson RC, et al. Analysis of the 

Salmonella regulatory network suggests involvement of SsrB and H-NS in σE-regulated SPI-2 

gene expression. Front Microbiol. 2015;6(FEB). 

151. Li J, Nakayasu ES, Overall CC, Johnson RC, Kidwai AS, McDermott JE, et al. Global analysis of 

salmonella alternative sigma factor e on protein translation. J Proteome Res. 

2015;14(4):1716–26. 

152. Kovacikova G, Skorupski K. The alternative sigma factor sigma(E) plays an important role in 

intestinal survival and virulence in Vibrio cholerae. Infect Immun [Internet]. 

2002;70(10):5355–62. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/12228259%5Cnhttp://www.pubmedcentral.nih.gov/ar 

ticlerender.fcgi?artid=PMC128310 

153. Heusipp G, Schmidt MA, Miller VL. Identification of rpoE and nadB as host responsive 

elements of Yersinia enterocolitica. FEMS Microbiol Lett [Internet]. 2003 Sep;226(2):291–8. 

Available from: https://academic.oup.com/femsle/article-lookup/doi/10.1016/S0378- 

1097(03)00613-X 

154. Craig JE, Nobbs A, High NJ. The extracytoplasmic sigma factor, final sigma(E), is required for 

intracellular survival of nontypeable Haemophilus influenzae in J774 macrophages. Infect 

Immun [Internet]. 2002;70(2):708–15. Available from: 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC127695/pdf/0968.pdf 

155. Manganelli R, Voskuil MI, Schoolnik GK, Smith I. The Mycobacterium tuberculosis ECF sigma 

factor sigmaE: role in global gene expression and survival in macrophages. Mol Microbiol. 

2001;41(2):423–37. 

156. Yu H, Schurr MJ, Deretic V. Functional equivalence of Escherichia coli σ(E) and Pseudomonas 

aeruginosa AlgU: E. coli rpoE restores mucoidy and reduces sensitivity to reactive oxygen 

intermediates in algU mutants of P. aeruginosa. J Bacteriol. 1995;177(11):3259–68. 
157. Martin DW, Holloway BW, Deretic V. Characterization of a locus determining the mucoid 

status of Pseudomonas aeruginosa: AlgU shows sequence similarities with a Bacillus sigma 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&l
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&l
http://femsle.oxfordjournals.org/content/femsle/225/1/1.full.pdf
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6T2W-
http://www.ncbi.nlm.nih.gov/pubmed/16622052
http://www.ncbi.nlm.nih.gov/pubmed/16842358
http://www.ncbi.nlm.nih.gov/pubmed/16842358
http://www.pubmedcentral.nih.gov/ar
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC127695/pdf/0968.pdf
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC127695/pdf/0968.pdf


References 

99 

 

 

 
factor. J Bacteriol. 1993;175(4):1153–64. 

158. Rhodius VA, Suh WC, Nonaka G, West J, Gross CA. Conserved and variable functions of the σE 

stress response in related genomes. PLoS Biol. 2006;4(1):0043–59. 

159. Humphreys S, Stevenson A, Bacon A, Weinhardt AB, Roberts M. The alternative sigma factor, 

sigmaE, is critically important for the virulence of Salmonella typhimurium. Infect Immun 

[Internet]. 1999;67(4):1560–8. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/10084987%5Cnhttp://www.ncbi.nlm.nih.gov/pmc/arti 

cles/PMC96497/pdf/ii001560.pdf 

160. Nair CG, Chao C, Ryall B, Williams HD. Sub-lethal concentrations of antibiotics increase 

mutation frequency in the cystic fibrosis pathogen Pseudomonas aeruginosa. Lett Appl 

Microbiol. 2013;56(2):149–54. 

161. Corcoran CP, Podkaminski D, Papenfort K, Urban JH, Hinton JCD, Vogel J. Superfolder GFP 

reporters validate diverse new mRNA targets of the classic porin regulator, MicF RNA. Mol 
Microbiol. 2012;84(3):428–45. 

162. Huang LIN, Tsui P, Freundlich M. in vivo and in vitro expression of ompC in Integration Host 

Factor Is a Negative Effector of In Vivo and In Vitro Expression of ompC in Escherichia coli. 

Microbiology. 1990;172(9):5293–8. 

163. Zhang D feng, Jiang B, Xiang Z ming, Wang S ying. Functional characterisation of altered outer 

membrane proteins for tetracycline resistance in Escherichia coli. Int J Antimicrob Agents. 

2008;32(4):315–9. 

164. Liu YF, Yan JJ, Lei HY, Teng CH, Wang MC, Tseng CC, et al. Loss of outer membrane protein C in 

Escherichia coli contributes to both antibiotic resistance and escaping antibody-dependent 

bactericidal activity. Infect Immun. 2012;80(5):1815–22. 

165. Su LH, Wu TL, Chiu CH. Development of carbapenem resistance during therapy for non- 

typhoid Salmonella infection. Clin Microbiol Infect. 2012;18(4). 

166. Kádár B, Kocsis B, Tóth Á, Kristóf K, Felső P, Kocsis B, et al. Colistin resistance associated with 

outer membrane protein change in Klebsiella pneumoniae and Enterobacter asburiae. Acta 

Microbiol Immunol Hung [Internet]. 2017;64(2):217–27. Available from: 

http://www.akademiai.com/doi/abs/10.1556/030.64.2017.017 

167. Lou H, Chen M, Black SS, Bushell SR, Ceccarelli M, Mach T, et al. Altered antibiotic transport in 

OmpC mutants isolated from a series of clinical strains of multi-drug resistant E. coli. PLoS 

One. 2011;6(10). 

168. Schwechheimer C, Kuehn MJ. Synthetic effect between envelope stress and lack of outer 
membrane vesicle production in escherichia coli. J Bacteriol. 2013;195(18):4161–73. 

169. Xie X, Zhang H, Zheng Y, Li A, Wang M, Zhou H, et al. RpoE is a Putative Antibiotic Resistance 
Regulator of Salmonella enteric Serovar Typhi. Curr Microbiol. 2016;72(4):457–64. 

170. Oteo J, Delgado-Iribarren A, Vega D, Bautista V, Rodríguez MC, Velasco M, et al. Emergence of 

imipenem resistance in clinical Escherichia coli during therapy. Int J Antimicrob Agents. 

2008;32(6):534–7. 

171. Chia JH, Siu LK, Su LH, Lin HS, Kuo AJ, Lee MH, et al. Emergence of carbapenem-resistant 

Escherichia coli in Taiwan- resistance due to combined CMY-2 production and porin 

deficiency. J Chemother. 2009;21(6):621–6. 

172. Goessens WHF, Van Der Bij AK, Van Boxtel R, Pitout JDD, Van Ulsen P, Melles DC, et al. 

Antibiotic trapping by plasmid-encoded cmy-2-lactamase combined with reduced outer 

membrane permeability as a mechanism of carbapenem resistance in escherichia coli. 

Antimicrob Agents Chemother. 2013;57(8):3941–9. 

173. Sokhi UK, Das SK, Dasgupta S, Emdad L, Shiang R, DeSalle R, et al. Human polynucleotide 

phosphorylase (hPNPaseold-35). Should I eat you or not-that is the question? [Internet]. 1st 

ed. Vol. 119, Advances in Cancer Research. Elsevier Inc.; 2013. 161-190 p. Available from: 

http://dx.doi.org/10.1016/B978-0-12-407190-2.00005-8 

174. Wahle E. Wrong PH for RNA degradation. Nat Struct Mol Biol. 2007;14(1):5–7. 
175. Fontaine F, Gasiorowski E, Gracia C, Ballouche M, Caillet J, Marchais A, et al. The small RNA 

http://www.ncbi.nlm.nih.gov/pmc/arti
http://www.akademiai.com/doi/abs/10.1556/030.64.2017.017
http://www.akademiai.com/doi/abs/10.1556/030.64.2017.017
http://dx.doi.org/10.1016/B978-0-12-407190-2.00005-8
http://dx.doi.org/10.1016/B978-0-12-407190-2.00005-8


References 

100 

 

 

 
SraG participates in PNPase homeostasis. RNA [Internet]. 2016;1560–73. Available from: 
http://www.ncbi.nlm.nih.gov/pubmed/27495318 

176. Rouf SF, Anwar N, Clements MO, Rhen M. Genetic analysis of the pnp-deaD genetic region 

reveals membrane lipoprotein NlpI as an independent participant in cold acclimatization of 

Salmonella enterica serovar Typhimurium. FEMS Microbiol Lett. 2011;325(1):56–63. 

177. Schwechheimer C, Rodriguez DL, Kuehn MJ. NlpI-mediated modulation of outer membrane 

vesicle production through peptidoglycan dynamics in Escherichia coli. Microbiologyopen. 

2015;4(3):375–89. 

178. Lorentzen E, Conti E. The Exosome and the Proteasome: Nano-Compartments for 
Degradation. Cell. 2006;125(4):651–4. 

179. Choi JM, Park EY, Kim JH, Chang SK, Cho Y. Probing the Functional Importance of the 

Hexameric Ring Structure of RNase PH. J Biol Chem. 2004;279(1):755–64. 

180. Mohanty BK, Kushner SR. Genomic analysis in Escherichia coli demonstrates differential roles 

for polynucleotide phosphorylase and RNase II in mRNA abundance and decay. Mol Microbiol. 

2003;50(2):645–58. 

181. Torres AG. The cad locus of Enterobacteriaceae: More than just lysine decarboxylation. 

Anaerobe [Internet]. 2009;15(1–2):1–6. Available from: 

http://dx.doi.org/10.1016/j.anaerobe.2008.05.002 

182. Prabhala BK, Aduri NG, Jensen JM, Ernst HA, Iram N, Rahman M, et al. New insights into the 

substrate specificities of proton-coupled oligopeptide transporters from E. coli by a pH 

sensitive assay. FEBS Lett [Internet]. 2014;588(4):560–5. Available from: 

http://dx.doi.org/10.1016/j.febslet.2014.01.004 

183. Finn RD, Coggill P, Eberhardt RY, Eddy SR, Mistry J, Mitchell AL, et al. The Pfam protein 

families database: Towards a more sustainable future. Nucleic Acids Res. 2016;44(D1):D279– 

85. 

184. Zhai Y, Saier MH. The β-barrel finder (BBF) program, allowing identification of outer 

membrane β-barrel proteins encoded within prokaryotic genomes. Protein Sci [Internet]. 

2009;11(9):2196–207. Available from: http://doi.wiley.com/10.1110/ps.0209002 

185. Lomize AL, Lomize MA, Krolicki SR, Pogozheva ID. Membranome: A database for proteome- 
wide analysis of single-pass membrane proteins. Nucleic Acids Res. 2017;45(D1):D250–5. 

186. Michaux C, Holmqvist E, Vasicek E, Sharan M, Barquist L, Westermann AJ, et al. RNA target 

profiles direct the discovery of virulence functions for the cold-shock proteins CspC and CspE. 

Proc Natl Acad Sci [Internet]. 2017;114(26):201620772. Available from: 

http://www.pnas.org/lookup/doi/10.1073/pnas.1620772114 

187. Sun S, Selmer M, Andersson DI. Resistance to β-lactam antibiotics conferred by point 

mutations in penicillin-binding proteins PBP3, PBP4 and PBP6 in Salmonella enterica. PLoS 

One. 2014;9(5):1–10. 

188. Davis BM, Waldor MK. High-throughput sequencing reveals suppressors of Vibrio cholerae 

rpoE mutations: One fewer porin is enough. Nucleic Acids Res. 2009;37(17):5757–67. 

http://www.ncbi.nlm.nih.gov/pubmed/27495318
http://www.ncbi.nlm.nih.gov/pubmed/27495318
http://dx.doi.org/10.1016/j.anaerobe.2008.05.002
http://dx.doi.org/10.1016/j.anaerobe.2008.05.002
http://dx.doi.org/10.1016/j.febslet.2014.01.004
http://dx.doi.org/10.1016/j.febslet.2014.01.004
http://doi.wiley.com/10.1110/ps.0209002
http://www.pnas.org/lookup/doi/10.1073/pnas.1620772114
http://www.pnas.org/lookup/doi/10.1073/pnas.1620772114


Curriculum Vitae 

101 

 

 

 
 

 

MATURANA Pauline 
Doctoral Researcher with experience in Infection Biology 
7 rue du Rebberg 68 130 Franken, France 
+33 6 77 18 59 21 
maturana.pauline@yahoo.fr 
11.16.1987, French 

 

Young and dynamic scientist, I am looking for new challenges to move on in my career and continue to 
evolve. Thanks to my education at the Biozentrum in Infection biology, I gained a high knowledge and 
understanding of the host-pathogen interactions. I enjoy working in an international atmosphere. 

 

Professional experiences 

Since January 2014 
(3 years 11 months) 

 
 

 
February 2013 
(10 months) 

 

 
November 2011 
(5 months) 

 
 

 
January 2011 
(6 weeks) 

Doctoral Research Assistant – Marie-Curie fellow 
Biozentrum, Infection Biology, Basel, Switzerland 
In vivo envelope stress response of Salmonella 
❖ Utilization of a wide variety of techniques to study genes effects 
❖ Attendance to many conferences on host-pathogen interactions 

Research Assistant – Erasmus Fellow – Master Project 

Biozentrum, Infection Biology, Basel, Switzerland 

Analysis of Salmonella virulence factor PhoP 
❖ Learning of BSL2 working habits 

Research Assistant – Master Project 
University of Arkansas for Medical Sciences 

Department of Immunology and Microbiology, Little Rock, USA 
Refining the type IV secretion system substrate repertoire of Coxiella 

❖ Discovery of abroad working habits 

Junior Research Assistant – Bachelor Project 

Monsanto SAS, Biotechnology laboratory, Nîmes, France 
Haplo-diploidization methods in melons 

❖ Understanding of a company functioning 
 

Education and Training 

2014-Ongoing 
2016 
2015 
2011-2013 
2009-2011 

PhD project, University of Basel, Infection Biology 
« Effective scientific communication » workshop 
« Presentation skills: The messenger is the message » workshop 
Master degree, University of Montpellier 1, Biology 
HND in Nutrition Science, Lycée Marie-Curie, Marseille 

 

Prizes and honors 

2017 Selected talk for the Swiss Society of Microbiology Congress in Basel 

2014 Selected Marie-Curie fellow for PhD project 
2013 Selected Erasmus fellow for Master project 

mailto:maturana.pauline@yahoo.fr


Curriculum Vitae 

102 

 

 

 

 

Skills 

Languages 
Communication 
Team spirit 
Leadership and 
management 

 

French (mother tongue), English (C1), Spanish/German (Basics) 
Excellent oral presentation skills 
Collaboration with colleagues and Marie-Curie fellows 
Management of experiments with bachelor students; 
PhD retreat and weekly laboratory meeting schedule organization 

 

 

2017 

Extracurricular activities 

Co-organization of the Biozentrum PhD retreat 2017 
PhD representative 

 
 
 

 
2017 
1 week 
eco-volunteer 

 
 
 

 
2016 
1 day 
NGO volunteer 

❖ Monthly connect with the Board to develop agenda, speaker’s 
selection and sponsoring plans according to PhDs expectations 

❖ Actively seek and engage with potential sponsors and build strong 
relationships with the selected sponsors 

❖ Deal with any problem or request during the event 

Monitoring of the sea turtles’ nests population in Tortuguero, Costa Rica 
❖ Patrol the beach at night to protect nests from poachers 
❖ Control sea turtles’ health by body check, carapace measurements 

and eggs counting 
❖ Survey the nests population by marking and counting nests 
❖ Help preserve a safe environment for hatchlings by spontaneously 

organizing beach cleaning 

Alarming people on pesticides utilization especially in fruits cultivation 
❖ Arouse people’s curiosity by offering organic fruits juice 
❖ Explain and discuss the arm of pesticides utilization 
❖ Distribute flyers about pesticides and the NGO upcoming events 

 

Hobbys 
 

Traveling to discover different cultures and stay open-minded. 
Reading, especially biographic books, to live a thousand lives. 
Practicing crossfit regularly to surpass myself and relax afterwards. 

 

Publications 
 

P. Maturana, Joseph G. Graham, U. M. Sharma and D. E. Voth, (2013), Refining the plasmid-encoded 
type IV secretion system substrate repertoire of Coxiella burnetii. Journal of Bacteriology. 

 
 

 
Pr. Dr. Dirk Bumann, Ph.D. 

Focal Area Infection Biology 
Biozentrum, University of Basel 

50/70 Klingelbergstrasse 
4056 Basel, Switzerland 
Tel: +41 61 267 23 82 

Email: dirk.bumann@unibas.ch 

Dr. Daniel E. Voth, Ph.D. 
Department of Microbiology and 

Immunology 
University of Arkansas for Medical Sciences 

4301 W. Markham St., Slot 511 
Little Rock, AR 72205, USA 

Tel: +1 501 686 8050 
Email: dvoth@uams.edu 

Pr. Philippe Berta, Ph.D. 
INSERM U1047 

Université de Nîmes 
1, place Gabriel Péri 
30 000 Nîmes, France 
Tel: +33 6 09 16 60 83 

Email : philippe.berta@unimes.fr 

mailto:dirk.bumann@unibas.ch
mailto:dvoth@uams.edu
mailto:philippe.berta@unimes.fr

