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Abstract
Rizvanovic, A. 2022. Adapting to succeed. Post-transcriptional gene regulation in Salmonella.
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Salmonella are zoonotic pathogens of worldwide economic and health importance. Both
during life outside and inside the host, these pathogens are subject to continuously changing
environmental conditions, such as temperature changes, acid stress, nutrient limitations, and
others. In order to thrive and survive, Salmonella must respond to these changes by adapting
their physiology and morphology through changes in gene expression. RNA-binding proteins
(RBPs) often work in concert with small RNAs (sRNAs) to control gene expression at the
post-transcriptional level. Their mode of action includes regulation of RNA translation and/
or stability, either positive or negative. Recently, ProQ was discovered to be a global RBP
with a large repertoire of mRNA and sRNA targets in Salmonella. However, many details
regarding ProQ biology are not fully understood, including the requirements for RNA-binding,
mechanisms of gene regulation, and ProQ-dependent phenotypic changes. The main purpose of
this doctoral thesis was to characterize the RBP ProQ and its regulatory role in Salmonella.

First, we developed a method based on saturation mutagenesis coupled to phenotypic sorting
and high-throughput sequencing to chart the functionally important regions in ProQ. Our results
reveal that both the N-terminal and C-terminal domains are important for ProQ’s gene regulatory
function, but the underlying mechanisms differ. Second, we show that ProQ is important
for flagellar-mediated motility in Salmonella. More specifically, we show that ProQ and an
associated sRNA promotes flagellar gene expression and motility by affecting translation of
the master flagellar regulator FlhDC. Finally, we reveal that ProQ induces persister formation
in Salmonella and enables a subpopulation of cells to survive high doses of different types of
antibiotics through growth arrest.

In conclusion, the findings presented herein provide new insights into the role of ProQ as a
global post-transcriptional regulator of gene expression in Salmonella. Together, these findings
contribute to our understanding of how Salmonella shapes its lifestyle and induces pathogenesis.
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Sammanfattning på svenska 

Infektion med Salmonellabakterier utgör ett betydande folkhälsoproblem värl-
den över. De flesta sjukdomsfall kännetecknas av infektion i mag- och tarm-
kanalen, men i vissa fall kan bakterierna orsaka allvarligare sjukdom så som 
blodförgiftning. Salmonellabakterier kan överföras mellan djur och männi-
skor och sprids oftast med kontaminerat livsmedel eller vatten. Bakterierna 
kan således finnas i olika miljöer, både utanför och inuti sin värd. För att kunna 
överleva i olika och ständigt skiftande miljöer har dessa bakterier utvecklat 
förmågan att snabbt kunna anpassa sig till sin omgivning. När bakterierna kän-
ner av en förändring i exempelvis temperatur, pH-värde, syrehalt eller närings-
tillgång förändrar de sitt levnadssätt genom att justera geners uttryck. 

Genuttryck är den process då informationen i en gen omvandlas till en 
funktionell produkt. Produkten är RNA eller protein. Första steget i processen 
är transkription där genens information kopieras från DNA till RNA. Om ge-
nen innehåller information för att bilda ett protein kallas detta RNA för bud-
bärar-RNA. Ett RNA som inte innehåller denna information kallas för icke-
kodande RNA. Nästa steg i processen är translation där informationen i bud-
bärar-RNA används för att dirigera bildandet av proteiner med aminosyror 
som byggstenar. Proteiner bestämmer bakteriens egenskaper så som utseende, 
beteende och funktion. Eftersom gener kodar för proteiner, så är det i själva 
verket generna som bestämmer dessa egenskaper. En del gener uttrycks hela 
tiden eftersom de kodar för proteiner som behövs för bakteriens grundläg-
gande funktioner, andra gener aktiveras bara vid vissa tillfällen. Eftersom 
genuttryck är en energikrävande process har bakterier utvecklat förmågan att 
kunna kontrollera den. Detta görs på DNA-, RNA- och proteinnivå. Arbetet i 
denna avhandling fokuserar på kontroll på RNA-nivå, dvs. steget från att RNA 
produceras till att det ska translateras till ett protein, och slutligen brytas ner.  

Bakterier använder sig av RNA-bindande proteiner för att kontrollera 
genuttryck på RNA-nivå. Dessa RNA-bindande proteiner kan arbeta själva 
eller tillsammans med små icke-kodande RNA (sRNA) för att styra ödet för 
budbärar-RNA. Genom att binda till budbärar-RNA, kan de RNA-bindande 
proteinerna påverka hastigheten med vilken dessa RNA translateras och/eller 
med vilken hastighet de bryts ner. Detta leder till att fler respektive färre pro-
teiner tillverkas. På så sätt har RNA-bindande protein en central roll i kontrol-
len av genuttryck och styr bakteriens levnadssätt. För omkring fem år sedan 
upptäcktes ett nytt RNA-bindande protein i Salmonellabakterier med namnet 
ProQ. Det har visat sig att ProQ kan binda till hundratals budbärar-RNA och 
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sRNA för att påverka Salmonellabakteriernas genuttryck och främja infektion. 
Det finns dock fortfarande frågetecken kvar som rör de exakta molekylära 
mekanismerna med vilka ProQ arbetar samt vilka bakteriella processer som 
ProQ styr. I denna avhandling har ProQ undersökts med målet att få en bättre 
bild av dess centrala roll vid Salmonellainfektion.  

I artikel I har vi karaktäriserat ProQ proteinet i detalj för att ta reda på vilka 
delar av proteinet som är viktiga för dess funktion. Strukturellt består ProQ av 
tre delar: en N-terminal del och en C-terminal del som länkas ihop via en flex-
ibel del. Tidigare forskning har visat att den N-terminala delen är viktig för 
proteinets förmåga att binda RNA. Vilken roll den C-terminala delen har är 
inte känt. Det är inte heller känt vilka delar av proteinet som är viktiga för dess 
förmåga att kontrollera genuttryck. Vi har utvecklat en metod för att kunna 
byta ut varje aminosyra i proteinet mot en annan aminosyra och se hur föränd-
ringen påverkar proteinets förmåga att aktivera genuttryck. Våra resultat visar 
att utöver den N-terminala delen så är den C-terminala delen viktig för prote-
inets funktion att aktivera genuttryck samt stabilisera budbärar-RNA. 

I artikel II har vi undersökt vilken inverkan ProQ har på Salmonellabakte-
riers förmåga att förflytta sig. Bakterier förflyttar sig med hjälp av flageller 
som finns på dess yta och fungerar som propellrar. Dessa flageller styr bakte-
rier bort från skadliga miljöer och mot mer gynnsamma sådana. Eftersom pro-
duktionen av flageller är energikrävande, regleras den med hög precision. Ti-
digare forskning har visat att ProQ påverkar uttrycket av gener som behövs 
vid produktion av flageller, men den underliggande mekanismen har inte stu-
derats. Vi har visat att ProQ kan aktivera Salmonellabakteriers förmåga att 
förflytta sig. Med hjälp av funktionella analyser har vi identifierat ett steg i 
produktionen av flageller där ProQ är involverad och styr.  

I artikel III har vi studerat vilken inverkan ProQ har på Salmonellabakteri-
ers förmåga att överleva antibiotikabehandling. Vid allvarligare Salmonella-
infektion används antibiotika för behandling. Många infektioner har visat sig 
vara svåra att bota eftersom en del av bakteriepopulationen tillfälligt går in i 
en sorts dvala och slutar att växa för att undgå antibiotikans effekt. När anti-
biotikabehandlingen är över kan dessa bakterier lämna sin dvala och börja 
växa och föröka sig igen. Mekanismen med vilken dessa så kallade persister-
bakterier uppstår är inte helt känd. Vi har utfört experiment med olika Salmo-
nellabakterier och antibiotika för att studera huruvida ProQ är involverad i 
antibiotikapersistens. Vi har visat att ProQ kan aktivera bildandet av persister-
bakterier och karaktäriserat denna effekt.   

Sammanfattningsvis omfattar denna avhandling studier av det RNA-bin-
dande proteinet ProQ samt de molekylära mekanismerna detta proteinet an-
vänder för att hjälpa Salmonellabakterier att anpassa sig i olika och ständigt 
skiftande miljöer. De upptäckterna som presenteras här belyser vikten av ProQ 
vid Salmonellainfektion. Vi hoppas att dessa upptäckter kommer att inspirera 
framtida arbete inom området med syfte att bekämpa dessa infektioner.  
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Sažetak na bosanskom jeziku 

Infekcija bakterije Salmonella predstavlja javnozdravstveni problem širom 
svijeta. Salmonella uzrokuje bolest koja se naziva gastroenteritis, a koja se 
poznaje kao ”trovanje hranom”. U nekim slučajevima može se proširiti na 
druge dijelove tijela i uzrokovati ozbiljne bolesti i smrt. Prijenos bakterije je 
putem konzumiranjem hrane ili pića koja su kontaminirana bakterijama. 
Međutim, bakterija Salmonella se može naći u različitim sredinama, kako 
izvan tako i unutra svog domaćinstva. Kako bi Salmonella preživjela u 
različitim sredinama koje se stalno mijenjaju, ona se brzo mora adaptirati kroz 
regulaciju ekspresije svojih gena. 

Ekspresija gena je proces kojim se informacija iz gena prevodi u 
funkcionalni produkt. Produkt je RNK ili protein. Prvi korak procesa je 
transkripcija. U ovom koraku se informacija iz gena kopira iz DNK u RNK. 
Ako gen sadrži informaciju za formiranje proteina, ova RNK se naziva 
informacijska RNK (iRNK). Inače, ova RNK se naziva nekodirajuća RNK. 
Sljedeći korak u procesu je translacija. U ovom koraku se informacija iz iRNK 
koristi za formiranje proteina koristeći aminokiseline kao građevinske 
blokove. Proteini određuju svojstva bakterije kao što su izgled, ponašanje i 
funkcija. Pošto geni kodiraju proteine, ustvari su geni ti koji određuju ova 
svojstva. Neki geni su aktivni cijelo vrijeme jer kodiraju proteine potrebne za 
osnovne funkcije bakterija. Drugi geni se aktiviraju samo u određenim 
trenucima. Aktiviranje gena je energetski zahtjevan proces, zbog čega su 
bakterije razvile sposobnost da ga reguliraju. Ekspresija gena je regulirana na 
nivou DNK, RNK i proteina. Rad u ovoj doktorskoj disertaciji fokusiran je na 
regulaciji na nivou RNK, to znači korak od proizvodnje RNK do njenog 
prevođenja u protein.  

Bakterije koriste regulatorne proteine koje se vezuju za RNK kako bih 
mogle kontrolisati njihovu ekspresiju i sudbinu. Ovi regulatorni proteini mogu 
raditi sami ili zajedno s malim RNK. Povodom vezivanja, regulatorni proteini 
mogu uticati na brzinu s kojom se iRNK translatiraju ili razgrađuju. To dovodi 
do toga da se proizvodi vise ili manje proteina. Na ovaj način, regulatorni 
proteini igraju centralnu ulogu u kontroli ekspresije gena i na način života 
bakterija. Prije pet godina, otkriven je novi regulatorni protein u bakteriji 
Salmonella pod nazivom ProQ. Pokazalo se da se ProQ vezuje za stotine 
iRNK i male RNK kako bi utjecao na ekspresiju gena bakterije i indukovao 
infekciju. Još uvijek nije poznato s kojim molekularnim mehanizmima ProQ 
djeluje i koje bakterijske procese ProQ kontrolira. Ova doktorska disertacija 
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imala je za osnovni cilj da istraži ulogu regulatornog proteina ProQ u infekciji 
Salmonella.  

U članku broj jedan detaljno smo analizirali regulatorni protein ProQ kako 
bismo otkrili koji dijelovi proteina su važni za njegovu funkciju. Strukturalno, 
ProQ se sastoji od tri dijela: N-terminalnog dijela i C-terminalnog dijela koji 
su međusobno povezani preko fleksibilnog dijela. Prethodna istraživanja su 
pokazala da je N-terminalni dio važan za sposobnost povezivanja RNK. Uloga 
C-terminalnog dijela nije poznata. Također nije poznato koji dijelovi proteina 
su važni za sposobnost kontroliranja ekspresije gena. Da bismo došli do ovih 
saznanja, razvili smo metodu koja omogućava zamjenu svake aminokiseline 
u proteinu drugom aminokiselinom i tako vidjeti kako promjena utječe na 
sposobnost proteina da aktivira ekspresiju gena. Naši rezultati pokazuju da su 
i N-terminalni dio i C-terminalni dio važni za funkciju proteina. Dok je N-
terminalni dio važan za vezivanje RNK, C-terminalni dio je važan za 
aktiviranje ekspresije gena.  

U članku broj dva istražili smo efekat ProQ na sposobnost kretanja 
bakterije Salmonella. Bakterija se kreće uz pomoć flagela koje se nalaze na 
njenoj površini i djeluju kao propeleri. Proizvodnja flagela je energetski 
zahtjevan proces i reguliše se s velikom preciznošću. Prethodna istraživanja 
su pokazala da ProQ utječe na ekspresiju gena potrebnih za proizvodnju 
flagela, ali osnovni mehanizam nije ustanovljen. Da bismo došli do ovih 
saznanja, mi smo uz pomoć funkcionalnih analiza identifikovali korak u 
proizvodnji flagela gdje je uključen ProQ. Ovo je početni korak u proizvodnji 
koji je kontroliran faktorom koji se zove FlhDC. ProQ aktivira translaciju 
flhDC iRNK i tako aktivira  proizvodnju flagela, a na taj način i samo kretanje 
bakterije Salmonella.   

U članku broj tri istražen je efekat ProQ na sposobnost bakterije Salmonella 
da preživi liječenje antibioticima. Kod teže infekcije bakterije Salmonella, za 
liječenje se koriste antibiotici. Pokazalo se da je mnoge infekcije teško 
izliječiti jer dio bakterijske populacije privremeno prestaje rasti kako bi 
izbjegao djelovanje antibiotika. Kada se liječenje antibioticima završi, ove 
bakterije mogu ponovo početi rasti i razmnožavati se. Mehanizam na koji 
nastaju ove takozvane perzistentne bakterije nije u potpunosti poznat. Mi smo 
izveli eksperimente s različitim vrstama bakterija Salmonella i antibiotika 
kako bismo ispitali da li je ProQ uključen u stvaranju perzistentne bakterije. 
Pokazali smo da ProQ može aktivirati stvaranje perzistentnih bakterija 
Salmonella izazivanjem zaustavljanja rasta u malom dijelu bakterijske 
populacije. Također smo okarakterizirali mehanizam pomoću kojeg ProQ 
djeluje. 

Ukratko, ova doktorska disertacija uključuje studije regulatornog proteina 
ProQ koji se veže za RNK, kao i molekularnih mehanizama koje ovaj protein 
koristi da pomogne bakterijama Salmonella da se prilagode različitim 
okruženjima. Nadamo se da će ovaj rad inspirisati buduća istraživanja s ciljem 
suzbijanja infekcije Salmonella.  
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Introduction 

Bacteria, like all organisms, live in a constantly changing world. To make use 
of opportunities, and deal with constraints, bacteria have developed special 
features that help them to survive and proliferate. The ability to sense and re-
spond to environmental stresses is one of the most important ones, and relies 
on accurate and timely regulation of gene expression. Regulation of gene ex-
pression can occur at different levels by means of different molecules. RNA-
binding proteins often work in concert with small RNAs, at the so called post-
transcriptional level, to change the behavior of cells. In particular, RNA-bind-
ing proteins have been shown to regulate a large number of cellular processes 
linked to bacterial pathogenesis. Together, this has led to an increased interest 
in their biology, which is the overall theme of this thesis. The work included 
herein focuses on the newly discovered RNA-binding protein ProQ in the en-
terobacterium Salmonella. Therefore, the introduction will mainly cover what 
is known about post-transcriptional regulation by RNA-binding proteins with 
the main focus on the family of ProQ/FinO-domain proteins. It will also give 
an introduction to the Salmonella genus and describe important virulence traits 
of these pathogens.  

Salmonella 
Salmonella represents a large genus of bacteria that is not only a major public 
threat worldwide, but also a favorable system for studying molecular mecha-
nisms of bacterial pathogenesis. The S. enterica subspecies enterica serovar 
Typhimurium has been well studied with respect to virulence mechanisms.  
Recently, it has also become a model organism for post-transcriptional control 
of gene regulation, as outlined below. 

Salmonella species and subspecies 
The Salmonella genus belongs to the family of Enterobacteriaceae. It is com-
posed of Gram-negative, rod-shaped bacteria which are facultative anaerobic 
and motile by means of flagella. Species belonging to the Salmonella genus 
are classified according to the taxonomy and nomenclature of the World 
Health Organization (WHO)(WHO, 2007). Currently, the genus consists of 
two species, S. bongori and S. enterica. In turn, S. enterica are subdivided into 
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the six subspecies enterica, salamae, arizonae, diarizonae, houtenae, and in-
dica. While the five latter subspecies are found primarily in cold-blooded ver-
tebrates and in the environment, the subspecies enterica is the main one found 
in warm-blooded animals. Each subspecies is further classified into serotypes 
or so-called serovars, based on surface antigens such as the lipopolysaccharide 
and flagella. More than 2500 serovars have been identified to date (WHO, 
2007). The work included in this thesis uses S. enterica subspecies enterica 
(hereafter S. enterica) as a model organism, and thus the remainder of the in-
troduction will concentrate on what is known about these subspecies, in par-
ticular the non-typhoidal serovars. 

Salmonella infection 
S. enterica are divided into typhoidal and non-typhoidal serovars. Although 
these are closely related, their lineages are adapted to different hosts and cause 
different diseases. The typhoidal serovars infect humans and include examples 
such as Typhi and Parathypi (WHO, 2007). These strains can cause typhoid 
fever, a life-threatening systemic infection during which multiple organs, such 
as the intestine, liver, spleen, and bone marrow, are infected (Raffatellu et al., 
2008). In contrast, the non-typhoidal serovars (NTS) can infect a broad range 
of hosts, including humans, poultry, and cattle (WHO, 2007). Examples in-
clude Typhimurium and Enteritidis (WHO, 2007). These strains typically 
cause milder self-limiting gastroenteritis, which is often uncomplicated in hu-
mans, but can be severe in infants, elderly, and immunocompromised patients. 
Invasive strains of non-typhoidal serovars have emerged and can cause bacte-
remia with long-term consequences or death (Ao et al., 2015). These strains 
are often referred to as invasive NTS (iNTS). 

Typhoidal serovars can only be transferred from human to human, while 
non-typhoidal serovars are zoonoses and can be transferred from animal to 
human and vice versa (Staes et al., 2019). Most human NTS infections result 
from ingestion of contaminated food, such as egg and dairy products, in addi-
tion to meat (EFSA, 2019). These bacteria can be transmitted throughout the 
entire food chain, from processing at farms and slaughterhouses to final han-
dling in wholesale and catering (EFSA, 2019). As a consequence, S. enterica 
are a major challenge in food and healthcare industries. It is estimated that 
typhoidal serovars account for approximately 26 million cases of illness and 
200 thousand deaths globally each year, while the non-typhoidal serovars 
cause over 75 million cases of illness and nearly 60 thousand deaths (Buckle 
et al., 2012; Havelaar et al., 2015). Of the deaths due to non-typhoidal S. en-
terica, approximately 20 thousand are due to systematic disease by these sub-
species (Havelaar et al., 2015). For both typhoidal and non-typhoidal cases, 
the highest incidence per population is present in Africa (Buckle et al., 2012; 
Havelaar et al., 2015). In particular, infections caused by iNTS constitute a 
major burden across sub-Saharan Africa (Havelaar et al., 2015).  Nevertheless, 
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NTS are the second most common cause of gastroenteritis in the European 
Union (EU) and United States (CDC, 2018; EFSA, 2018, 2019). In the EU, 
approximately 90 thousands cases of S. enterica infections are reported per 
year, among which 70 % are caused by the NTS Enteritidis and Typhimurium 
(EFSA, 2018, 2019). While the majority of S. enterica infections occur spo-
radically in individual patients, food-borne outbreaks are not uncommon 
(EFSA, 2018, 2019).  

Prevention of Salmonella infection 
The major routes of transmission of enteric fever and gastroenteritis are 
through ingestion of food or water contaminated with S. enterica. The most 
important measures for prevention are therefore safe food-handling practices 
and access to clean water. Another effective measure to prevent enteric fever 
is through vaccination. To date, three types of vaccines are approved for pre-
venting infection by S. enterica serovar Typhi: one live attenuated vaccine, 
and two subunit vaccines, both of which are based on a capsular polysaccha-
ride antigen (WHO, 2021). The live attenuated vaccine is given orally in three 
doses and has an efficacy of 60-80% with protection that lasts for at least four 
years, while the two subunit vaccines are each administered in a single paren-
teral dose and have 60-89% efficacy with protection for one to two years 
(Sánchez-Vargas et al., 2011). No licensed vaccines are available for NTS in-
fection. 

Treatment of Salmonella infection 
Most infections caused by S. enterica lead to gastroenteritis and do not need 
any special treatment, unless they affect infants, elderly, or immunocompro-
mised, or if complications develop (Shane et al., 2017). The most common 
complication is dehydration, and treatment mainly consists of replacing fluids 
and electrolytes. Other less frequent but more serious complications include 
systemic spread and infection of multiple organs. In cases of systemic infec-
tion caused by non-typhoidal or typhoidal S. enterica, antibiotics are used for 
treatment (Shane et al., 2017). The choice of antibiotic depends on results 
from antibiotic susceptibility testing. Recommended antibiotics include fluo-
roquinolones and β-lactams, such as ciprofloxacin and ampicillin, respec-
tively. However, treatment concerns are rising due to the increasing numbers 
of resistant bacteria globally (Shrivastava et al., 2018). The first reports of 
antibiotic resistance in S. enterica toward a single antibiotic came in the 1970s 
(Olarte & Galindo, 1973). Since then, resistance toward one or more antibiot-
ics has been reported worldwide for both typhoidal and non-typhoidal S. en-
terica serovars. For example, in 2018 approximately 25% of NTS isolates 
from human cases in the EU were resistant to ampicillin (EFSA, 2018). Fur-
thermore, in 2017 nearly 10% of NTS isolates and over 70% of typhoidal 
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isolates were resistant to ciprofloxacin in the US (CDC, 2019). The emergence 
of antibiotic resistance in S. enterica is largely due to overuse and misuse of 
antibiotics not only in humans, but also in animals. Antibiotics are used in 
animals for prevention and treatment of disease, and for growth promotion. 
This has increased the spread of antibiotic resistant S. enterica from food ani-
mals to humans through the food chain (WHO, 2011). In 2017, the WHO pre-
sented its first ever global priority list of antibiotic-resistant bacteria to guide 
research and development of new antibiotics (Shrivastava et al., 2018). Fluo-
roquinolone-resistant Salmonella were listed as a high priority and a global 
health emergency. In order to combat S. enterica infections, we need to better 
understand their origins, types, and drivers. The next chapters of this thesis 
will describe what is currently known, and unknown, about the key factors 
driving S. enterica infection. 

Key virulence factors during Salmonella infection 
To successfully reach the host intestine and establish an infection, S. enterica 
uses a wide variety of virulence factors and strategies, as exemplified below. 

S. enterica infection begins with the ingestion of bacteria in contaminated 
food or water. The first obstacle to overcome is the acidic pH in the stomach. 
Although consumption of contaminated food with buffering capacities may 
protect against the acidic shock (Galán, 2021), S. enterica has developed an 
acid tolerance response, which functions to maintain a stable, intracellular pH 
(Foster & Hall, 1991). After passing the stomach, the bacterium travels down 
the intestinal tract, reaching the large intestine. Here, S. enterica uses its fla-
gella and chemotaxis system (see “Bacterial motility”) to traverse the intesti-
nal mucus layer in order to reach and attach to the underlying epithelium (Ek 
et al., 2022; Furter et al., 2019; Misselwitz et al., 2012; Stecher et al., 2004). 
The bacterium also produces various fimbriae which function as adhesins, me-
diating intimate attachment with the epithelium (Rehman et al., 2019).  

Following attachment, the bacterium aims to invade and establish itself in-
side the epithelial cell. For this purpose, S. enterica activates a type III secre-
tion system (T3SS), which is encoded by the Salmonella pathogenicity island 
1 (SPI-1), and translocates effector proteins into the cytoplasm of the epithe-
lial cell (reviewed in (Lou et al., 2019)). Several of these effector proteins 
induce cytoskeletal rearrangements, leading to the formation of membrane 
ruffles that engulf the bacterium. 

Once across the epithelium, the bacterium encounters intestinal macro-
phages, and may be phagocytosed. Alternatively, S. enterica may invade the 
macrophages, using its SPI-1-encoded T3SS (Lou et al., 2019). Uptake into 
epithelial cells or macrophages causes the formation of large vesicles known 
as Salmonella-containing vacuoles (SCVs)(Haraga et al., 2008). Inside the 
SCV, S. enterica activates another T3SS, encoded on the Salmonella patho-
genicity island-2 (SPI-2) locus, which translocates effector proteins across the 
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membrane of the SCV into the host cell cytosol (reviewed in (Haraga et al., 
2008)). These effector proteins are important for intracellular survival and 
carry out many different functions. One important function is to prevent fusion 
of the SCV with the lysosome, which would otherwise degrade the vacuole 
and kill the bacterium. Another function is to modulate vacuolar trafficking in 
order to acquire useful metabolites. A third function is to downregulate the 
release of chemokines and cytokines from infected epithelial cells and macro-
phages, respectively, thereby interfering with host immune signaling. Within 
the SCV, S. enterica can exist in either a replicative or non-replicative state 
(Helaine et al., 2010, 2014; Stapels et al., 2018). The replicating bacteria are 
able to further disseminate into the lymph nodes, liver, and spleen, while the 
non-replicating bacteria display an antibiotic-tolerant phenotype, known as 
antibiotic persistence, and can survive antibiotic treatment (see “Antibiotic 
persistence”)(Helaine et al., 2010, 2014; Stapels et al., 2018).  

As described, S. enterica has developed a wide variety of virulence factors 
and strategies to reach the host, invade and replicate within host cells, and 
survive the many defence mechanisms provided by the host. Activation of 
these virulence factors and strategies at the right time and in the right manner 
is a prerequisite for S. enterica infection, and it is governed at the molecular 
level by a process known as gene regulation.  

Gene regulation 
During its life cycle, S. enterica experiences a wide range of stresses within 
host and non-host environments (reviewed in (Pradhan & Devi Negi, 2019)). 
For instance, upon entering the host through ingestion, S. enterica is exposed 
to low pH within the stomach. Once in the intestine, the bacterium encounters 
low oxygen levels, enhanced osmolarity, nutrient limitation, competition with 
the host’s microbiota, and immune defence systems. The ability to adapt to 
environmental changes is crucial for bacterial survival. S. enterica, like many 
other bacteria, adapts by changing its phenotype, including morphological and 
physiological traits. The phenotypic changes depend on the protein content of 
a bacterium, which in turn, is controlled by the genetic content. 

The process by which information from a gene is used to produce a func-
tional protein is called gene expression (Figure 1). Gene expression has two 
main stages: transcription and translation. During transcription, the double-
stranded deoxyribonucleic acid (DNA) sequence of a gene is copied into a 
single-stranded ribonucleic acid (RNA) sequence, known as the messenger 
RNA (mRNA). During translation, the mRNA sequence is decoded into an 
polypeptide of amino acids by a complex molecular machine, the ribosome. 
Single or multiple polypeptides build up proteins. As mentioned, proteins dic-
tate the morphological and physiological traits of a bacterium. Since proteins 
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are encoded by genes, the thousands of genes expressed in a bacterium govern 
these traits. 

 
 

 

 

 

 

 

 

 

 

Figure 1. The process of gene expression in which DNA is transcribed into mRNA, and the 
mRNA is translated into a protein. Regulation occurs at all levels. Figure created with bioren-
der.com. 

Some genes are constitutively expressed, i.e., they are transcribed and 
translated continuously to provide the bacterium with proteins regardless of 
environmental conditions. Such genes are fundamentally important for the 
bacterium and encode proteins that are required for basic cellular functions 
and essential for its existence (often denoted “housekeeping genes”). In con-
trast, some genes are only expressed under certain circumstances, when 
needed. Bacteria have developed different mechanisms for controlling which 
genes are expressed, when, and at what level. The process of turning genes on 
and off is called gene regulation. By regulating gene expression in a precise 
and rapid manner, bacteria are able to adapt in continuously changing envi-
ronments. Gene regulation can occur at different levels of expression, namely 
transcriptional level, post-transcriptional level, and post-translational level. 
Transcriptional regulation determines how many mRNA molecules are tran-
scribed from a particular gene per unit time. Post-transcriptional regulation 
determines the rate at which an mRNA molecule is translated into a protein, 
and/or the rate at which it is degraded. Finally, post-translational regulation 
determines whether a protein is to be modified into an active/inactive form, as 
well as when a protein is to be degraded and the rate at which this occurs. 
Since the core focus of this thesis is post-transcriptional regulation, and 
touches upon transcriptional regulation, the next chapters will delve further 
into these two layers of control. 
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Transcriptional regulation 
In bacteria, regulation of transcription occurs primarily at the step of initiation 
(reviewed in (Browning & Busby, 2004, 2016)). During transcription initia-
tion, the RNA polymerase (RNAP) binds to a promoter sequence located up-
stream of a gene. Three sequence elements constitute the promoter: the tran-
scriptional start site (TSS), and two consensus sequences known as the -10 
and -35 elements. By itself, the core RNAP does not bind specifically to pro-
moter elements. Instead, it associates with a Sigma factor (s) to form an 
RNAP holoenzyme (hereafter RNAP) which is able to recognize and bind spe-
cific promoters in order to orchestrate transcription initiation. As such, tran-
scription initiation can be regulated at the step of promoter recognition by the 
RNAP. 

Transcription factors (TF) are proteins that directly target promoter DNA 
to either activate or repress transcription initiation (reviewed in (Browning & 
Busby, 2004, 2016; Ruff et al., 2015)). TFs have DNA-binding domains which 
recognize and bind specific cognate sequences called operators. Typically, 
these operators contain direct or inverted repeats of a 4-5 base pair sequence.  
TFs often work in a dimeric or multimeric form to specifically bind these op-
erators. Some TFs target only a single promoter and control the expression of 
specific, individual genes (local TF), while others target large sets of promot-
ers and modulate gene expression on a genome-wide scale (global TF). As 
such, local and global TFs form complex regulatory networks to control gene 
expression in response to various stresses. 

A well-known example of a local TF is LacI, which regulates expression 
of the lac operon containing genes involved in lactose metabolism (reviewed 
in (Wilson et al., 2007)). When lactose is not available, LacI represses tran-
scription of the lac operon by binding to an operator that overlaps with the 
promoter. It thereby prevents the RNAP from binding to the promoter region 
and initiating transcription. However, when lactose is present, allolactose (a 
rearranged form of lactose) binds to LacI, which promotes a DNA-binding 
inactive conformation. As a result, the lac operon is activated and lactose ca-
tabolism ensues. 

A classic example of a global TF is the histone-like nucleoid structuring 
protein (H-NS), which responds to a wide range of environmental signals such 
as temperature and osmolarity (Ono et al., 2005; Schechter et al., 2003). In S. 
enterica, H-NS regulates more than 200 genes (Lucchini et al., 2006; Rosen 
et al., 2006). The majority of genes are repressed by H-NS, such as virulence 
genes encoded on SPI-1 and SPI-2. As a global TF, H-NS recognizes and 
binds operators of these genes through AT-rich sequences (Lucchini et al., 
2006). Binding by H-NS at these promoters restricts the access of RNAP to 
the DNA and prevents transcription initiation (Lucchini et al., 2006). Besides 
H-NS, other examples of global TFs include the cyclic AMP (cAMP) receptor 
protein (CRP), the histone-like protein Fis, as well as the master flagellar 
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regulator FlhDC (see “The flagellar master regulator FlhDC”)(reviewed in 
(Seshasayee et al., 2011)).  

TFs integrate environmental signals into their regulatory networks of gene 
expression. Many TFs contain, in addition to the DNA-binding domain, a sen-
sor domain which senses environmental signals, such as metabolites 
(Seshasayee et al., 2011). Other TFs are part of two-component signaling cas-
cades (reviewed in (de Pina et al., 2021)). Here, environmental signals are 
sensed via trans-membrane chemoreceptors, and forwarded to a sensor kinase. 
This leads to autophosphorylation of the sensor kinase, which in turn transfers 
its phosphoryl group to a response regulator. The response regulator repre-
sents the TF. Upon phosphorylation, the response regulator becomes active 
and exhibits DNA-binding activity. 

TFs can activate or repress transcription initiation, and are simply referred 
to as activators and repressors, respectively. Activators increase the rate of 
transcription initiation, often from basal levels. Several mechanisms have 
been described by which these activators function (reviewed in (Browning & 
Busby, 2016; Seshasayee et al., 2011)). In class I activation, an activator binds 
to an operator that is located upstream of the promoter elements in order to 
recruit the RNAP to the region. Here, the activator forms direct interactions 
with the C-terminal domain of the RNAP a-subunit. This type of activation is 
used in cases where the promoter elements have sequences that are suboptimal 
for RNAP binding. In class II activation, an activator binds to an operator that 
overlaps with the -35 element of the promoter, thereby recruiting the RNAP 
to the region through interaction with its s factor.  Besides recruiting the 
RNAP to promoters, activators can induce conformational changes to activate 
transcription. An activator of this type binds to an operator that is located be-
tween the -35 and -10 elements of the promoter, and then realigns these ele-
ments so that they can be recognized by the RNAP. 

In contrast to activators, repressors bind to interfere with the binding of 
RNAP. Several mechanisms have been described for the repression of tran-
scription initiation (reviewed in (Browning & Busby, 2004, 2016; Seshasayee 
et al., 2011)). A simple mechanism includes sterical hindrance, in which a 
repressor binds an operator that overlaps the -10 and -35 elements of the pro-
moter, thus blocking access of the RNAP to the promoter. Another mechanism 
includes looping of DNA. Here, a repressor binds to sites both upstream and 
downstream the promoter, and rearranges the DNA sequences into a loop 
structure that prevents binding by RNAP.  

Post-transcriptional regulation 
Bacteria were for a long time thought to regulate their gene expression almost 
exclusively at the transcriptional level. However, the last two decades of re-
search have revealed a large number of post-transcriptional regulators and 



 

 23 

challenged this perception. These regulators include regulatory RNAs and 
RNA-binding proteins, which together form complex regulatory networks that 
fine-tune gene expression for rapid adaptation to environmental stresses, as 
described below. 

Regulatory RNAs 
RNA molecules do not only act as messengers for protein synthesis but carry 
out other equally important functions. Transfer RNA (tRNA) and ribosomal 
RNA (rRNA) are both involved in the process of protein synthesis. The tRNA 
brings amino acids to ribosomes, while the rRNA constitutes the core structure 
of ribosomes and links amino acids to make new proteins. Beyond the role in 
protein synthesis, it has been discovered that RNA has a central role in post-
transcriptional regulation of gene expression. Riboswitches and RNA ther-
mometers are cis-regulatory elements contained within the 5’ untranslated re-
gions (UTRs) of mRNAs which they regulate at the transcriptional and trans-
lational levels (reviewed in (Abduljalil, 2018)). The structure of these ele-
ments is either formed or disrupted in response to environmental or metabolite 
signals, which results in the activation or inhibition of expression of the down-
stream open reading frame (ORF). Within the riboswitch, binding of metabo-
lites or ions to an aptamer region induces structural changes that are conveyed 
to an expression platform in order to elicit the regulatory response. Similarly, 
RNA thermosensors undergo conformational changes in response to changes 
in temperature, thereby affecting translation initiation. 

The largest group of regulatory RNAs in bacteria are the so-called small 
RNAs (sRNAs)(reviewed in (Adams & Storz, 2020; Gottesman & Storz, 
2011; Hör et al., 2018; Wagner & Romby, 2015)). sRNAs are typically non-
coding and vary in both structure and size (50-250 nucleotides). The first bac-
terial sRNAs were serendipitously found in the 1980s by functional analyses 
(Wagner et al., 2002). However, high-throughput searches using microarrays, 
and, more recently, RNA-sequencing (RNA-seq), have spurred the discovery 
of potential new sRNAs (Hör, Matera, et al., 2020). To date, around 300 
sRNAs have been found in S. enterica (Chao et al., 2012; Hör, Matera, et al., 
2020; Padalon-Brauch et al., 2008; Pfeiffer et al., 2007; Sittka et al., 2008), 
some of which with important roles in stress responses, virulence, metabolism, 
and motility, among others (Holmqvist & Wagner, 2017). The following sec-
tions will provide more details about how sRNAs are generated, and their 
mechanisms of action.  

Biogenesis of sRNAs 
sRNAs are transcribed under specific environmental conditions where their 
activity is needed (reviewed in (Gottesman & Storz, 2011; Holmqvist & 
Wagner, 2017; Hör, Matera, et al., 2020; Wagner & Romby, 2015)). They can 
be divided into two categories: cis-encoded and trans-encoded sRNAs. The 
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cis-encoded sRNAs are transcribed from the opposite DNA strand of the same 
locus as their sole target. Consequently, they share full complementarity with 
this target. Most cis-encoded sRNAs reside on plasmids and control their copy 
numbers. The first such sRNA was discovered in 1981. Here, Tomizawa and 
colleagues showed that RNAI is produced by the plasmid ColE1, and, at high 
copy numbers, inhibits the maturation of a primer RNA needed for ColE1-
plasmid replication (Tomizawa et al., 1981). Shortly after, the Nordström 
group discovered the CopA to be a replication inhibitor of the low-copy plas-
mid R1 (Stougaard et al., 1981). In addition to being plasmid-borne, several 
cis-encoded sRNAs are located within the bacterial chromosome and typically 
encode sRNA antitoxins of type I toxin-antitoxin systems (see “Mechanisms 
of persister formation”).  

In contrast, trans-encoded sRNAs are transcribed from loci other than those 
of their target and share only partial complementary with the target. They can 
therefore target multiple mRNAs. As an example, GcvB in S. enterica targets 
more than 20 mRNAs, the majority of which are involved in amino acid up-
take (Sharma et al., 2007, 2011). Thus, GcvB governs a large regulatory net-
work, similar to a global TF, but at the post-transcriptional level. Given the 
large target suite of trans-encoded sRNAs, single mRNAs can be the target of 
multiple sRNAs. In E. coli, the flhDC mRNA (encoding the major TF for fla-
gella synthesis) is targeted by at least five sRNAs, which respond to different 
environmental cues (see “The flagellar master regulator FlhDC”)(De Lay & 
Gottesman, 2012; Thomason et al., 2012). Moreover, trans-encoded sRNAs 
can originate from diverse genomic loci, mostly from intergenic regions 
(IGRs) and 3’UTRs of mRNAs (reviewed in (Adams & Storz, 2020; 
Miyakoshi et al., 2015b)). While those derived from IGRs are encoded be-
tween protein-coding genes and transcribed from their own promoter, the 
3’UTR-derived ones are either transcribed from a promoter located in the 
3’part of a coding sequence (CDS) or processed from a longer mRNA by en-
doribonucleolytic cleavage.  

Regulatory mechanisms of sRNAs 
Most sRNAs act by base-pairing with other RNAs, but a few sRNAs that se-
quester proteins have been described mechanistically (see “Protein sequestra-
tion”)(reviewed in (Adams & Storz, 2020; Gottesman & Storz, 2011; Wagner 
& Romby, 2015)). These sRNAs bind to proteins by mimicking, and thus 
competing with, binding targets. In this way, the sRNA titrates away the pro-
tein from the initial target, counteracts protein activity, and indirectly affects 
gene expression. 

Most base-pairing sRNAs target mRNAs, but examples of sRNAs pairing 
with other sRNAs have recently come to light. Initial target recognition, and 
subsequent pairing, are governed by a subregion of the sRNA often referred 
to as the seed region (reviewed in (Gorski et al., 2017)). Seed regions can be 
as short as 6 nucleotides (Papenfort et al., 2012), but in most cases, involve 
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10-12 nucleotides (reviewed in (Gorski et al., 2017)). They lie within unpaired 
regions of sRNAs, such as 5’ tails or hairpin loops, and are typically con-
served. Some sRNAs only have one seed region that base-pairs with RNA 
targets, while others have multiple seed regions that each base-pair with dif-
ferent targets. Base-pairing between sRNAs and their RNA targets can have a 
number of regulatory outcomes, with the most frequent ones involving 
changes in translation and/or degradation (Adams & Storz, 2020; Gottesman 
& Storz, 2011; Wagner & Romby, 2015). Ultimately, this leads to direct or 
indirect effects on gene expression. While some sRNAs act alone, others rely 
on RNA-binding proteins for efficient regulation (see “RNA-binding pro-
teins)(Holmqvist & Vogel, 2018).  

Regulation of translation 
Perhaps the most common way by which sRNAs act is by base-pairing within 
5’UTRs of mRNAs to block translation. In bacteria, translation begins by for-
mation of an initiation complex, containing the 30S ribosomal subunit bound 
to the ribosome binding site (RBS) in the mRNA, the aminoacetylated and 
formylated initiator tRNA, and initiation factors (reviewed in (Simonetti et al., 
2009)). The RBS comprises the start codon and Shine-Dalgarno (SD) se-
quence located between 5-9 nucleotides upstream of the start codon, and is 
important for the initial binding between the 30S subunit and the mRNA. 
Upon binding, the 50S ribosomal subunit associates with the initiation com-
plex to form a translationally active 70S ribosome. sRNAs can base-pair to, 
or in close vicinity of, the RBS to sterically prevent the 30S subunit from 
forming an initiation complex (Adams & Storz, 2020; Gottesman & Storz, 
2011; Wagner & Romby, 2015). MicF, the first discovered trans-encoded 
sRNA, acts by this mechanism. In E. coli, MicF pairs with the ompF mRNA, 
and thereby limits the synthesis of the encoded outer membrane porin and ul-
timately controls outer membrane permeability (Andersen & Delihas, 1990; 
Schmidt et al., 1995).  

The 30S subunit, when bound to the RBS, covers a region spanning from -
35 to +19 relative to the start codon (Huttenhofer & Noller, 1994). Conse-
quently, sRNA base-pairing outside the RBS can inhibit translation. The S. 
enterica RybB, for example, base-pairs with the ompN mRNA (encoding an 
outer membrane porin) 15 nt downstream of the start codon to prevent ribo-
some binding (Bouvier et al., 2008). Other examples have reported sRNA-
inhibited translation when base-pairing occurs far upstream of the RBS. The 
S. enterica GcvB prevents ribosome binding by base-pairing 50 nt upstream 
the start codon of the gltI mRNA (encoding an amino acid trans-
porter)(Sharma et al., 2007), and base-pairing between the E. coli OmrA/B 
and csgD mRNA (encoding the major TF for biofilm formation) as far as 70 
nt upstream of the start codon also blocks ribosomes (Holmqvist et al., 2010). 
In these cases, however, the mechanisms are not yet fully understood. The E. 
coli ItsR-1 has been reported to inhibit translation of tisB mRNA (encoding a 
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type I toxin) by binding to a region 100 nt upstream of the RBS (Vogel et al., 
2004). Because the RBS of tisB mRNA is sequestered in a stable mRNA struc-
ture that interferes with translation initiation, the 30S subunit needs to bind an 
accessible single-stranded region in the mRNA referred to as the standby-site 
(Darfeuille et al., 2007; Romilly et al., 2019). Upon transient opening of the 
inhibitory mRNA structure, the 30S subunit can relocate from the standby-site 
to the RBS and initiate translation. The IstR-1 binding site on tisB overlaps 
with the standby site, and thus, IstR-1 prevents standby and thereby translation 
at a distance. In another example, the CopA indirectly inhibits synthesis of the 
replication initiator protein RepA by binding far upstream the RBS of repA 
(Blomberg et al., 1992). Translation of repA is dependent on translation of an 
upstream short reading frame, tap, whose stop codon is located downstream 
of the repA start codon. After translation of tap, ribosomes can reinitiate at the 
repA RBS, in a process denoted translational coupling. CopA binds upstream 
of the SD sequence of tap, directly inhibiting tap translation, and thereby in-
directly preventing repA translation.    

Further examples for translation inhibition by sRNAs include base-pairing 
upstream of the RBS and directing RNA-binding proteins to the site for com-
petition with 30S subunits (see “RNA-binding proteins”)(Holmqvist & Vogel, 
2018). In this case, the sRNA is not directly involved in the blocking itself and 
only act as an recruitment factor for the RNA-binding protein. The E. coli 
Spot42, for instance, recruits and deposits Hfq, a global RNA-binding protein 
(see “Other RNA-binding proteins”), within the RBS of the sdhC mRNA (en-
coding an iron-dependent succinate dehydrogenase subunit) to inhibit transla-
tion (Desnoyers & Massé, 2012). 

As outlined above, sRNA base-pairing within or outside the RBS can di-
rectly or indirectly prevent ribosome binding and thus block translation. In the 
absence of protecting ribosomes, mRNAs become more vulnerable to ribonu-
cleases and are easily degraded (Deana & Belasco, 2005). Therefore, sRNA-
inhibited translation frequently leads to enhanced mRNA degradation rates 
(see “Regulation of RNA degradation”)(Deana & Belasco, 2005; Wagner & 
Romby, 2015).   

In contrast to inhibiting translation, sRNAs can base-pair with mRNAs to 
activate translation. Some mRNAs are poorly translated because their 5’UTR 
is folded into a structure that sequesters the RBS. Base-pairing sRNAs can act 
as competitive binders to prevent or outcompete the formation of these inhib-
itory structures, thus facilitating ribosome binding and translation initiation 
(Adams & Storz, 2020; Gottesman & Storz, 2011; Wagner & Romby, 2015). 
This mechanism is referred to as anti-antisense, and was first discovered for 
RNAIII activation of hla mRNA (encoding an alpha-toxin) in Staphylococcus 
aureus (Morfeldt et al., 1995). Shortly after its discovery, the anti-antisense 
mechanism was shown to control activation of the E. coli rpoS mRNA, en-
coding the stationary phase/stress Sigma factor (Majdalani et al., 1998, 2001; 
Mandin & Gottesman, 2010). The unusually long 5’UTR of rpoS mRNA 
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serves as a binding site for three sRNAs, DsrA, RprA and ArcZ, which facil-
itate its translation in response to cold shock, envelope stress, and anaerobic 
conditions, respectively.  

Regulation of RNA degradation 
sRNAs can act by base-pairing with mRNAs to affect their degradation 
(Adams & Storz, 2020; Gottesman & Storz, 2011; Wagner & Romby, 2015). 
Degradation of RNA is carried out by ribonucleases, which either cleave RNA 
from within (endoribonucleases) or from the ends (exoribonucleases)(re-
viewed in (Andrade et al., 2009)). For most mRNAs, degradation is initiated 
by endoribonucleolytic cleavage. The endoribonucleases RNase E, RNase III, 
and RNase H initiate mRNA degradation in S. enterica and other related bac-
teria. RNase E recognizes its substrates through single-stranded regions en-
riched for AU-sequences within RNAs, whereas RNase H cleaves double 
stranded regions and RNase H cleaves RNA in a DNA-RNA hybrid. The re-
sulting intermediate fragments are then degraded by 3’-5’ exoribonucleases, 
such as RNase II, RNase R, and polynucleotide phosphorylase (PNPase). 
sRNAs are able to recruit ribonucleases to the target mRNA and promote deg-
radation (Adams & Storz, 2020; Gottesman & Storz, 2011; Wagner & Romby, 
2015). MicC base-pairs within the CDS of S. enterica ompD mRNA with the 
help of the RNA-binding protein Hfq (see “Other RNA-binding proteins”) and 
induces RNase E cleavage of the mRNA (Pfeiffer et al., 2009). The sRNA 
uses its seed region to guide RNase E to the target mRNA and to allosterically 
activate the endoribonuclease (Bandyra et al., 2012). Activation occurs via a 
5’ monophosphate on the sRNA interacting with the 5’sensing pocket of 
RNase E, which triggers structural changes of the active site in RNase E and 
thereby stimulates mRNA cleavage. In the absence of ompD mRNA, MicC is 
degraded by RNase E itself.  Co-degradation with the mRNA is often a con-
sequence of sRNA base-pairing (Adams & Storz, 2020; Gottesman & Storz, 
2011; Wagner & Romby, 2015).  As another example, RyhB base-pairs with 
multiple mRNAs involved in iron metabolism in E. coli and causes rapid deg-
radation of the target by RNase E (Massé et al., 2003). Concomitant with their 
targets, RyhB itself is degraded by RNase E, in a mechanism called coupled 
degradation.   

In a more limited number of cases, sRNAs base-pair with mRNAs to pro-
tect them from degradation by ribonucleases. The mechanism for target pro-
tection involves sRNA base-pairing with, and masking of, ribonuclease cleav-
age sites (Adams & Storz, 2020; Gottesman & Storz, 2011; Wagner & Romby, 
2015). In many cases, the sRNA is guided to the mRNA by Hfq (see “Other 
RNA-binding proteins”). The S. enterica RydC, for example, base-pairs with 
an RNase E cleavage site in the cfa mRNA, thereby stabilizing the target 
mRNA (Fröhlich et al., 2013). In this way, RydC promotes synthesis of the 
encoded cyclopropane fatty acid synthetase in order to increase membrane 
stability. Another example includes SgrS of S. enterica which pairs with the 
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ygiL mRNA, encoding a phosphosugar phosphatase (Papenfort et al., 2013). 
The yigL gene is in an operon with the upstream gene pldB. When transcribed, 
the pldB-yigL mRNA is processed by RNase E yielding an mRNA that is sus-
ceptible to further degradation. SgrS base-pairs with and masks an RNase E 
cleavage site on the processed ‘pldB-yigL mRNA in order to prevent further 
degradation.  

Sponging 
sRNAs can not only base-pair with mRNAs, but also other sRNAs, affecting 
their ability to act on target mRNAs (reviewed in (Denham, 2020; Figueroa-
Bossi & Bossi, 2018; Wagner & Romby, 2015)). Many terms are used for 
describing these sRNAs, including sponges, traps, decoys, and competing en-
dogenous RNA. Sponge RNAs can interact with target sRNAs by base-pairing 
either to the seed region used by the target sRNA for mRNA pairing, or to 
other regions within the target sRNA. The consequence of base-pairing in-
clude sequestration and/or degradation of the target sRNA. The first bacterial 
RNA shown to act as a sponge is from the intergenic chbBC region and base-
pairs with ChiX in S. enterica (Figueroa-Bossi et al., 2010). This base-pairing 
triggers degradation of ChiX as well as induces translation of the ChiX target 
chiP mRNA (encoding a chitoporin). In a similar way, S. enterica SroC in-
duces degradation of GcvB, entailing de-repression of translation of several 
mRNA targets and inducing degradation of GcvB by RNase E (Miyakoshi et 
al., 2015a). Recently, it was shown that sponge RNAs can sequester their tar-
gets without affecting their cellular levels (Matera et al., 2022). In S. enterica, 
OppX sequesters the seed region of MicF and titrates it away from its main 
target, the ompF mRNA. Instead of affecting the levels or stability of MicF, 
OppX stores MicF in an inactive complex and thereby derepresses synthesis 
of OmpF. 

Protein sequestration 
In addition to acting by base-pairing, sRNAs can modulate the activity of reg-
ulatory proteins by competing with their targets for binding (Adams & Storz, 
2020; Gottesman & Storz, 2011; Wagner & Romby, 2015). sRNAs of the 
CsrB/RsmZ family modulate the activity of CsrA, an RNA-binding protein 
that regulates carbon usage and motility in E. coli as well as virulence in S. 
enterica (see “Other RNA-binding proteins”)(Romeo & Babitzke, 2018). 
CsrA binds GGA-sequences in the 5’UTR of mRNAs, thereby affecting the 
translation and/or stability of its targets. CsrB and CsrC sRNAs contain mul-
tiple GGA-sequences and can efficiently sequester away CsrA from its mRNA 
targets and thus counteract CsrA activity. 
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RNA-binding proteins in bacteria 
RNA-binding proteins (RBPs) can interact with a wide range of RNA targets, 
including rRNAs, tRNAs, mRNAs, and sRNAs. Bacteria often use RBPs as 
structural components of cellular complexes, such as ribosomes. More related 
to this thesis, RBPs are also used as regulators of many cellular processes, 
including translation, processing, and degradation of RNA (Holmqvist & 
Vogel, 2018; Jørgensen et al., 2020; Ng Kwan Lim et al., 2021). As bacterial 
regulators, RBPs can act alone or in concert with sRNAs to control post-tran-
scriptional networks. Two different types of RBPs are known, those that are 
specialized and those that are global. Specialized RBPs perform functions 
with a small number of RNA targets, whereas global RBPs bind to and dictate 
the fate of hundreds of targets. Global RBPs are the overall subject of this 
thesis. 

Novel methods based on RNA-seq have enabled the identification of global 
RBPs and RNA-protein interactions (Gerovac et al., 2021; Hör et al., 2018). 
One example of such a method is Gradient profiling by sequencing (Grad-
seq), which partitions RNA-protein complexes according to their size and 
shape in a glycerol gradient (Smirnov et al., 2016). Each fraction is then sub-
jected to RNA-seq and mass spectrometry to allow identification of RNAs and 
proteins from the complexes. A second example includes crosslinking and im-
munoprecipitation followed by RNA-seq (CLIP-seq), in which a protein is 
cross-linked to target RNAs by UV exposure. The protein-RNA complexes 
are then isolated, and the associated RNAs sequenced (Holmqvist et al., 2016, 
2018). Not only does this method identify RNAs bound to RBPs, but it also 
pinpoints binding sites since the position of the UV crosslinking can be re-
vealed by characteristic mutations that arise from misincorporation during re-
verse transcription. A third example is RNA-interaction by ligation and se-
quencing (RIL-seq), which relies on capturing RNA-RNA pairs found in close 
proximity on an RBP by UV crosslinking (Melamed et al., 2020). The RNA-
protein complexes are subsequently isolated, and the proximal RNA ends are 
ligated, giving rise to chimeras which are identified by RNA-seq.  

For a long time, the only two known examples of global bacterial RBPs 
were Hfq and CsrA (see “Other RNA-binding proteins”)(Chao et al., 2012; 
Edwards et al., 2012; Holmqvist et al., 2016; Potts et al., 2017; Sittka et al., 
2008). Recent studies using Grad-seq, CLIP-seq, and RIL-seq discovered 
ProQ as a third global RBP in S. enterica and E. coli  (see “The RNA-binding 
protein ProQ”)(Gerovac et al., 2020; Holmqvist et al., 2018; Hör, Di Giorgio, 
et al., 2020; Melamed et al., 2020; Smirnov et al., 2016; Westermann et al., 
2019). The roles of ProQ, Hfq and CsrA as global RBPs in post-transcriptional 
networks will be discussed in detail below. First, the general function of bac-
terial RBPs is described. 
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RBP-RNA interactions 
RBPs interact with their ligands through RNA-binding domains (RBD)(re-
viewed in (Hentze et al., 2018; Holmqvist & Vogel, 2018; Lunde et al., 2007). 
Bacterial RBPs are built from one or a few RBDs. In the case of several RBDs, 
these domains can be of different types or repeats of the same type. By com-
bining several RBDs in various structural arrangements, RBPs are able to rec-
ognize different motifs in the same ligand or bind to different ligands simul-
taneously. The combination of several RBDs also increases the affinity and 
specificity for the target. Among RBDs of bacterial RBPs are Csr/Rsm do-
mains (see “Other RNA-binding proteins”)(Pourciau et al., 2020; Romeo & 
Babitzke, 2018), cold-shock domains (CSD)(Chaikam & Karlson, 2010), Sm-
like domains (see “Other RNA-binding proteins”)(Updegrove et al., 2016), S1 
domains (Hajnsdorf & Boni, 2012), and ProQ/FinO-domains (see “The 
ProQ/FinO-domain protein family”)(Olejniczak & Storz, 2017). Many of 
these bacterial RBDs are small, containing <100 amino acid residues of which 
only a handful are used for direct RNA-binding. RBDs typically bind short 
sequences in target RNAs, although some recognize secondary structures in-
stead of specific sequences. 

Regulatory mechanisms of RBPs 
Bacterial RBPs act at various stages of gene expression, including transcrip-
tion, translation and RNA degradation (reviewed in (Holmqvist & Vogel, 
2018; Jørgensen et al., 2020; Ng Kwan Lim et al., 2021; Pourciau et al., 2020). 
They can act alone or in concert with sRNAs to regulate gene expression, ei-
ther positively or negatively. 

On the transcriptional level, RBPs can either prevent or stimulate termina-
tion. There are two general termination strategies in bacteria: Rho-dependent 
and Rho-independent (reviewed in (Ray-Soni et al., 2016)). In the former, the 
Rho protein recognizes and binds an unstructured C-rich sequence, often re-
ferred to as the Rho utilization (rut) site, in a transcript. Upon binding, Rho 
translocates along the transcript until it reaches the transcribing RNAP and 
releases it from the transcript. In Rho-independent termination, the transcrib-
ing RNAP is released from the transcript as it encounters a palindromic GC-
rich sequence followed by a stretch of T residues. The RNA sequence tran-
scribed from this region folds into a stem-loop structure, which causes the 
RNAP to stall and subsequently release the transcript.  

Two mechanisms have been described for stimulation of transcription ter-
mination. First, an RBP can bind to an mRNA and expose previously occluded 
rut sites, allowing Rho to bind and terminate transcription (Figure 
2A)(Figueroa-Bossi et al., 2014). Second, an RBP can bind to anti-terminator 
structures within an mRNA and transform these into terminator structures, 
thereby stimulating termination (Figure 2A)(Babitzke et al., 1994). To prevent 
termination, an RBP can instead stabilize an anti-terminator structure or bind 
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an mRNA at sequences overlapping the rut sites, and thus block Rho-depend-
ent termination (Figure 2B)(Bae et al., 2000; Qayyum et al., 2016). 

 
Figure 2. Major mechanisms by which RBPs regulate transcription termination. A) Stimulation 
of transcription termination. Upper panel: RBPs can bind to rut sites rut, exposing them to Rho. 
Lower panel: RBPs can bind to anti-terminator structures (green) to and transform these into 
terminator structures (orange). B) Inhibition of transcription termination. Upper panel: RBPs 
can bind rut sites and prevent access of Rho. Lower panel: RBPs can bind to and stabilize anti-
terminator structures. RBP RNA-binding protein; RNAP RNA polymerase; rut Rho utilization 
sites. Figure modified from (Holmqvist & Vogel, 2018). Figure created with biorender.com. 

 

On the translational level, RBPs either inhibit or activate initiation. Several 
mechanisms have been described for translational inhibition. In one, an RBP 
binds to the RBS of an mRNA and competes with the 30S ribosomal subunit 
for access (Figure 3A)(Baker et al., 2002; Mercante et al., 2009). Another 
mechanism includes sRNA recruitment. Here, an RBP stimulates base-pairing 
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between a sRNA and the RBS of an mRNA, thereby allowing the sRNA to 
block the access of ribosomes through sterical hindrance (Figure 3A)(Desnoy-
ers & Massé, 2012; Thomason et al., 2012). In contrast, mechanisms of trans-
lational activation include rearrangement of mRNA structures to facilitate ri-
bosome binding. Here, an RBP acts alone or together with a sRNA to bind 
within the 5’UTR of an mRNA in order to unfold an inhibitory structure, 
which otherwise sequesters the RBS (Figure 3B)(Majdalani et al., 1998; Soper 
& Woodson, 2008).  

 
Figure 3. Major mechanisms by which RBPs regulate translation. A) Inhibition of translation 
by competition with the 30S subunit for binding to the RBS. B) Activation of translation by 
relieving an inhibitory structure that occludes the RBS to allow access of 30S. RBPs can act 
alone or in conjugation with a sRNA. RBP RNA-binding protein; RBS ribosome binding site. 
Figure modified from (Holmqvist & Vogel 2018). Figure created with biorender.com. 
 

RBPs can also affect the degradation of RNA targets. To stimulate degra-
dation, an RBP can bind to single or duplexed RNA and recruit endoribonu-
cleases to the target(s) for cleavage (Figure 4A)(Mohanty et al., 2004). 
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Alternatively, the RBP can unwind a secondary structure within its RNA tar-
get, and thereby facilitate the binding of exoribonucleases to the now single-
stranded region and promote cleavage (Figure 4A)(Redder et al., 2015). To 
prevent degradation, RBPs can bind to single or duplexed RNA and compete 
with endoribonucleases for internal cleavage sites in the target(s)(Melamed et 
al., 2020; Moll et al., 2003). Or, the RBP can bind to the 3’end of mRNAs to 
block exoribonucleases from degrading the target (Figure 4B)(Holmqvist et 
al., 2018). 

 
Figure 4. Major mechanisms by which RBPs regulate RNA degradation.  A) Degradation of 
RNA. Upper panel: RBPs can recruit ribonuclease to targets for cleavage. Lower panel: RBPs 
can unwind secondary structures within the target to reveal single stranded regions for cleavage 
by ribonucleases. B) Stabilization of RNA. Upper panels: RBPs can block internal ribonuclease 
cleavage sites in single or duplexed RNA. RBPs can block the 3’ end of targets to prevent 
ribonucleolytic cleavage and decay. Figure modified from (Holmqvist & Vogel, 2018). RBP 
RNA-binding protein. Figure created with biorender.com. 
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The ProQ/FinO-domain protein family 
Proteins carrying a ProQ/FinO-domain have emerged as a new class of RNA-
binding proteins ubiquitously found in proteobacterial species (Attaiech et al., 
2016). To date, several such proteins have been characterized, including FinO 
in E. coli (Arthur et al., 2003, 2011), ProQ in E. coli and S. enterica 
(Holmqvist et al., 2018; Smirnov et al., 2016, 2017), FopA in S. enterica 
(Gerovac et al., 2020), RocC in Legionella pneumophila (Attaiech et al., 
2016), and NMB1681 in Neisseria meningitidis (Bauriedl et al., 2020). Genes 
encoding these RBPs can be found on bacterial chromosomes (ProQ, RocC, 
NMB1681) and on plasmids (FinO, FopA). Based on the RNA binding studies 
conducted so far, these RBPs bind RNA molecules distinct from tRNAs and 
rRNAs, and their target suite mostly differs from other well-known RBP such 
as Hfq and CsrA (Attaiech et al., 2016; Bauriedl et al., 2020; Gerovac et al., 
2020; Holmqvist et al., 2018; Sittka et al., 2008).  

RNAs bound by ProQ/FinO-domain proteins  
There seems to be a great difference between particular ProQ/FinO-domain 
proteins in how many RNA targets they interact with in the cell. The founding 
member this protein family, the E. coli plasmid-encoded FinO, specifically 
binds to the cis-encoded antisense sRNA FinP and its target mRNA traJ to 
control conjugation (Jerome et al., 1999). RNA substrates derived from the 
FinP sRNA were initially used in studies to confirm general RNA binding 
capabilities of new ProQ/FinO-domain proteins (Chaulk et al., 2010, 2011). 
Thus, these two RNAs were for a long time the only known targets of 
ProQ/FinO-domain proteins. Recent studies have expanded the target suite of 
these proteins. It has now been shown that L. pneumophila RocC binds the 
RocR sRNA plus a handful of RocR-regulated mRNAs (Attaiech et al., 2016), 
while S. enterica FopA primarily binds the Inc sRNA (Gerovac et al., 2020). 
In contrast to FinO, RocC and FopA, both ProQ and NMB1681 have a much 
broader target spectrum. The E. coli and S. enterica ProQ binds mora than 50 
sRNAs and 500 mRNAs (Gerovac et al., 2020; Holmqvist et al., 2018; Hör, 
Di Giorgio, et al., 2020; Smirnov et al., 2016) whereas N. meningitidis 
NMB1681 targets around 200 sRNA and mRNA targets (Bauriedl et al., 
2020). Despite differences in their target number, all ProQ/FinO-domain pro-
teins characterized thus far seem to share similar binding preferences for RNA 
stem-loop structures followed by short U-rich sequences, often overlapping 
with intrinsic terminators (Arthur et al., 2011; Attaiech et al., 2016; Bauriedl 
et al., 2020; Jerome & Frost, 1999; Stein et al., 2020). The fact that not all 
cellular RNA molecules with such stem-loop structures are recognized by 
these RBPs indicates the presence of additional binding determinants. 

RNA-binding activity of ProQ/FinO-domain proteins 
ProQ/FinO-domain proteins have diverse domain architectures, but all share 
the ProQ/FinO-domain (Figure 5). This domain adopts an elongated 
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conformation and comprises five a-helices that are connected by structurally 
defined loops (Chaulk et al., 2011; Ghetu et al., 2002; Gonzalez et al., 2017; 
Immer et al., 2020). The two sides of the ProQ/FinO-domain are referred to 
as the concave and convex sides. In general, the concave side predominantly 
consists of positively charged residues, whereas there are differences in the 
charge distribution of the convex side in the various ProQ/FinO-domain pro-
teins (Chaulk et al., 2011; Eidelpes et al., 2021; Ghetu et al., 2000; Gonzalez 
et al., 2017; Immer et al., 2020). The positively charged residues, when surface 
exposed, are strong candidates for interaction with negatively charged RNA 
molecules. Indeed, the ProQ/FinO-domains in several of these proteins have 
been found to be mainly responsible for binding RNA (Ghetu et al., 2000; 
Gonzalez et al., 2017; Immer et al., 2020; Pandey et al., 2020). For instance, 
in vitro binding assays have shown that the ProQ/FinO-domain in L. pneu-
mophila RocC, and also E. coli ProQ, is sufficient for high affinity binding to 
the protein’s RNA ligands (Attaiech et al., 2016; Stein et al., 2020). Further, 
residues in E. coli FinO that cross-link most strongly to its sRNA ligand are 
located in the ProQ/FinO-domain (Ghetu et al., 2002). However, how exactly 
these proteins bind their targets is still unknown.  

 
Figure 5. Domain architecture of ProQ/FinO-domain proteins. In addition to the ProQ/FinO 
domain, proteins from the ProQ/FinO domain family often carry different N- or C- terminal 
domains or extensions. Figure modified from (Immer et al., 2020).  

 
Many of these proteins have different N- or C-terminal domains or unstruc-

tured extensions in addition to the ProQ/FinO-domain (Figure 5)(Eidelpes et 
al., 2021; Ghetu et al., 2000; Gonzalez et al., 2017). For example, the E. coli 
FinO has long a-helical region that extends from the core ProQ/FinO-domain 
at its N-terminus (Ghetu et al., 2000), the E. coli and S. enterica ProQ features 
a C-terminal domain structurally similar to Tudor domains (see “The RNA-
binding protein ProQ”)(Gonzalez et al., 2017), and the L. pneumophila RocC 
contains a long C-terminal segment that is mostly disordered (Eidelpes et al., 
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2021). Whether and how these various extensions contribute to the RNA-bind-
ing and/or the gene regulatory activity of these proteins remain largely un-
known. The diversity of these extensions indicate that they could provide spe-
cialized functions beyond those of the general ProQ/FinO-domain. 

Outcomes of ProQ/FinO-domain protein binding to RNA 
The ProQ/FinO-domain proteins can be divided into two groups, those that 
bind few targets and perform specialized functions, and those that bind hun-
dreds of targets and have global activity. FinO, S. FopA and RocC all belong 
to the former group. FinO acts as a repressor of F plasmid conjugation in E. 
coli. Transfer of F plasmids is controlled by an antisense-mechanism whereby 
FinP sRNA base-pairs to and inhibits translation of traJ mRNA (encoding a 
transcription activator of the conjugation system)(Jerome et al., 1999). FinO 
has dual functions in this system: it protects FinP from RNase E degradation 
and facilitates the FinP-traJ base-pairing (Arthur et al., 2003; Jerome et al., 
1999; Jerome & Frost, 1999). Upon pairing, FinP blocks access of ribosomes 
to the RBS of traJ mRNA, and promotes RNase III-mediated degradation of 
the FinP-traJ RNA duplex. Further, RocC is a repressor of competence and 
DNA uptake in L. pneumophila. The protein binds to RocR and protects it 
from degradation. RocR, in turn, targets four mRNAs, comEA, comEC, comF, 
and comM, encoding elements of the DNA uptake system (Attaiech et al., 
2016). Binding of RocR masks the RBS of the target mRNAs, which leads to 
inhibition of translation as well as exposure to ribonucleases. Lastly, FopA 
controls plasmid replication in S. enterica by promoting repression of repZ 
mRNA (encoding a replication initiation factor) exerted by the Inc sRNA 
(Gerovac et al., 2020). It does so by protecting the Inc sRNA from degrada-
tion, and promoting pairing between the Inc sRNA with the 5’UTR of repZ 
mRNA. The pairing blocks repZ translation by disrupting the formation of a 
pseudoknot, which otherwise opens up an inhibitory structure around the RBS 
(Asano et al., 1999). 

In contrast to FinO, RocC and FopA, NMB1681 acts as global regulator in 
N. meningitidis. NMB1681 binds 200 sRNAs and mRNA 3’UTRs, and pro-
tects many of the associated transcripts from degradation (Bauriedl et al., 
2020). A direct link between RNA binding, gene regulation and physiological 
outcome remains to be determined for NMB1681-dependent targets. How-
ever, phenotypic screening of a strain deleted for NMB1681 has shown that 
this RBP is required for protection against DNA damage after exposure to UV 
light and oxidative stress (Bauriedl et al., 2020). Similar to the NMB1681 pro-
tein, ProQ in E. coli and S. enterica is a global RNA-binder that affects the 
expression of a large number of genes (Gerovac et al., 2020; Holmqvist et al., 
2018; Hör, Di Giorgio, et al., 2020; Smirnov et al., 2016). Because of its cen-
tral role in this thesis, the following chapter alone will focus on ProQ as a 
global RBP. 
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The RNA-binding protein ProQ 
ProQ belongs to the ProQ/FinO-domain family of RBPs. It was discovered 
thirty years ago in E. coli as an essential osmoregulatory protein involved in 
proline uptake (Kunte et al., 1999; Milner & Wood, 1989). In the absence of 
proQ, the protein levels of ProP, encoding a proline transporter, are reduced 
in response to osmotic induction and at the onset of stationary phase (Chaulk 
et al., 2011; Milner & Wood, 1989). The underlying mechanism for this reg-
ulation is still unknown. The first hints of ProQ acting as an RBP came from 
similarities in the protein sequence and structure to FinO, the founding mem-
ber of the ProQ/FinO-domain protein family (“see The ProQ/FinO-domain 
protein family”)(Kunte et al., 1999; Smith et al., 2004). Based on this, early 
studies of ProQ binding were carried out with an RNA derived from the FinP, 
and demonstrated general RNA binding capabilities in vitro (Chaulk et al., 
2011). Research in the last five years using high-throughput methods has ex-
panded the target suite of ProQ and established it as a global RNA-binder in 
S. enterica, and E. coli (Gerovac et al., 2020; Holmqvist et al., 2018; Hör, Di 
Giorgio, et al., 2020; Smirnov et al., 2016). Still, the mechanism by which 
ProQ recognizes, binds to, and regulates its RNA targets are not fully under-
stood. The next sections will provide information about what is currently 
known about ProQ’s role as a global RBP. 

RNAs bound by ProQ 
The first evidence for ProQ acting as an global RNA-binder came from exper-
iments using RNA immunoprecipitation followed by sequencing (RIP-seq), 
in which hundreds of potential RNA targets were identified in S. enterica 
(Smirnov et al., 2016). CLIP-seq of ProQ-RNA complexes further confirmed 
this, demonstrating ProQ binding sites in hundreds of transcripts in S. enterica 
(Holmqvist et al., 2018). Among the characterized sRNAs are antitoxin 
sRNAs of type I toxin-antitoxin systems, e.g. Sib, Rdl, and IstR, and trans-
encoded sRNAs, such as SraL and RaiZ (Melamed et al., 2020; Silva et al., 
2019; Smirnov et al., 2016, 2017). However, the majority of sRNA targets of 
ProQ have not been functionally characterized. One of them, FlgO (previ-
ously: STnc840)(Chao et al., 2012, 2017; Hör et al., 2018), is characterized in 
paper II. Furthermore, the mRNA targets of ProQ include mRNAs encoding 
proteins associated with bacterial virulence, stress responses, and motility, 
among others (Holmqvist et al., 2018; Smirnov et al., 2017). ProQ binding to 
mRNAs primarily occurs within the 3’UTR, although a few binding sites have 
been mapped in 5’UTRs and CDS (Holmqvist et al., 2018). 

How does ProQ recognize its cellular targets? Early studies provided the 
first suggestion that double-stranded RNA was an important element of a 
ProQ binding site (Chaulk et al., 2011). A consensus binding motif was deter-
mined using CLIP-seq, demonstrating that ProQ preferentially binds stem-
loop structures, rather than recognizing specific sequences (Holmqvist et al., 
2018). Most ProQ binding sites are located near the 3’ ends of the RNA 
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targets, and often overlap with intrinsic Rho-independent terminators 
(Holmqvist et al., 2018). The requirements for tight binding have been char-
acterized by in vitro binding studies. ProQ preferentially binds intrinsic termi-
nators containing a stem of at least two base-pairs, flanked by a downstream 
single-stranded poly(U) tail of at least four residues, and an A-rich stretch up-
stream of the stem-loop (Stein et al., 2020). 

ProQ binding to RNA 
Structurally, ProQ consists of two globular domains, the N-terminal domain 
(NTD, residues 1-119) and the C-terminal domain (CTD, residues 176-228), 
which are connected by an unstructured ~50 aa linker region (Figures 5, 
6)(Gonzalez et al., 2017). The NTD is homologous to the FinO protein, both 
at the protein sequence and structure level, and is referred to as the ProQ/FinO-
domain (Gonzalez et al., 2017; Kunte et al., 1999; Olejniczak & Storz, 2017; 
Smith et al., 2004). Similar to other ProQ/FinO-domain proteins, the NTD 
appears to harbor the core RNA-binding activity of ProQ. Several lines of ev-
idence support this. The NMR structure for the NTD has been solved, demon-
strating that the solvent-exposed surface contains positively charged residues, 
which may participate in interaction with RNA (Figure 6A)(Gonzalez et al., 
2017). Indeed, mapping the RNA-binding surface of ProQ using hydrogen 
deuterium exchange (HDX) showed that residues in the NTD were strongly 
protected by binding of the cspE 3’UTR (Gonzalez et al., 2017). In further 
support, a study using a bacterial three-hybrid (B3H) assay revealed that mu-
tations in the NTD strongly decrease binding to the cspE 3’UTR as well as the 
SibB sRNA (Pandey et al., 2020). The isolated NTD bound these two RNA 
ligands with similar affinity as the full-length protein in vitro (Pandey et al., 
2020; Stein et al., 2020). While the NTD appears to be the main site of RNA-
binding, it is not sufficient for binding to all ligands. Reported data suggest 
that other regions of ProQ also form interactions with RNA (Gonzalez et al., 
2017; Pandey et al., 2020; Stein et al., 2020). 

The CTD of ProQ is mostly composed of b-sheets that form a barrel-like 
structure, partially resembling the Tudor domain (Figure 6B)(Gonzalez et al., 
2017). Tudor domains are typically found in eukaryotic proteins, and are in-
volved in interactions with chromatin-associated proteins through methylated 
amino acids (Lu & Wang, 2013)). Given that amino acid modifications of 
these types are not found in bacteria, the CTD is suggested to have an alterna-
tive function (Gonzalez et al., 2017). It is also worth mentioning that no evo-
lutionary relationship between the ProQ CTD and Tudor domains has been 
established thus far. The CTD is exclusively found in ProQ proteins but absent 
from other proteins in the ProQ/FinO-domain family (Figure 5)(Attaiech et 
al., 2016). According to the NMR structure of the ProQ CTD, its surface is 
mostly electrostatically neutral, although there are a few positively charged 
residues that may participate in RNA binding (Figure 6B)(Gonzalez et al., 
2017). Indeed, the HDX study showed that SraB protected residues in the CTD 
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as well as the NTD (Gonzalez et al., 2017). Additionally, the CTD was re-
quired for binding to the 5’UTR of two RNAs, the lpp and hupA mRNAs, in 
vitro (Stein et al., 2020). It thus appears that this domain is involved in RNA 
binding to some extent, but not in all ProQ-RNA interactions. The contribu-
tion of the ProQ CTD domain in RNA binding and gene regulation is studied 
in paper I. 

 

Functional consequences following ProQ binding 
Despite the characterization of ProQ binding to RNA, the functional conse-
quences following binding have been studied only for a few RNA targets. 
ProQ has been shown to have a role in protecting RNAs from degradation, 
and in promoting sRNA-mediated repression of mRNA targets, as follows. 

ProQ binds the 3’UTR of cspE mRNA in S. enterica, independently from 
sRNAs, and protects the transcript from degradation by RNase II (Holmqvist 
et al., 2018). It has been proposed that ProQ sterically blocks access of RNase 
II to the mRNA (Holmqvist et al., 2018). ProQ also affects the cellular abun-
dance of many sRNA targets in S. enterica: the half-lives of ProQ-associated 
sRNAs were reduced in strains lacking this protein (Smirnov et al., 2016; 
Westermann et al., 2019). Thus, ProQ likely protects some of its sRNA ligands 
from degradation and may thereby enhance their regulatory activity (Smirnov 
et al., 2016). Besides protecting single RNA targets, ProQ was recently 

Figure 6. NMR structures of the A) NTD (PDB ID: 5NB9) and B) CTD (PDB ID: 5NBB) of 
the E. coli ProQ. Upper panel: ribbon representation. Lower panel: surface representation. 
Basic residues are colored in purple and orange for the NTD and CTD, respectively.  
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reported to protect the sRNA duplex formed between RbsZ and RybB from 
degradation (Melamed et al., 2020). In response to envelope stress, the S. en-
terica RybB base-pairs with the 5’UTR of omp mRNAs (encoding outer mem-
brane proteins) in order to accelerate their decay and prevent synthesis of mis-
folded proteins (Papenfort et al., 2006). RbsZ acts as a sponge to decrease 
RybB levels by inducing RNase III cleavage (Melamed et al., 2020). This 
cleavage is  blocked by ProQ binding, thus enhancing RybB-mediated repres-
sion of mRNA targets (Melamed et al., 2020). ProQ also promotes repression 
by the RaiZ sRNA exerted on the hupA mRNA, encoding a histone-like pro-
tein (Smirnov et al., 2017). RaiZ base-pairs with the 5’UTR of hupA mRNA 
to prevent 30S ribosome binding, and thus inhibits mRNA translation. ProQ 
has dual function in this regulation: it enhances the stability of RaiZ, and it 
forms a ternary complex with RaiZ and hupA mRNA to help preventing ribo-
some binding (Smirnov et al., 2017). Also, ProQ is involved in repression of 
the mgtB mRNA (encoding a magnesium import protein) by the STnc540 
sRNA under SPI-2 conditions (Westermann et al., 2019). However, more 
mechanistic analyses are needed to understand the regulatory role of ProQ in 
this system. 

Physiological role of ProQ 
The impact of ProQ on global gene expression has been studied in E. coli and 
S. enterica, linking the RBP to diverse cellular responses such as virulence, 
motility, and stress response (Smirnov et al., 2016; Westermann et al., 2019). 
In addition to the impact of ProQ on osmotic stress through the ProP proline 
transporter (Milner & Wood, 1989), phenotypes linked with deletion of proQ 
in E. coli include effects on biofilm formation (Sheidy & Zielke, 2013). Ac-
cording to experimental evolution experiments, E. coli strains accumulate mu-
tations in the proQ gene in order to generate a gain-of-function phenotype that 
increases their growth rates both in rich medium and in minimal medium con-
taining lactate (Conrad et al., 2009; Knöppel et al., 2018). Similarly, mutations 
in proQ allow E. coli strains to quickly adapt during evolution under resource 
exhaustion (Avrani et al., 2017; Gross et al., 2021; Katz et al., 2021). To-
gether, these studies suggest that deletion of proQ confers a growth advantage 
for bacteria under some conditions. The contribution of this effect on the over-
all bacterial physiology, and more specifically antibiotic persistence (see “An-
tibiotic persistence”), is investigated in paper III. 

In S. enterica, deletion of proQ permits rapid growth on minimal medium 
supplemented with succinate (El Mouali et al., 2021). A ∆proQ mutant also 
shows reduced invasion of eukaryotic host cells as well as reduced expression 
of genes involved in motility, chemotaxis and virulence (Westermann et al., 
2019). In paper II, the regulatory role of ProQ in bacterial motility is investi-
gated (see ”Bacterial motility”). Furthermore, ProQ impacts the expression of 
>15% of all genes in S. enterica (Smirnov et al., 2016). Thus, the list of ProQ-
dependent phenotypes will likely continue to grow. 
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Other RNA-binding proteins 
Before ProQ was identified as a global RBP, the only known examples of 
bacterial RBPs operating globally were Hfq and CsrA (Chao et al., 2012; 
Holmqvist et al., 2016; Jonas et al., 2010; Potts et al., 2017; Sittka et al., 2008; 
Smirnov et al., 2016; Zhang et al., 2003). Research over the past two decades 
have thoroughly characterized the role of Hfq and CsrA in post-transcriptional 
control of gene expression (Romeo & Babitzke, 2018; Santiago-Frangos & 
Woodson, 2018; Updegrove et al., 2016). The next section will shortly address 
what is known about their regulatory roles. 

The RNA-binding protein Hfq  
Hfq belongs to the Sm-like family of RBPs present in most bacterial species 
(Santiago-Frangos & Woodson, 2018)). In S. enterica and E. coli, Hfq binds 
around 100 sRNAs and more than 500 mRNAs (Chao et al., 2012; Holmqvist 
et al., 2016; Sittka et al., 2008; Zhang et al., 2003). Their binding sites are 
mainly located within 5’UTRs and 3’UTRs of mRNAs, and 3’ends of sRNAs, 
although Hfq can bind throughout different regions of its sRNA targets 
(Holmqvist et al., 2016). Hfq is best known for its role as an RNA chaperone, 
facilitating sRNA and mRNA pairing (Santiago-Frangos & Woodson, 2018; 
Updegrove et al., 2016). It accomplishes this function by using multiple faces 
to simultaneously recognize and bind its RNA targets. 

Structurally, the 102-amino acid Hfq protein forms a hexameric ring struc-
ture in which each monomer adopts a Sm-like fold consisting of an N-terminal 
a-helix followed by several b-sheets, terminating in an unstructured C-termi-
nal region (Beich-Frandsen et al., 2011; Thore et al., 2003). This structure 
resembles a doughnut shape in which the surface with the N-terminal a-heli-
ces is referred to as the proximal face, while the opposite face and the outer 
ring are called the distal face and the rim, respectively. All three faces are 
involved in interaction with RNA (Santiago-Frangos & Woodson, 2018; 
Updegrove et al., 2016). The proximal face recognizes single-stranded U-rich 
sequences (Dimastrogiovanni et al., 2014; Sauer & Weichenrieder, 2011), 
such as those found in intrinsic Rho-independent terminators (Holmqvist et 
al., 2016). For tight Hfq binding, the stem-loop has to be flanked by a single-
stranded poly(U) tail of at least six residues, and an U-rich stretch upstream 
of the stem-loop (Stein et al., 2020). The distal face of Hfq recognizes A-rich 
sequences, or more specifically AAN-motifs in E. coli (where N is any nucle-
otide)(Moll et al., 2003). Typically, sRNAs bind to the proximal face, and 
mRNAs to the distal face (Santiago-Frangos & Woodson, 2018; Updegrove 
et al., 2016)). A working model for sRNA-mRNA pairing on Hfq has been 
proposed in which the proximal face binds the U-rich sequences located in 
3’ends of sRNAs and the distal face binds A-rich sequences located 5’ of the 
sRNA interaction site within the mRNA. Consequently, the complementary 
sequences in the RNAs come close to one another for pairing. In addition, the 
sRNA and mRNA targets often make additional contacts with basic residues 
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on the rim, which facilitates pairing (Dimastrogiovanni et al., 2014; Panja et 
al., 2013). As an RNA chaperone, Hfq not only brings RNAs in close proxim-
ity to one another, it can also induce structural rearrangements in the RNAs in 
such a way that the sRNA seed region and mRNA target region are made more 
accessible for base-pairing (Hoekzema et al., 2019; Peng, Curtis, et al., 2014; 
Peng, Soper, et al., 2014). 

There are several consequences following RNA binding and promotion of 
sRNA-mRNA pairing by Hfq. First, Hfq can guide sRNAs to the 5’UTR of 
mRNA targets to inhibit translation. This is the case for the McaS, OmrA, and 
OmrB which all target the csgD mRNA with the help of Hfq to prevent CsgD 
synthesis and, thereby biofilm formation in E. coli (Holmqvist et al., 2010; 
Thomason et al., 2012). Hfq can also be recruited by sRNAs to the RBS for 
competition with 30S subunits and direct inhibition of translation, as described 
for the Spot42-sdhC mRNA pair in E. coli (Desnoyers & Massé, 2012). Con-
versely, Hfq can activate translation by guiding sRNA to the 5’UTR of 
mRNAs in order to disrupt secondary structures, which otherwise sequesters 
RBS. Again, the anti-antisense mechanism exerted by DsrA on the rpoS 
mRNA is a well-known example. First, Hfq binds the rpoS mRNA, partially 
opening up the self-repressing structure in its 5’UTR (Peng, Soper, et al., 
2014). Then, Hfq recruits DsrA to the rpoS mRNA and stimulates its binding 
to the mRNA target, which further opens up the inhibitory structure to facili-
tate ribosome binding and translation initiation (Majdalani et al., 1998; Soper 
& Woodson, 2008). 

Hfq also protects RNAs from degradation by occupying ribonuclease 
cleavage sites, and indeed the levels of numerous sRNAs are severely de-
creased in ∆hfq strains (Santiago-Frangos & Woodson, 2018). Such Hfq-me-
diated protection was initially observed for DsrA against degradation by 
RNase E in E. coli (Moll et al., 2003), but is widespread. The RBP can also 
protect mRNAs from degradation by facilitating binding of sRNAs to these 
cleavage sites, as mentioned for the S. enterica RydC-cfa mRNA pair 
(Fröhlich et al., 2013). Conversely, Hfq can recruit endoribonucleases to 
RNAs for cleavage and subsequent degradation. As an example, Hfq associ-
ates with SgrS along with RNase E in response to phosphosugar stress, which 
leads to degradation of the SgrS-mRNA target ptsG in E. coli (encoding a 
glucose transporter)(Morita et al., 2006). As another example, Hfq induces 
RNase III degradation of the sRNA duplex formed between RbsZ and RybB, 
in contrast to ProQ which protects the duplex from degradation (Melamed et 
al., 2020). Finally, Hfq can induce RNA degradation by stimulating polyad-
enylation of 3’ends and subsequent exoribonucleolytic degradation. It appears 
that Hfq assists the poly(A) polymerase I in identifying Rho-independent ter-
minators as polyadenylation signals, such as those in the lpp mRNA (encoding 
a lipoprotein)(Mohanty et al., 2004). 

By helping sRNAs to regulate target mRNAs, Hfq has been linked with 
diverse cellular processes in S. enterica and E. coli, such as phosphosugar 
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stress (Morita et al., 2006), biofilm formation (Holmqvist et al., 2010; 
Thomason et al., 2012), metal ion homeostasis (Desnoyers & Massé, 2012), 
membrane lipid composition control (Fröhlich et al., 2013), and motility (De 
Lay & Gottesman, 2012; Thomason et al., 2012). Together, Hfq and its asso-
ciated sRNAs impact the expression of >20 % of all genes in S. enterica in-
cluding those related to motility, invasion, and intracellular replication 
(Holmqvist et al., 2016; Sittka et al., 2007, 2008). In line with this, inactivation 
of Hfq attenuates the virulence of S. enterica during infection, and impairs the 
ability of the bacteria to invade eukaryotic host cells (Sittka et al., 2008). 

As described, Hfq plays an important role in stress and virulence of S. en-
terica, but also other pathogens, by promoting sRNA-mediated post-transcrip-
tional regulation. Although Hfq is present in most bacterial species, it is worth 
mentioning that its functional role can differ (Amman & Vec, 2014; Bohn et 
al., 2007). 

The RNA-binding protein CsrA 
CsrA is a small (61 amino acids) highly conserved protein that belongs to the 
family of CsrA/Rsm family of RBPs found in proteobacteria, cyanobacteria, 
and firmicutes (Gutiérrez et al., 2005; Sobrero & Valverde, 2020). CsrA has 
been extensively studied in Gram-negative bacteria, whereas comparatively 
less is known about its role in Gram-positive bacteria. In S. enterica and E. 
coli, CsrA binds more than 400 mRNA targets (Holmqvist et al., 2016; Jonas 
et al., 2010; Potts et al., 2017). Among these are mRNAs encoding proteins 
associated with carbon metabolism, fatty acid biosynthesis, chemotaxis, mo-
tility, biofilm, and virulence (Holmqvist et al., 2016; Jonas et al., 2010; Potts 
et al., 2017). CsrA typically binds to GGA-sequences in the 5’UTRs of its 
mRNA targets, often located within the loops of stem-loop structures (Dubey 
et al., 2005; Holmqvist et al., 2016). This motif is not only found in mRNAs, 
but also a set of sRNAs that are able to sequester, and titrate away CsrA from 
its lower affinity mRNA targets (Holmqvist et al., 2016; Jonas et al., 2010; 
Potts et al., 2017). Among this set of sRNAs are the CsrB and CsrC whose 
levels are increased upon entry into stationary phase by different nutritional 
stresses or metabolites, and decreased in the presence of glucose (El Mouali 
et al., 2020; Gudapaty et al., 2002; Jonas & Melefors, 2009; Weilbacher et al., 
2003). Consequently, CsrA is mainly active during exponential growth. 

Structurally, the CsrA protein forms a homodimer in which each monomer 
consists of five b-strands and an a-helix, followed by an unstructured C-ter-
minal region (Gutiérrez et al., 2005). The two monomers interlock, producing 
a barrel-like structure with two RNA-binding surfaces located on opposite 
sides (Gutiérrez et al., 2005; Mercante et al., 2006). Hence, CsrA can bind two 
binding sites within a single RNA or it can bind multiple RNAs simultane-
ously.  
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Mechanistically, CsrA binding to 5’UTRs of mRNA targets most often in-
hibits translation (Pourciau et al., 2020; Romeo & Babitzke, 2018)). The gen-
eral mechanism for CsrA-mediated translational inhibition was first observed 
for the E. coli glgC mRNA (encoding a glycogen biosynthetic enzyme)(Baker 
et al., 2002; Mercante et al., 2009). CsrA binds to four sites in the 5’UTR of 
the glgCAP mRNA, with the most downstream site overlapping the SD se-
quence. In this way, CsrA outcompetes the 30S subunit in binding, which pre-
vents translation initiation and ultimately reduces glycogen biosynthesis. 
More recent studies have revealed that CsrA binding within mRNA 5’UTRs 
can entail Rho-dependent transcription termination. One example is the E. coli 
pgaA mRNA, encoding a protein required for synthesis and secretion of a bio-
film polysaccharide adhesin (Figueroa-Bossi et al., 2014). In the absence of 
CsrA, the 5’UTR of pgaA mRNA folds into a secondary structure that se-
questers the rut site which is required for Rho-dependent termination. CsrA 
binding prevents the formation of the inhibitory structure and exposes the rut 
sequence. Once exposed, the rut sequence is recognized by Rho, which termi-
nates transcription. 

While CsrA binding within mRNA 5’UTRs most often represses gene ex-
pression, it can also cause activation. One such mechanism involves protect-
ing mRNA targets from degradation by ribonucleases, as in the case of  flhDC 
mRNA (Wei et al., 2001; Yakhnin et al., 2013). In the absence of CsrA, the 5’ 
monophosphorylated end of the flhDC mRNA is accessible to RNase E for 
binding and subsequent cleavage. CsrA binds within the flhD 5’UTR and in-
hibits RNase E from interacting with the 5’end, thereby stabilizing the mRNA 
and promoting synthesis of the encoded flagellar master regulator (Wei et al., 
2001; Yakhnin et al., 2013). 

As described above, RNA-binding proteins such as CsrA, Hfq and ProQ 
are important in gene regulatory networks in S. enterica. Each of these global 
RBP regulate a large number of genes, thereby enabling the bacterium to adapt 
its physiology to survive in different environments.  

Bacterial motility 
S. enterica has developed different strategies for responding to changes in 
their environment. One example is motility, the ability to direct movement of 
bacterial cells toward favorable environments to increase survival. Bacterial 
motility comes in a range of different forms, including swimming, swarming, 
twitching and gliding (reviewed in (Wadhwa & Berg, 2022)). Swimming en-
ables bacteria to move in aqueous liquids, whereas swarming, twitching and 
gliding allow bacteria to move on or near surfaces. These different forms of 
motility are generated by different types surface appendages such as flagella, 
pili, or adhesins. Rotation of flagella drives both swimming and swarming, 
extension and retraction of pili generate twitching, and finally, movement of 



 

 45 

adhesins along the cell surface causes gliding. S. enterica uses flagella for 
swimming and swarming. Synthesis of flagella involves dozens of structural 
and regulatory genes (see “The flagellar regulatory network”)(Chevance & 
Hughes, 2008a; Erhardt & Dersch, 2015; Nakamura & Minamino, 2019)). Be-
cause flagella synthesis is a complex and costly process, the expression of 
flagellar genes requires tight regulation (see “The flagellar regulatory net-
work”)(Chevance & Hughes, 2008a; Erhardt & Dersch, 2015; Nakamura & 
Minamino, 2019). While extensive transcriptional regulation has been de-
scribed, little is known about post-transcriptional regulation of flagellar gene 
expression in S. enterica (see “The flagellar regulatory network”)). The work 
described in paper II investigates the role of the RNA-binding protein ProQ in 
regulating flagella gene expression and motility. Accordingly, the next sec-
tions in this chapter will provide information about flagella – their role in path-
ogenesis, their synthesis, and their regulation. 

Involvement of flagella in pathogenesis 
Flagellar motility is an important process in many stages of a bacterium’s life 
cycle, in particular the infection cycle. In order to initiate infection, a bacte-
rium must first find a site for invasion. Once ingested, S. enterica enters the 
large intestine and passes through the mucus layer to reach the underlying ep-
ithelium. These initial infection stages are facilitated by flagellar motility, 
which mediate movement toward the epithelium in a chemotactic manner (see 
“The molecular basis of flagellar-mediated motility”)(Stecher et al., 2004). 
Upon reaching the epithelium, the bacterium must find a permissive site for 
entry. Flagellar motility allows S. enterica to move along the epithelial surface 
and probe for such sites, but it can also entrap the bacterium on surfaces 
(Furter et al., 2019; Misselwitz et al., 2012). After finding a target site, flagella 
are no longer required for motility of the bacterium and are instead used for 
other purposes. The flagella of S. enterica play an important role for initial 
attachment to epithelial cells, and thereby potentiate biofilm formation and 
host cell invasion (Ek et al., 2022; Lunelli, 2020; Olsen et al., 2013; Schmitt 
et al., 2001; F. Wang et al., 2020). Once the bacterium has established itself 
on or inside the host, it needs to avoid the host immune system to survive and 
proliferate. The extracellular component of the flagella, the filament, is recog-
nized as a pathogen-associated molecular pattern (PAMP) and stimulates the 
innate immune response (Hayashi et al., 2001). Bacteria have therefore devel-
oped different mechanisms to deal with the immunogenicity of the flagella 
(reviewed in (Chaban et al., 2015)). One simple, yet efficient, mechanism is 
to reduce flagella production: S. enterica downregulates the genes coding for 
flagella synthesis and motility once it has established itself inside the host cell 
(Eriksson et al., 2003; Hautefort et al., 2008). Another mechanism involves 
flagellar bistability, that is, generating different subpopulations that produce, 
or fail to produce, flagella during infection. I.e. in a population of S. enterica, 
flagellated cells coexist with non-flagellated cells (Koirala et al., 2014; 
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Stewart et al., 2011). While the former are motile and invasive, the latter could 
evade the host immune system and serve as a reservoir for the next phases of 
infection (Koirala et al., 2014). Another immune evasion mechanism for bac-
teria concerns the modulation of flagellar filament structure. S. enterica alter-
natively expresses two different flagellar filament proteins (Silverman et al., 
1979; Zschieschang et al., 2017). Although the host immune system is able to 
recognize both filament proteins, they are antigenically distinct (Zschieschang 
et al., 2017). 

After successful growth inside the host cell, the bacterium aims to disperse 
to find secondary cells within the same host, or a new host, to infect. During 
the late stages of intracellular growth, S. enterica upregulates its flagellar 
genes in preparation for escape from the host cell (Hautefort et al., 2008). The 
bacterium triggers the immune system to induce host cell death, and uses fla-
gellar motility to facilitate its escape from the cell (Sano et al., 2007). 

The molecular basis of flagella-mediated motility 
Flagellar motility enables bacteria to move toward favorable components and 
away from harmful substances in their environment in a chemotactic process. 
The environmental signals are sensed via transmembrane chemoreceptors and 
forwarded via the two-component CheA/CheY system to the flagellar motor 
(see “Structure and assembly of the bacterial flagellum)(reviewed in 
(Minamino et al., 2019)). The flagellar motor rotates in either counterclock-
wise (CCW) or clockwise (CW) direction. The CCW direction is induced in 
the presence of attractants and allows the flagellar filaments to form a bundle 
behind the cell to propel it forward. In the presence of repellents, the sensor 
kinase CheA is autophosphorylated, and, in turn, transfers its phosphoryl 
group to the response regulator CheY. Phosphorylated CheY interacts with 
the flagellar motor to switch the rotational direction from CCW to CW, and 
thus move the cell away from the unfavorable environment.  

Structure of the bacterial flagellum 
Bacteria can have one flagellum or several, and they can be present at one end 
of the cell (polar) or distributed all over the cell (peritrichous). These different 
types of flagellar arrangements in bacteria likely reflect unique adaptations to 
environmental niches. S. enterica is equipped with peritrichous flagella, rang-
ing in numbers between six and ten per cell. The individual flagellum is com-
posed of over 30 unique structural proteins and tens of thousands of protein 
subunits, which together build up three main structures of the flagellum: a 
basal body, a hook, and a filament (Figure 7)(reviewed in (Chevance & 
Hughes, 2008a; Erhardt & Dersch, 2015; Nakamura & Minamino, 2019)). 
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Figure 7. Flagellar components of S. enterica. The structure of the flagellum consists of three 
main parts: the basal body located in the cytosol and spanning the cell envelope, the hook serv-
ing as a universal joint, and the filament serving as a propeller. OM outer membrane: PG pep-
tidoglycan; IM inner membrane.  

 
The basal body serves as the engine of the flagellum and is composed of 

several substructures located in the cytosol or spanning the bacterial cell en-
velope (Chevance & Hughes, 2008a; Erhardt & Dersch, 2015; Nakamura & 
Minamino, 2019)). The passive structural elements include the inner mem-
brane MS-ring, the periplasmic P-ring, the outer membrane L-ring, and the 
rod, which traverses the periplasmic space. Located on the cytoplasmic side 
of the MS-ring are the motor elements. The motor consists of stationary ele-
ments (Mot complexes) and a rotary element that decides the rotational direc-
tion of the motor (C-ring). The basal body also comprises a flagellar type III 
secretion system (fT3SS) required for assembly of flagellar components out-
side the cytoplasm.  

Attached to the membrane-embedded basal body is the hook, forming the 
hook-basal body (HBB) complex. The hook serves as a flexible, universal 
joint between the basal body and the filament (Chevance & Hughes, 2008a; 
Erhardt & Dersch, 2015; Nakamura & Minamino, 2019). The filament is con-
nected to the hook via junction proteins, and has a helical, tubular structure 
with a capped end. The filament is constructed from tens of thousands flagellin 
subunits (FliC or FljB) and serves as the propeller of the flagellum.  

Assembly of the bacterial flagellum 
Assembly of the bacterial flagellum proceeds in an ordered fashion from the 
inner to the outer-most structures, such that the basal body is assembled first, 
followed by the hook and the filament (reviewed in (Chevance & Hughes, 
2008b; Erhardt & Dersch, 2015; Nakamura & Minamino, 2019). In the first 
stages, proteins of the MS-ring and the fT3SS are integrated into the inner 
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membrane, presumably using the general secretory (Sec) pathway (Macnab, 
2003). Also assembled at this stage is the C-ring, which self-assembles onto 
the MS-ring. All components beyond the MS-ring are defined as external. 
Once synthesized in the cytoplasm, these external components have to be ex-
ported, at least, across the inner membrane. The fT3SS is used for this pur-
pose, in addition to the Sec pathway. 

Next, rod proteins are exported through the fT3SS (reviewed in (Chevance 
& Hughes, 2008a; Erhardt & Dersch, 2015; Nakamura & Minamino, 2019). 
To initiate export, the rod proteins are targeted to the export gate of the fT3SS 
by structural motifs in their N-terminus, and directed into the channel by the 
ATPase. The rod employs a capping protein with muramidase activity, which 
is thought to create holes into the peptidoglycan layer in order to permit pen-
etration and assembly of the flagellum.  

The P- and L-rings are assembled around the rod (reviewed in (Chevance 
& Hughes, 2008b; Erhardt & Dersch, 2015; Nakamura & Minamino, 2019)). 
Both P- and L-ring proteins are initially synthesized as pre-proteins and ex-
ported by the Sec pathway (reviewed in (Tsirigotaki et al., 2017)). In general, 
Sec-pathway-dependent proteins are targeted to the export system by their sig-
nal peptides, and translocate across the inner membrane in an unfolded state. 
Their signal peptide is cleaved of generating a mature protein which is then 
released (reviewed in (Tsirigotaki et al., 2017)). 

After assembly of P- and L-rings, the fT3SS exports components of the 
hook (reviewed in (Chevance & Hughes, 2008a; Erhardt & Dersch, 2015; 
Nakamura & Minamino, 2019). The length of the hook is controlled by a ruler 
mechanism, in which a hook-type substrate is secreted during hook elonga-
tion, and, when the hook has reached its mature length, interacts with an mem-
brane protein of the fT3SS. This results in a switch in the target specificity of 
the fT3SS from HBB substrates to late substrates. Among those late substrates 
are hook-filament junction, filament and filament cap proteins. When synthe-
sized in the cytoplasm, specific chaperones bind these proteins in order to fa-
cilitate their entry into the fT3SS export gate.  

Once the hook-filament junction is in place, and just before filament elon-
gation starts, the filament cap assembles on top of the hook-filament junction 
(reviewed in (Chevance & Hughes, 2008a; Erhardt & Dersch, 2015; 
Nakamura & Minamino, 2019)). The filament cap not only prevents filament 
subunits from leaking out, but also allows folding and polymerization of these 
subunits one after another to form the filament structure.  

The flagellar regulatory network 
The order of flagella assembly is tightly coupled to the order of flagellar gene 
expression, such that genes needed earlier in the assembly are expressed be-
fore genes needed later. This is achieved through temporal and coordinated 
expression of flagellar genes in response to environmental cues, in addition to 
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signals coupled to the flagella assembly process itself. Comprehensive regu-
latory networks respond to positive and negative input at the transcriptional, 
post-transcriptional and post-translational levels to ensure the right genes are 
expressed at the appropriate time, as described below (Chevance & Hughes, 
2008a; Erhardt & Dersch, 2015; Nakamura & Minamino, 2019).  

The flagellar transcriptional network 
The flagellar regulon of S. enterica and related species comprises more than 
sixty genes, arranged in over ten operons and divided into hierarchical cate-
gories named class I, II and III (Figure 8)(Kutsukake et al., 1988, 1990). In 
general, this hierarchy allows expression of different sets of genes at different 
stages during flagella synthesis, as follows. 

Class I genes, the first ones expressed, encode the master regulator FlhDC 
that controls the fundamental decision of whether or not to initiate flagella 
synthesis (Figure 8)(Kutsukake et al., 1988, 1990; Yanagihara et al., 1999). 
As a consequence, expression and activity of FlhDC is extensively regulated 
in response to many environmental signals (see “The flagellar master regula-
tor FlhDC”). FlhDC activates transcription of a set of structural and regulatory 
genes termed class II. The structural products build up the basal body, the 
fT3SS, the hook, and the hook-filament junction. The regulatory class II pro-
teins include the alternative Sigma factor FliA (s28) and the anti-Sigma factor 
FlgM (Karlinsey et al., 2000; Kutsukake et al., 1990; Kutsukake & Iino, 1994). 
The interplay between these two coordinates expression of downstream genes. 
When present in the cytoplasm, FlgM binds to FliA, preventing interaction 
with RNAP and inhibiting transcription of downstream genes (Chadsey et al., 
1998; Karlinsey et al., 2000). When the HBB is assembled, FlgM is exported 
out from the cell through the fT3SS, thereby releasing FliA from inhibition 
(Chadsey et al., 1998; Karlinsey et al., 2000). FliA, in turn, activates transcrip-
tion of flagella class III  genes, and can initiate transcription of its own operon 
(Kutsukake, 1994; Kutsukake et al., 1990; Kutsukake & Iino, 1994). The class 
III proteins build up the hook-filament junction, the filament and the filament 
cap, and also form the motor force generators and chemosensory system (see 
“The molecular basis of flagella-mediated motility”)(Fitzgerald et al., 2014; 
Kalir et al., 2001; Kutsukake et al., 1990; Yanagihara et al., 1999).  

What seems to be a relatively clear hierarchical organization of flagellar 
genes is, however, far more complicated. At least ten flagella genes are dual-
regulated by FlhDC and FliA, that is, transcription of these genes can be acti-
vated either by FlhDC or FliA (Fitzgerald et al., 2014). These dual-regulated 
genes are considered as class II-III genes, and their protein products include 
FliA itself, FlgM, and components forming the hook-filament junction and the 
filament cap. Although the purpose of these regulatory arrangements within 
the transcriptional hierarchy remains poorly understood, most of these pro-
teins act or are needed after completion of the hook-basal body and before 
synthesis of the filament. The details behind dual-regulation of flagella genes 



 

 50 

need to be further explored. One thing is for sure: it does add another layer of 
complexity to an already complex regulatory network. 

 

The flagellar master regulator FlhDC 
As described above, the master regulator FlhDC initiates the flagellar gene 
transcriptional hierarchy. Therefore, it is itself under the control of many reg-
ulators, including both global regulators and small molecules. It is worth men-
tioning that FlhDC not only serves as a master regulator of the flagellar gene 
hierarchy in S. enterica, but also in other closely related enteric bacteria 
(Soutourina & Bertin, 2003). Despite some differences, the orthologous 
FlhDC complexes share many functional similarities (Soutourina & Bertin, 
2003)). As FlhDC is central in paper II, the next section will describe in more 
detail how this master regulatory is itself regulated. 

The class I flhD and flhC genes are located within the flhDC operon. Tran-
scription of flhDC is driven from a s70-dependent promoter that contains mul-
tiple transcriptional start sites (Yanagihara et al., 1999). Initially, six TSSs 
were identified by primer extension (P1flhDC-P6flhDC )(Yanagihara et al., 1999). 
However, only four out of the six original promoters were detected in recent 
transcriptomic analyses (Kröger et al., 2013), with the P1flhDC and P5flhDC pri-
marily driving transcription of the operon (Mouslim & Hughes, 2014). At least 
ten TFs regulate flhDC expression in S. enterica. Transcriptional activators 
include global regulators, such as cAMP-CRP, the iron-uptake regulator Fur, 

Figure 8. Coupling of the flagellar regulatory network to flagellar assembly. The class I 
operon produces the flagellar master regulatory complex FlhDC which activates expression 
of class II and class II-III genes. These genes encode components for the structure and as-
sembly of the hook and basal body as well as the alternative sigma factor FliA. Upon com-
pletion of the hook and basal body stuctures, FliA activates expression of class III genes 
which encode components of the filament, motor complexes and chemosensory system. OM 
outer membrane: PG peptidoglycan; IM inner membrane.  
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and the histone-like proteins Fis and H-NS (see “Transcriptional regulation”), 
which respond to carbon availability, iron limitation, amino-acid starvation, 
and temperature changes, respectively (Campoy et al., 2002; Kutsukake, 
1997; Viducic et al., 2006). Additionally, transcription of flhDC is activated 
by the regulator of SPI-1 genes HilD (Singer et al., 2014), and inhibited by the 
LysR-type transcriptional regulator LrhA, the type 1 fimbrial protein FimZ, 
the SPI-1 encoded RtsB protein, and the regulator of SPI-2 genes SlyA (Clegg 
& Hughes, 2002; Ellermeier & Slauch, 2003; Singer et al., 2014). Together, 
these regulators mediate cross-talk between the flagella, fimbriae, SPI-1, and 
SPI-2 regulatory systems, and promote the transition from a motile lifestyle to 
intestinal colonization and invasion (Mouslim & Hughes, 2014). Moreover, 
the RflM protein inhibits flhDC transcription through a regulatory feed-back 
loop in which FlhDC activates transcription of rflM, and in turn, RflM re-
presses flhDC transcription (Kühne et al., 2016; Singer et al., 2013).  

The flhDC operon is transcribed into the bicistronic flhDC mRNA. How, 
and to what extent, the flhDC mRNA is regulated post-transcriptionally in S. 
enterica is poorly understood. Work in the close relative E. coli identified ex-
tensive post-transcriptional regulation converging on flhDC mRNA. Five Hfq-
dependent sRNAs affect translation of FlhDC, as follows. The E. coli McaS 
sRNA activates flhDC translation by base-pairing with two regions in the flhD 
5’UTR (De Lay & Gottesman, 2012; Thomason et al., 2012). The flhD 5’UTR 
is predicted to fold into a secondary structure that sequesters the RBS, thereby 
reducing translation (De Lay & Gottesman, 2012; Thomason et al., 2012). In 
an anti-antisense mechanism, McaS destabilizes the secondary structure, fa-
cilitating ribosome binding and translation (De Lay & Gottesman, 2012; 
Thomason et al., 2012). In contrast to McaS, the sRNAs ArcZ, OmrA, OmrB, 
and OxyS inhibit FlhD translation (De Lay & Gottesman, 2012). These four 
sRNAs base-pair with a region close to the RBS, and presumably interfere 
with ribosome binding, either by themselves or by recruiting Hfq to the site. 
OmrA/OmrB and OxyS are induced in response to high osmolarity and oxi-
dative stress, respectively, whereas ArcZ is induced at aerobic conditions. 
Thus, these sRNAs provide a complex regulatory network that is able to re-
spond to multiple environmental signals and finetune flhDC expression. A few 
additional sRNAs have been found to affect flagellar gene expression and mo-
tility, a handful in E. coli and one in S. enterica, but their modes of action are 
yet unclear (Bak et al., 2015; Chen et al., 2020; De Lay & Gottesman, 2012).  

The global RNA-binding protein CsrA also regulates flhDC expression in 
E. coli (see “Other RNA-binding proteins”)(Wei et al., 2001; Yakhnin et al., 
2013). CsrA recognizes two sites in the flhD 5’UTR, both of which are up-
stream of the RBS and several RNase E-recognition sites. Binding of CsrA to 
the flhD 5’UTR protects the mRNA from RNase E-mediated cleavage and 
activates translation. Furthermore, also Hfq and ProQ have been implicated in 
regulating flagellar gene expression in S. enterica. Transcriptomic data have 
showed reduced expression of most flagellar genes in the absence of either 
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ProQ or Hfq (Sittka et al., 2008; Smirnov et al., 2016; Westermann et al., 
2019),  and both RBPs have been suggested to bind flhDC mRNA (Holmqvist 
et al., 2018; Sittka et al., 2008). However, it remains to be established whether 
or not ProQ (Paper II) and Hfq regulate flhDC expression and/or activity. 

FlhD and FlhC together form a functional hexameric FlhD4C2 complex 
(hereafter FlhDC)(S. Wang et al., 2006). This complex recognizes sites lo-
cated 30-80 bp upstream of the TSS of class II genes, which overlap with 
TTATTCC and GCAATAA sequences (Ikebe et al., 1999; Liu et al., 1995). 
Upon binding its sites, FlhDC recruits s70-RNAP by interacting with the α-
subunit through its C-terminal domain, and thereby activates transcription of 
class II genes (Liu et al., 1995). The turnover, and thus the activity, of the 
FlhDC is regulated by the ClpXP protease by two mechanisms. When FlhDC 
is not bound to target DNA, the flagellar protein FliT binds to the FlhC subunit 
to deliver the complex to the ClpXP protease for proteolytic degradation, 
thereby preventing DNA binding and activation of downstream flagellar genes 
(Kutsukake et al., 1999; Sato et al., 2014). While DNA-bound FlhDC is not 
accessible for FliT, another regulator, RflP, is able to displace FlhDC from 
DNA during nutrient limited conditions (Takaya et al., 2012; Wada, Morizane, 
et al., 2011). RflP specifically binds the FlhD subunit and delivers the complex 
to ClpXP to accelerate its proteolysis (Takaya et al., 2012). The negative reg-
ulation by RflP can be counteracted by the flagellar protein FliZ, which re-
presses transcription of rflP and thereby promotes FlhDC activity (Saini et al., 
2008; Wada, Tanabe, et al., 2011). The STM1697 protein can functionally 
replace RflP (Ahmad et al., 2013), but acts via a different mechanism. 
STM1697 binds to the FlhD subunit and sterically hinders FlhDC from re-
cruiting RNAP to the promoter region, and thereby prevents FlhDC-depend-
ent activation of flagellar genes (Li et al., 2017). For full activity of FlhDC, 
the DnaK chaperone machinery is important as its converts the native complex 
into a functional TF (Takaya et al., 2006).  

As described, the master regulator FlhDC controls the decision of whether 
to activate flagellar gene expression and motility. Multiple environmental sig-
nals affect the decision making. Together, this enables S. enterica to sense, 
and adapt to, environmental changes. As such, motility is one of the many 
strategies used by S. enterica to promote its survival.  

Antibiotic persistence 
S. enterica has developed different responses to the exposure of antibiotic 
treatment, which enable it to survive instead of being killed. Among these are 
antibiotic resistance, tolerance, and persistence. In contrast to resistance, 
which is heritable trait of bacteria to grow in the presence of antibiotics, tol-
erance and persistence reflect the abilities of bacterial cells or populations to 
survive the exposure to antibiotics (see “Persistence versus tolerance and 
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resistance”)(Balaban et al., 2019; Gollan et al., 2019). The isolation and ge-
netic characterization of antibiotic resistant bacteria have revealed many mo-
lecular mechanism underlying resistance, whereas the mechanisms of antibi-
otic tolerance and persistence are less clear, and controversial (see “Persis-
tence versus tolerance and resistance”)(C Reygaert, 2018; Peterson & Kaur, 
2018).  

Persistence was first described in the early 1940s, soon after the discovery 
of antibiotics  (Bigger, 1944). While studying the activity of penicillin, Bigger 
observed that a small subpopulation of S. pyogenes could not be sterilized with 
high doses of the antibiotic. He named the surviving cells “persisters” and 
hypothesized that they survive the antibiotic treatment because they are tem-
porarily in a dormant and non-growing state, which is not heritable to the 
progeny. However, this hypothesis was not confirmed until 60 years later in a 
study that used microfluidics and live imaging of single cells (Balaban et al., 
2004). These authors showed that persister bacteria entered a non-growing 
state before exposure to antibiotics. After removal of antibiotics, the persisters 
resumed growth. This dormant state apparently promoted survival of the per-
sisters when treating with antibiotics that rely on growth for their effect. To 
date, multiple approaches have been adopted to understand the characteristics 
and mechanisms of persister formation (see “Identification of genes involved 
in persister formation”)(Kussell et al., 2021). The work described in paper III 
addresses the role of the RNA-binding protein ProQ in antibiotic persistence. 
Therefore, the next sections will describe what is currently known about the 
formation, eradication, and clinical importance of persisters. First, the persis-
tence phenomenon will be defined and compared to tolerance and resistance. 

Persistence versus tolerance and resistance 
Resistance is the ability of bacteria to grow, and not just survive, in the pres-
ence of high concentrations of an antibiotic, regardless of the duration of treat-
ment (reviewed in (C Reygaert, 2018; Peterson & Kaur, 2018)). Resistance is 
inherited and may be acquired by genetic mutations or through horizontal gene 
transfer of antibiotic-resistance genes via transformation, transduction, or con-
jugation. Resistance is achieved through different mechanisms such as modi-
fication of the drug target to inhibit binding of the antibiotic, activation of 
efflux pumps to pump out the antibiotic from the bacterial cell, reduction in 
cell membrane permeability to reduce uptake of the antibiotic, and increased 
enzymatic activity to inactivate the antibiotic before it reaches the target. All 
these mechanisms decrease the effectiveness of the antibiotic concentration. 
Therefore, to inhibit the growth of resistant bacteria, a higher concentration of 
the antibiotic is needed than for susceptible bacteria. A common measure for 
the level of resistance is the minimum inhibitory concentration (MIC) of an 
antibiotic required to prevent bacterial growth (Figure 9A). A higher MIC 
value corresponds to a higher level of resistance. 
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Tolerance is the ability of bacteria to survive in the presence of an antibiotic 
as long as the duration of the treatment is limited (reviewed in (Balaban et al., 
2019; Gollan et al., 2019; Westblade et al., 2020)). Tolerance is characterized 
by a slower killing rate, but without a change in the MIC value. Therefore, to 
inhibit the growth of tolerant bacteria, a longer treatment with the antibiotic, 
rather than a higher concentration of the antibiotic, is needed compared to sus-
ceptible bacteria. One measure of the level of tolerance is the minimum dura-
tion for killing (MDK99), which is the time it takes to kill 99% of a bacterial 
population (Figure 9B). A higher MDK99 value corresponds to a higher level 
of tolerance. Tolerance typically arises from slow bacterial growth which can 
be inherited or non-inherited. Inherited tolerance is due to genetic mutations 
that reduce the intrinsic growth rate of the bacteria, while the non-inherited 
tolerance occurs when the environmental conditions for bacterial growth are 
poor. Since antibiotics often target cellular processes that operate when bac-
teria are growing and metabolically active, slow growth protects tolerant bac-
teria from killing by such antibiotics.  

Persistence is a subcategory of tolerance, in which a small subpopulation 
of bacteria survives in the presence of an antibiotic as long as the duration of 
the treatment is limited (reviewed in (Balaban et al., 2019; Gollan et al., 
2019)). Persisters are phenotypic variants within a genetically identical popu-
lation, and thus persistence is not heritable. One major characteristic of per-
sistence is biphasic killing: not all bacteria within a population are killed at 
the same rate during antibiotic treatment. The antibiotic-susceptible subpopu-
lation is rapidly killed, followed by the killing of the persister subpopulation 
(typically less than 1%) at a much slower rate (Figure 9C). While persistence 
does not change the MIC value of the bacterial population compared to sus-
ceptible bacteria, the MDK99 value of the bacterial population can be higher 
due to the survival of persister bacteria. Persisters can re-establish growth once 
the antibiotic is removed, but become again susceptible (Balaban et al., 2004). 
Persister cells regrown in the absence of antibiotic form of a new bacterial 
population containing the same number of persister bacteria as the original 
population (Balaban et al., 2019; Gollan et al., 2019). There are two types of 
persistence: triggered and spontaneous. The former is generated by exposure 
to environmental stress, while the latter is formed stochastically without any 
known trigger when bacteria are in steady-state exponential phase (Brown, 
2019; Ghosh et al., 2018; Goormaghtigh & Van Melderen, 2019; Helaine et 
al., 2010, 2014; Leung & Lévesque, 2012; Möker et al., 2010; Nguyen et al., 
2011; Rowe et al., 2020).  
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Identification of genes involved in persister formation 
Since the discovery of persister bacteria, there has been a quest for persister 
genes, that is, genes that modify the rate at which persisters are generated. 
Evolution experiments, genetic screenings, single-cell techniques and RNA-
seq are just a few methods that have found their way into the persistence re-
search, as exemplified below. 

One of the first methods to be used for the identification of genes involved 
in persister formation was evolution experiments (reviewed in (Kussell et al., 
2021)). Bacterial cultures were sequentially exposed to high doses of antibi-
otics and serial passaged by dilution in fresh medium for regrowth. This al-
lowed for the evolution of mutants with increased survival to the antibiotic. 
The evolved mutants were further tested for biphasic killing, sensitivity to 
other antibiotics, and antibiotic resistance to confirm their persister phenotype. 
In 1983, Moyed and Bertrand used evolution experiments to screen E. coli 
mutants showing high persister frequency by intermittently exposing bacterial 
cultures to ampicillin (Moyed & Bertrand, 1983). High persistence (hip) mu-
tations were found in the hipA gene, uncovering the first persistence pathway 
and linking toxin-antitoxin systems to persister formation (see “Mechanisms 
of persister formation”). Since then, evolution experiments have been widely 
used in the persister field to identify new persistence pathways. 

Another method involves genetic screening by transposon mutagenesis (re-
viewed in (Kussell et al., 2021)). Mutant strains from transposon libraries are 

Figure 9. Characteristics of antibiotic susceptible, resistant, tolerant and persister bacteria. A) 
Compared to susceptible bacteria, the minimum inhibitory concentration (MIC) of antibiotics 
for resistant bacteria is higher. The MICs of antibiotics are similar for susceptible, tolerant and 
persister bacteria. B) The minimum duration of killing (MDK), for example of 99% of bacterial 
cells, is higher for tolerant than for susceptible bacteria. C) A hallmark of persistence is biphasic 
killing in which the antibiotic-susceptible subpopulation is rapidly killed, while the persister 
population is killed at a slower pace following antibiotic treatment. Figure modified from (Bala-
ban et al., 2019).  
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exposed to a lethal dose of antibiotics and the number of surviving cells is 
determined. The persister phenotype is verified for the surviving mutants, and 
the transposon insertion site of each survivor mutant is mapped to identify the 
candidate persister gene. Such genetic screening has been performed in vari-
ous bacteria, including E. coli (Durfee et al., 2008; Hu & Coates, 2005; Shan 
et al., 2015), P. aeruginosa (De Groote et al., 2009), and M. tuberculosis (Dhar 
& McKinney, 2010), and linked many genes to persister formation. These 
genes encode global regulators, metabolic enzymes, and flagellar components 
(paper III), among others. Interestingly, no mutation has ever been found to 
entirely abolish persisters.  

In addition to the above strategies, gene expression analysis has been ap-
plied in the persister field (reviewed in (Kussell et al., 2021)). This is a valua-
ble method for studying persistence given that persisters are phenotypic vari-
ants within a genetically identical population (see “Persistence versus toler-
ance and resistance”) and thus differ from susceptible cells in their transcript 
levels. In 2004, the Lewis group conducted the first gene expression analysis 
of E. coli persisters (Keren et al., 2004). To cope with the low fraction of per-
sisters in the population, a hip mutant was used. Exponentially grown bacteria 
were challenged with a lethal dose of ampicillin, and the surviving persister 
bacteria were collected by centrifugation. Subsequent extraction of RNA fol-
lowed by microarray analysis revealed that 300 genes were overexpressed in 
the persister cells. Among these were genes belonging to various stress re-
sponses and toxin-antitoxin systems (see “Mechanisms of persister for-
mation”). More recently, RNA-seq analysis has become the state-of-the-art 
method for gene expression analyses of persisters (reviewed in (Kussell et al., 
2021)). For instance, the Helaine group applied dual RNA-seq on macro-
phages infected with S. enterica to analyze host and pathogen transcriptomes 
simultaneously (Stapels et al., 2018). During macrophage infection, non-
growing persister cells of S. enterica arise in response to vacuolar acidification 
and nutrient limitations (Helaine et al., 2010, 2014). To distinguish between 
growing and non-growing subpopulations, macrophages were initially in-
fected with S. enterica cells carrying a plasmid encoding a fluorescence re-
porter, allowing tracking of bacterial growth and activity (Helaine et al., 2010, 
2014). Macrophages containing different S. enterica were subjected to fluo-
rescence activated cell sorting, after which total RNA was extracted, se-
quenced, and mapped to the bacterial or host transcriptome. Interestingly, the 
data revealed that S. enterica persister cells maintain a metabolically active 
state during macrophage infection in which infection-associated genes are ex-
pressed, allowing the secretion of effector proteins that can reprogram the 
macrophage host cell (Stapels et al., 2018).  
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Mechanisms of persister formation 
While evolution experiments, genetic screens, single-cell techniques and 
RNA-seq spawned the discovery of many new persister genes (Kussell et al., 
2021)), characterization of their roles in persister formation is still in its in-
fancy. The next section will describe some of the genes and mechanisms un-
derlying persistence that have been characterized thus far.  

Stress responses underlying persister formation 
Many environmental signals, such as nutrient limitation (Brown, 2019; 
Nguyen et al., 2011), pH variation (Helaine et al., 2010, 2014), oxidative stress 
(Rowe et al., 2020; Wu et al., 2012), and antibiotic exposure (Goormaghtigh 
& Van Melderen, 2019) have been linked with increased persister formation. 
The stringent response is activated upon nutrient limitation, among other 
stresses, and reprograms the bacterial physiology from growth to metabolic 
homeostasis and survival functions (reviewed in (Travis & Schumacher, 
2022). As a result, the alarmone (p)ppGpp is produced by proteins belonging 
to the RelA/SpoT protein family. (p)ppGpp changes the transcription rate of 
hundreds of genes, promoting upregulation of biosynthesis (survival) and 
downregulating the translation machinery (proliferation)(Durfee et al., 2008; 
Magnusson et al., 2005; Sanchez-Vazquez et al., 2019). Together, these 
changes lead to dormancy or slow growth in most cells (Durfee et al., 2008; 
Sanchez-Vazquez et al., 2019). There is evidence that (p)ppGpp is related to 
persister formation. For example, mutants unable to produce (p)ppGpp show 
decreased levels of persisters in E. coli and P. aeruginosa (Korch et al., 2003; 
Nguyen et al., 2011), whereas mutants with higher basal levels of (p)ppGpp 
levels increase the persisters fraction (Amato et al., 2013; Viducic et al., 
2006). However, the precise mechanisms mediated by (p)ppGpp has been a 
matter of debate due to many contradictory results, and will not be discussed 
here.   

The SOS-response is activated upon DNA damage through for instance ox-
idative stress and antibiotic exposure (reviewed in (Maslowska et al., 2019)). 
Two main proteins are involved: LexA and RecA. LexA represses transcrip-
tion of genes belonging to the SOS regulon by binding its cognate operator, 
the LexA box. Upon DNA-damage, RecA stimulates auto-cleavage of LexA, 
thus de-repressing the LexA-dependent genes. This activates the DNA repair 
mechanism, but also upregulates toxins from type I toxin-antitoxin systems 
that have been linked to induction of persisters (Vogel et al., 2004).  

Persister formation by toxin-antitoxin modules 
Bacterial toxin-antitoxin (TA) systems encode two modules: a toxic protein 
that inhibits bacterial growth and a cognate antitoxin that inhibits toxin ex-
pression, or neutralizes the toxin’s activity (reviewed in (Harms et al., 2016; 
Jurėnas et al., 2022)). To date, eight different TA systems have been proposed, 
classified based on the nature and mode of action of the antitoxins (Harms et 
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al., 2016; Jurėnas et al., 2022)). Thus far, only type I and type II TA systems 
have been implicated in persister formation (Berghoff et al., 2017; Moyed & 
Bertrand, 1983; Rycroft et al., 2018; Unoson & Wagner, 2008). The antitoxins 
of type I TA systems are sRNAs that inhibit the translation of the toxin mRNA, 
whereas the antitoxins of type II systems are proteins that inactivate the toxin 
through protein-protein interaction (reviewed in (Harms et al., 2016; Jurėnas 
et al., 2022)). The toxins of TA system use a wide variety of mechanisms to 
inhibit bacterial growth and promote persister formation. These include inhib-
iting mRNA translation and DNA replication, as well as disrupting the mem-
brane integrity of the bacterial cell.  

Well-known examples of type I TA systems include the tisB/IstR-1 and 
hok/Sok systems in E. coli (Dörr et al., 2010; Gerdes, Bech, et al., 1986; 
Gerdes, Rasmussen, et al., 1986; Thisted & Gerdes, 1992; Unoson & Wagner, 
2008; Vogel et al., 2004). Both the TisB and the Hok toxins are small proteins 
that induce persister formation through membrane depolarization (Gerdes, 
Bech, et al., 1986; Unoson & Wagner, 2008). As an example, TisB is tran-
scriptionally induced upon DNA damage (Vogel et al., 2004). TisB toxin 
forms pores in the bacterial cell membrane, which abrogates the PMF and 
shuts down adenosine triphosphate (ATP) synthesis (Unoson & Wagner, 
2008). A drop in ATP levels correlates with the formation of persistes 
(Berghoff et al., 2017; Unoson & Wagner, 2008). In the absence of the SOS-
response, translation of the tisB toxin mRNA is inhibited by the IstR-1 sRNA, 
which base-pairs with the standby site of the transcript, and induces RNase III 
cleavage (Darfeuille et al., 2007; Romilly et al., 2019; Vogel et al., 2004).  

Many different toxins are found in type II TA systems, including kinases, 
ribonucleases, and other enzymes. Some of these promote persister formation 
by inhibiting mRNA translation. The first toxin linked to persistence, the E. 
coli HipA toxin (Moyed & Bertrand, 1983), acts as a kinase and phosphory-
lates glutamate tRNA ligase (Kaspy et al., 2013). Phosphorylation inhibits the 
activity of this ligase, which increases the fraction of uncharged glutamate 
tRNA and leads to the activation of the stringent response (Kaspy et al., 2013). 
As a result, the reduced bacterial growth rate increases persister formation 
(Kaspy et al., 2013). Excess of the cognate antitoxin HipB neutralizes HipA 
through complex formation and prevents persister formation (Schumacher et 
al., 2015). Other examples of toxins from type II TA systems involved in per-
sister formation include the Tac toxins in S. enterica, which acetylate amino 
acids on charged tRNAs to halt mRNA translation (Cheverton et al., 2016; 
Rycroft et al., 2018), the RelE toxin in E. coli that cleaves mRNAs on trans-
lating ribosomes upon nutritional stress (Christensen et al., 2001; Pedersen et 
al., 2003), and the FicT toxin in E. coli, which inhibits DNA gyrase and topoi-
somerase IV at the post-translational level, thus inhibiting DNA replication 
(Harms et al., 2015).  
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Bacterial communities coordinate persister formation 
Bacterial populations are, in some species, able to coordinate persister for-
mation by using quorum-sensing. In general, quorum sensing allows bacterial 
populations to communicate and coordinate gene expression, and thus behav-
ior, through signaling molecules (reviewed in (Striednig & Hilbi, 2022)). 
These molecules are secreted into the environment by bacteria and their con-
centration gradually increases as a function of cell density. When the concen-
tration of the signaling molecule reaches a threshold, it is sensed and results 
in an alteration in gene expression. Quorum sensing of the signaling molecule 
pyocyanin and the quorum sensing peptide pheromone can induce persister 
formation in populations of Pseudomonas aeruginosa and Streptococcus mu-
tans, respectively (Leung & Lévesque, 2012; Möker et al., 2010).  

Contact-dependent inhibition (CDI) systems can also contribute to the for-
mation of persisters. CDI systems deliver protein toxins into neighboring bac-
terial cells through direct contact (reviewed in (Hayes et al., 2014)). In brief, 
an outer membrane protein exports and displays the protein toxin on the sur-
face of the bacterial cell. The toxin then interacts with a specific receptor on a 
target cell, undergoes proteolytic cleavage, and delivers its toxic domain into 
the target cell for growth inhibition. To protect themselves from auto-inhibi-
tion, bacteria with CDI systems express an immunity protein that blocks tox-
icity. It has been reported that CDI toxins can induce the stringent response in 
target cells, which results in degradation of the immunity protein by Lon pro-
tease (Ghosh et al., 2018). By doing so, the toxin induces growth arrest as well 
as persister formation within populations of E. coli (Ghosh et al., 2018).  

Clinical relevance of antibiotic persistence 
In the past two decades, there has been growing evidence for the clinical rel-
evance of persisters in infection. Several studies have revealed increased num-
bers of persister bacteria during infection. For example, invasive clinical iso-
lates of S. enterica produce high levels of persisters following internalization 
by human macrophages during infection (Rycroft et al., 2018) and clinical 
isolates of Klebsiella pneumoniae form increasing levels of persisters in re-
sponse to gradual increase in serum drug concentration of several antibiotics 
(Ren et al., 2015). An increased number of persisters have been linked with 
relapsing infections. For instance, mutations that confer high persister levels 
have been identified among clinical isolates originating from patients with 
chronic cystic fibrosis infection, caused by P. aeruginosa (Mulcahy et al., 
2010), recurrent urinary tract infection, caused by the uropathogenic E. coli 
(Schumacher et al., 2015), and long-term tuberculosis infection, caused by 
Mycobacterium tuberculosis (Torrey et al., 2016). 

More recently, antibiotic persistence was suggested to contribute to re-
sistance development. Evolution experiments with E. coli bacteria exposed to 
intermittent antibiotic exposures have been shown to lead to rapid 
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development of persistence followed by resistance (Levin-Reisman et al., 
2017). It was predicted that the prolonged duration of antibiotic treatment due 
to persistence enables resistance mutations to be established by increasing the 
window of opportunity for mutations to occur and, at the same time, lowering 
their probability of getting lost during the treatment (Levin-Reisman et al., 
2017). Persistence has also been reported to promote the spread of antibiotic 
resistance plasmids: S. enterica persisters formed in gut tissues are able to 
transfer resistance plasmids to other strains of S. enterica as well as different 
species of Enterobacteriaceae once they resume growth after the antibiotic 
treatment (Bakkeren et al., 2019).  

Anti-persister strategies  
The growing evidence for the clinical relevance of antibiotic persistence 
shows that new anti-persister strategies are needed to effectively combat bac-
terial infections. To date, multiple such strategies have been suggested, as ex-
emplified below, but their clinical applicability remains to be determined. 

Persisters typically survive antibiotic treatment through growth arrest 
(Balaban et al., 2004). However, persisters still maintain some metabolic ac-
tivity during infection (Helaine et al., 2014; Stapels et al., 2018).  Factors in-
volved in these metabolic processes can be used as targets for direct killing of 
persisters. One such factor is the ClpP protease, which recognizes and elimi-
nates misfolded proteins in an ATP-dependent manner. Acyldepsipeptides 
(ADEP) represent a novel class of antibiotics that work by stimulating ATP-
independent proteolysis of the ClpP protease (Conlon et al., 2013). In partic-
ular, ADEP4, has been shown to bind the ClpP protease and uncouple it from 
the requirement of ATP, thereby stimulating non-specific proteolysis in non-
growing persister bacteria of S. aureus (Conlon et al., 2013). Combined with 
rifampicin, ADEP4 is able to eradicate persister bacteria in biofilm popula-
tions of S. aureus and clear host cell infections that are otherwise untreatable 
with individual, conventional antibiotics (Conlon et al., 2013). Other features 
that can be used as targets for direct killing of persisters include those that are 
important for cell integrity and viability, such as the bacterial cell membrane. 
For example, antimicrobial peptides (AMPs) have the potential to disrupt the 
membrane integrity by binding the negatively charged membrane though its 
cationic face, followed by insertion into the membrane with the help of hydro-
phobic residues (Bahar et al., 2015). In a screen of compounds with antimi-
crobial activities, the triazine TN-5 was identified as a potential AMP for ef-
ficient killing of persisters of E. coli and P. aeruginosa at different growth 
stages (Bahar et al., 2015). Finally, proteins that are involved in the formation 
of persisters may be used as targets in anti-persister strategies. For instance, 
toxins of several toxin-antitoxin systems are known to promote persister for-
mation (Dörr et al., 2010). Targeting these toxins could potentially reduce the 
level of persisters, and improve antibiotic treatment. 
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Alternative anti-persister strategies includes those that revert persister bac-
teria to an antibiotic-susceptible state. This may be done by stimulating the 
metabolic activity of persisters, and consequently PMF-dependent antibiotic 
uptake (Allison et al., 2011; Barraud et al., 2013). Screening of metabolite 
libraries have identified compounds with the ability to potentiate antibiotic 
killing of persisters  (Allison et al., 2011; Barraud et al., 2013). For example, 
the combination of aminoglycosides with either glucose or fructose enhances 
the efficacy against persisters in biofilms of E. coli and S. aureus, and im-
proves the treatment of chronic UTI caused by E. coli in a mouse model 
(Allison et al., 2011). Similar results have been observed in biofilms of P. 
aeruginosa formed on abiotic surfaces: the combination of aminoglycosides 
with mannitol enhances the antibiotic sensitivity of the biofilm-associated per-
sister (Barraud et al., 2013). 
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Current investigation 

The work included in this thesis has focused on post-transcriptional regulation 
of bacterial gene expression. The main focus has been to characterize the 
RNA-binding protein ProQ and its regulatory role in S. enterica. As outlined 
in the introduction, ProQ was recently discovered to be a global RBP with a 
broad range of targets. While genetic, structural, and biochemical analyses 
have allowed us to gain insight into the role of this RBP, many details regard-
ing ProQ biology remain poorly understood. The work in this thesis have con-
centrated on molecular characterization of the ProQ protein itself, as well as 
its regulatory roles and physiological functions. In paper I, we have assessed 
the importance of individual regions and amino acids of ProQ for its regula-
tory function. In paper II, we have investigated the mode-of-action of ProQ in 
regulation of flagellar gene expression and bacterial motility. In paper III, we 
have studied the effect of ProQ on bacterial growth and antibiotic persistence.  

Paper I 
ProQ binds several hundreds of mRNAs and sRNAs to regulate mRNA ex-
pression levels (Holmqvist et al., 2018; Melamed et al., 2020; Smirnov et al., 
2016). Structurally, the ProQ protein consists of globular N- and C-terminal 
domains with an unstructured linker region connecting them (Gonzalez et al., 
2017). The NTD contains a conserved ProQ/FinO domain known to mediate 
RNA-binding in other members of the family of ProQ/FinO domain proteins 
(Attaiech et al., 2016; Immer et al., 2020; Sandercock & Frost, 1998). Simi-
larly, the NTD of ProQ is mainly responsible for recognizing and binding 
RNA (Chaulk et al., 2011; Gonzalez et al., 2017; Pandey et al., 2020; Stein et 
al., 2020). While much is known about the NTD of ProQ, the function of the 
CTD, which sets it apart from other ProQ/FinO domain proteins, has remained 
elusive. It has been proposed that the CTD may be involved in RNA binding 
and RNA strand exchange (Chaulk et al., 2011; Gonzalez et al., 2017), but the 
overall role of the CTD for ProQ’s regulatory activity is yet to be demon-
strated. 

In paper I, the molecular mechanisms ProQ uses to bind and regulate RNA 
have been investigated. More specifically, we have determined which regions 
and amino acid residues in ProQ are functionally important. To this end, we 
developed a screen based on saturation mutagenesis and high-throughput 
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screening to identify ProQ mutants that are impaired in gene regulation. We 
used a dual fluorescent reporter in order to correlate expression of ProQ mu-
tants with functional outcomes on the activation of flagellar gene expression. 
Our results revealed that both the NTD and CTD are required for ProQ-de-
pendent gene regulation, however, the underlying molecular mechanisms dif-
fer. Specifically, mutations in the NTD affecting RNA-binding rendered ProQ 
unstable, whereas mutations in the CTD caused a reduced effect in gene reg-
ulation without affecting protein stability. We further performed truncation 
analyses and studied the contribution of the individual domains in ProQ gene 
regulation. Lack of the CTD reduced both the activation of flagellar gene ex-
pression and protection of associated mRNAs, demonstrating that this domain 
is important for flagellar gene regulation and RNA stabilization. Taken to-
gether, the findings in paper I expand our knowledge of the regulatory mech-
anism used by ProQ and reveals the functional importance of the CTD in gene 
regulation.  

Paper II 
While the RNA-binding activity of ProQ has been the subject of several recent 
studies (Gonzalez et al., 2017; Holmqvist et al., 2018; Melamed et al., 2020; 
Pandey et al., 2020; Smirnov et al., 2016; Stein et al., 2020), the regulatory 
mechanisms and physiological functions of ProQ still remain unknown. Work 
in S. enterica has implicated ProQ in flagellar gene regulation. For instance, 
transcriptomic studies have associated deletion of proQ with reduced expres-
sion of the majority of flagellar genes  (Smirnov et al., 2016; Westermann et 
al., 2019), and CLIP-seq have mapped ProQ binding sites in several flagellar 
mRNAs (Holmqvist et al., 2018). Moreover, ProQ-dependent expression have 
been described for several flagellar genes (paper I)((Holmqvist et al., 2018; 
Westermann et al., 2019). However, the underlying mechanism has not been 
established.  

In paper II, we have investigated the role of ProQ on bacterial motility. 
Using swimming assays, we observed that ProQ promotes motility in S. en-
terica. We set out to characterize the underlying mechanism behind the effect. 
We constructed fluorescence transcriptional and translational reporters to pin-
point where within the flagellar regulator network ProQ acts. Our results show 
that ProQ activates translation of FlhDC, the flagellar master regulator, which 
leads to increased transcription of all downstream flagellar gene classes. We 
performed a genetic screen using transposon mutagenesis to identify genetic 
factors that participate in ProQ-dependent regulation of flagellar gene expres-
sion. Here, we found the FlgO sRNA, which is generated by processing from 
the flagellar class II-III flgKL mRNA (Chao et al., 2012, 2017). FlgO was 
previously identified as a ProQ target in vivo (Holmqvist et al., 2018). Tran-
scriptional arrest assays and Northern blot analyses revealed that ProQ 
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increases the stability of the parental flgKL mRNA, and thereby increases the 
expression of FlgO. Further functional characterization showed that FlgO 
stimulates FlhD translation, which ultimately entails increased expression of 
downstream flagellar genes and motility. Taken together, the work in paper II 
expands the regulatory role of ProQ and FlgO, and demonstrates their im-
portance for motility in S. enterica.  

Paper III 
While ProQ was discovered for its role in adaptation to osmotic stress (Chaulk 
et al., 2011; Kunte et al., 1999; Milner & Wood, 1989), recent studies have 
reported this protein to be involved in several cellular processes in S. enterica 
and E. coli, including motility (paper I)(Smirnov et al., 2016; Westermann et 
al., 2019), adaptation to chemical stress and resource adaptation (Avrani et al., 
2017; Conrad et al., 2009; Katz et al., 2021; Knöppel et al., 2018; Nichols et 
al., 2012), biofilm formation (Sheidy & Zielke, 2013), and bacterial virulence 
(Westermann et al., 2019).Together, these studies highlight the importance of 
ProQ for the adaptation and survival of bacteria. Interestingly, several studies 
have demonstrated that adaptive loss-of-function mutations accumulate in the 
proQ gene during laboratory evolution (Avrani et al., 2017; Conrad et al., 
2009; Gross et al., 2021; Knöppel et al., 2018). This suggest that ProQ may 
have a negative impact on bacterial growth.  

In paper III, we have investigated how ProQ affects S. enterica growth and 
what the consequences for this are on pathogenesis. To this end, we have 
measured the effect of ProQ on S. enterica growth, both at the population and 
single-cell levels. Our data reveals that ProQ contributes to the formation of 
non-growing cells within the bacterial population. We hypothesized that the 
ProQ-induced growth-arrest could be linked to antibiotic persistence. To test 
this hypothesis, we studied the effect of ProQ on persister formation using 
persister assays with different classes of antibiotics, in different types of S. 
enterica strains. Our results confirm the hypothesis, showing that ProQ pro-
motes the formation of multidrug persisters in bacterial monocultures and, 
more importantly, during host cell infection. We set out to characterize the 
molecular mechanisms underlying ProQ-dependent persister formation. 
Based on the obtained results in vitro, we suggest a model in which ProQ pro-
motes persister formation by activating the flagellar pathway, which leads to 
a drop in ATP levels and thus growth-arrest. Taken together, the work in paper 
III expands the physiological role of ProQ and shows that this RBP is im-
portant for S. enterica to survive antibiotic exposure.  



 

 65 

Future perspectives 

The findings of this thesis have provided new insights into the role of ProQ as 
a global RBP involved in post-transcriptional regulation of gene expression. 
These findings add substantially to our understanding of the molecular mech-
anisms by which ProQ shapes the lifestyle of S. enterica and promotes patho-
genesis. At the same time, our findings have raised new questions to be an-
swered, and uncovered new details to be studied, some of which are discussed 
below.  

In paper I, we reveal that the ProQ CTD is important for the gene regulatory 
role of this protein. Removal of the CTD leads to the reduced ability of ProQ 
to activate flagellar gene expression and stabilize RNA targets. Whether the 
CTD supports other regulatory mechanisms remains to be established. In order 
to do so, it is important to further characterize the molecular mechanisms by 
which ProQ, the full-length ProQ, operates first and then proceed with func-
tional studies of the individual domains. Up until now, it has been shown that 
ProQ acts by stabilizing sRNA and mRNA targets (Holmqvist et al., 2018; 
Smirnov et al., 2016, 2017; Westermann et al., 2019), and by promoting 
mRNA translational inhibition via base-pairing sRNAs (Smirnov et al., 2017; 
Westermann et al., 2019). Our results show that the CTD is required for sta-
bilization of the tested mRNA target (cspE mRNA), but not the tested sRNA 
target (RaiZ sRNA). However, more work is needed to decipher how wide-
spread the RNA stabilization function of the CTD is. Further, we have identi-
fied residues within the ProQ CTD that are critical for ProQ-dependent acti-
vation of flagellar gene expression: mutation of these amino acid residues im-
pairs the regulatory activity of ProQ without affecting protein stability. The 
same CTD mutations were tested for ProQ’s role in stabilizing RNA. Interest-
ingly, all CTD mutations lead to overstabilization of mRNA and sRNA tar-
gets, which may suggest that these mutant proteins have the ability to bind 
RNA with stronger affinity. However, this needs to be further investigated. It 
would also be interesting to investigate what role, if any, the identified CTD 
residues have on other ProQ-dependent mechanisms and phenotypes. In order 
to do so, the effect of the ProQ CTD mutations could be studied on a global 
level by co-immunoprecipitation experiments, followed by RNA-purification 
and sequencing.  

In paper II, we show that ProQ and the associated sRNA FlgO promotes 
flagellar gene expression and motility in S. enterica. Overexpression of FlgO 
led to an increase in translation of FlhDC, the flagellar master regulator, but 
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did not impact transcription of flhDC. Overexpression of FlgO also led to an 
increase in expression of downstream flagellar genes. These results, combined 
with the fact that FlgO is generated by processing from the flagellar class II-
III flgKL mRNA (Chao et al., 2012, 2017), suggest that FlgO creates a positive 
feedback loop for control of flagellar synthesis. Prediction tools revealed a 
stretch of complementarity between FlgO and the 5’UTR of flhD, indicating 
that FlgO activates FlhD translation through a base-pairing mechanism. In line 
with this, mutation of the predicted binding sequence in FlgO reduced the 
ability of FlgO to activate FlhD translation. However, further studies are 
needed to further test this base-pairing mechanism. For this purpose, compen-
satory mutations in the flhD 5’UTR could be introduced to restore regulation 
with the FlgO mutants. Alternatively, binding between FlgO and flhD 5’UTR 
could be tested in vitro by electromobility shift assays. Furthermore, predic-
tion tools demonstrated that the flhD 5’UTR folds into a structure in which the 
SD sequence is occluded. This could prevent ribosome binding and prevent 
translation initiation. Introduction mutations designed to weaken this inhibi-
tory structure led to an increase in translation of FlhD. Interestingly, this mu-
tated FlhD version could not be further activated by FlgO. Together, these 
results suggest that FlgO activates translation initiation of FlhD by base-pair-
ing with its 5’UTR, which opens up an inhibitory structure that otherwise 
blocks the SD sequence. To fully investigate the mechanism by which FlgO 
acts, it would be important to i) verify that the flhD 5’UTR forms an inhibitory 
structure in which the SD sequence is occluded using structure probing, and 
ii) perform Toeprinting analysis to test whether FlgO opens up the inhibitory 
structure in the flhD 5’UTR to facilitate 30S binding at the SD sequence. Fur-
thermore, our results show that ProQ increases expression of FlgO through 
stabilization of the parental flgKL mRNA, and increases FlhD translation. Ul-
timately, this leads to increased expression of flagellar genes and motility. It 
would be interesting to test whether ProQ affects motility by affecting the syn-
thesis of flagella, that is, the number of flagella per bacterial cell. Analysis of 
flagella number could be done by electron microscopy.  

In paper III, we show that ProQ promotes antibiotic persistence in S. enter-
ica. Deletion of the proQ gene led to a reduction in persister levels after treat-
ment with different types of antibiotics. While these results suggest that ProQ 
positively impacts on persister levels, it is important to repeat these persister 
assay with a ∆proQ complemented strain in order to test whether this can com-
plement the persister phenotype. Investigation of the molecular mechanism 
underlying ProQ-dependent persister formation in vitro showed that ProQ pro-
motes persister formation by activating the flagellar pathway. Potentially, this 
could lead to a drop in ATP levels and thus growth-arrest. More studies are 
needed to uncover if the activation mechanism involves changes in ATP lev-
els. While in vitro work provides a starting point for research, it is important 
to verify results in vivo. This is true for the present study as well. The link 
between ProQ-dependent persister formation and ProQ-dependent regulation 
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of flagellar gene expression in vitro is interesting, but the question remains 
whether ProQ operates by the same mechanism in vivo. As outlined in the 
introduction, S. enterica uses flagella to reach the intestinal epithelial layer 
and to invade host cells (Ek et al., 2022; Olsen et al., 2013; F. Wang et al., 
2020; Zschieschang et al., 2017). Once it has established itself inside the host 
cell, S. enterica reduces the expression of flagellar genes in order not to waste 
energy resources and to avoid the host cell immune defenses (Eriksson et al., 
2003; Hautefort et al., 2008). Therefore, it seems likely that activation of the 
flagellar pathway is not the main mechanism by which ProQ promotes per-
sister formation in vivo. However, further studies are needed to decipher the 
underlying mechanism. For this purpose, the fluorescence dilution method 
(Helaine et al., 2010, 2014; Roostalu et al., 2008; Stapels et al., 2018) could 
be implemented during macrophage infection in order to sort out growing and 
non-growing S. enterica wild-type and ∆proQ strains. Their changes in gene 
expression could then be analyzed by RNA-seq to provide hints of potential 
pathways involved in ProQ-dependent persister formation in vivo. Further 
studies should also concentrate on what triggers ProQ-dependent persister for-
mation. By knowing the triggers, it would be easier to proceed with research 
aimed at preventing the formation of ProQ-dependent persister bacteria.  

Taken together, the findings of this thesis constitute one step further toward 
answering by which mechanisms the RNA-binding protein ProQ affect the 
ability of S. enterica to survive and thrive in a constantly changing world. In 
one way, these findings constitute an end point, but in another, they are the 
starting point for new exciting and important research. We hope that our find-
ings will inspire future work within the field with the aim to combat S. enterica 
infections. 
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