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Abstract 

Many bacteria have the ability to take up DNA from their environment through a 

process termed “natural competence”. Even though there are numerous bacterial species 

that are recognized to be naturally competent, competence is undetected or overlooked in 

many species such as members of the Enterobacteriaceae. Homologs of competence genes 

and the main regulator of natural competence, Sxy, are conserved in Salmonella and 

Escherichia coli; however, these genes were found to be silent under all previously-tested 

conditions. Thus, I carried out molecular studies to investigate genetic induction and 

regulation mechanisms of natural competence in Salmonella Typhimurium, and E. coli. 

Despite decades of work and unsuccessful attempts to induce the cryptic 

competence genes, our genetic studies in S. Typhimurium show that low temperatures (22 

– 25 ᵒC) and growth on semi-solid media to allow for motility induce the expression of 

competence genes. Nutrient deprivation is hypothesized to be another inducing signal; 

where the expression of competence genes increased under starvation conditions when 

using arabinose as a carbon source. We identified Sxy and CRP as positive regulators of 

competence gene expression, whereas the nucleoid-associated proteins, FIS and H-NS, 

and the alternate sigma factor, RpoS, repress the expression of competence genes. 

Bioinformatic analysis of competence gene promoters suggests that DNA supercoiling 

regulates competence gene expression. However, experimental relaxation of DNA 

supercoiling did not confirm this. Several competence gene homologs have an 

evolutionary history of operon and promoter shuffling, nevertheless the transcription of 

these genes is coordinated and synchronized in different bacterial lineages through co-
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regulated promoters. Altogether these results demonstrate that several environmental 

signals, transcription factors, and regulatory mechanisms are integrated to regulate 

competence gene expression in S. Typhimurium. 

In Haemophilus influenzae, the poorly characterized competence regulator, Sxy, is 

proposed to be stimulated by starvation for purine nucleotides. In S. Typhimurium, we 

found that sxy expression is stimulated by temperature, motility on semi-solid media, and 

nutrient deprivation signals. Further, we found that sxy expression is activated by CRP and 

repressed by FIS, H-NS, and RpoS. Moreover, it was previously proposed that Sxy assists 

CRP binding to competence gene promoters. Our phenotypic analysis in E. coli showed 

that mutations that alter the Sxy C-terminus abolish CRP-S transcriptional activation, and 

remove the toxic effect characteristic of sxy overexpression. A genome-wide analysis of 

the Salmonella Sxy regulon using directional RNA-seq revealed that Sxy function is not 

restricted to the activation of competence genes. Sxy also plays a role in regulating sugar 

metabolism, DNA replication, nucleotide metabolism, and expression of several small 

RNAs, transcription factors, and pathogenicity genes. 

This project is the first to study the genetics of competence in Salmonella, and it is 

pioneering in identifying novel inducing signals and transcription factors that regulate 

competence gene expression. The outcomes of this research enhance our understanding of 

the role of Sxy in regulating competences and other functions. The body of knowledge 

surrounding regulation of competence genes will greatly inform and guide future research 

into competence gene regulation and help deduce the ecological role of DNA uptake in 

gamma-proteobacteria.  
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1.1 Introduction 

Natural competence is the ability of bacteria to bind and internalize extracellular DNA 

from the environment [75,100]. Even though there are many bacterial species that are 

recognized to be naturally competent, competence has been undetected or overlooked in 

many species that have the potential to be competent, such as members of the 

Enterobacteriaceae. This thesis studies the environmental and physiological signals that 

induce competence gene homologs in Salmonella Typhimurium, and the genetic 

mechanisms regulating natural competence in Salmonella Typhimurium and Escherichia 

coli. 

1.1.1 Salmonella 

Salmonella is a global, food-borne pathogen that results in approximately 100 million 

cases of disease and several hundreds of thousands of deaths annually [4]. This pathogen 

can survive over a broad range of temperature (5 ᵒC to 47 ᵒC) [86]  and pH (pH 4 to pH 9) 

[86,94,101]. Even though Salmonella requires high water activity, it has high desiccation 

tolerance and can survive in very dry environments such as on the surface of almonds and 

in infant milk formulas [51]. These characteristics enable Salmonella to survive in a variety 

of niches, including in soil, water, plants, and on a variety of surfaces [51,86,121]. The 

genus Salmonella includes two species: Salmonella bongori and Salmonella enterica  

[44,86,95]. Salmonella bongori chiefly inhabits cold-blooded animals, whereas 

Salmonella enterica infects a wide-variety of warm blooded hosts [58,93]. Salmonella 

enterica has six subspecies: enterica, salamae, arizonae, diarizonae, houtenae and indica 

[44,86,95]. Based on the Kauffman–White classification, these subspecies are classified 

into over 50 serogroups, and further classified to over 2,500 serovars [44,95]. Most of our 
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knowledge about Salmonella pathogenicity comes from studying Salmonella enterica 

subsp. enterica serovar Typhimurium (henceforth refered to as “S. Typhimurium”), which 

infects a broad spectrum of warm-blooded hosts such as humans, rodents and birds [30]. 

In humans, ingesting food or water contaminated with S. Typhimurium can cause 

gastroenteritis.  

1.1.2 Escherichia coli 

Escherichia coli is one of the most important model organisms for molecular biology, 

discovered first by Theodor Escherich in 1885 [69]. Its genetics and biochemistry have 

been thoroughly studied. Most E. coli species are harmless and naturally inhabit the lower 

intestine of warm-blooded organisms. Benefiting their hosts by preventing colonization of 

pathogenic bacteria in the intestine [57,91]. Some E. coli do cause disease by producing 

toxins, or invading host cells [70].  E. coli has an optimal growth temperature of 37 ᵒC 

[66], and the species can be classified to hundreds of strains based on serotype [38]. It is 

believed that E. coli and Salmonella diverged from a common ancestor about 150 million 

years ago [44,95]. 

1.2 Natural competence 

Natural competence in bacteria is defined by the ability to bind and internalize 

extracellular DNA from the environment [75,100]. If foreign DNA is incorporated into the 

recipient cell genome, there has been natural transformation. Unlike phage transduction 

and conjugation, natural competence and transformation is the only gene transfer 

mechanism regulated by the recipient cell [75,100]. This interesting phenomenon was first 

discovered in Streptococcus pneumoniae in 1928 by Frederick Griffith [43,48]. Today 

more than 60 bacterial species have been identified as naturally competent, some of which 
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are nonpathogenic bacteria like Streptococcus thermophiles [14,42], and some are plant, 

animal, and/or human pathogens, such as Xylella fastidiosa [64], Campylobacter coli [63], 

Pseudomonas aeruginosa [78], Helicobacter pylori [34,55], and Vibrio cholerae [112]. 

While Gram-positive competent bacteria can take up DNA from any source [75], many 

Gram-negative bacteria like Haemophilus influenzae and Neisseria show strong 

preferential uptake of DNA containing specific motif sequences [19,47,81]. Competence 

induction, initiation, duration, and regulatory mechanisms differ greatly among naturally 

competent bacteria. Competence is constitutive in some bacteria such as Helicobacter 

pylori [34,55], but is transitory and tightly regulated in others such as Haemophilus 

influenzae. In Gram-negative bacteria, competence is induced by genotoxic stress causing 

DNA damage, cell-cell communication through quorum-sensing systems, and starvation 

for nutrients such as carbon [100]. 

1.2.1 How do bacteria take up DNA?  

To date, the exact mechanisms and proteins involved with DNA uptake are not fully 

known. Type IV pili (T4P) have been proposed to be an essential component of the 

competence machinery [25,60]. T4P are protein appendages that extrude from the cell 

envelope of many Gram-negative bacteria to play significant roles in locomotion, 

adhesion, secretion (toxins, enzymes and proteins), and uptake of extracellular DNA 

[6,100]. 

Figure 1.1 shows the current model for DNA uptake which starts with polymerization 

of the pilin subunits (PilA and ComN) to assemble a pilus (or pseudopilus) structure. The 

pilus fiber extends through a secretion pore (ComE) located in the outer membrane into 

the extracellular environment. After binding DNA, the pilus depolymerizes and retracts, 
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pulling the pilus-bound double-stranded DNA (dsDNA) into the periplasmic space [8,72], 

Rec2 translocates the DNA across the inner membrane (Figure 1.1) as the dsDNA is 

unwound and a single strand is degraded (5'-3' direction [73]) by periplasmic nucleases, 

while the other strand passes into the cytoplasm. Once in the cytoplasm, ssDNA is rapidly 

degraded unless certain proteins, like Ssb, protect it from degradation and catalyze ssDNA 

recombination with chromosomal DNA (reviewed in [24,25,60,90,100]).   

1.2.2 What are competence genes?  

Most of the recognized competence genes encode proteins that are involved either 

directly in the binding and transport of extracellular DNA or indirectly in assembling the 

uptake machinery (competence genes and functions are listed in Table 1.1, the operon 

structure and predicted sub-cellular localization of competence proteins are shown in 

Figure 1.2).  

The Gram-negative model of competence gene function comes from a combination of 

studies in Neisseria and Haemophilus, and the study of Type II secretion systems in 

Pseudomonas, Vibrio, and Klebsiella (competence gene nomenclature differs between 

bacterial species). Both pilA (ppdD in E. coli) and comN (ppdA in E. coli) encode the 

prepilins that polymerize to form the filament of the pilus structure [84,98]. The comA 

(yrfD in E. coli) gene encodes a periplasmic protein that is required for pilus assembly and 

for utilization of DNA as a sole source of carbon and energy [83]. comM (yifB in E. coli) 

is predicted to code for a ATP-dependent protease involved in DNA translocation across 

the inner-membrane [59,60]. hopD (gspO in E. coli, pilD in H. influenzae) encodes the 

Type IV leader peptidase, which cleaves prepilin to make pilus subunits at the  
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Figure 1.1. Proposed DNA uptake mechanism using T4P.  

ATPase proteins (ComM) provide energy for pilus (PilB) assembly and elongation 

(PilA and ComN). When T4P retracts (PilT), it pulls DNA through an outer-membrane 

channel (ComE), and DNA-binding proteins direct DNA to the inner-membrane channel 

(Rec2). While one DNA strand is degraded in the periplasm, the other ssDNA passes into 

the cytoplasm where proteins (e.g. Ssb) direct it to the next step in recombination. 

Competence proteins are highlighted in yellow.    
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Table 1.1.Competence gene homologs in Salmonella and E. coli.  

 Gene Name 
In Salmonella 

Gene Name 
In E. coli 

Gene Name 
In H. 

influenzae 

Function 
(from studies in Pasteurellaceae, Enterobacteriaceae, and Vibrionaceae) 

co
m

A
B

C
D

E 
o

p
e

ro
n

 

comA (yrfD) yrfD comA Periplasmic protein, required for pilus assembly and utilizing DNA as the sole source of carbon 
and energy (nutritional competence) [39,83], also required for DNA uptake and transformation [107] comB (yrfC) hofN comB 

comC (yrfB) hofO comC 
comD (yrfA) hofP comD 

comE (hofQ) hofQ comE 

 comF (yhgH) gntX comF Gluconate periplasmic binding protein [85], utilizing DNA as the sole source of carbon and energy 
(nutritional competence) [39,83], and required for transformation and DNA translocation [107] 

comE1 (ybaV) ybaV comE1 DNA binding and uptake [90], translocation to the inner membrane and transformation [107] 

p
ilA

B
C

 
o

p
er

o
n

 

pilA (ppdD) ppdD pilA Major type IV pilin, prepilin peptidase subunit [97,98] required for DNA uptake and 
transformation [107] pilB (hofB) hofB pilB 

pilC (hofC) hofC pilC 

 pilT (yggR) pilT (yggR) NA* Retraction ATPase that disassembles T4P in twitching motility and DNA uptake [29,59,76,96], 
and is required for transformation [122] 

hopD gspO pilD Type IV leader peptidase, cleaves the prepilin to make pilus subunits at the inner-membrane [53] 

co
m

N
O

P
Q

 
o

p
er

o
n

 comN (ppdA) ppdA comN Prepilin peptidase, required for T4P biogenesis  [30, 31], and for DNA uptake and transformation 
[107] comO (ppdB) ppdB comO 

comP (ygdB) ygdB comP 

comQ (ppdC) ppdC comQ 
 rec2 (ycaI) ycaI rec2 Putative DNA membrane channel [11], required for transformation and DNA translocation 

[9,107] 

yfgB rlmN HI0365 RNA methyltransferase [113] 

comM (yifB) yifB comM Encodes an ATPase required for DNA translocation into cytoplasm [59,60] 

NA* NA* pilF2 Required for DNA uptake and transformation  [107,108] 

dprA (smf) smf  dprA Cytoplasmic protein protects incoming DNA from degradation  [1,61,62,109,111], and is required 
for transformation [107] 

radC yicR (radC) radC Cytoplasmic protein involved in DNA synthesis and repair [90], stabilizes replication fork, which 
facilitates DNA recombinational repair at stalled replication forks [5,99] 

ssb ssb ssb Encodes single-stranded-DNA binding protein [87] 
*NA, none available 
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Figure 1.2. Competence genes in some λ proteobacteria members.  

This figure is adapted from [20].  Genes in red are the main regulators of competence, and genes in blue are the main focus of this 

thesis (blue). Arrows indicate genes and long arrows indicate operons. Gene size is not to scale. Abbreviations: Pasteur, Pasteurellaceae; 

Entero, Enterobacteriaceae; Vibrio, Vibrionaceae; H.i., Haemophilus influenzae; E.c., Escherichia coli; S.e., Salmonella enterica; V.C., 

Vibrio cholerae. The regulation of natural competence is best understood in the model organism Haemophilus influenzae [74]. 
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inner-membrane [53]. These competence genes are essential for Type IV pilus biogenesis 

(T4P) [90,100], and are the core interest of this project. 

1.2.3 How do bacteria benefit from DNA uptake? 

Currently there are four explanations in the literature as to the benefits of DNA uptake 

through natural competence (reviewed in [24,39]): 1) to acquire genetic diversity by 

incorporating novel genetic material into the bacterial genome, and through which bacteria 

can acquire pathogenicity genes and antibiotic resistance genes, 2) to repair damaged DNA 

by using the foreign DNA as a template, 3) as a nutrient, as DNA is rich in carbon, nitrogen 

and phosphorus,  and 4) DNA uptake is accidental as a result of “adhesion and twitching 

motility” [7].  

Natural competence is stimulated by different physiological and environmental 

conditions (reviewed in [60]). Hence, understanding the molecular mechanism underlying 

the regulation of competence genes is a means to identify the function of competence. 

1.3 Regulation of competence gene expression 

In bacteria, gene expression is regulated primarily through the initiation of 

transcription. There are many factors involved in regulating transcription in bacteria; 

however, for the purpose of this research project we will focus on four key regulatory 

mechanisms: transcription factors (including sigma factors), nucleotide pools, mRNA 

secondary structure and DNA topology. 

1.3.1 Transcription factors 

Transcription factors (TFs) are proteins that act as activators of gene expression by 

binding DNA and influencing the recruitment and/or ability of RNA polymerase (RNAP) 
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to initiate transcription. Transcription factors can also repress gene expression by 

impairing the forward movement of RNAP [15]. In Pasteurellaceae, and Vibrionaceae, 

two transcription factors, CRP and Sxy, are absolutely required for competence gene 

expression [20].  

CRP, which is the cAMP receptor protein also known as catabolite activator protein 

(CAP) [17,26], is a well characterized global regulator that stimulates expression of a wide 

range of genes. CRP is activated by the allosteric effector cyclic adenosine monophosphate 

(cAMP) in response to energy starvation and carbon source availability [107,116]. cAMP 

levels are regulated by the phosphotransferase system (PTS) in response to the availability 

of specific “PTS” sugars, like glucose. When PTS-sugars are available, a phosphoryl group 

is transferred from phosphoenolpyruvate (PEP) to each imported PTS-sugar molecule. 

When PTS-sugars are exhausted in the environment, phosphates accumulate on PTS 

proteins, stimulating conversion of ATP to cAMP by adenylate cyclase (CyaA) [52]. The 

interactions between cAMP molecules and a CRP dimer trigger conformational changes 

in CRP that expose a DNA binding domain. Once bound to DNA, CRP can recruit RNAP 

to initiate transcription [17,23,65,80] (Figure 1.3).  

Unlike CRP, Sxy (also called YccR or TfoX) [12] is a poorly characterized regulator 

known to regulate 13 transcriptional units in H. influenzae and 43 transcriptional units in 

E. coli [19,90,105,107]. It is suggested that Sxy assists CRP to bind to low-affinity CRP 

sites called “CRP-S” sites at competence gene promoters to recruit RNA polymerase 

[19,108] (Figure 1.4). The essential role of Sxy in natural competence was discovered in 

H. influenzae over twenty years ago [88], but to date, the exact mechanism of regulation 
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by Sxy remains a mystery, and whether Sxy and CRP interact to activate specific 

competence genes is still unknown. 

CRP primarily acts as a positive regulator by binding to specific DNA sites in CRP-

dependent promoters called “CRP-N” sites (Figure 1.4). In competence genes, however, 

CRP binds to less preferred sites called “CRP-S” (previously named “competence 

regulatory element” (CRE)) (Figure 1.4). Activating transcription at promoters with CRP-

S sites requires both CRP and Sxy [20] (Figure 1.3). CRP binds to CRP-S sites but we do 

not know whether Sxy binds to CRP-S sites, whether it interacts with CRP, or acts 

indirectly at CRP-S sites. Therefore, identifying Sxy-CRP and Sxy-DNA interactions is a 

goal of this thesis.  

Figure 1.4 shows how H. influenzae, E. coil and Salmonella have the same CRP-N 

motif, which is characterized by the conserved cores 5´-T4G5T6G7A8 and 5´-

T15C16A17C18A19 [90]. In H. influenzae, it has been experimentally demonstrated that CRP-

S has C6 instead of T6 and G17 instead of A17 [19,89] (Figure 1.4). Bioinformatics analyses 

show that the CRP-S motif in E. coli and S. Typhimurium differs from the classic CRP-S 

in H. influenzae [103], which could suggest different regulatory mechanisms at CRPS-S 

sites in E. coli and S. Typhimurium. 
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Figure 1.3. CRP and Sxy activate transcription of competence genes. 

 

Figure 1.4. Logos of CRP-N and CRP-S motifs in H. influenzae, E.coli, and S. 

Typhimurium. 

White background indicates the protein-DNA contact regions, which are the highly 

conserved regions of CRP site motifs. Source of CRP-N and CRP-S sites [20,107]. Black 

arrows indicate the differences in the CRP-S sequence in comparison to CRP-N.  
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1.3.1.1 Sigma factors 

All transcription initiation in bacteria requires specialized transcription factors called 

sigma factors (σ) (reviewed in [49]). Sigma factors bind to the RNAP core enzyme, which 

consist of two alpha (α), one beta (β) and one beta-prime (β′) subunits; forming a 

holoenzyme (α2 β β′ σ) [40,46]. RNAP holoenzymes can recognize promoters and melt 

DNA [46]. Sigma factors not only direct RNAPs to promoter locations, but are also 

involved in all steps of transcription initiation: melting DNA double strands, initiation of 

RNA synthesis, and promoter escape or abortive initiation [13,56]. Depending on the 

target gene and the environmental and physiological signals, specialized sigma factors 

facilitate the binding of RNAP to specific gene promoters to initiate transcription 

(reviewed in [49,102]). The house keeping Sigma-70 (σ70, or RpoD) initiates transcription 

of many essential genes during most growth phases [49,102]. In contrast, Sigma-38 (σ38, 

or RpoS), encoded by rpoS (RNA polymerase sigma S), is active during stationary phase 

and regulates genes required to cope with a variety of environmental stresses such as 

nutrient depletion, temperature shifts, osmotic shock, and oxidative stress [82,92,104]. 

Therefore, RpoS is known as the starvation/stationary phase sigma factor [27]. RpoS is 

required for natural competence in V. cholerae [31], and is thought to regulate competence 

indirectly through interacting with the quorum-sensing regulator, HapR [71]; however a 

recent study showed that RpoS regulates chitinase activity which generates the chitin 

molecule required to induce Sxy activity and natural competence in V. cholerae [31]. 

1.3.2 Nucleotide pools  

Nucleotides are the subunits of deoxyribonucleic acid (DNA) and ribonucleic acid 

(RNA). Nucleotides consist of a nitrogenous base (also called a nucleobase), a five-carbon 
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sugar (ribose or deoxyribose) and at least one phosphate group [68,119]. A nucleotide 

without the phosphate group is termed a nucleoside [120]. The nitrogenous bases are either 

purine derivatives (adenine (A) or guanine (G)), or pyrimidine derivatives (cytosine (C), 

thymine (T), or uracil (U)).  

Nucleotide pools play a significant role in regulating gene expression in bacteria. 

Nucleotide pools regulate gene expression via three mechanisms: 1) allosteric regulation, 

where nucleotides act as co-factors for transcription factors or riboswitches [28], 2) 

availability of adequate nucleotides determines transcription initiation, where transcription 

cannot start if pools of the initiating nucleotide are insufficient [67,118], and 3) depleted 

pools of free nucleotides cause pausing/attenuation which serve as a feedback mechanism 

for gene regulation by influencing RNAP activity and mRNA structure [110] (described 

in section 1.4.3).   

In terms of nucleotide pools and the regulation of competence, production of Sxy 

increases upon depletion of purine nucleotides in H. influenzae [106]. The regulation of 

sxy transcription and translation according to mRNA structure is described in the following 

section. As well, cytidine acts as an allosteric effector for the cytidine regulator (CytR); 

cytidine binding reduces CytR-DNA binding and CytR-CRP interactions, which in turn 

allows CRP to recruit RNAP and induce transcription. In V. cholerae, a ∆cytR mutant is 

not competent, suggesting that CytR-CRP anti-activate a repressor of competence [2,112].  

1.3.3 mRNA secondary structure 

Structural elements within mRNAs can influence gene expression by controlling the 

synthesis of a full-length mRNA or its post-transcriptional fate [50]. For example, 

formation of a stem-loop in a nascent transcript is sufficient to pause RNAP and cause 
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abortive transcription [117], referred to as attenuation. This regulation occurs when RNA 

structures change their conformation as a function of transcription rates or pausing, often 

in response to environmental or physiological signals (reviewed in [54,79]). This 

regulatory mechanism was first observed in 1970s by Charles Yanofsky and led to the 

discovery of the attenuation regulatory mechanism in the trp operon of E. coli and the his 

operon of S. enterica (reviewed in [123]). A transcription attenuator is a G+C rich region 

of mRNA that can form a stem-loop, and is typically found in 5́  untranslated regions 

(UTR) of the mRNA. There are many different classes of attenuators such as riboswitches 

[79], which are regulatory elements within mRNA that detect and bind specific small 

molecules in the cell, such as amino acids, nucleosides, sugars, vitamin cofactors and metal 

ions, and consequently fold RNA into a terminator or an anti-terminator structure [79,115].  

In H. influenzae, expression of the competence activator gene, sxy, was found to be 

tightly regulated by mRNA stem-loop. It is proposed that when purine pools are high, 

transcription proceeds quickly and an extensive mRNA stem-loop structure forms at the 

5ˊ end of the sxy transcript [22,106]. This structure directly impacts transcription, and 

translation by blocking ribosome access to the ribosome binding site (RBS) [22]. A similar 

regulatory mechanism is proposed in V. cholerae [3], where sxy translation is regulated by 

a nucleotide riboswitch.   

1.3.4 Regulation of competence gene expression by DNA topology   

If the double helix of DNA is over-wound or under-wound, DNA will relieve stress by 

twisting around itself to form supercoils [10]. Over-winding DNA results in positive 

supercoiling, and under-winding results in negative supercoiling; most bacteria maintain 

DNA in a negatively supercoiled state [35]. Supercoiling is important to compact large 
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DNA molecules into finite bacterial cells. Additionally, DNA supercoils store energy that 

can be transmitted along the DNA molecule to facilitate melting DNA double strands for 

replication and transcription [33,35,77]. In bacteria, DNA supercoiling is regulated 

enzymatically by topoisomerases [35,41], which can condense or remove DNA supercoils, 

break and recombine single or double stranded DNA, and disentangle intertwined DNA 

during DNA replication [18,37]. DNA supercoiling is also modulated by physical protein-

DNA binding, where nucleoid-associated proteins (NAPs) such as FIS, H-NS, HU, IHF 

and Lrp carry out dynamic spatial organization by bending DNA, forming protein-DNA-

protein bridges and aggregating over DNA [16,32,36]. All of these proteins are global 

regulators of gene expression, in part through their ability to alter DNA supercoiling [36].  

DNA topology plays an important role in regulating gene expression [35,114]. 

Supercoiling can activate or repress transcription by either facilitating or blocking TFs and 

RNAP binding to DNA. In Salmonella and E. coli, DNA topology changes throughout 

growth phases and is highly influenced by many physiological signals [21]. DNA is more 

supercoiled during rapid growth (exponential phase) and more relaxed during slow growth 

(stationary phase) [114]. Moreover, environmental signals such as low oxygen levels, 

osmotic pressure, temperature down-shift, acidic pH and nutrient upshifts increase DNA 

supercoiling, subsequently changing gene expression [21]. Thus, TFs and DNA 

supercoiling collectively integrate multiple environmental cues to regulate gene 

expression. Competence genes are induced by slow growth in H. influenzae [90,107]; 

therefore, we speculate that DNA relaxation is involved in regulation of competence 

genes. 
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1.4 Evidence of natural competence in Enterobacteriaceae.  

Competence remains undetected or overlooked in many bacterial species that have the 

potential to be naturally competent. In 2006, Cameron and Redfield [20] found that the 

essential genes required for competence are highly conserved in the Enterobacteriaceae 

family, including S. Typhimurium and E. coli (Figure 1.2). Furthermore, they identified 

putative CRP-S sites throughout S. Typhimurium and E. coli genomes and proposed that 

the function of the CRP-S regulon is conserved among Enterobacteriaceae [20]; thus, 

providing evolutionary and transcriptional evidence that S. Typhimurium and E. coli are 

possibly naturally competent.  

Salmonella is not known to be naturally competent yet, and many competence studies 

failed to show natural competence in E. coli, possibly due to a lack of inducing conditions 

[105,108]. Competence genes are silent under all previously-tested laboratory conditions 

[45,97], thus identifying inducing conditions is key to studying the regulation and function 

of cryptic competence gene homologs in Enterobactericeae. 

The Salmonella and E. coli genes that are the focus of this thesis work are homologs 

of bona fide genes for natural competence in H. influenzae. Several competence gene 

homologs have now been confirmed to be required for nutritional competence in E. coli 

[39,83]. Additionally, current studies in the Cameron lab indicate that Salmonella is also 

fully capable of nutritional competence. Therefore, the homology, shared regulatory 

network, and a competence phenotype make it simpler and scientifically appropriate to 

refer to Salmonella and E. coli competence gene homologs simply as “competence genes” 

in this thesis.  
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1.5 Research objectives 

This project seeks to identify the environmental signals and molecular mechanisms 

responsible for the regulation of competence gene expression in S. Typhimurium and E. 

coli. This research addresses seven general questions, each forming the basis of a 

manuscript-formatted chapter: 

i. What environmental and physiological conditions induce competence gene expression 

in Salmonella? and 

ii. Do CRP and Sxy regulate competence genes in Salmonella? 

Chapter 2: identifies environmental and physiological signals that induce sxy and 

competence genes in Salmonella, and identifies CRP and Sxy as positive regulators 

of competence gene expression in Salmonella. 

iii. Are competence genes induced by nutrient signals in Salmonella? 

Chapter 3: studies the effect of nutrient signals and DNA availability on inducing   

competence gene expression in Salmonella, and identifies RpoS as a repressor of 

competence gene expression. 

iv. Does DNA topology modulate competence gene expression in Salmonella?  

Chapter 4: analyses competence gene promoters bioinformatically and studies the 

effect of DNA relaxation on regulating competence in Salmonella. Further it 

discovers roles for FIS and H-NS in repressing competence gene expression. 

v. What genes and functions are regulated by Sxy in Salmonella?  
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Chapter 5: describes a genome-wide analysis of the Sxy regulon using directional 

RNA-seq, revealing that Sxy is not restricted to the regulation of competence 

genes. Sxy is also involved in regulating sugar metabolism, DNA replication, 

nucleotide metabolism, small RNAs, transcription factors, and pathogenicity. 

vi. Do CRP and Sxy proteins bind to CRP-S sites in E. coli gene promoters? 

Chapter 6: identifies Sxy functional domains, and studies the CRP-Sxy-DNA 

interaction in E. coli through bandshift assays, where mass-spectrometry analysis 

reveals artefactual results of protein-protein and protein-DNA interactions. 

vii. How does a history of promoter shuffling affect hopD expression? 

Chapter 7: studies the co-regulation of hopD through phylogenic footprinitng 

analysis in E. coli and Salmonella, revealing that hopD is co-transcribed with the 

gsp operon in the model organism E. coli K-12, but has its own separate promoter 

in many E. coli spp, Salmonella spp, and other Enterobacteriaceae. 
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Abstract 

Natural competence is the ability of many bacteria — including the model 

organisms Haemophilus influenzae and Vibrio cholerae — to take up extracellular DNA 

into the cell. Genes for natural competence are involved either directly in the transport of 

extracellular DNA or indirectly by regulating and assembling uptake machinery. Even 

though Salmonella has homologs of H. influenzae and V. cholerae genes for DNA uptake, 

Salmonella is not known to be naturally competent. Moreover, despite a wealth of 

microarray and RNA-seq data, Salmonella's competence gene homologs are silent under 

previously-tested experimental conditions. Here we report identification of conditions that 

induce expression of Salmonella’s cryptic competence gene. We examined the response 

of competence gene homologs to diverse environmental and physiological factors such as 

temperature, temperature upshift and downshift, micro-aerobic growth, anaerobic shock, 

acidity, osmotic pressure, carbon source, and media structure. Ultimately, we found that 

competence genes are expressed when Salmonella is growing on semi-solid rich medium 

(Luria-Bertani-Miller (LB) with 0.5- 1.0% NaCl at pH 7) under aerobic conditions at 22 - 25 

ᵒC. CRP (cAMP receptor protein) and Sxy (also called TfoX) are required to regulate 

competence in H. influenza and V. cholerae; thus, we tested whether these proteins 

regulate competence gene homologs in Salmonella, and showed that expression was 

decreased in ∆crp as well as in ∆sxy under all the tested conditions. Conversely, 

overexpressing either E. coli sxy or Salmonella sxy in Salmonella resulted in increased 

expression of the competence gene homologs. These findings suggest that these genes 

might be required for DNA uptake in Salmonella. 
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2.1 Introduction  

Some bacteria have the ability to take up DNA from their environment through a 

process called “natural competence” [13]. This process can contribute to the emergence of 

new diseases because it can result in transferring genes for pathogenicity and antibiotic 

resistance between bacteria. Although numerous bacterial species are known to be 

naturally competent, this ability remains undetected or overlooked in many species that 

have the potential to be naturally competent, such as the pathogen Salmonella. A search 

for competence gene homologs in Gamma-proteobacteria revealed that Salmonella has 

homologs of the genes known to be required for DNA binding and uptake, thus we 

hypothesize that Salmonella is naturally competent [6] (henceforth, we will refer to 

competence gene homologs simply as “competence genes”).  

In order to detect and characterize Salmonella’s ability to become naturally 

competent, we first needed to identify environmental conditions that stimulate expression 

of Salmonella’s competence genes. This research focuses on studying the following 

competence genes: pilA, hopD, comM, comN, comA, and comF. Surprisingly, despite 

decades of research in Salmonella, expression of competence genes has not previously 

been detected. Although numerous whole genome analyses of Salmonella are available, 

RNA-seq data and microarray data show that Salmonella competence genes are silent in 

all previously-tested conditions.  

Regulatory mechanisms and signals that stimulate competence differ between 

bacterial species (reviewed in [21]). For example, while competence in some bacteria is 

induced by cold temperatures (e.g. Moraxella catarrhalis) [41], competence in others is 
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induced on chitinous surfaces (e.g. Vibrio cholerae) [37]. Most Salmonella transiting 

between different environments and encounter different challenges inside and outside of 

an animal host. Thus, to identify the optimal conditions for induction of competence in 

Salmonella, competence gene expression was monitored across a variety of growth 

conditions. We constructed lux reporter gene fusions for two regulators, crp and sxy, and 

two representative competence genes, hopD and pilA. CRP and Sxy transcription factors 

are absolutely required for competence gene expression in Pasteurellaceae [6,40], while 

hopD and pilA encode proteins in the DNA uptake machinery. The response (promoter 

activity) of these genes was examined to various environmental and physiological factors 

including: temperature (42 ᵒC, 37 ᵒC, 30 ᵒC, 29 ᵒC, 25 ᵒC, 22 ᵒC, 15 ᵒC), temperature 

downshift (from 37 ᵒC to 22 ᵒC and 15 ᵒC), temperature upshift (from 22 ᵒC  to 37 ᵒC), 

micro-aerobic growth, anaerobic shock, acidity (7 pH and 5.8 pH), osmotic pressure (0%, 

0.5%, 1%, 1.5%, and 2% (w/v) NaCl), carbon source (0.4% glucose and 0.4% glycerol), 

media structure (liquid, solid, and semi-solid media), biofilm, and nutrient availability. 

Henceforth, we will refer to crp::lux, sxy::lux, hopD::lux, and pilA::lux as the 

“competence reporters”. 

2.2 Results 

2.2.1 What temperature induces competence genes in Salmonella? 

Several studies have shown that competence genes are up-regulated at low 

temperatures. For instance, in Moraxella catarrhalis, a human mucosal pathogen, cold-

shock (from 37 ᵒC to 26 ᵒC) induces expression of competence genes such as pilA and 

comM, and increase natural transformation [41]. RNA-seq data shows that the expression 
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of Salmonella competence genes, comM and hopD, is slightly elevated at 15 ᵒC and 25 ᵒC 

(SalCom database (http://tinyurl.com/HintonLabSalCom.), [23]). Hence, we hypothesized 

that other competence genes may be induced at low temperature. 

To test this hypothesis, using lux reporter genes fusions, competence gene expression 

was examined in broth culture at the following temperatures: 42 ᵒC, 37 ᵒC, 29 ᵒC, 25 ᵒC, 

and 22 ᵒC (Figure 2.1). As expected, competence gene expression was undetectable at 42 

ᵒC and 37 ᵒC. At 29 ᵒC, we were able to detect low expression of pilA::lux, and at 25 ᵒC 

and 22 ᵒC their expression increased. hopD::lux showed detectable expression at 25 ᵒC 

and 22 ᵒC. Similarly, the regulators, crp::lux and sxy::lux were low at 42 ᵒC and 37 ᵒC; 

and higher at 22 ᵒC, with their highest expression being observed at 29 ᵒC and 25 ᵒC. 

Overall, crp, sxy, pilA, and hopD were all expressed at 25 ᵒC and 22 ᵒC. Reverse 

transcription quantitative PCR (RT-qPCR) was used to compare the expression of these 

genes when growing cultures at 22 ᵒC versus 37 ᵒC in broth at OD of 1.0. As shown in 

Figure 2.2, the expression of sxy, pilA, hopD, comM, comN, comA, and comF increased by 

~4, 4, 5, 30, 20, 4, and 9 fold respectively at 22 ᵒC. This indicates that competence genes 

in Salmonella are induced at low temperature (22 ᵒC). 

2.2.1.1 Temperature shift 

Salmonella are versatile bacteria that move between very different environments. 

Salmonella can be found in water, on fruits and vegetables and associated with a broad 

spectrum of warm-blooded hosts such as humans, rodents and birds [12,32]. This 

switching between diverse environments implies transiting between temperatures as well. 

Our data shows that competence genes are induced when growing at 22-25 ᵒC, but does  
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Figure 2.1. Promoter activities of crp, sxy, pilA, and hopD at different temperatures. 

In a 96-well plate, promoter activity was examined at different temperatures (22, 25, 29, 

37, and 42 ᵒC). Promoter activity is expressed in arbitrary units and values are normalized 

to the OD. Data are represented by the mean (n = 3). Error bars are not shown to reduce 

lines on the graphs (SD= 0.2-0.3). 
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Figure 2.2. Competence gene expression in broth culture at 22 ᵒC.  

Competence gene expression in broth culture at 22 ᵒC compared to 37 ᵒC at O.D of 1.0. 

Due to the small number of the biological replicates (n = 2), data are represented by mean 

± range. Numbers on the data columns indicate fold difference in expression.  

 

 

  



38 

 

 

switching between different temperatures induce competence gene expression? To address 

this question, competence gene expression was monitored post-temperature shift in which 

bacteria exponentially growing at 37 ᵒC were suddenly exposed to low temperatures (22 

ᵒC and 15 ᵒC) (Figure 2.3 A). The same experiment was repeated such that competence 

gene expression was monitored during growth at 22 ᵒC and after a sudden shift to 37 ᵒC 

(Figure 2.3 B). 

Figure 2.3 C-F shows that crp, sxy, pilA, and hopD expression were only slightly 

elevated after 60 minutes of temperature downshift (after 20, 30, and 40 minutes there was 

no change in gene expression (Appendix A, Figure A.1)). Thus, these results show that 

gene expression is consistently higher at 22 ᵒC compared to 37 ᵒC, but temperature 

downshift has a negligible effect on expression. Conversely, temperature upshift induces 

the expression of both crp and sxy but reduces the expression of both pilA and hopD. These 

results suggest transient up-regulation of the transcription factors (CRP and Sxy) as these 

genes have much lower expression in steady state growth at 37 ᵒC. 

2.2.1.2 Solid and semi-solid media 

It has recently been shown that growth of Acinetobacter on agar medium induces 

competence [45]. To test whether growing on agar induces Salmonella competence, we 

monitored Salmonella growth and competence gene expression for 14 days of growth on 

solid (1.5% agar) and semi-solid media (0.5% agar) at 37 ᵒC, 30 ᵒC, 22 ᵒC, and 15 ᵒC. The 

number of viable cells on semi-solid media was higher compared to solid media at all 

tested temperatures (Figure 2.4). Bacterial growth was slow and cell counts were low  
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Figure 2.3. Effect of temperature shift on competence gene expression. 

A and B diagrams illustrate the cold-shock and heat- shock experiments. Figure C, D, E, 

and F show the promoter activity of crp::lux, sxy::lux, pilA::lux and hopD::lux, 

respectively. Promoter activity is expressed in arbitrary units and values are normalized to 

OD. Due to the small number of the biological replicates (n = 2), data are presented as 

mean ± range. 
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Figure 2.4. Growth on solid and semi solid media at different temperatures.  

Viable cell counts are presented on a log scale as means (n = 4). Error bars are not shown 

to reduce lines on the graph. 
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at 15 ᵒC compared to the other temperatures. The expression of sxy, pilA and hopD was 

higher when Salmonella was growing on solid medium at 22 ᵒC compared to broth culture, 

and Figure 2.5 shows that gene expression was further elevated when bacteria were grown 

on semi-solid medium.  

The highest promoter activity of pilA and hopD was detected at 15 ᵒC and 22 ᵒC on 

semi-solid media. Likewise, the highest detectable sxy promoter activity was at 22 ᵒC on 

semi-solid media, and crp highest activity was at 30 ᵒC on semi-solid media, and 

expression was reduced at 22 ᵒC and 15 ᵒC (Figure 2.5 A). At 15 ᵒC, all genes took longer 

to reach their maximum expression levels (expression in Figure 2.5) (growth in Figure 

2.4). 

To confirm the above, RT-qPCR was implemented to compare the expression of these 

genes when growing in liquid, solid, semi-solid media at 22 ᵒC. As shown in Figure 2.6, 

the expression of crp, sxy, pilA, hopD, comM, comN, comA, and comF increased by ~2, 

123, 10, 3, 4, 6, 3, and 2 fold respectively, after 8 days of growing on solid medium 

compared to broth culture (O.D. of 1.0). Likewise, the expression of these genes is higher 

at 4 and 8 days on semi-solid medium compared to solid medium (Figure 2.7).  

2.2.2 Are competence genes induced in biofilms, and cell aggregates?  

Bacteria spend much time associating with each other on surfaces in complex 

micro-communities called “biofilms”. In some bacterial species, such as Streptococcus 

pneumoniae, competence genes are induced during biofilm development [26].  

When Salmonella is growing on semi-solid medium at 22 ᵒC, sometimes it forms 

a distinct web-like structure shape that we will call “biofilm” (Figure 2.8). 
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Figure 2.5. Promoter activity on solid and semi-solid media. 

Promoter activity was examined on solid and semi-solid media (without parafilm) at 

different temperatures (15, 22, 30, and 37 ᵒC). Promoter activity is expressed in arbitrary 

units and values are normalized to the number of cells. Data are represented by mean ± 

SD (n = 3). Red box indicates the same number on the Y-axis for different scales.  
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Figure 2.6. Competence gene expression on solid medium at 22 ᵒC.  

Competence gene expression after 8 days on solid medium at 22 ᵒC compared to broth 

culture (O.D of 1.0) at 22 ᵒC. Data are represented by mean ± range (n = 3). Numbers on 

the columns indicate fold difference in expression. 
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Figure 2.7. Competence gene expression on semi-solid medium at 22 ᵒC.  

The increase in competence gene expression after growing for 4 and 8 days on semi solid 

media at 22 ᵒC versus on solid media. Data are represented by mean ± range (n = 3). 

Numbers on the data columns indicate fold difference in expression. 
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After a few experiments to optimize the required conditions to achive this structure, we 

found that it is essential to inoculate bacterial cells (approximately 7x105) on the surface 

of the semi-solid media when it is still wet.  

Using the competence gene reporters, we tested whether or not competence genes 

are induced in biofilm. All reporters demonstrated slightly higher expression in the biofilm 

structure (Figure 2.9). This biofilm structure was formed when cells were growing under 

moist conditions but not dry conditions. This finding suggests that biofilm might play a 

minor or secondary role in inducing competence.  

2.2.2.1 Variation in gene expression between different incubators 

In the course of the aforementioned experiment, I observed the effect of growing 

Salmonella in two different incubators on competence gene reporter activity (Figure 2.10). 

The two incubators are different in terms of size, hydration, aeration, light exposure, and 

the biofilm structure forms in the small incubator but not the big incubator.  For example, 

while the small incubator provides a moister environment with fair light exposure, the air 

flow in the big incubator makes it drier. Thus, wrapping culture plates with parafilm was 

a necessity in the big incubator to prevent drying, but this consequently reduced oxygen 

availability. Additionally, since the shelf is at the top of the incubator, plates are placed on 

the top shelf in the big incubator, these plates get less light exposure.  

The expression of the competence reporters was higher in the big incubator than in 

the small one on both solid and semi-solid media (Figure 2.11), crp::lux on the other hand 

showed slightly higher expression in the small incubator than the big one. This suggests 

that desiccation and oxygen availability might play role in inducing competence genes. 
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Figure 2.8. Biofilm morphology.  

The morphology of biofilm and non-biofilm structure after 7 days on semi-solid media at 

22 ᵒC. The “biofilm” structure was formed in a moister environment with fair light 

exposure (the small incubator), the “non-biofilm” structure” formed in both the small and 

the big incubator (where air flow causes faster desiccation). 

 

Figure 2.9. Promoter activity in “biofilm”.  

Promoter activity of crp, sxy, hopD and pilA after 7 days on semi-solid medium at 22 ᵒC. 

Promoter activity is expressed in arbitrary units and values are normalized to OD. Lines 

represent mean ± SD (n = 3).  
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Figure 2.10. The big and the small incubators.  

The big incubator (New Brunswick™ Innova® 42/42R) is 32.3 × 29.7 × 32.3 in 

(W×D×H). The small incubator (Thermo Scientific Heratherm Incubator, model IMC18) 

is 10.2 × 18.5 ×16.3 in (W×D×H).  

 

Figure 2.11. Promoter activity in the big and small incubators.  

Promoter activity after 5, 6, and 11 days of growing in the small and big incubators at 22 

ᵒC. Promoter activity is expressed in arbitrary units and values are normalized to OD. Data 

are represented by mean ± SD (n = 3). 
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2.2.3 Are competence genes induced in micro-aerobic growth conditions?  

Salmonella is a facultative anaerobic organism. Numerous studies have indicated that 

changes in oxygen levels often increases natural transformation in competent species. In 

Bacillus mojavensis and Bacillus subtilis, for example, DNA uptake is essential for 

bacterial survival in anaerobic conditions [15]. In Campylobacter jejuni, a bacterial 

pathogen that infects the gastrointestinal tract, a combination of low temperature and low 

oxygen was also observed to increase natural transformation [43]. Moreover, even though 

analyzing Salmonella RNA-seq data shows competence genes are silent under most 

experimental conditions, comA, comM, comN, hopD show very low expression after 

anaerobic shock (SalCom database (http://tinyurl.com/HintonLabSalCom.), [23]). Thus, 

we hypothesized that competence genes are induced in micro-aerobic conditions in 

Salmonella.  

To test this hypothesis, competence gene expression was examined in three different 

micro-aerobic growth conditios: 1) in a 96-well plate covered with a sealing film  2) in test 

tubes overlaid with a thick layer of oil 3) on solid media plates wrapped with parafilm. All 

these three conditions are designed to reduce oxygen exchange.  

As shown in Figure 2.12, when covering a 96-well plate with a sealing film, bacterial 

growth decreased in the micro-aerobic environment. The expression of sxy and pilA 

decreased during micro-aerobic growth; the consistently low expression of  hopD 

precluded the detection of its exprssion in the micro-aerobic environment.  

In the second micro-anaerobic condition, competence reporters were monitored in 

micro-aerobic growth at 37 ᵒC by growing 4 millilitres of culture in a test-tube and 

overlaying it with a thick layer of oil (8 millilitres). Figure 2.13 shows that the promoter 
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activity of both crp and sxy decreased upon the addition of oil. Due to the high temperature 

(37 ᵒC), the promoter activity pilA and hopD was too low to detect an effect.  

In the third micro-aerobic condition, wrapping plates with parafilm, competence 

reporter expression increased (Figure 2.14). Under this micro-aerobic growth, sxy 

expression was higher at 30 ᵒC while pilA and hopD expression was higher at 22 ᵒC.  

Both the first and the second micro-aerobic growth conditions were in liquid medium 

while the third condition was on solid medium. Thus, we conclude that the expression of 

the competence genes decline when growing micro-aerobically in liquid media and 

increase on solid media.  

2.2.3.1 Anaerobic shock 

Inside the gut, oxygen levels decline and Salmonella induce anaerobic respiration 

[28,46]. To examine the effect of oxygen deprivation on competence genes, exponentially 

growing cells were transferred from well-aerated flasks at 37 ᵒC and 22 ᵒC to sealed 

conical tubes to create anaerobic shock: this technique is known to immediately induce 

genes for anaerobic growth [23]. Competence gene reporter activity was measured after 

60 minutes of incubation. Figure 2.15 shows that anaerobic shock did not affect crp, sxy, 

hopD, or pilA gene expression at 37 ᵒC, but their expression decreased at 22 ᵒC. 

When growing at high tempreature (37 ᵒC) the activity of these promoters is very low 

especially pilA and hopD, for which their expression is almost undetectable. As previously 

mentioned, when these reporters were exposed to tempreature downshift  (from 37 ᵒC to 

22 ᵒC and 15 ᵒC) in Salmonella, their expression slightly increased. Based on these 
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Figure 2.12. Micro-aerobic condition #1, 96-well plate covered with sealing film. 

 

Promoter activity was monitored at 25 ᵒC when culture was growing in a 96-well plate 

with and without sealing film. Figure A shows Salmonella growth in low aeration. B, C, 

and D show the promoter activity of sxy::lux, pilA::lux and hopD::Lux, respectively. E 

and F illustrate the plates used in this experiment. G is a summary of the low aeration 

condition. Promoter activity is expressed in arbitrary units and values are normalized to 

OD. Data are represented by mean ± SD (n = 3). 
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Figure 2.13. Micro-aerobic condition #2, cultures are overlaid with oil.  

Promoter activity was monitored at 37 ᵒC when culture was overlaid with oil in a shaking 

incubator. A illustrates the tubes used in this experiment. B, C, D, and E show the promoter 

activity of crp::lux, sxy::lux, hopD::Lux, and pilA::lux, respectively. Promoter activity is 

expressed in arbitrary units and values are normalized to OD. Due to the small number of 

the biological replicates, data are represented by mean ± range (n = 2). 
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Figure 2.14. Micro-aerobic growth condition #3, wrapped with parafilm.  

Promoter activity was monitored for 14 days during bacterial growth on a solid media plate 

with and without parafilm at 37 ᵒC, 30 ᵒC, and 22 ᵒC. A picture demonstrates the plates 

and incubator used in this experiment. B, C, D, and E show the promoter activity of crp, 

sxy, hopD, and pilA, respectively Promoter activity is expressed in arbitrary units and 

values are normalized to the number of cells. Data are represented by mean ± SD (n = 3). 
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Figure 2.15. Anaerobic shock with shaking. 

Promoter activity was monitored when cells were grown in a flask at 37 ᵒC and 22 ᵒC and 

then transferred to sealed 15 ml tubes. A illustrates the experiment. B, C, D, and E show 

the promoter activity of crp, sxy, pilA, and hopD, respectively. Circles refer to cultures 

grown initially at 37 ᵒC, and squares refer to cultures grown initially at 22 ᵒC. Promoter 

activity is normalized to OD and expressed in arbitrary units. Due to the small number of 

the biological replicates, data are represented by mean ± range (n = 2). 
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observations, we hypothysized that combining both anaerobic shock and temperature 

downshift would induce competence gene expression. 

We observed that anaerobic shock and temperature downshift from 37 ᵒC to 22 ᵒC 

increased the promoter activity of crp, sxy, hopD, and pilA, wherase anaerobic shock and 

temperature downshift from 37 ᵒC to 15 ᵒC did not show a strong effect (Figure 2.15). This 

clearly confirms the effect of low tempreature on competence genes.  

All the above mentioned anaerobic shock experiments were conducted in shaking 

incubators. The advantage of shaking cultures is to maintain equal oxygen distribution 

throughout the entire culture. Correspondingly, anaerobic shock experiments are mainly 

conducted without agitation to limit oxygen exchange. Therefore, the previously 

mentioned anaerobic shock experiment was repeated without culture agitation. 

Similar to growing in shaking conditions, anaerobic shock without agitation resulted 

in elevated sxy, pilA, and hopD promoter activity, where sxy and pilA show higher activity 

at 22 ᵒC than 37 ᵒC (Figure 2.16). Likewise, overlying cultures with thick layers of oil 

increases the activity of these reporters and caused a greater effect on increasing sxy and 

pilA activity (Figure 2.16). Even though pilA, and hopD have the same level of expression 

in shaking and non-shaking conditions, the effect of anaerobic shock at 22 ᵒC was greater 

under shaking conditions.  

To confirm that competence gene expression is induced upon anaerobic shock at 22 

ᵒC and 37 ᵒC without shaking, RT-qPCR was implemented. fnr, which encodes a global 

regulator of anaerobic growth [30], and fnrS, a small RNA regulated in response to 

anaerobic stress [14], were used as controls for the anaerobic shock experiment. According  
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Figure 2.16. Anaerobic shock without agitation.  

Promoter activity was monitored pre after 60 minutes of anaerobic shock without agitation. 

A diagram illustrates the experimental design. B, C, D, and E show the promoter activity 

of crp, sxy, pilA, and hopD, respectively, when cells were transferred from well aerated 

flasks at 37 ᵒC to sealed 15 ml tubes. F, G, H, and I show the promoter activity of crp, 

sxy, pilA, and hopD, respectively, when cells were transferred from well aerated flasks at 

37 ᵒC to tubes and overlaid with a thick layer of oil. Promoter activity is expressed in 

arbitrary units and values are normalized to OD. Due to the small number of the biological 

replicates, data are represented by mean ± range (n = 2). 
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to the SalCom database [23], fnr expression is expected to decrease with anaerobic shock 

while fnrS expression is expected to increase.  

The control genes, fnr and fnrS, behaved as expected, but the expression of crp, 

sxy, pilA, hopD, comM, comN, comA, and comF unexpectedly declined at 22 o C and further 

declined at 37 ᵒC (Figure 2.17). 

2.2.4  Are competence genes induced in MM 5.8?  

Salmonella cells encounter many challenges when invading epithelial or 

macrophage cells, such as low nutrients, low pH, and low magnesium [16]. Minimal 

Medium pH 5.8 (MM5.8) represents two challenges that bacteria might encounter during 

such an invasion: low pH and low nutrients [48], and by modifying magnesium 

concentration in this medium we can test the third challenge (low Mg2+). Analysis of 

unpublished microarray data revealed that the expression of several competence genes 

(crp, sxy, pilA, comN and comA) were weakly induced in Salmonella grown in MM5.8, 

but not comM nor hopD (Jay Hinton, personal communication (University of Liverpool)). 

These data represent the expression of competence genes after a short period in MM5.8, 

but it is possible that comM and hopD are expressed at a different time point. Therefore, 

we monitored expression of these genes in MM5.8 over 48 hours. Experiments were 

conducted to test three questions: 1) Are all competence genes expressed in MM5.8? 2) 

Does transferring bacteria from rich medium to MM5.8 induce competence genes? 3) Does 

acidic medium (pH 5.8) induce competence gene expression? 4) Does low magnesium 

induce competence gene expression? 
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Figure 2.17. Anaerobic shock without agitation (RT-qPCR).  

 

Gene expression was quantified after 60 minutes of anaerobic shock without agitation. The 

diagram at the bottom right demonstrates the experimental design. Promoter activity is 

expressed in arbitrary units and values are normalized to total RNA in cDNA synthesis. 

Due to the small number of the biological replicates, data are represented by mean ± range 

(n = 2). 
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The promoter activity of the competence reporters was monitored as a function of 

growth under two different growth conditions: to address question number 1 above, 

overnight culture in MM5.8 was inoculated directly into MM5.8; and to address question 

number 2 above, overnight culture was transferred from rich medium (LB) to MM5.8. 

Cultures grew to a higher density in LB compared to minimal medium (Figure 2.18). As 

shown in Figure 2.19, the expression of competence reporters crp, sxy, and hopD 

decreased in MM5.8. pilA expression, however, increased 20% in MM with a high 

concentration of MgCl2. Transferring bacteria from rich medium to MM5.8 did not have 

any effect on competence gene expression (Appendix A, Figure A.2). 

To address question number 3 above, expression was monitored in LB and 

MM5.8 at two different acidities: pH 5.8 and pH 7. Figure 2.19 shows that when bacteria 

are cultured in LB, the expression was slightly higher in the neutral medium (pH 7) than 

the acidic medium (pH 5.8). Likewise, the expression of competence reporters in MM5.8 

was slightly higher pH 7 than in pH 5.8 (Figure 2.19, right). Yet, pilA expression in MM5.8 

with low MgCl2 was higher in pH 5.8. 

Finally, to address question number 4 above, we tested the effect of two different 

concentrations of MgCl2 (10 mM and 10 µM) on competence reporters. Even though the 

growth was not highly affected by the difference in MgCl2 concentration (Appendix A, 

Figure A.3), pilA expression was higher in the minimal medium having a higher 

concentration of MgCl2 (Figure 2.20). 
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Figure 2.18. Growth in LB and Minimal medium (MM).  

 

Bacterial growth in LB (blue) and minimal medium (purple) at pH 5.8 and pH 7, 25 ᵒC. 

Red arrow indicates the time point for promoter activity in the next figure. OD is 

represented as mean (n = 3). Error bars are not shown to reduce lines in the graph.  

  

 

Figure 2.19. Acidity regulates competence promoter activity in LB and MM.  

Promoter activity in LB (left) and MM (right) at pH 5.8 and pH 7, 25 ᵒC.  Promoter activity 

is expressed in arbitrary units and values are normalized to OD, data are represented by 

mean ± SD (n = 3). 
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We also tested the effect of different carbon sources (0.4% glycerol or glucose) on 

competence genes. Adding glycerol to MM5.8 or LB inhibited gene expression, and 

adding glucose inhibited both growth and gene expression in LB and MM5.8 (Appendix 

A, Figure A.4 to A.11). 

2.2.5 Does osmotic pressure influence competence gene expression in Salmonella? 

One of the challenges that Salmonella encounter during its life cycle inside and 

outside a host is the variation in osmotic pressure. Thus, to examine the effect of different 

osmotic pressures on competence genes, the activity of the competence reporters was 

monitored for 48 hours in 0%, 0.5%, 1.0%, and 2.0% of NaCl in LB.  Except for 0%, the 

growth was not significantly affected by a variation in osmotic pressure. As shown in 

Figure 2.21, the highest activity of the competence reporters was in 0.5% and 1% NaCl 

and the lowest at 0% and 2% NaCl. crp::lux though, showed its highest activity in 2% 

NaCl (Figure 2.21). Altogether, this data indicates that low osmotic pressure (0% NaCl) 

and increasing osmotic pressure above that of 0.5% NaCl reduces competence gene 

expression in Salmonella.  

2.2.6 Do CRP and Sxy regulate competence gene expression in Salmonella? 

 Having discovered conditions that stimulate expression of competence genes in 

Salmonella, I next tested the role of transcription factors on competence gene expression.  

Natural competence is tightly regulated by both CRP and Sxy in H. influenzae and V. 

cholerae [7,8,47]. Both crp and sxy are conserved in several Gamma-proteobacteria 

families [6]. In E.coli, although natural competence has not been detected, it was shown 

that the expression of competence genes is regulated by CRP and Sxy [6,39,40]. 
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Figure 2.20. Effect of MgCl2 concentration on competence promoters in MM.  

Promoter activity in MM pH 5.8 and MM pH 7 with high MgCl2 (10 mM) and low MgCl2 

(10 µM) at 25 ᵒC. Promoter activity is expressed in arbitrary units and values are 

normalized to OD, data are represented by mean ± SD (n = 3). (Data from Figure 2.19 is 

rearranged to show the MgCl2 effect).  
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Figure 2.21. Effect of osmotic pressure on competence promoters.  

Growth curves under different salt concentrations (top), and blue arrow indicates the time 

point of promoter activity in different salt concentrations (bottom) at 25 ᵒC. Promoter 

activity is expressed in arbitrary units and values are normalized to OD, data shows the 

mean and SD (n = 3). 
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To test if CRP and Sxy are similarly essential for the positive regulation of competence 

gene expression in Salmonella, the activity of the competence reporters was monitored in 

Δcrp and Δsxy mutants throughout growth. 

On solid media and semi-sold media, the promoter activity of both sxy::lux and 

hopD::lux was reduced in Δcrp (Figure 2.22). None of the competence reporters showed 

any activity in a Δsxy mutant under all tested conditions (data not shown). In broth 

medium, Figure 2.23 shows that sxy expression is considerably lower in Δcrp than in wild 

type. hopD expression is also lower in Δcrp at 25 ᵒC but higher at 29 ᵒC. pilA expression 

is the same in Δcrp at both tested temperatures (25 ᵒC and 29 ᵒC). RT-qPCR data shows 

that the expression of all the tested competence genes decreased in both Δcrp and Δsxy in 

broth media as well as on solid and semi-solid media (Figure 2.24 and Table 2.1). This 

means CRP and Sxy activates competence gene expression in Salmonella.  

Curiously, expression of pilA, which encodes the major pilin thought to be involved in 

pulling DNA through outer membrane, demonstrated unusual results. The pilA::lux 

reporter showed higher expression in ∆crp when grown on solid and semi-solid media than 

in the wild type (Figure 2.22), whereas the RT-qPCR data showed that pilA expression 

decreases in ∆crp (Figure 2.24). This suggests that pilA, similar to the other competence 

genes, is CRP-dependent; however, in this case CRP might be a dual-regulator (activator 

and repressor). It is also possible that multi-copy effects and altered supercoiling of the 

plasmid–borne pilA::lux and confound CRP effects at this promoter.  
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Figure 2.22. Competence reporters’ activity in crp mutant on solid and semi-solid 

media.  

Promoter activity in wild type and crp mutant when grown on solid and semi-solid media 

at 22 ᵒC. Promoter activity is expressed in arbitrary units and values are normalized to the 

OD. Data are represented by mean ± SD (n = 3).  
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Figure 2.23. Competence gene reporter activity in ∆crp mutant in broth culture.  

Promoter activity in wild type and ∆crp mutant when grown in broth culture at 29 ᵒC and 

25 ᵒC. A shows growth of both the wild type and ∆crp mutant. B is promoter activity at 

29 ᵒC. C is promoter activity at 25 ᵒC. Promoter activity is expressed in arbitrary units and 

values are normalized to the OD. Data are represented by mean ± SD (n = 3). 
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Figure 2.24. Competence gene expression in the absence of crp or sxy.  

The expression of competence genes (crp, sxy, pilA, hopD, comM, comN, comA, and 

comF) in ∆crp (blue) and ∆sxy (red) in broth medium at 37 ᵒC (OD 1.0), after 8 days of 

growing on solid medium and semi-solid medium at 22 ᵒC. RT-qPCR data are presented 

as mean and SD (n = 6). (Control genes in Appendix A, Figure A.12)  
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Table 2.1 Fold change in competence gene expression in ∆ crp and ∆sxy relative to 

wild type (RT-qPCR data). 

 

Gene name 
crp sxy

broth solid Semi-solid broth solid Semi-solid 

crp below detection -1.4 -3162.5 -16.9 

sxy -111 -46 -514.2 below detection 

pilA -20.8 -25.3 -71.3 -10.3 -77.9 -11.9 

hopD -5.1 -11.5 -47.7 -4.6 -9.4 -6.3 

comM -9.8 -79.6 -116.9 -3.9 -573.4 -6.9 

comN -3.7 -8.2 -11.8 -2.3 -11.3 -7.5 

comA -11.9 -59.4 -143.8 -2.2 -406.7 -8.2 

comF -11 -16.2 -25.1 -2.4 -123.9 -39.1 
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2.2.7 Are Salmonella competence genes strongly induced by Sxy?  

Sxy is a positive regulator of competence genes in H. influenzae V. cholerae  and E. 

coli [7,8,39,47]. Hence, we hypothesize that these competence genes are strongly induced 

by Sxy in Salmonella. 

We artificially induced E. coli sxy in Salmonella to identify sxy-activated genes using 

pEcsxy:: pASKA (which added a histidine tag to the cloned gene) [6,40]. In addition, the 

wild type Salmonella sxy ORF was cloned into the pSU20 plasmid under the control of the 

isopropyl-β-D-1-thiogalactopyranoside (IPTG)-inducible T5-lac promoter. Salmonella 

does not encode a lac operon, thus it was provided in trans as an pSEVA234 plasmid. This 

provides two important advantages to lac induced in E. coli: 1) titratable and homogeneous 

induction across all cells due to passive diffusion of inducer across the cell envelope and 

2) not actively concentrated inducer inside cells, thereby reducing the toxic effects of sxy 

over-expression reported in E. coli [39]. 

RT-PCR data shows increased competence gene expression upon 30 minutes of 

inducing Salmonella sxy (Se.sxy) at an OD of 0.6 (Figure 2.25). The E. coli and Salmonella 

Sxy proteins are similar in sequence, and E. coli sxy (Ec.sxy) was also able to induce 

Salmonella genes when over-expressed from the IPTG-inducible pASKA vector (Figure 

2.25). 

Next we tested whether Sxy over-expression had the same effect on various stages of 

growth. Even though sxy is overexpressed at an OD of 0.2 (Figure 2.26 A), the competence 

genes are not induced (Figure 2.26 B and C).  
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Figure 2.25. Sxy induces competence gene expression.  

Competence gene expression after 30 minutes of over-expressing Salmonella sxy and E. 

coli sxy at OD of 0.6 in broth culture at 37 ᵒC. RT-qPCR data are presented as mean ± SD 

(n = 3). Numbers on the data columns indicate fold difference in expression relative to 

wild type. 

 

 

 

Figure 2.26. Over-expressing Sxy at different growth points.  

Sxy, pilA and comN expression after 30 minutes of over-expressing Salmonella sxy at OD 

of 0.2, 0.5, 1.0, and 2.0. RT-qPCR values are expressed in arbitrary units relative to a 

standard curve and shown on a log scale as mean ± range (n = 2). Note that sxy (A) 

represents both chromosomal sxy and pSU20::Se.sxy. 

 



70 

 

 

2.3 Discussion 

3.2.1 In what environments does Salmonella express competence genes? 

Salmonella and E. coli encode homologs of genes for natural competence [6], but 

these genes are silent in almost all experimental conditions. For example, in E.coli, 

Sauvonnet et al. [36] tested the expression of pill-C, comN-P, and comA-E operons under 

many conditions, but could not find a condition where competence genes are expressed. 

Moreover, Sauvonnet et al. made thousands of mutants using transposon mutagenesis 

trying to find a repressor of these genes, but no repressor was found [36]. The present 

study identified environmental and physiological signals that induce competence genes in 

Salmonella (Table 2.2). We first identified activating conditions using reporter gene fusion 

(lux), then tested those results with RT-qPCR. Our RT-qPCR data supports the reporter 

fusion data except for two experiments (Table 2.2). First, in the anaerobic shock and 

temperature downshift experiment, the expression of the competence reporters was 

increased; whereas RT-qPCR data show a decrease in the expression of all tested genes. 

Second, while activity of pilA::lux increased in ∆crp, RT-qPCR showed that pilA 

expression decreased in ∆crp. These contradictions are possibly attributed to variations in 

plasmid copy numbers in different culture conditions, and/or changes in DNA supercoiling 

of the plasmid–borne competence promoters that impact CRP-DNA binding and other 

regulatory interactions at these promoters. 

Ultimately, I found that the condition most favorable for competence gene 

expression is when Salmonella is growing on nutrient-rich semi-solid medium at 22 ᵒC, 

pH 7 and 0.5 % of salt. Under these conditions, representative competence genes including 

hopD (gspO), pilA, comM, comN, comA, and comF were expressed as detected by lux 
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fusions and RT-qPCR. By the same token, I found that the recently discovered and poorly 

characterized competence regulator, sxy, is induced under the same conditions.  

My data shows the two major stimulators of competence genes in Salmonella are 

temperature and agar concentration. Temperature influences natural competence and 

transformation differently in different bacteria species. To illustrate, in Campylobacter, 

natural transformation to erythromycin resistance was higher at 42 ᵒC than 25 ᵒC, whereas 

transforming nalidixic acid resistance is the same at both temperatures [22]. The authors 

suggest that, in Campylobacter, taking up DNA with erythromycin resistance is more 

efficient in the gastrointestinal tract of hosts such as poultry than other low-temperature 

environments, and it is possible that taking up DNA with nalidixic acid resistance has the 

same high efficiency inside and outside host [22]. In Aeromonas, testing transformation at 

different temperatures (15, 25, 30, and 37 ᵒC) showed transformation rate increased with 

increasing temperature (from 15 to 30 ᵒC), and dropped at 37 ᵒC [19]. The highest reported 

transformation was at 30 ᵒC, which represents the optimal growth temperature for 

Aeromonas spp [19]. The expression of T4P/competence genes in Moraxella catarrhalis 

is induced upon temperature downshift  from 37 to 26 ᵒC for three hours, and natural 

transformation is higher at 26 ᵒC compared to 37 ᵒC  [41]. Similarly in my experiments, 

Salmonella competence genes are silent at 37 ᵒC and 42 ᵒC yet are detectably expressed at 

25, 22, and 15 ᵒC. Moreover, my research found that temperature downshift (from 37 to 

22 ᵒC) also increases competence gene expression. Extrapolating these conditions to 

Salmonella’s natural environments suggests competence genes may be expressed in non-

host environments or in cold-blooded host animals. Salmonella is known to colonize 
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reptiles [17,27,29] which have a lower body temperature (24 ᵒC to 35 ᵒC) [20,33] than 

mammals (35 ᵒC to 40 ᵒC) or birds (37 ᵒC to 45 ᵒC) [31]. 

pilA and hopD both encode key components of Type IV pili (T4P), pilin and 

prepilin peptidase. T4P are essential for natural competence in many Gram-negative 

bacteria [37], but the precise mechanisms of DNA binding and transport across the cell 

envelope remains unclear [9,21]. Additionally, T4P are used for twitching motility [35,44]. 

I observed that Salmonella colony structures are suggestive of twitching motility on semi-

solid media agar, and competence genes are induced when growing on semi-solid media. 

This result suggests a link between motility and expression of pilin and peptidase genes 

required for natural competence. Similarly, T4P are expressed and rates of natural 

transformation increase when Acinetobacter is grown on the surface of semi-solid media 

or inside semi-solid media [45]. Inactivating the T4P/competence gene, pilT, resulted in 

abolished DNA uptake as well as motility; indicating that DNA uptake and motility depend 

on the same cellular machinery [45]. My results show that expression of competence genes 

was higher on solid medium compared to broth medium. Another example of this is the 

plant pathogen, Xylella fastidiosa, for which transformation and recombination 

efficiencies are higher on solid media compared to liquid media [24]. These findings are 

consistent with the previously proposed hypothesis that DNA uptake may occur 

accidentally as a result of adhesion and twitching motility [2]. 

Salmonella is studied almost exclusively in conditions that reflect human/animal 

infection, but competence genes are off under these conditions. Competence gene 

expression is undetectable or very low under most of the intestine-like conditions such as 

high temperature (42 ᵒC, 37 ᵒC, and 30 ᵒC), acidity (pH 5.8), and low aeration (Table 2.2). 
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In contrast, my research found that the expression of these genes increases at low 

temperature (15 o C, 22 o C, and 25 o C). This suggests that competence genes are most likely 

to be induced outside the human host such as when bacteria grow on fruits and vegetables.   

Finding the environmental variables to express competence genes will provide 

insight into when Salmonella (and other Enterobactereaceae) use competence in nature. 

Moreover, finding the activating conditions also enables more laboratory experimentation 

to understand competence. 

3.2.2 Are CRP and Sxy positive activators of competence gene expression? 

Both CRP and Sxy are transcription factors that activate expression of competence 

genes in the model species H. influenzae and V. cholerae [1,4] and in E. coli [6,40]. Here 

I have confirmed that CRP and Sxy are positive regulators of competence gene expression 

in Salmonella.  

CRP has an allosteric effector, cyclic AMP (cAMP), thus CRP activity is not 

directly linked to crp expression. The intracellular level of cAMP increases when the 

phosphotransferase system detects a decrease in availability of preferred sugars, like 

glucose [18,25]. On the other hand, Sxy activity is directly tied to sxy gene expression and 

abundance [8]. Therefore, seeing sxy upregulated in early stationary phase suggests 

competence genes will also be upregulated, particularly in a medium like LB where CRP 

will be active because of an absence of sugars [38]. Our data shows that the expression of 

crp and sxy gradually increased during bacterial growth until they reached their highest 

peak in the early stationary phase. Correspondingly, the highest observed expression of 

competence genes is in early stationary phase of the growth cycle (Figure 2.1). Similarly, 
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competence gene expression was previously observed to be active in early stationary phase 

in H. influenzae and V. cholerae [10,34], and other Gram-negative bacteria, such as 

Aeromonas and Acinetobacter baylyi, has been shown to induce competence during 

stationary phase [19,42].  

Over expressing sxy in E. coli induced expression of comN (110-fold), comM (31-

fold), comA (31-fold) and pilA (13-fold) [40], confirming that those genes are positively 

regulated by sxy. Similarly, we found that over expressing sxy in Salmonella activates the 

expression of pilA, hopD, comM, comN, comA, and comF (Figure 2.25). However, 

inducing sxy at early growth phase (OD 0.2) did not activate competence gene expression. 

It is possible that intracellular cAMP levels are too low to induce CRP during early 

exponential phase, but this is unlikely in LB medium. Our preliminary data shows that 

adding cAMP to the culture medium has no significant effect on competence genes either 

with or without inducing sxy (Appendix A, Figure A.13). It is also possible that other 

unidentified positive regulators are missing at an OD of 0.2, but are present at an OD of 

0.5. Alternatively, or in addition, there may be a repressive factor that prevents the 

expression of competence genes during exponential growth. 

This is the first study of competence gene expression in Salmonella, and now that 

we have found environmental and physiological signals that activate competence gene 

expression, testing natural transformation will be the next recommended step to confirm 

Salmonella is naturally competent.  As well, our findings allow us to advance the study of 

the genetic mechanisms that regulate competence gene expression in Salmonella 

Typhimurium, which will help us understand the importance of this distinctive 

phenomenon in bacteria. 
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Table 2.2. Summary of the effect of different environmental and physiological signals 

on competence gene expression. 

 Positive effect Negative effect No effect 

Temperature Low temperatures 

(25-22 ᵒC) 

High temperatures 

(42-37 ᵒC) 

 

Temperature downshift  From  37 ᵒC to 22 

ᵒC and 15 ᵒC 

  

Temperature upshift   From  22 ᵒC to 37 ᵒC  

Solid media Low temperatures 

(22-15 ᵒC) 

  

Semi-solid media Low temperatures 

(22-15 ᵒC) 

  

Biofilm Slightly increased   

Big & small incubator Big incubator   

Micro-aerobic growth Solid media Liquid media  

Anaerobic shock 

(shaking) 

  37 ᵒC and 

22 ᵒC 

Anaerobic and 

temperature downshift  

(shaking) 

From  37 ᵒC to  

22 ᵒC 

 From  37 

ᵒC to 15 ᵒC 

Anaerobic and 

temperature downshift   

(without agitation) 

At 37 ᵒC Reporters 

show increase 

RT-qPCR show 

decrease 

 

Anaerobic and 

temperature downshift   

(without agitation) 

Reporters show 

increase 

From  37 ᵒC to 

 22 ᵒC 

RT-qPCR show 

decrease From  37 ᵒC 

to 22 ᵒC 

 

MM5.8 pilA 20% higher Lower than in LB (crp, 

sxy, hopD) 

 

pH pH 7 pH 5.8  

MgCl2 pilA decreased in 

low MgCl2 

 No change 

(crp, sxy, 

hopD) 

Osmatic pressure 0.5% and 1% NaCl 0% NaCl  
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2.4 Materials and methods 

2.4.1 Bacterial strains and culture conditions 

Salmonella enterica subspecies enterica serovar Typhimurium strains SL1344 and 

ATCC14028 were used throughout this project. Strain SL1344 is ideal for studying 

virulence and host-pathogen interaction while ATCC14028 is slightly less invasive and 

easier to culture in lab due to metabolic verstility [11]. The complete genome of both 

strains is available. E.coli W3110 and E.coli DH5α were used for routine cloning and 

genetic engineering. Also we used the mutants: ∆crp [5], and ∆sxy (the following primers 

were used: Styp.sxy-KOpKD4-F 5'-TTGCAACGG CAAATTTCACCGCCGATTTCT 

ACATTAATTACATATGAATATCCTCCTTAG-3', and Styp.sxy-KO/FLAG-R 5'- 

TTGCAACGGCAAATTTCACCGCCGATTTCTACATTAATTACATATGAATATCC 

TCCTTAG -3'). 

Unless otherwise stated, overnight culture was made by inculating a single colony in 

2 ml broth media (test tube). 1:1000 from the overnight bacterial cultures were grown in 

25 ml broth medium (250 ml flask) at 37 °C in shaking incubator (200 rpm) under aerobic 

conditions. Bacterial cultures were inculated in nuitrient rich broth media, Luria-Bertani- 

Miller (LB) (10 g/l Tryptone, 5 g/l yeast extract, and 10 g/l NaCl). In some experiments, 

bacteria was cultured in minimal medium (MM5.8) as described in [48] (7.5 mM (NH4) 

2SO4, 0.5 mM K2SO4, 1 mM KH2PO4, 0.1 mM Tris-HCl pH 7.4, 10 mM or 10 µM MgCl2, 

38 mM glycerol, 0.1% Casamino acids, adjusted to either pH 7.7 or pH 5.8). Appropriate 

antibiotic(s) were supplemented as required in the following final concentrations: 

kanamycin 50 μg/ml and ampicillin 100 μg/ml. 
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2.4.2 Reporter gene fusions  

Luminescent (lux) reporter gene fusions are a useful tool for monitoring real-time gene 

expression in prokaryotic cells [26]. Luminescent reporter fusions were constructed by 

cloning the crp, sxy, pilA, and hopD promoter regions into the pCS26-Pac vector that 

carries a promoterless lux operon and is marked with a Kanamycin cassette  [3] (Figure 

2.27). The cloned region includes the entire intergenic region to the start or stop codon of 

the upstream ORF.  In all cases ~25 bp of the gene of interest’s ORF was included, except 

that all sequence after the sxy start codon was excluded to avoid potential for formation of 

a predicted secondary structure. The cloned regions were of the following sizes: crp 

promoter is 532 bp, sxy is 309 bp, pilA is 380 bp, and hopD is 685 bp. The primers used 

for cloning are listed in Table 2.3. As a control, promoterless pCS26-Pac was used to 

monitor background luminescence.   

A shaking heated plate reader (Synergy HT Microplate Reader from Biotek) was used 

to monitor gene expression throughout the growth phases in various culture conditions. To 

visualize luminescence (emission: hole, excitation: black plug), we load 250 µl of 1:1000 

diluted overnight cultures (wild type borne lux reporters) in a white 96-well microplate 

(Nunc® 96-Well Optical Bottom Plates, Thermo Scientific), and overlay the wells with 

50 µl mineral oil from Fisher Scientific. Light emission representative of promoter 

activities were recorded every 10 minutes over 48 hours of growth for three technical 

replicates. A sensitivity of 100 (a setting in the platereader) was used for the highly 

expressed promoters and 160 for the low expressed promoters.  

There are some issues to consider about the plate reader: first, it is limited in terms of 

luminescence sensitivity. Second, overlaying the cultures with oil to prevent them from 
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drying out prevents direct oxygen exchange between culture and air. Subsequently, the 

promoters’ activities were tested in a well-aerated flask using a single-tube luminometer 

that has higher luminescence sensitivity. To measure promoter activity for bacterial 

cultures growing in flask, 1 ml of bacterial culture was transferred into a 1.5 ml Eppendorf 

tube which was placed in the luminometer and readings were taken as an average of 6 

readings. 

2.4.3 Solid and semi-solid LB medium 

To make solid and semi-solid media, 1% and 0.5% agar was added to LB broth, 

respectively. While 92 x 15 mm petri dishes were used for regular culturing, cloning, and 

colony counting, 60 x 15 mm petri dishes were used for monitoring promoter activities; 

1µl of 1:1000 diluted overnight cultures was inoculated in solid or semi-solid media and 

luminescence readings were recorded one time per day for 14 days using the GloMax® 

20/20 Single Tube Luminometer from Promega, which can make measurments from 

microtubes as well as small petri dishes. 

2.4.4 Sxy induction system 

The wild type Salmonella sxy ORF has been cloned into the pSU20 plasmid (Figure 

2.28) which was used along with pSEVA234 

(http://seva.cnb.csic.es/SEVA/Plasmid_list.html). pEcsxy:: pASKA [6,40] has been used 

to induce E. coli sxy in Salmonella. In both systems, the cloned gene is under the control 

of the isopropyl-β-D-1-thiogalactopyranoside (IPTG)-inducible T5-lac promoter. Cells 

were grown exponentially at 37 ᵒC in LB (0.5 NaCl) with 50 mg/ml chloramphenicol and 
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50 mg/ml kanamycin. 1 mM IPTG was added to the culture at the specified OD (0.2, 0.5, 

0.6, 1.0, and 2.0). After 30 minutes of induction, cells were harvested and fixed.  

2.4.5 Reverse transcription quantitative PCR (RT-qPCR) 

Cells were fixed using 2/5 of the culture volume ice-cold 5% (v/v) phenol pH 4.3, 

95% (v/v) ethanol. RNA was extracted using the EZ-10 Spin Column Total RNA Mini-

Preps Super Kit (BioBasic). To remove contaminating DNA, 5 μg of total RNA was 

treated with DNase I in a 50 mL reaction using the Turbo DNA-free kit (Ambion). cDNA 

was synthesized from the isolated RNA samples using the Verso cDNA Synthesis Kit 

(Thermo). Quantitative PCR was conducted in the StepOne-Plus RT-PCR System 

(Applied Biosystem) using either: iTaq SYBR green super mix (BioRad) or PerfeCTa 

SYBR Green FastMix (Quanta Biosciences). Standard curves were generated with five or 

more serial 10-fold dilutions of Salmonella chromosomal DNA. The primers used for 

cloning are listed in Table 2.3. 

2.4.6 Bioinformatic analysis and data manipulation  

Nucleotide and amino acid sequences were obtained from GenBank 

(http://www.ncbi.nlm.nih.gov/nuccore). E. coli genetic information were acquired from 

the EcoCyc E. coli database (http://ecocyc.org/), Salmonella RNA-seq analysis were 

obtained from the SalCom database (http://tinyurl.com/HintonLabSalCom.) [23]. 

Homologous sequences were analyzed using NCBI BLAST 

(http://blast.ncbi.nlm.nih.gov/Blast.cgi). Sequences were aligned using the Multiple 

Sequence Alignment tool (http://www.ebi.ac.uk/Tools/msa/) and ApE software 

(http://biologylabs.utah.edu/jorgensen/wayned/ape/), which was also used to edit and 
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analyze plasmid sequences, as well as SnapGene viewer 3.0.3. All graphical figures were 

created using Excel 2013 and Graph Pad Prism 6.0.  
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Figure 2.27. Plasmid borne lux operon (pCS26) and hopD promoter.  

 Plasmid mapped by SnapGene Vewier 3.0.3 pCS26 source: [3]. 

 

Figure 2.28. Plasmid borne Salmonella sxy (pSU20).   

Plasmid mapped by SnapGene Vewier 3.0.3. 
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Table 2.3. List of cloning and RT-qPCR primers. 

 Primer Sequence (5’ -3’) Source 

C
lo

n
in

g 
Psxy.Se.Xhol-For AGCACTCGAGGGTCTTCGTGGTAGACAACTTC This study 

Psxy.Se.Bglll-Rev TGTGAGATCTTAATTTGCAGTAACGGATCC This study 

Pcrp.Se.Xhol-For AAGCCTCGAGAGCCGCCATTAATACCATCTC This study 

Pcrp.Se.BamHI-Rev CTCTGGATCC TTCAAGAGTCGGGTCTGTTTG This study 

PhopD.Se.Xhol-For AGCACTCGAGCGGAGAGATCAGAACGGTAAAG This study 

PhopD.Se.BamHI-Rev TGAGGGATCCGCAGGCAAATCTGGTGATAAAG This study 

SL.PpilA.XhoI-For  AAAACTCGAGGGTGGATTTCATCTCCGTTGG This study 

SL.PpilA.BamHI-Rev  TTTTGGATCCGCCGCTTTACGCAGATAGTT This study 

Se_sxy.ORF_Blnt-F TATGAGAGCACTCTCTTATGACAGG This study 

Se_sxy.ORF_ Xhol -R TCTACTCGAGTTACCCAGCCGTAAGCGAATGAGC This study 

pSU20.Ipcr.Xhol-F GCCCCTCGAGGGTCGACTCTAG This study 

pSU20.Ipcr. Blnt -R GCTGTTTCCTGTGTGAAATTG This study 

pSU20.inv.ecoRI-F GAATTCACTGGCCGTCGTTTTAC This study 

R
T-

q
P

C
R

 

comN-For CAACAGGGCTATACGCTCATT This study 

comN-Rev AGCGTTGCCAGCCATAA This study 

pilA-For ACGCGGTTTCACGCTTAT This study 

pilA-Rev TTTTGGATCCTGTTCGCTCCTTGAGTTAGC This study 

sxy-For CGCAAGAATATTTGGCCTCTTTG This study 

sxy-Rev CGGAGATAAAGCTCGCCATTAG This study 

crp-For CCCGACTCTTGAATGGTTCTT This study 

crp-Rev CACGGAGCCTTTAACGATGTA This study 

pilA-For CTCTGCGCTCTGGAACAT This study 

pilA-Rev GCTCATGCCCGAAACATAAC This study 

hopD-For CGTGGATTGTTGGGAAAC This study 

hopD-Rev CGATTTACCTCTC This study 

comM- For CGGGTAGTGCGATTATT This study 

comM-Rev GTCATACCTTCCACCCTCTTC This study 

comN-For CAACAGGGCTATACGCTCATT This study 

comN- Rev AGCGTTGCCAGCCATAAA This study 

comA- For CCGCTACGTCACCGTATTTAT This study 

comA-Rev GCGCCATCGTTTGTGAAAG This study 

comF-For CTATACACCGCCCTTGAGTTT This study 
comF- Rev GAGGACTTCCTGCAACAGTAG This study 

fnr-For CGTCTGATGAGCGGTGAAA This study 

fnr-Rev GGCGGGACAGGTTGTAAATA This study 

fnrS- For CGTTGCGCTCCATTGTCTTA This study 

fnrS- Rev ACTAATCTAAGTCGGCGTCGT This study 
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Chapter 3: Competence and nutrient signals in Salmonella1 

  

                                                
1 This chapter represents material in a manuscript prepared by: 

Ebthal Y Alshabib and Andrew DS Cameron 

 

Contributions: 

ADSC:  analyzed secondary structures (Fig 3.10) 
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Abstract 

CRP and Sxy are central regulators of competence gene expression in Salmonella 

enterica. While CRP is activated in response to energy starvation and carbon source 

availability, Sxy is stimulated by nucleotide starvation. Because natural competence 

provides bacteria with the nutrient components of DNA, we have tested whether starvation 

for phosphate (P), carbon (C), and/or nitrogen (N) stimulates expression of competence 

gene homologs in Salmonella. Additionally, we tested how the presence of extracellular 

DNA affect crp, sxy and competence gene expression.  Adding extracellular DNA to rich 

or minimal media has no effects on gene expression. However, when using arabinose as a 

carbon source, competence gene expression increased under limiting concentrations of the 

carbon source as well as under limiting concentrations of all three nutrients (P, C, and N). 

The induction by PCN availability but not DNA availability is consistent with the theory 

of utilizing DNA as a nutrient source.  

3.1 Introduction 

In bacteria, the expression of most genes is influenced by nutrient availability. A prime 

example is the cAMP receptor protein (CRP), also known as catabolite activator protein 

(CAP), which is activated in response to energy starvation and carbon source availability 

(reviewed in [3]). Preferred sugars, such as glucose, are phosphorylated during transport 

into the cell by the phosphotransferase system (PTS) [43]. When preferred sugars become 

exhausted in the environment, a buildup of phosphorylation potential in the 

phosphotransferase system triggers production of cyclic AMP (cAMP). Binding of a single 

molecule of cAMP to a CRP dimer activates DNA binding by CRP. CRP forms protein-

protein contacts with RNA polymerase (RNAP) that recruits RNAP to gene promoters to 
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initiate transcription [5,33]. Another transcription factor, Sxy, is proposed to be activated 

in response to nucleotide starvation [6,55]. Both CRP and Sxy are absolutely required for 

competence gene expression in Pasteurellaceae [7,55], thus the active uptake of DNA is 

controlled according to carbon, energy, and nucleotide availability. Previously we showed 

that both CRP and Sxy are activators of the expression of otherwise cryptic competence 

genes in Salmonella (Chapter 2), suggesting that sugar and nucleotide availability also 

regulate competence in Salmonella.  

Gene regulatory mechanisms that respond to nucleotide availability are particularly 

well studied for purine and pyrimidine biosynthesis genes in E. coli and Salmonella. While 

transcription factors regulate expression of nucleotide biosynthesis genes over a 7-fold 

range, nucleotide pools can directly impact gene expression over a 50-fold range [60]. 

Nucleotide pools are involved in regulation through three ways: First, nucleotide 

availability determines transcription initiation. In other words, the increase or decrease in 

exogenous or endogenous levels of purines and pyrimidines is sensed by the cell, and if 

nucleotide pools are insufficient, transcription in not possible. In E. coli, 75% of transcripts 

are initiated with ATP or GTP [34,61], and in Salmonella, 50% of transcripts initiate with 

ATP and 34% with GTP [31]. Mapping transcription start sites (TSS) of the competence 

genes sxy and comA in Salmonella revealed that transcription of both genes is initiated 

with the most abundant nucleotide, ATP [31]. Since ATP is required for many metabolic 

reactions, its concentration is higher than other nucleotides: approximately 3 mM ATP 

compared to 1.4 mM UTP, 1.1 mM GTP, and 0.7 mM CTP   [4,40,60]. Thus, depletion of 

ATP is proposed to slow transcription initiation on a genome-wide scale. 



91 

 

Second, nucleotides can act as co-factors for some transcription factors. For 

example, when the concentration of hypoxanthine or guanine is high, they act as co-

repressors that bind to PurR to repress the expression of purine biosynthesis genes [12]. In 

V. cholerae, natural competence is inhibited by cytidine [1] through the nucleoside 

scavenging cytidine repressor CytR, and possibly competence in Salmonella is also 

regulated by CytR (Chapter 5). Third, cytoplasmic nucleotide pools can regulate 

transcription by modulating formation of stem-loop structures in mRNA that influence 

RNAP activity. For instance, in S. enterica, the CTP/GTP pool ratio influences pyrC and 

pyrD expression by forming a secondary structure on mRNA, which inhibits translation 

when CTP is low and GTP is high [56]. In H. influenzae and V. cholerae, an mRNA 

secondary structure that decouples sxy transcription from translation is proposed to act as 

a mechanism to regulate Sxy levels according to purine nucleotide availability in the cell 

[8,54]. In this case, a repressive stem-loop forms when transcription proceeds normally 

due to normal nucleotide availability; the mRNA secondary structure is proposed to 

sequester the ribosome binding site (RBS) and so hinder translation of sxy transcript [8,54]. 

Similar regulatory mechanisms could be present in all Pasteurellaceae sxy genes [54].  

Extracellular DNA presents a valuable source of nucleotides, energy, and the basic 

nutrients carbon, nitrogen, and phosphorus [11,16,44,45,47,48], thus we tested whether 

competence genes in Salmonella are induced by limitation for specific nutrients. This 

project investigates the effect of nutrient (phosphate (P), carbon (C), and/or nitrogen (N)) 

starvation on the expression of competence genes. To find nutrient-linked inducing signals 

of competence genes, we started by testing whether DNA availability induces competence 
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genes in Salmonella, and then we examined the effect of P, C, and N limitation on 

competence gene expression. 

3.2 Results 

3.2.1 Are competence genes induced by DNA availability? 

DNA is a robust molecule that exists ubiquitously in all biological environments, 

from the open ocean to the gastrointestinal tract. Some of this environmental persistence 

is related to the stability and longevity of DNA as a macro-molecule. For example, up to 

4% of DNA ingested by humans survives passage through the digestive system and 

remains undamaged [42]. Additionally, when Salmonella DNA is added experimentally 

to seawater, it was detectable after 8 days, despite the presence of fully active microbial 

communities [14].  

Several studies have shown that DNA can be used as a sole food source in E. coli, 

H. influenza and N. gonorrhoeae and that competence genes are essential for this 

utilization [16,45]. Thus, we hypothesized that competence genes are induced by DNA 

availability in Salmonella.  

To test this hypothesis, we used lux reporter gene fusions (Chapter 2) to monitor 

the activity of sxy, pilA and hopD promoters for 48 hours in both MM5.8 (minimal medium 

at pH 5.8) and LB (rich medium, pH 7.0) after the addition of 2 µg/ml of sheared 

Salmonella chromosomal DNA. Figure 3.1 shows that the activity of the competence gene 

reporters was not affected by adding DNA to either type of medium. This suggests that 

DNA availability does not induce competence gene expression in Salmonella.  
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Figure 3.1. Extracellular DNA does not stimulate competence gene expression in 

MM5.8 and LB. 

Promoter activity in MM5.8 and LB after adding 2µg/ml DNA. Expression was monitored 

over 48 hours at 25 ᵒC. Promoter activity is expressed in arbitrary units and values are 

normalized to OD. Data are represented by mean ± SD (n = 3). 
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 3.2.2 Are competence genes induced under starvation conditions? 

There are multiple possible benefits of DNA uptake through natural competence, 

reviewed in [10,16]. One explanation is that bacteria use DNA as a nutrient; 

nucleotides are costly to synthesize, DNA is rich in carbon, nitrogen and phosphate, and 

DNA can be used as a source of energy [16,44,47]. Recently. It has been shown that E. 

coli, H. influenza, Neisseria gonorrhoeae and Pseudomonas aeruginosa can utilize DNA 

as a sole nutrient source [16,39,45], as well as V. cholerae that can use DNA as a phosphate 

source [51]. Furthermore, competence is induced by nutrient starvation in some bacterial 

species, like H. influenzae and Bacillus subtilis [24,47,49]. Therefore, we hypothesize that 

competence in Salmonella is also induced by starvation for nutrients: phosphate (P) carbon 

(C), and nitrogen (N).  

To test this hypothesis, we used a synthetic starvation medium, in which access to 

one or all of the following nutrients was limited: phosphate (P) carbon (C), and nitrogen 

(N). Using competence gene lux reporter gene fusions, bacterial growth and promoter 

activity of crp, sxy, pilA and hopD was monitored in real-time over 72 hours of growth in 

five different MM5.8 conditions: 1) a non-limiting amount of P, C, and N sources (+PCN), 

2) a limiting amount of P, C, and N sources (-PCN), 3) a limiting amount of P source (-

P), 4) a limiting amount of N source (-N), and 5) a limiting C source (-C).  

Before testing the role of DNA as a nutrient for Salmonella growth, we first needed 

to determine how C, P, and N limitations affected growth in MM5.8.  Glucose, a PTS-

sugar, was tested first as a carbon source, followed by galactose, maltose, and arabinose 

(non-PTS sugars) as the sole carbon sources. As expected, Salmonella is best grow in 

+PCN, whereas the lowest growth was observed in –PCN and –C (Figure 3.2). The activity 
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of sxy::lux, pilA::lux, and hopD::lux was low throughout growth in +PCN with glucose, 

but were activated when using maltose as a source of carbon and to a lesser extent in 

galactose and arabinose (Figure 3.3, Figure 3.4, Figure 3.5, and gene expression over 72 

hours is shown in Appendix A). When specific nutrients were limited, however, lux 

reporter gene expression was usually undetectable. The exception was when using 

arabinose as a source of carbon; -PCN and –C with arabinose showed low but consistent 

expression of sxy::lux, pilA::lux, and hopD::lux.  

crp::lux activity is highest in +PCN when using galactose or maltose as a carbon 

source, is moderate with arabinose as a carbon source, and is very low when using glucose 

(Figure 3.6, and gene expression over 72 hours is shown in Appendix A). When specific 

nutrients were limited, however, the promoter activity induced in –C and –PCN (slightly) 

when using glucose as a source of carbon.  

These results indicate that expression of the competence gene (sxy, pilA, and hopD) 

is not induced by starvation for phosphate or nitrogen alone, but expression is induced by 

starvation for the three nutrients together (P, C (arabinose), and N) or when arabinose 

alone is limited. 

3.2.3 Is the alternative sigma factor RpoS required for competence gene expression? 

Transcription in bacteria requires a specific protein termed the sigma factor (σ) 

(reviewed in [18]). Depending on the target gene and the environment signal, specialized 

sigma factors facilitate the binding of RNAP to specific gene promoters to initiate 

transcription of target genes (reviewed in [18]). Sigma-38 (σ38, or RpoS), encoded by 

rpoS (RNA polymerase sigma S), is a global regulator of gene expression during the 
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Figure 3.2. Bacterial growth in starvation media. 

Bacterial growth at 25 ᵒC in starvation media: 1) non-limiting P, C, and N sources (+PCN), 

2) limiting P, C, and N sources (-PCN), limiting P source (-P), limiting N source (-N), and 

limiting C source (-C).  
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Figure 3.3. sxy::lux expression in starvation media. 

sxy::lux promoter activity at 25 ᵒC in starvation media: 1) non-limiting P, C, and N sources 

(+PCN), 2) limiting P, C, and N sources (-PCN), limiting P source (-P), limiting N source 

(-N), and limiting C source (-C), after 35 hours and 50 hours in starvation media. Promoter 

activity is expressed in arbitrary units and values are normalized to OD. Data shows the 

mean of two biological replicates. Due to the small number of the biological replicates, 

data are represented by mean and range (n = 2). 



98 

 

 

Figure 3.4. pilA::lux expression in starvation media. 

pilA::lux promoter activity at 25 ᵒC in starvation media: 1) non-limiting P, C, and N 

sources (+PCN), 2) limiting P, C, and N sources (-PCN), limiting P source (-P), limiting 

N source (-N), and limiting C source (-C), after 35 hours and 50 hours in starvation media. 

Promoter activity is expressed in arbitrary units and values are normalized to OD. Data 

shows the mean of two biological replicates. Due to the small number of the biological 

replicates, data are represented by mean and range (n = 2). 
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Figure 3.5. hopD::lux expression in starvation media. 

hopD::lux promoter activity at 25 ᵒC in starvation media: 1) non-limiting P, C, and N 

sources (+PCN), 2) limiting P, C, and N sources (-PCN), limiting P source (-P), limiting 

N source (-N), and limiting C source (-C), after 35 hours and 50 hours in starvation media. 

Promoter activity is expressed in arbitrary units and values are normalized to OD. Data 

shows the mean of two biological replicates. Due to the small number of the biological 

replicates, data are represented by mean and range (n = 2). 
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Figure 3.6. crp::lux expression in starvation media. 

crp::lux promoter activity at 25 o C in starvation media: 1) non-limiting P, C, and N sources 

(+PCN), 2) limiting P, C, and N sources (-PCN), limiting P source (-P), limiting N source 

(-N), and limiting C source (-C), after 35 hours and 50 hours in starvation media. Promoter 

activity is expressed in arbitrary units and values are normalized to OD. Data shows the 

mean of two biological replicates. Due to the small number of the biological replicates, 

data are represented by mean and range (n = 2). 
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transition from exponential growth to stationary phase. RpoS is best studied for 

upregulating genes required to cope with stresses such as nutrient depletion, temperature 

shifts, osmotic shock, and oxidative stress [38,53]; therefore, RpoS is known as the  

 “stationary phase” or “starvation” sigma factor. Since competence gene expression was 

previously observed to be active in early stationary phase in H. influenzae [48] and in 

Salmonella (presented in Chapter 2 and Chapter 4), RpoS is a candidate regulator of  

competence genes in Salmonella during stationary phase. To test this, we transferred lux 

reporters into ∆rpoS to monitor competence promoter activities in the absence of RpoS. 

Unfortunately, we could not detect any luminescence signal in any of the reporters (crp, 

sxy, pilA, and hopD) in ∆rpoS.  

Subsequently, RT-qPCR was implemented to examine the expression of 

competence genes (crp, sxy, pilA, hopD, comM, comN, comA, and comF) in the absence 

of rpoS. Gene expression was examined under three different conditions: in LB broth at 

37 ᵒC, on solid medium at 22 ᵒC, and on semi-solid medium at 22 ᵒC. Under all three 

conditions, the expression of all tested competence genes was higher in ∆rpoS compared 

to wild type (Figure 3.7). Except for hopD and comM, expression was higher on solid 

medium compared to broth medium, and greatest in semi-solid medium. These results 

suggest that RpoS represses crp, sxy, and competence gene expression in Salmonella.  

Although the competence gene lux reporter fusions did not work in an rpoS mutant, 

we were able to use lux reporters to confirm RpoS and RpoD activity with our 

experimental conditions. Using a synthetic rpoS::lux promoter [62], we monitored the 

activity of the rpoS promoter over 48 hours at 22, 25, 29, and 42 ᵒC, conditions that we 

previously found to impact competence gene expression (Chapter 2). The well-established 



102 

 

rpoD-16::lux and rpoD-7::lux reporter fusions [29,58] were used as positive controls of 

lux reporter activity and to monitor the activity of RpoD, the housekeeping sigma factor, 

for these experimental conditions. As shown in Figure 3.8, RpoS activity was higher at 22 

ᵒC and 25 ᵒC compared to 29 ᵒC, and 42 ᵒC. Moreover, similar to competence genes, rpoS 

activity was much higher on solid medium (Figure 3.9) compared to LB broth (Figure 3.8).   

3.2.4 Are competence genes regulated by RNA secondary structure? 

The competence activators CRP and Sxy (see chapter 2), are themselves activated 

in response to starvation signals. CRP is activated by the allosteric effector cAMP in 

response to depletion in phosphotransferase sugars (PTS-sugar) [37], whereas Sxy is 

translated in response to depletion in purine nucleotide pools [8,54]. In H. influenza and 

V. cholerae, sxy translation is inhibited by mRNA secondary structure [8,54,63] which 

contains a highly-stable stem-loop structure that blocks ribosome access to the ribosome 

binding site (RBS). Mutants that remove base pairs in a RNA stem and so weaken sxy 

secondary structure resulted in increased sxy translation efficiency, which in turn induced 

natural competence [8]. It is proposed that this mRNA stem-loop structure presents a 

mechanism to sense nucleotide availability. When nucleotide pools are abundant, 

transcription proceeds quickly, the stem-loop structure forms, and translation is repressed. 

Conversely, when nucleotide pools are low, transcription stalls before the RNA secondary 

structure can form, allowing ribosomes time to bind to the RBS and translation to proceed 

[8].  

To determine if a similar mechanism operates in Salmonella, we needed to identify 

the transcription start site of sxy and other competence genes in Salmonella. Differential 

RNA-seq (dRNA-seq) [52], was previously used to identify TSS in Salmonella [31], 
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Figure 3.7. Competence gene expression in the absence of rpoS.  

The expression of competence genes (crp, sxy, pilA, hopD, comM, comN, comA, and 

comF) in ∆rpoS grown in broth media at 37 ᵒC (OD of 1.0), after 7 days on solid media at 

22 ᵒC, and on semi-solid media at 22 ᵒC. RT-qPCR data are presented on log scale as mean 

± SD of fold change relative to wild type (n = 3).  
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Figure 3.8. rpoS and rpoD expression at different temperatures. 

Bacterial growth in 96-well plates and promoter activity of the synthetic RpoS-dependent 

promoter, and tow RpoD- dependent promoters (rpoD #16 and rpoD #7) were examined 

at different temperatures (22, 25, 29, and 42 o C). Promoter activity is expressed in arbitrary 

units and values are normalized to the OD. Data are represented by mean ± SD (n = 3).  
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Figure 3.9. RpoS and RpoD activity on solid medium at 37 ᵒC. 

Promoter activity of the synthetic RpoS-dependent promoter, and two RpoD- dependent 

promoters (rpoD-16 and rpoD-7) at 37 ᵒC on solid LB medium. Promoter activity is 

expressed in arbitrary units and values are normalized to the cell counts on a plate. Data 

are represented by mean ± SD (n = 3).  
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however, due to the very low (usually non-detectable) transcriptional output of 

competence genes, TSS were not identified for most competence genes.  

We revisited the dRNA-seq dataset and examined competence genes (pilA, comM, comN, 

comA, and comF). Subsequently, we were able to predict mRNA secondary structures in 

Salmonella’s sxy and comA transcripts. Importantly, each transcript is predicted to form a 

stem loop structure that might obstruct ribosome access to the RBS and start codon (Figure 

3.10). Bioinformatic analysis suggests that sxy translation in Salmonella might also be 

inhibited by mRNA secondary structure under non-starvation conditions.   

While mRNA secondary structures have been characterized in sxy transcripts from 

H. influezae and V. cholerae, ours is the first observation of a mRNA stem-loop structure 

is comA. comA (yrfD in E. coli) encodes a preplasmic protein that is required for pilus 

assembly and for utilization of DNA as the sole source of carbon and energy [45]. In 

Salmonella, comA is one of the lowest expressed genes among competence genes, even in 

inducing conditions (Chapter 2). Additionally, while most of the competence genes were 

induced upon artifitial induction of Sxy, RT-qPCR data shows that comA expression 

increased only 3 fold, below the average induction level of other transcripts encoding 

genes for natural competence. Even more dramatic is that our RNA-seq data did not show 

any induction of comA expression in cells overexpressing Sxy (Chapter 2 and 5). Together 

these data suggest that comA is prevented from translation in the absence of an as yet 

unknown signal. Thus, we predict a comA secondary structure that might hinder ribosome 

binding and inhibit comA translation (Figure 3.10).  

To test whether mRNA secondary structure represses sxy and comA expression in 

Salmonella, we attempted to construct two clones with the sxy and comA promoter: one 
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with a long promoter that includes the predicted secondary structure, and another shorter 

promoter that avoids the predicted secondary structure. We successfully constructed a 

functional sxy clone with the shorter promoter but did not succeed in constructing a clone 

with the long promoter. Cloning the comA promoter was more challenging though. I tried 

to clone different lengths of the predicted comA promoter; however, the best attempt 

resulted in a clone that was active for few days and then somehow lost its activity! It is 

possible that because comA expression is very low, even on the lux reporter, the promoter 

activity was not detectable. Consequently, I could not determine if sxy is regulated by 

nucleotide depletion, and testing comA mRNA secondary structure experimentally was not 

possible. At present, most transcriptional start sites have not yet been mapped in 

competence genes, which prevents predictions of stem structures and more detailed studies 

of regulation. 

In addition, recent genome-wide analysis of Salmonella predicted terminators 

formed by stem-loops in the coding sequence of comA and comN transcripts [30,31] 

(Figure 3.11 and Figure 3.12). These terminators have the potential to attenuate comA and 

comN expression through a similar stalling mechanism as characterized in the H. 

influenzae sxy mRNA secondary structure, and thus might contribute to the very low 

expression of these competence genes under most experimental conditions. 

3.3 Discussion 

DNA is a robust molecule that contains essential nutrients and stores large amounts 

of energy. Not surprisingly, nutrient deprivation induces DNA uptake by natural 

competence in many bacteria [22,47,59], and our data suggest that natural competence in  
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Figure 3.10. Predicted mRNA secondary structure in sxy and comA promoters in 

Salmonella. 

mRNA secondary structures predicted by Mfold in sxy and comA promoters [66].  
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Figure 3.11. Predicted terminator in comA ORF. 

comABCDE (brown) and transcript (red and green) on JBrowse. Blue arrows indicate 

predicted terminators.   

 

 

Figure 3.12. Predicted terminator in comN ORF. 

comNOPQ (brown) and transcript (red and green) on JBrowse. Blue arrows indicate 

predicted terminators.   
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Salmonella might also be induced by starvation for nutrients. First, both CRP and Sxy,  

the central regulators of competence, are activated by nutrient signals (Chapter 2). CRP is 

activated by starvation for energy and PTS-sugars (reviewed in [3]). Accordingly, crp 

promoter activity was lowest in Salmonella when we used a PTS-sugar (glucose) as a 

source of carbon (+PCN), and its activity increased when glucose was limited (-C) (Figure 

3.6, Top). This agrees with the H. influenzae model, where natural competence is repressed 

in the presence of PTS sugars [39]. Sxy, on the other hand, is activated by starvation for 

purine nucleotides [8]. In H. influenzae, when ample extracellular or intracellular purine 

nucleotides are available, a stem-loop structure forms in sxy mRNA to block the ribosome 

binding site (RBS) and prevent sxy translation [8,54]. Our bioinformatic analysis suggests 

that Salmonella sxy is subject to similar nutrient-dependent regulation by mRNA 

secondary structure (Figure 3.10) In future work, we will test whether purines (AMP 

(Adenosine monophosphate) or GMP (Guanosine monophosphate)) repress sxy expression 

in competence-inducing conditions since purines are the dominant repressors of 

competence in H. influenzea. Also, it will be important to use site directed mutations to 

test whether sxy mRNA has the predicted secondary structure in Salmonella; mutations we 

will test are highlighted in Figure 3.10.   

  Our data suggests that competence genes in Salmonella are negatively regulated by 

the starvation sigma factor RpoS (σ38), in LB [17,28,43]. Microarray analysis in E. coli 

entering stationary phase show that over 100 genes are repressed by RpoS, most of which 

are originally low-expressed genes [46]. It is proposed that RpoS does not inhibit gene 

expression directly [46], instead inhibition arises either through sigma factor competition 

for limited RNAP [15] or by activating an RpoS-dependent negative regulator (repressor) 
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[46]. Here we propose three possible models of repressing competence genes by RpoS. 1) 

Our results suggest that both competence activators, crp and sxy, are repressed by RpoS, 

such that RpoS repression of competence gene expression is mediated through inhibiting 

crp and sxy. 2) Low levels of cAMP-CRP activate rpoS transcription [19], whereas high 

levels of cAMP-CRP repress rpoS [32]. Thus, we proposed that when starving for PTS- 

sugars, increased levels of active CRP relieve RpoS repression from the promoter of 

competence genes which results in activating competence. Conversely, when PTS-sugars 

are available but other nutrients are limited, CRP levels decrease, triggering RpoS activity 

to repress competence genes. 3) H-NS represses the expression of crp and sxy, as well as 

rpoS (review chapter 6) [64,65].  This suggests an additional layer of regulation, where 

RpoS acts as intermediary regulator in the repression of competence genes.  

Competence genes are likely transcribed by RpoD, the primary sigma factor (σ70), 

which regulates transcription initiation of hundreds of genes during exponential growth 

and stationary phase [36]. RpoD levels do not decrease upon entering stationary phase 

[15], however, RpoS levels increase and RNAP levels decrease. Thus, the sigma factors 

RpoS/RpoD compete for limited RNAP during stationary phase [15,23]. Negative 

regulation by RpoS is proposed to be the result of this competition [15], wherein RpoD-

dependent genes are repressed by RpoS during stationary phase.  

In Salmonella, PCN availability but not DNA availability influences competence gene 

expression. Even though adding DNA to rich or starvation medium did not affect the 

expression of competence genes, using non-PTS sugars increased the promoter activity of 

sxy, pilA and hopD. Curiously, the non-PTS sugars had differing effects: limiting the 

amount of arabinose had a stimulatory effect, but galactose and maltose only had a positive 
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effect when not limiting. It is interesting that sxy, pilA, and hopD are more highly 

expressed when cells are starved for arabinose but not to the other sugars (glucose, 

galactose, or maltose). The presence of L-arabinose activates arabinose uptake through 

either the low-affinity arabinose transport system, AraE [13], or the high affinity transport 

system AraFHG [25,50]. Further, the presence of this sugar activates the arabinose 

degradation system AraBAD [2,9,27]. Both the arabinose transport systems and 

degradation system are regulated by the transcription factors AraC and CRP [20,21,27,35]. 

While AraC, the arabinose regulator, is activated by arabinose availability [27], our data 

shows that CRP expression was not affected by arabinose availability. This means that 

AraC might be directly involved in the repression of competence gene expression. Perhaps 

the presence of arabinose activates AraC to activate arabinose uptake and metabolism, at 

the same time AraC deactivates sxy transcription, which consequently results in 

deactivating competence genes. On the other hand, when arabinose is unavailable, AraC 

dissociates from the sxy promoter and competence gene expression can proceed. This 

model suggests that nutrient depletion de-represses competence genes through the 

competence activator, Sxy. Further studies are required to investigate the role of AraC in 

regulating competence.  

In summary, this research shows that the expression of Salmonella’s natural 

competence genes is possibly induced by nutrient limitation but not by DNA availability. 

Extracellular DNA is highly abundant in many environments; finding that Salmonella is 

like other model bacterial species in that it regulates competence genes in response to 

nutrient deprivation instead of DNA availability suggests that Gamma-proteobacteria 

innately rely on the presence of DNA in their environment. This is unlike the uptake and 
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metabolism of alternative carbon and energy sources, which is usually activated only when 

a substrate is available.  

3.4 Materials and methods 

3.4.1 Bacterial strains and culture conditions 

As previously described in chapter 2 (see 2.4. Materials and methods). 

Constructing the mutant ∆rpoS is described in [26]. 

3.4.2 lux reporters 

We used the sig38_H4 reporter (a synthetic RpoS-dependent promoter) [62], 

sig70_16 [29] and sig70_7 [58] (synthetic RpoD-dependent promoters – different 

strength) as previously described in chapter 2 (see 2.4. Materials and methods).  

3.4.3 Reverse transcription quantitative PCR (RT-qPCR) 

As previously described in chapter 2 (see 2.4. Materials and methods). 

3.4.5 Starvation assay 

For the starvation assay, MOPS media was used as described in [41,57]. Non-

limiting amounts of P, C and N sources (+PCN) were added at the following final 

concentrations or percentages: 25 mM KH2PO4, 10 mM NH4Cl, and 0.4% glucose or 0.2% 

galactose, maltose, or arabinose. Limiting amounts of P, C and N were added at the 

following final concentrations or percentages: 0.113 mM KH2PO4, 1 mM NH4Cl, and 

0.02% glucose or 0.02% galactose, 0.02% maltose, or 0.02% L-arabinose.  

Overnight cultures of strains carrying the competence gene reporter plasmids were 

grown in non-limiting minimal medium (-PCN), and then 1µl of 1:1000 diluted overnight 

cultures were inoculated in fresh MOPS media with: 1) non-limiting P, C, and N sources 
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(+PCN), 2) limiting P, C, and N sources (-PCN), limiting P source (-P), limiting N source 

(-N), and limiting C source (-C). Absorbance at 600 nm and luminescence (emission: hole, 

excitation: black plug) were monitored every 10 minutes over 72 hours in the plate-reader.  

3.5 Acknowledgments 

We would like to express our appreciation to Dr. Aaron White (VIDO, 

Saskatchewan) for providing the lux reporters and for the generous help and advice, and 

to Dr. Christopher Yost for motivating the starvation experiments in this work and the 

insightful comments and advice. This work was funded by the Natural Sciences and 

Engineering Research Council of Canada Discovery grant (ADSC), a Saskatchewan 

Health Research Foundation Establishment grant (ADSC), the King Abdullah Scholarship 

Program from the ministry of higher education in Saudi Arabia (EYA), the Saudi Cultural 

bureau in Canada (EYA). 

References  

[1] Antonova, E.S., Bernardy, E.E., Hammer, B.K. (2012) Natural competence in 

Vibrio cholerae is controlled by a nucleoside scavenging response that requires 

CytR-dependent anti-activation. Mol. Microbiol. 86(5), 1215–31, Doi: 

10.1111/mmi.12054. 

[2] Banerjee, S., Anderson, F., Farber, G.K. (1995) The evolution of sugar 

isomerases. Protein Eng. 8(12), 1189–95. 

[3] Botsford, J.L., Harman, J.G. (1992) Cyclic AMP in prokaryotes. Microbiol Rev 

56(1), 100–22, Doi: 10.1146/annurev.mi.28.100174.002033. 

[4] Buckstein, M.H., He, J., Rubin, H. (2008) Characterization of nucleotide pools as 

a function of physiological state in Escherichia coli. J. Bacteriol. 190(2), 718–26, 

Doi: 10.1128/JB.01020-07. 

[5] Busby, S., Ebright, R.H. (1999) Transcription activation by catabolite activator 

protein (CAP). J. Mol. Biol. 293(2), 199–213, Doi: 10.1006/jmbi.1999.3161. 

[6] Cameron, A.D.S., Redfield, R.J. (2008) CRP binding and transcription activation 



115 

 

at CRP-S sites. J. Mol. Biol. 383(2), 313–23, Doi: 10.1016/j.jmb.2008.08.027. 

[7] Cameron, A.D.S., Redfield, R.J. (2006) Non-canonical CRP sites control 

competence regulons in Escherichia coli and many other gamma-proteobacteria. 

Nucleic Acids Res. 34(20), 6001–14, Doi: 10.1093/nar/gkl734. 

[8] Cameron, A.D.S., Volar, M., Bannister, L. a., Redfield, R.J. (2008) RNA 

secondary structure regulates the translation of sxy and competence development 

in Haemophilus influenzae. Nucleic Acids Res. 36(1), 10–20, Doi: 

10.1093/nar/gkm915. 

[9] Casadaban, M.J. (1975) Fusion of the Escherichia coli lac genes to the ara 

promoter: a general technique using bacteriophage Mu-1 insertions. Proc. Natl. 

Acad. Sci. U. S. A. 72(3), 809–13. 

[10] Chen, I., Christie, P.J., Dubnau, D. (2005) The ins and outs of DNA transfer in 

bacteria. Science 310(5753), 1456–60, Doi: 10.1126/science.1114021. 

[11] Chen, I., Dubnau, D. (2004) DNA uptake during bacterial transformation. Nat. 

Rev. Microbiol. 2(3), 241–9, Doi: 10.1038/nrmicro844. 

[12] Cho, B.-K., Federowicz, S. a., Embree, M., Park, Y.-S., Kim, D., Palsson, B.Ø. 

(2011) The PurR regulon in Escherichia coli K-12 MG1655. Nucleic Acids Res. 

39(15), 6456–64, Doi: 10.1093/nar/gkr307. 

[13] Daruwalla, K.R., Paxton, A.T., Henderson, P.J. (1981) Energization of the 

transport systems for arabinose and comparison with galactose transport in 

Escherichia coli. Biochem. J. 200(3), 611–27. 

[14] Dupray, E., Caprais, M.P., Derrien, A., Fach, P. (1997) Salmonella DNA 

persistence in natural seawaters using PCR analysis. J. Appl. Microbiol. 82(4), 

507–10, Doi: 10.1046/j.1365-2672.1997.00143.x. 

[15] Farewell, A., Kvint, K., Nyström, T. (1998) Negative regulation by RpoS: a case 

of sigma factor competition. Mol. Microbiol. 29(4), 1039–51. 

[16] Finkel, S.E., Kolter, R. (2001) DNA as a nutrient: novel role for bacterial 

competence gene homologs. J. Bacteriol. 183(21), 6288–93, Doi: 

10.1128/JB.183.21.6288-6293.2001. 

[17] Gérard, F., Dri, A.M., Moreau, P.L. (1999) Role of Escherichia coli RpoS, LexA 

and H-NS global regulators in metabolism and survival under aerobic, phosphate-

starvation conditions. Microbiology, 1547–62, Doi: 10.1099/13500872-145-7-

1547. 

[18] Gruber, T.M., Gross, C.A. (2003) Multiple sigma subunits and the partitioning of 

bacterial transcription space. Annu. Rev. Microbiol. 57(1), 441–66, Doi: 

10.1146/annurev.micro.57.030502.090913. 



116 

 

[19] Guo, M., Wang, H., Xie, N., Xie, Z. (2015) Positive effect of carbon sources on 

natural transformation in Escherichia coli : the role of low-level cAMP-CRP in 

the derepression of rpoS. J. Bacteriol. 197(20), JB.00291-15, Doi: 

10.1128/JB.00291-15. 

[20] Guzman, L.-M., Belin, D., Carson, M.J., Beckwith, J. (1995) Tight Regulation, 

Modulation, and High-Level Expression by Vectors Containing the Arabinose P 

BAD Promoter. J. Bacteriol. 177(14), 4121–30. 

[21] Hahn, S., Dunn, T., Schleif, R. (1984) Upstream repression and CRP stimulation 

of the Escherichia coli L-arabinose operon. J. Mol. Biol. 180(1), 61–72, Doi: 

10.1016/0022-2836(84)90430-3. 

[22] Hauser, P.M., Karamata, D. (1994) A rapid and simple method for Bacillus 

subtilis transformation on solid media. Microbiology, 1613–7, Doi: 

10.1099/13500872-140-7-1613. 

[23] Hengge, R. (2013) Stationary-Phase Gene Regulation in Escherichia coli. EcoSal 

Plus 1(5), Doi: 10.1128/ecosalplus.5.6.3. 

[24] Herriott, R.M., Meyer, E.M., Vogt, M. (1970) Defined nongrowth media for stage 

II development of competence in Haemophilus influenzae. J. Bacteriol. 101(2), 

517–24. 

[25] Hogg, R.W. (1977) L-Arabinose transport and the L-arabinose binding protein of 

Escherichia coli. J. Supramol. Struct. 6(3), 411–7, Doi: 10.1002/jss.400060314. 

[26] Hoiseth, S.K., Stocker, B.A. (1981) Aromatic-dependent Salmonella typhimurium 

are non-virulent and effective as live vaccines. Nature 291(5812), 238–9. 

[27] Johnson, C.M., Schleif, R.F. (1995) In vivo induction kinetics of the arabinose 

promoters in Escherichia coli. J. Bacteriol. 177(12), 3438–42. 

[28] Kabir, M.S., Sagara, T., Oshima, T., Kawagoe, Y., Mori, H., Tsunedomi, R., 

Yamada, M. (2004) Effects of mutations in the rpoS gene on cell viability and 

global gene expression under nitrogen starvation in Escherichia coli. 

Microbiology 150(Pt 8), 2543–53, Doi: 10.1099/mic.0.27012-0. 

[29] Kim, W., Surette, M.G. (2006) Coordinated Regulation of Two Independent Cell-

Cell Signaling Systems and Swarmer Differentiation in Salmonella enterica 

Serovar Typhimurium. J. Bacteriol. 188(2), 431–40, Doi: 10.1128/JB.188.2.431-

440.2006. 

[30] Kröger, C., Colgan, A., Srikumar, S., Händler, K., Sivasankaran, S.K., 

Hammarlöf, D.L., Canals, R., Grissom, J.E., Conway, T., Hokamp, K., Hinton, 

J.C.D. (2013) An infection-relevant transcriptomic compendium for Salmonella 

enterica serovar typhimurium. Cell Host Microbe 14(6), 683–95, Doi: 

10.1016/j.chom.2013.11.010. 



117 

 

[31] Kröger, C., Dillon, S.C., Cameron, A.D.S., Papenfort, K., Sivasankaran, S.K., 

Hokamp, K., Chao, Y., Sittka, A., Hébrard, M., Händler, K., Colgan, A., 

Leekitcharoenphon, P., Langridge, G.C., Lohan, A.J., Loftus, B., Lucchini, S., 

Ussery, D.W., Dorman, C.J., Thomson, N.R., Vogel, J., Hinton, J.C.D. (2012) The 

transcriptional landscape and small RNAs of Salmonella enterica serovar 

Typhimurium. Proc. Natl. Acad. Sci. U. S. A. 109(20), E1277-86, Doi: 

10.1073/pnas.1201061109. 

[32] Lange, R., Hengge-Aronis, R. (1994) The cellular concentration of the sigma S 

subunit of RNA polymerase in Escherichia coli is controlled at the levels of 

transcription, translation, and protein stability. Genes Dev. 8(13), 1600–12. 

[33] Lawson, C.L., Swigon, D., Murakami, K.S., Darst, S.A., Berman, H.M., Ebright, 

R.H. (2004) Catabolite activator protein: DNA binding and transcription 

activation. Curr. Opin. Struct. Biol. 14(1), 10–20, Doi: 10.1016/j.sbi.2004.01.012. 

[34] Lisser, S., Margalit, H. (1993) Compilation of E. coli mRNA promoter sequences. 

Nucleic Acids Res. 21(7), 1507–16. 

[35] Lobell, R.B., Schleif, R.F. (1991) AraC-DNA looping: Orientation and distance-

dependent loop breaking by the cyclic AMP receptor protein. J. Mol. Biol. 218(1), 

45–54, Doi: 10.1016/0022-2836(91)90872-4. 

[36] Lonetto, M., Gribskov, M., Gross, C.A. (1992) The sigma 70 family: sequence 

conservation and evolutionary relationships. J. Bacteriol. 174(12), 3843–9. 

[37] Moon, M.-W., Park, S.-Y., Choi, S.-K., Lee, J.-K. (2006) The Phosphotransferase 

System of Corynebacterium glutamicum: Features of Sugar Transport and Carbon 

Regulation. J. Mol. Microbiol. Biotechnol. 12(1–2), 43–50, Doi: 

10.1159/000096458. 

[38] Mooney, R.A., Darst, S. a., Landick, R. (2005) Sigma and RNA polymerase: an 

on-again, off-again relationship? Mol. Cell 20(3), 335–45, Doi: 

10.1016/j.molcel.2005.10.015. 

[39] Mulcahy, H., Charron-Mazenod, L., Lewenza, S. (2010) Pseudomonas aeruginosa 

produces an extracellular deoxyribonuclease that is required for utilization of 

DNA as a nutrient source. Environ. Microbiol. 12(6), 1621–9, Doi: 

10.1111/j.1462-2920.2010.02208.x. 

[40] Neidhardt, F.C. (1996) Escherichia coli and Salmonella: Cellular and Molecular 

Biology. second edi, ASM Press. 

[41] Neidhardt, F.C., Bloch, P.L., Smith, D.F. (1974) Culture medium for 

enterobacteria. J. Bacteriol. 119(3), 736–47. 

[42] Netherwood, T., Martín-Orúe, S.M., O’Donnell, A.G., Gockling, S., Graham, J., 

Mathers, J.C., Gilbert, H.J. (2004) Assessing the survival of transgenic plant DNA 



118 

 

in the human gastrointestinal tract. Nat. Biotechnol. 22(2), 204–9, Doi: 

10.1038/nbt934. 

[43] Olvera, L., Mendoza-Vargas, A., Flores, N., Olvera, M., Sigala, J.C., Gosset, G., 

Morett, E., Bolívar, F. (2009) Transcription analysis of central metabolism genes 

in Escherichia coli. Possible roles of sigma38 in their expression, as a response to 

carbon limitation. PLoS One 4(10), e7466, Doi: 10.1371/journal.pone.0007466. 

[44] Palchevskiy, V., Finkel, S.E. (2009) A role for single-stranded exonucleases in the 

use of DNA as a nutrient. J. Bacteriol. 191(11), 3712–6, Doi: 10.1128/JB.01678-

08. 

[45] Palchevskiy, V., Finkel, S.E. (2006) Escherichia coli competence gene homologs 

are essential for competitive fitness and the use of DNA as a nutrient. J. Bacteriol. 

188(11), 3902–10, Doi: 10.1128/JB.01974-05. 

[46] Patten, C.L., Kirchhof, M.G., Schertzberg, M.R., Morton, R.A., Schellhorn, H.E. 

(2004) Microarray analysis of RpoS-mediated gene expression in Escherichia coli 

K-12. Mol. Genet. Genomics 272(5), 580–91, Doi: 10.1007/s00438-004-1089-2. 

[47] Redfield, R.J. (1993) Genes for Breakfast: The Have-Your-Cake and-Eat-lt-Too 

of Bacterial Transformation. J. Hered.  84(21), 400–4, Doi: 

10.1128/JB.183.21.6288. 

[48] Redfield, R.J. (2001) Do bacteria have sex? Nat. Rev. Genet. 2(8), 634–9, Doi: 

10.1038/35084593. 

[49] Redfield, R.J. (1991) sxy-1, a Haemophilus influenzae mutation causing greatly 

enhanced spontaneous competence. J. Bacteriol. 173(18), 5612–8. 

[50] Scripture, J.B., Voelker, C., Miller, S., O’Donnell, R.T., Polgar, L., Rade, J., 

Horazdovsky, B.F., Hogg, R.W. (1987) High-affinity L-arabinose transport 

operon. Nucleotide sequence and analysis of gene products. J. Mol. Biol. 197(1), 

37–46. 

[51] Seper, A., Fengler, V.H.I., Roier, S., Wolinski, H., Kohlwein, S.D., Bishop, A.L., 

Camilli, A., Reidl, J., Schild, S. (2011) Extracellular nucleases and extracellular 

DNA play important roles in Vibrio cholerae biofilm formation. Mol. Microbiol. 

82(4), 1015–37, Doi: 10.1111/j.1365-2958.2011.07867.x. 

[52] Sharma, C.M., Hoffmann, S., Darfeuille, F., Reignier, J., Findeiss, S., Sittka, A., 

Chabas, S., Reiche, K., Hackermüller, J., Reinhardt, R., Stadler, P.F., Vogel, J. 

(2010) The primary transcriptome of the major human pathogen Helicobacter 

pylori. Nature 464(7286), 250–5, Doi: 10.1038/nature08756. 

[53] Sharma, U.K., Chatterji, D. (2010) Transcriptional switching in Escherichia coli 

during stress and starvation by modulation of sigma activity. FEMS Microbiol. 

Rev. 34(5), 646–57, Doi: 10.1111/j.1574-6976.2010.00223.x. 



119 

 

[54] Sinha, S., Mell, J., Redfield, R. (2013) The availability of purine nucleotides 

regulates natural competence by controlling translation of the competence 

activator Sxy. Mol. Microbiol. 88(6), 1106–19, Doi: 10.1111/mmi.12245. 

[55] Sinha, S., Redfield, R.J. (2012) Natural DNA uptake by Escherichia coli. PLoS 

One 7(4), e35620, Doi: 10.1371/journal.pone.0035620. 

[56] Sorensn, K.I., Baker, K.E., Kelln, R.A., Neuhard, J. (1993) Nucleotide Pool-

Sensitive Selection of the Transcriptional Start Site In Vivo at the Salmonella 

typhimunium pyrC and pyrD Promoters. J. Bacteriol. 175(13), 4137–44. 

[57] Spector, M.P., Cubitt, C.L. (1992) Starvation-inducible loci of Salmonella 

typhimurium: regulation and roles in starvation-survival. Mol. Microbiol. 6(11), 

1467–76. 

[58] Stocki, S.L., Annett, C.B., Sibley, C.D., McLaws, M., Checkley, S.L., Singh, N., 

Surette, M.G., White, A.P. (2007) Persistence of Salmonella on Egg Conveyor 

Belts Is Dependent on the Belt Type but Not on the rdar Morphotype. Poult. Sci. 

86(11), 2375–83, Doi: 10.3382/ps.2007-00121. 

[59] Sun, Y., Bernardy, E.E., Hammer, B.K., Miyashiro, T. (2013) Competence and 

natural transformation in vibrios. Mol. Microbiol. 89(4), 583–95, Doi: 

10.1111/mmi.12307. 

[60] Turnbough, C.L., Switzer, R.L. (2008) Regulation of pyrimidine biosynthetic gene 

expression in bacteria: repression without repressors. Microbiol. Mol. Biol. Rev. 

72(2), 266–300, table of contents, Doi: 10.1128/MMBR.00001-08. 

[61] de Vos, W.M., Kleerebezem, M., Kuipers, O.P., Kilstrup, M., Hammer, K., 

Ruhdal Jensen, P., Martinussen, J. (2005) Nucleotide metabolism and its control 

in lactic acid bacteria. FEMS Microbiol. Rev. 29(3), 555–90, Doi: 

10.1016/j.femsre.2005.04.006. 

[62] White, A.P., Gibson, D.L., Kim, W., Kay, W.W., Surette, M.G. (2006) Thin 

Aggregative Fimbriae and Cellulose Enhance Long-Term Survival and 

Persistence of Salmonella. J. Bacteriol. 188(9), 3219–27, Doi: 

10.1128/JB.188.9.3219-3227.2006. 

[63] Yamamoto, S., Izumiya, H., Mitobe, J., Morita, M., Arakawa, E., Ohnishi, M., 

Watanabe, H. (2011) Identification of a Chitin-Induced Small RNA That 

Regulates Translation of the tfoX Gene, Encoding a Positive Regulator of Natural 

Competence in Vibrio cholerae. J. Bacteriol. 193(8), 1953–65, Doi: 

10.1128/JB.01340-10. 

[64] Yamashino, T., Ueguchi, C., Mizuno, T. (1995) Quantitative control of the 

stationary phase-specific sigma factor, sigma S, in Escherichia coli: involvement 

of the nucleoid protein H-NS. EMBO J. 14(3), 594–602. 



120 

 

[65] Zhou, Y., Gottesman, S. (2006) Modes of regulation of RpoS by H-NS. J. 

Bacteriol. 188(19), 7022–5, Doi: 10.1128/JB.00687-06. 

[66] Zuker, M. (2003) Mfold web server for nucleic acid folding and hybridization 

prediction. Nucleic Acids Res. 31(13), 3406–15. 

 

 



121 

 

Chapter 4: The genetic regulation of competence genes by DNA 

supercoiling and nucleoid association proteins.1  
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Abstract 

DNA topology plays an important role in regulating gene expression. For example, 

environmental signals such as low oxygen, osmotic pressure, cold-shock, acidic pH and 

nutrient upshifts increase DNA supercoiling, and subsequently cause changes in 

supercoiling-sensitive gene expression. Thus, DNA supercoiling integrates environmental 

cues to regulate gene expression as an extra level of transcriptional control in addition to 

protein transcription factors. Two pieces of evidence suggest that natural competence gene 

homologs may be regulated by DNA supercoiling. First, we previously reported that 

competence genes are induced as Salmonella enters stationary phase, which coincides with 

relaxation of DNA supercoiling. Second, Stress-Induced Duplex Destabilization (SIDD) 

analysis suggests these promoters are sensitive to DNA supercoiling. This was tested using 

15 and 25 µg/ml novobiocin to relax DNA supercoiling. FIS and H-NS proteins are global 

regulators of DNA supercoiling in Salmonella, and competence genes were up-regulated 

in ∆fis and ∆hns, meaning that FIS and H-NS repress competence gene expression.   

4.1 Introduction  

DNA is a double stranded helical molecule [31,32]. In the biologically relevant B-

form, each helical turn of the double helix is 10.4 nucleotides long. Yet this “relaxed” form 

of DNA rarely exists in nature; instead, all organisms underwind the double helix, which 

exerts stress on base pairs and causes the double helix to supercoil to relieve this pressure. 

DNA supercoiling provides two (and maybe more) advantages to organisms: first, the 

higher-order structuring (topology) helps compact large DNA molecules, like 

chromosomes, into the confines of a cell, and second, DNA supercoils store energy. An 
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interesting feature of this energy is that it can be transmitted along the DNA molecule and 

deployed to modulate gene expression [11,27].    

DNA supercoiling is a global regulator of gene expression [11,27]. Half of E. coli 

genes are sensitive to DNA supercoiling [5], which directly impacts gene expression 

[11,27]. DNA shape (topology) from supercoiling can enhance access for transcription 

factors (TF) to gene promoter regions, or supercoiling can directly occlude TF binding to 

DNA. In addition, supercoiling can reduce the energy required for RNA polymerase to 

melt the DNA double strand, which enhances gene expression. Thus, transcription 

initiation is orchestrated by cooperative and competitive interactions between transcription 

factors and DNA topology [2,6,12,18].  

In Salmonella and E. coli, DNA topology is influenced by many physiological 

signals that change throughout growth phases in laboratory conditions [9,30,35], allowing 

DNA supercoiling to transmit physiological signals to gene regulatory activity. As Figure 

4.1 illustrates, DNA is more supercoiled during exponential phase growth and more 

relaxed in the stationary phase [3,27]. As well, environmental signals such as low oxygen 

levels, osmotic pressure, cold-shock, acidic pH and nutrient upshifts increase DNA 

supercoiling, and subsequently change gene expression [9]. Thus, TFs and DNA 

supercoiling integrate different environmental cues to regulate gene expression [26].  

Genes for DNA uptake by natural competence, “competence genes”, are induced 

in Salmonella when growth slows as cells enter stationary phase (Figure 4.2) (and 

presented in Chapter 3), also observed in the model organism H. influenzae [23]. 

Therefore, we speculate that relaxation of DNA supercoiling activates the expression of  
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Figure 4.1. Changes in DNA structure during different growth phases. 

DNA is less supercoiled in stationary phase and more supercoiled in exponential phase. 

The global state of DNA supercoiling is set by the counteracting activities of DNA 

supercoiling and DNA relaxing enzymes. Topoisomerase (Topo) I, topoisomerase III, and 

topoisomerase IV relax DNA supercoiling, whereas DNA gyrase supercoils DNA. 
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Figure 4.2. Competence gene promoter activity. 

Promoter activity of sxy::lux, pilA:: lux, and hopD:: lux was examined at 22 ᵒC in a 96-

well plate in broth. Promoter activity is expressed in arbitrary units and values are 

normalized to the OD. Data are represented by mean (n = 3). 
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competence genes. Further, the nucleoid-associated proteins (NAPs), FIS and H-NS, 

modulate DNA topology on many levels and direct supercoiling energy to specific gene 

promoters [5]. Thus, this chapter studies the role of DNA supercoiling and nucleoid 

associated proteins in regulating expression of competence genes.  

 4.2 Results 

4.2.1 Competence gene promoters are predicted to be supercoiling-sensitive 

Our bioinformatic analysis of SIDD (Stress-Induced Duplex Destabilization) 

predicts the propensity of the double strand to melt when DNA is supercoiled [4]. A higher 

denaturing energy indicates the double strand is more stable, whereas a lower denaturing 

energy indicates the DNA is more likely to melt at low supercoiling levels. To predict the 

effects of DNA supercoiling on transcriptional control of the competence genes, SIDD 

analysis was performed on the promoter regions of competence gene. (10 Kb of DNA was 

subjected to SIDD analysis, with the promoter of interest in the middle of the tested region 

of DNA, where the calculation includes flanking regions not shown in the plots). 

This analysis predicts a strong focused SIDD region in sxy, comM and comA 

promoters (Figure 4.3, Figure 4.4, Figure 4.5), and one or two less extreme SIDD regions 

in comN, pilA and comF promoters (Figure 4.6, Figure 4.7, Figure 4.8). Additionally, 

shorter and weaker SIDD regions are predicted in hopD and crp promoters (Figure 4.9, 

Figure 4.10).  

Since competence genes are co-regulated by CRP and Sxy on CRP-S (Chapter 2), 

we hypothesized that CRP-S sites are evolved to permit Sxy and CRP binding and re-

positioning of SIDD energy to stimulate the promoter of competence genes. Moreover, the 

CRP and Sxy binding sites (CRP-S) of sxy, comM and comA are positioned in a similar 
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location relative to the destabilized region for these three genes (Figure 4.3, Figure 4.4, 

Figure 4.5), and in a similar location in the destabilized region of comN, pilA (Figure 4.6, 

Figure 4.7). This analysis predicts SIDD regions in most of the competence genes, 

suggesting that supercoiling influences transcription initiation at competence gene 

promoters. However, due to the complexities of DNA supercoiling and transcription factor 

interactions, a SIDD profile alone cannot predict whether increased DNA supercoiling will 

have a positive or negative effect on transcription. 

4.2.2 Relaxed DNA supercoiling does not stimulate competence gene expression 

Since competence genes are most highly expressed during stationary phase when 

DNA is more relaxed, we hypothesized that DNA relaxation will increase the expression 

of competence genes. Novobiocin is an aminocoumarin antibiotic that inhibits DNA 

gyrase activity. The addition of low concentrations of novobiocin to bacterial cultures 

results in relaxation of DNA supercoiling without preventing growth [7] (Figure 4.11). To 

determine the effect of DNA relaxation on competence gene expression, wild type cells 

with lux reporter fusions were cultured in LB, and novobiocin was added during 

exponential growth at the following concentrations: 0, 15, 25 µg/ml. Osmotic pressure has 

a large influence on global levels of DNA supercoiling and thus affects promoter activity 

[7]; as with SIDD predictions, it is impossible to predict how osmotic pressure may affect 

supercoiling sensitivity, thus we tested cells grown in LB with 0.5%, 0.1%, or 0% NaCl. 

Promoter activity of the treated cultures was then measured continuously for up to 48 hours 

of growth in the plate reader at 25 ᵒC.  
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Figure 4.3. SIDD destabilization energy profile of Psxy.  

JBrowse figure shows the transcription of sxy (top). The SIDD destabilization energy 

profile of Psxy and probability profile (bottom) as calculated by WebSIDD [4] at -0.06 

superhelical density. G(x) is the free energy required for DNA strands opening, and is 

expressed in kcal/mol. Red arrow indicates the transcription start site (TSS), green circle 

indicates the start codon, and black circle indicates the predicted CRP binding site. 
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Figure 4.4. SIDD destabilization energy profile of PcomM.  

JBrowse figure shows the transcription of comM (top). The SIDD destabilization energy 

profile of PcomM and probability profile (bottom) as calculated by WebSIDD [4] at -0.06 

superhelical density. G(x) is the free energy required for DNA strands opening, and is 

expressed in kcal/mol. Green circle indicates the start codon, and black circle indicates the 

predicted CRP-S binding site. 
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Figure 4.5. SIDD destabilization energy profile of PcomA.  

JBrowse figure shows the transcription of comA (top). The SIDD destabilization energy 

profile of PcomA and probability profile (bottom) as calculated by WebSIDD [4] at -0.06 

superhelical density. G(x) is the free energy required for DNA strands opening, and is 

expressed in kcal/mol. Red arrow indicates the transcription start site (TSS), green circle 

indicates the start codon, and black circles indicate the predicted CRP-S binding sites. 
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Figure 4.6. SIDD destabilization energy profile of PcomN.  

JBrowse figure shows the transcription of comN (top). The SIDD destabilization energy 

profile of PcomN and probability profile (bottom) as calculated by WebSIDD [4] at -0.06 

superhelical density. G(x) is the free energy required for DNA strands opening, and is 

expressed in kcal/mol. Green circle indicates the start codon, and black circle indicates the 

predicted CRP-S binding site. 
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Figure 4.7. SIDD destabilization energy profile of PpilA.  

JBrowse figure shows the transcription of pilA (top). The SIDD destabilization energy 

profile of PpilA and probability profile (bottom) as calculated by WebSIDD [4] at -0.06 

superhelical density. G(x) is the free energy required for DNA strands opening, and is 

expressed in kcal/mol. Green circle indicates the start codon, and black circle indicates the 

predicted CRP-S binding site. 
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Figure 4.8. SIDD destabilization energy profile of PcomF.  

JBrowse figure shows the transcription of comF (top). The SIDD destabilization energy 

profile of PcomF and probability profile (bottom) as calculated by WebSIDD [4] at -0.06 

superhelical density. G(x) is the free energy required for DNA strands opening, and is 

expressed in kcal/mol. Green circle indicates the start codon, and black circle indicates the 

predicted CRP-S binding site. 
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Figure 4.9. SIDD destabilization energy profile of PhopD.  

JBrowse figure shows the transcription of hopD (top). The SIDD destabilization energy 

profile of PhopD and probability profile (bottom) as calculated by WebSIDD [4] at -0.06 

superhelical density. G(x) is the free energy required for DNA strands opening, and is 

expressed in kcal/mol. Green circle indicates the start codon, and black circle indicates the 

predicted CRP-S binding site. 
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Figure 4.10. SIDD destabilization energy profile of Pcrpy.  

JBrowse figure shows the transcription of crp (top). The SIDD destabilization energy 

profile of Pcrp and probability profile (bottom) as calculated by WebSIDD [4] at -0.06 

superhelical density. G(x) is the free energy required for DNA strands opening, and is 

expressed in kcal/mol. Red arrow indicates the transcription start site (TSS), green circle 

indicates the start codon. 
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Figure 4.11. The effect of subinhibitory concentrations of novobiocin on bacterial 

growth. 

Salmonella growth in LB (0%, 0.1% and 0.5% NaCl) after adding 0, 15, and 25 μg/ml 

novobiocin at 25 ᵒC. Data are presented as mean (n = 3). 
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The crp:lux reporter showed that in LB with 0.5% or 0% NaCl, novobiocin caused 

a decrease in promoter activity, but cultures in LB with 0.1% NaCl were less sensitive to 

novobiocin treatment (Figure 4.12). The sxy:lux fusion suggests that sxy expression is 

insensitive to novobiocin-induced DNA relaxation when cultured in LB with 0.5% and 

0.1% NaCl, but that sxy promoter activity was repressed by novobiocin treatment at 0% 

NaCl (Figure 4.12). This means that DNA relaxation does not induce crp or sxy. 

While hopD was not changed upon treatment with novobiocin at all three NaCl 

concentrations, pilA expression increased upon treatment with 15 and 25 ug/ml in all three 

NaCl concentrations. This suggests that DNA relaxation induces pilA expression. Since 

the highest pilA expression was observed when cultured in LB with 0.5 % NaCl (Figure 

4.13), RT-qPCR was implemented to quantify and compare competence gene expression 

when DNA is relaxed in LB with 0.5 % NaCl at 22 ᵒC. For these qPCR experiments, 

novobiocin was added when cells were growing exponentially (OD600 0.1) and were 

sampled at 30, 120, and 300 minutes after novobiocin was added (Figure 4.14). 

ssrA (a pathogenicity gene) and ompR (encodes a transcription regulatory protein) 

were included as positive controls because their expression increases upon novobiocin 

treatment at 37 ᵒC [7]. Neither ssrA nor ompR expression in response to DNA relaxation 

has been previously tested at 22 ᵒC, a good temperature for detecting competence gene 

expression. Thus we were interested to observe that ompR expression increased after 120 

minutes of adding 15 µg/ml novobiocin at 22 ᵒC (Figure 4.15) whereas the expression of 

all the tested competence genes (sxy, pilA, comM, comN, comA, comF) did not change 

after novobiocin treatment (Figure 4.15). 
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Figure 4.12. The effect of subinhibitory concentrations of novobiocin on Pcrp and 

Psxy activity. 

The promoter activity of Pcrp::lux (right) and Psxy::lux (left) in LB (0%, 0.1% and 0.5% 

NaCl) after adding 0, 15, and 25 μg/ml novobiocin at 25 ᵒC. Promoter activity is presented 

as mean (n = 3). 
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Figure 4.13. The effect of subinhibitory concentrations of novobiocin on PpilA and 

PhopD activity. 

The promoter activity of PpilA::lux (right) and PhopD::lux (left) in LB (0%, 0.1% and 0.5% 

NaCl) after adding 0, 15, and 25 μg/ml novobiocin at 25 ᵒC. Promoter activity is presented 

as mean (n = 3). 
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Figure 4.14. Effect of novobiocin on Salmonella growth at 22 ᵒC. 

Salmonella growth measured as OD at 600 nm in LB (0.5% NaCl) after 0, 30, 120 and 300 

minutes of adding 0, 15, and 25 μg/ml novobiocin at 22 ᵒC.  
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Figure 4.15. Effect of novobiocin on competence gene expression at 22 ᵒC. 

The expression of competence genes (sxy, hopD, pilA, comM, comN, comA, and comF) 

during exponential growth in LB (0.5% NaCl) after 0, 30, 120 and 300 minutes of adding 

0, 15, and 25 μg/ml novobiocin at 22 ᵒC. ompR and ssrA are positive controls. RT-qPCR 

data are presented as mean ± SD (n = 3). 
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We repeated the novobiocin experiment at 37 ᵒC, a host-associated temperature when the 

ssrA pathogenicity gene is known to be expressed. Since cells grow faster in 37 ᵒC than in 

22 ᵒC, samples were collected after 30 and 90 minutes of novobiocin treatment (Figure 

4.16). 

As shown in Figure 4.17, and as expected, ompR and ssrA expression increased 

after 30 minutes of novobiocin treatments at 37 ᵒC. While pilA, hopD, and comM 

expression decreased post-novobiocin treatment, there was no significant change on the 

expression of sxy, comN, comA, and comF. RT-qPCR data suggests that DNA relaxation 

does not induce competence gene expression, rather it might repress some promoters of 

the competence genes. 

4.2.3 The transcription factors FIS and H-NS regulate competence gene expression 

The factor for inversion stimulation (FIS) and the histone-like nucleoid structuring 

protein (H-NS) are highly abundant and bind across the Salmonella chromosome 

[13,15,20]. Both proteins affect and are affected by DNA supercoiling, allowing them to 

regulate the expression of hundreds of genes. These nucleoid-associated proteins (NAPs) 

play a significant role in modulating DNA topology through constraining supercoils, and 

displacing supercoiling [11]. FIS, which is known as the topological buffer, constrains 

supercoils by binding to DNA and bending DNA between 40ᵒ to 90ᵒ to form micro-loops 

[16,29]. These micro-loops stabilize DNA to regulate transcription [28] and mediate DNA 

compaction [25]. In addition, FIS modulates DNA topology by reducing gyrase activity 

(gyrA and gyrB) [29] and in some cases activates topoisomerase (topA) [5]. H-NS also 

promotes DNA compaction [10] by forming strong DNA-protein-DNA bridges [33,34], 

which repress the expression of hundreds of genes [1,20]. Because both FIS and H-NS are 
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intimately involved in modulating DNA supercoiling, they are good candidates for the 

regulation of competence genes. To test the effect of these regulators on competence gene 

expression, lux reporters were transferred into ∆fis and ∆hns mutants to monitor 

competence promoter activities in the absence of fis or hns. However, lux reporters did not 

show any detectable signals in ∆fis and ∆hns (data not shown). Hence, RT-qPCR was 

implemented to examine the expression of competence genes in ∆fis and ∆hns. 

Under three different conditions, the expression of all the tested genes (crp, sxy, 

pilA, hopD, comM, comA, comN) increased in the absence of fis (Figure 4.18), and in the 

absence of hns (Figure 4.19). These results suggest that both FIS and H-NS repress the 

expression of competence genes.  

4.3 Discussion 

We have shown previously that competence genes are positively regulated by CRP 

and Sxy (Chapter 2). It is proposed that Sxy assists CRP to bind to non-preferred CRP-S 

sites to recruit RNA polymerase [8,24]. We hypothesized that the expression of 

competence genes is coordinated at early stationary phase. The competence genes we have 

examined so far (pilA, hopD, comM, comN, comA, and comF) are tuned to the same DNA 

supercoiling signal, where CRP-S sites are evolved to allow Sxy and CRP to bind and re-

position SIDD energy to activate (or remove repression from) competence gene promoters. 

Hence, our discovery of dramatic SIDD profiles in the promoter regions of several 

competence genes (comM, comA, comN, pilA and comF) and sxy, along with the 

positioning of CRP-S sites in a similar location (at edge of destabilized regions of comM 

and comA, and in the middle of destabilized regions of comN and pilA) 
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Figure 4.16. Effect of Novobiocin on Salmonella growth at 37 ᵒC. 

Salmonella growth measured as OD at 600 nm in LB (0.5% NaCl) after 0, 30, and 90 

minutes of adding 0, 15, and 25 μg/ml novobiocin at 37 ᵒC.  
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Figure 4.17. Effect of Novobiocin on competence gene expression at 37 ᵒC. 

The expression of competence genes (sxy, hopD, pilA, comM, comN, comA, and comF) 

during exponential growth in LB (0.5% NaCl) after 0, 30, and 90 minutes of adding 0, 15, 

and 25 μg/ml novobiocin at 37 ᵒC. ompR and ssrA are positive controls. RT-qPCR data 

are presented as mean ± SD (n = 3). 
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Figure 4.18. Competence gene expression in the ∆fis mutant. 

The expression of competence genes (crp, sxy, pilA, hopD, comM,, comA, and comN) in ∆ 

fis in broth media at 37 ᵒC, on solid media at 22 ᵒC, and on semi-solid media at 22 ᵒC. RT-

qPCR data are presented scale as mean ± SD (n = 3) relative to wild type. 
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Figure 4.19. Competence gene expression in the ∆hns mutant. 

The expression of competence genes (crp, sxy, pilA, hopD, comM,, comA, comN and 

comF) in ∆ hns in broth media at 37 ᵒC, on solid media at 22 ᵒC, and on semi-solid media 

at 22 ᵒC. RT-qPCR data are presented on log scale as mean ± SD (n = 3) relative to wild 

type.  
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relative to destabilized regions supports the hypothesis of co-regulation through DNA 

supercoiling.  

Competence genes (sxy, pilA, hopD, comM, comN, comA, and comF) are predicted 

to have narrow regions of dramatic destabilization in their promoters. The length and 

energy of the destabilized region varies from one promoter to another. To illustrate, sxy, 

comM, and comA show strong focused SIDD regions, which might suggest that these three 

genes are strongly controlled by DNA supercoiling. Since comN, pilA, and comF have a 

weaker SIDD profile, they are less influenced by DNA supercoiling. However, SIDD 

analysis revealed a different width of SIDD region and different energy patterns at each 

promoter, suggesting that each of the competence genes might be involved in other 

functions and accordingly is subjected to different regulatory mechanisms. 

Our analysis shows different SIDD and CRP-S binding profiles for each promoter, 

which may be indicative of the promoters being linked to additional regulons. In other 

words, the competence gene homologs are united by the CRP-Sxy-CRP-S regulon, but 

each gene might be involved in other functions in the cells. This model could explain 

different SIDD profiles arising from the activities of diverse TFs at different competence 

gene promoters. 

Although SIDD analysis results suggest that competence genes are regulated by 

DNA supercoiling, SIDD predictions alone cannot predict whether DNA supercoiling will 

activate or repress competence genes. Since competence genes are expressed in early 

stationary phase when DNA is more relaxed, we hypothesized that DNA relaxation 

induces the expression of the competence genes. Lux reporters show that the pilA promoter 

activity starts to increase gradually after three hours of novobiocin treatment and escalates 
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until it reaches its higher activity after 10 hours of induction in early stationary phase 

(Figure 4.13). However, all other promoters we tested revealed a repressive effect of DNA 

relaxation. In our other experiments (Chapter 2), qPCR results confirmed the observed 

regulatory signals acting at the lux promoter fusions, yet here the RT-qPCR contradict the 

pilA results.  

Even though we lacked controls for novobiocin-induced gene expression at 22 ᵒC, 

it is apparent in our results that none of the competence genes were induced by DNA 

relaxation at 22 ᵒC (Figure 4.15) and likewise at 37 ᵒC (Figure 4.17). The apparent 

contradiction of the pilA results might be a result of variations in growth conditions 

between the plate-reader (lux reporters) and a flask in the shaking incubator (RT-qPCR). 

In Salmonella and E. coli, DNA supercoiling changes in response to environmental signals 

such as temperature, oxygen availability and nutrient availability [3,14,19,35]. In 96-well 

plates, cultures are overlaid with oil that reduces oxygen exchange, and cultures grow 

slower than in a well aerated flask. These differences might contribute to the differences 

we have observed between the pilA:lux reporter and RT-qPCR data.   

On the other hand, while lux reporters reflect promoter activity, RT-qPCR 

quantifies gene transcription. Thus, it is possible that the pilA promoter is induced by 

relaxed DNA but there are regulatory factors that inhibit full-length transcription.  

DNA supercoiling is modulated by nucleoid-associated proteins (NAPs) such as 

FIS and H-NS [5,12,26]. Further, FIS and H-NS regulate gene expression chiefly by 

influencing DNA supercoiling [5,20], where they bend DNA to constrain supercoils. In 

E.coli, hopD (gspO) was found to be repressed by H-NS [17]. Our data shows that all 
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tested competence genes, including hopD, are repressed by both H-NS and FIS in 

Salmonella. This involvement of the supercoiling-regulatory proteins in repression 

competence genes suggests that competence genes are regulated by DNA supercoiling.  

It is possible that competence genes are regulated by supercoiled DNA rather than 

relaxed DNA. There are two ways to test the effect of supercoiled DNA on gene 

expression. First, by increasing salt concentration, which results in more supercoiled DNA 

[21]; however, in Salmonella increasing salt concentration has no effect on DNA 

supercoiling [9]. Second, by examining gene expression in topoisomerase mutants, which 

are very challenging to construct since topoisomerases are essential enzymes, and when 

stable mutants are constructed they results in compensatory mutations. Further, such 

mutants have complicated effects on the entire cell physiology, so it is difficult to 

determine the effect of DNA supercoiling on a specific promoter or system of interest in 

these mutations. 

Even though this research did not provide clear evidence for the role of DNA 

relaxation in the positive regulation of competence genes, we cannot eliminate the 

possibility that competence genes might be regulated by DNA supercoiling.  

4.4 Materials and methods  

4.4.1 Bacterial strains and culture conditions 

As previously described in chapter 2 (see 2.4. Materials and methods), the fis 

mutant is described in [7], and hns mutant is described in [22]. 

4.4.2 Reporter gene fusions  

As previously described in chapter 2 (see 2.4. Materials and methods). 
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4.4.3 Novobiocin treatment  

To measure the effects of novobiocin on promoter activity, a streak-isolated colony of 

the lux reporters was suspended in 3 ml of LB (0.5% NaCl) and used to inoculate three 

pre-warmed 300 ml flasks containing 30 ml of LB (0.5% NaCl) and 50 µg/ml kanamycin. 

Cells were grown exponentially for over 3 hours to OD600nm ~ 0.3. Cultures were diluted 

to OD600nm ~0.1 and treated with 0, 15 and 25 µg/ml novobiocin. A 250 µl aliquot of each 

sample was loaded into a white 96-well microplate and overlaid with 50 µl mineral oil. 

Growth and promoter activities were observed real-time every 10 minutes over 48 hours 

of growth for three technical replicates. A sensitivity of 100 was used for the highly 

expressed promoters (crp::lux) and 160 for the low-expressed promoters (sxy::lux, 

pilA::lux, hopD). The experiment was repeated with 0.1% NaCl and 0% NaCl LB. 

To test the effects of novobiocin on gene expression, a streak-isolated colony of the 

lux reporters was suspended in 3 ml of LB (0.5% NaCl) and used to inoculate three pre-

warmed 300 ml flasks containing 30 ml of LB (0.5% NaCl) and 50 µg/ml kanamycin. 

Cells were grown exponentially for over 3 hours to OD600nm ~ 0.1. Cultures were treated 

with 0, 15 and 25 µg/ml novobiocin. To extract RNA, cells were harvested before and after 

novobiocin treatment.   

4.4.4 Reverse transcription quantitative PCR (RT-qPCR) 

As previously described in chapter 2 (see 2.4. Materials and methods). Primers 

are listed in Table 4.1. 

4.4.5 SIDD analysis  

SIDD profile and probability profile was calculated by WebSIDD [4], by inserting 

10 Kb in WebSIDD at -0.06 superhelical density (which is the estimated superhelical 
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densities of Salmonella during exponential growth [7]). Graphical figures and were created 

using Excel 2013 and Graph Pad Prism 6.0. 

4.5 Acknowledgments 

We would like to express our appreciation to Dr. Aaron White for providing some 

lux reporters and sharing valuable knowledge. This work was funded by the Natural 

Sciences and Engineering Research Council of Canada Discovery grant (ADSC), a 

Saskatchewan Health Research Foundation Establishment grant (ADSC), the King 

Abdullah Scholarship Program from the ministry of higher education in Saudi Arabia 

(EYA), the Saudi Cultural bureau in Canada (EYA). 

  



153 

 

Table 4.1. List of RT-qPCR primers. 

 Primer Sequence (5’ -3’) Source 

RT-qPCR 

ssrR-For ACATAAACGGCAAAGGATGGCACG This study 

ssrR-Rev TCGGGAAGTTTAACCGTCACCCA This study 

ompR-For ACCCGTGAATCTTTCCATCTC This study 

ompR-Rev CCTTCGCCGTGACCATAAT This study 
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Chapter 5: RNA-seq determination of the Sxy regulon in Salmonella 

Typhimurium1 
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Abstract 

The genes required for DNA uptake by natural competence are activated by the 

well-characterized cAMP receptor protein (CRP) and the poorly-characterized 

transcription factor Sxy. Sxy is conserved in many Gamma-protobacteria, including 

Escherichia coli and Salmonella, yet it remains poorly understood due in part to the cryptic 

nature of sxy and the toxicity of overexpressing this gene in E. coli. In the present study 

we used a tightly repressed and titratable sxy expression system followed by RNA-seq to 

quantify genome-wide changes in gene expression in the model pathogen, Salmonella. 

RNA-seq was conducted on cells growing in rich medium at 37 ᵒC during late exponential 

phase (OD of 0.5) and early stationary phase (OD of 2.0), conditions when sxy is not 

naturally expressed in Salmonella. Using a strict cutoff of a 2-fold change in expression 

under both growth conditions, we confirmed that Sxy induces genes for natural 

competence (13 genes), purine and pyrimidine metabolism (4 genes), DNA replication and 

repair (3 genes), along with sRNAs (4 genes), and several other functions. As well, 

induction of sxy caused repression of genes for galactose uptake and metabolism (15 

genes). A large number of Sxy-regulated genes are of unknown function (40 genes). Some 

of the associated functions are nucleotide starvation, DNA damage, and other as-yet are 

undetermined cell functions.  Overall, artificially-induced sxy altered the expression of 105 

genes by more than 2-fold, making a distinct list of candidate genes for future testing of 

the Sxy-CRP regulon. 
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5.1 Introduction 

In bacteria, gene expression is regulated primarily through the initiation of 

transcription. Proteins termed “transcription factors” (TFs) act as activators or repressors 

of gene expression by binding to DNA and influencing the recruitment of RNA 

polymerase (RNAP) [10]. The two transcription factors CRP and Sxy are absolutely 

required for competence gene expression [12,57] (Chapter 2). The sxy gene (also called 

yccR or tfoX), was recently discovered by random mutagenesis and screening for mutations 

that upregulate DNA uptake by natural competence in Haemophilus influenzae [43]. It was 

subsequently determined that transcription of sxy is activated by CRP, but that translation 

of sxy only progresses when cells become starved for nucleotides [56]. It is proposed that 

Sxy assists CRP binding to the low-affinity CRP-S sites, allowing CRP to recruit RNA 

polymerase to competence gene promoters [13,57]. Thus, Sxy and CRP regulate H. 

influenzae’s ability to take up extracellular DNA according to nutritional signals.  

The sxy gene is conserved in Escherichia coli and Salmonella enterica, yet it remains 

poorly understood because it is cryptic in both species, and sxy is toxic if overexpressed 

in E. coli [55]. Furthermore, Sxy does not have homology to any known motifs that might 

help predict a particular function. We have identified Sxy as an essential activator of 

competence gene expression in Salmonella (Chapter 2), its expression is induced by two 

environmental factors: temperature and media structure (Chapter 2), and sxy expression is 

activated by CRP, but repressed by three global regulators, Fis, RpoS, and H-NS (Chapters 

2, 3 and 4).  
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Sxy activates 13 promoters in Haemophilus influenzae, each of which contains a CRP-

S site. In E. coli, Sxy activates 43 promoters [13,57], and these also contain CRP-S sites, 

but of a different motif than H. influenzae [55]. This larger E. coli regulon also contains 

the genes for natural competence.  

In the present study we implemented a directional RNA-seq technique to identify the 

genes and functions regulated by Sxy in Salmonella Typhimurium (strain SL1344). RNA 

sequencing is currently the best tool for quantifying genome-wide gene expression, as well 

as for identifying small RNAs, transcription start sites (TSSs), and antisense transcription. 

Moreover, directional RNA-seq (stranded) provides more precise quantification of gene 

expression compared to non-directional RNA-seq [37,66]. Therefore, we used directional 

RNA-seq to identify all the genes that are regulated by Sxy.  

RT-qPCR can ultimately sense lower transcript numbers by detecting transcripts over 

many orders of magnitude, wherase RNA-seq has less ability to quantify low transcribed 

genes (unless we implement expensive ultra deep sequencing). Additionally, the 

expression of the low-expressed competence genes decreased in ∆sxy (Chapter 2), which 

means RNA-seq might not detect the transcrition of competence genes in ∆sxy. Thus, 

comparing the genes that are expressed or not expressed in artifically induced sxy versus 

non-induced conditions is advantageous compared to wild type versus ∆sxy. By comparing 

and functionally categorizing the Sxy regulated genes, we can make powerful inferences 

about the ecological role(s) of natural competence. 

5.2 Results 

The pEcsxy clone used to overexpress sxy in E. coli has negative effects on E. coli 

growth and induces the RpoH stress response to protein misfolding [55]. Therefore we 
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used an improved system that allows low-level and titratable induction of cloned 

Salmonella sxy (pSU20::sxy) (described in Chapter 2). The pSU20::sxy clone replaces the 

sxy untranslated region with the lac promoter, thus removing the predicted mRNA 

secondary structure that can reduce translation of sxy. 

We induced the expression of sxy in wild type cells and then conducted RNA-seq to 

identify genes and pathways that are either induced or repressed when sxy is 

overexpressed. To determine the best phase to perform RNA-seq, we began by using RT-

qPCR to test the effect of inducing sxy on competence genes at different growth phases 

(OD of 0.2, 0.5, 1.0, and 2.0). Overexpressing sxy in exponential growth (OD of 0.2) had 

no effect on the expression of competence genes, but overexpressing sxy at OD of 0.5, 1.0, 

and 2.0 resulted in competence gene induction (Figure 5.1). These results are in direct 

conflict with H. influenzae where overexpression of sxy induces competence genes at any 

growth phase [14]. Our surprising finding in Salmonella suggests an as-yet undiscovered 

regulatory factor is active in later growth phases, or that a repressor of competence is 

alleviated when cells exit exponential growth.  

To determine whether Sxy has the same regulatory functions in different growth 

conditions, we induced sxy at OD of 0.5 (late exponential phase) and 2.0 (early stationary 

phase) in LB medium at 37 ᵒC, then extracted total RNA for RNA-seq 30 minutes after 

induction. We first analyzed sxy expression as the positive control in the RNA-seq data, 

and observed an increase of 30 and 37-fold at OD of 0.5 and 2.0, respectively (Figure 5.2). 

Because the chromosomal and plasmid-borne sxy genes are identical, RNA-seq cannot 

distinguish between the two sources of transcript. Figure 5.2 shows the quality of 

directional RNA-seq data for identifying genetic features like the start and end of 
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transcripts, antisense transcripts, and small RNAs. The transcriptional profiles can be 

quantified as the number of RNA-seq reads corresponds to the number of transcripts in 

cells; this quantification is expressed in terms of transcripts per million (TPM). 

Genome-wide analysis revealed that overexpressing Sxy altered the expression of 105 

genes greater than 2-fold. We divided these 105 genes into 4 categories: genes up-

regulated in both growth phases (27 genes), genes down-regulated in both growth phases 

(12 genes), genes up- or down-regulated only in late exponential phase (OD of 0.5) (26 

genes), and genes up- or down-regulated only in late stationary phase (OD of 2.0) (40 

genes) (Figure 5.3). 

5.2.1 Genes up-regulated in both growth conditions  

 Twenty-seven genes were consistently up-regulated more than 2-fold upon over-

expressing sxy at OD of 0.5 and 2.0. These genes are involved in natural competence (48 

%), DNA replication and repair (11 %), transcription factors (11 %), pathogenicity (4 %), 

antitoxin production (4 %), and six genes have unknown functions (22 %) (Figure 5.4). 

Our RNA-seq analysis shows that the single largest group of up-regulated genes 

are involved in natural competence (Figure 5.4), consistent with previous work that 

showed inducing sxy in E. coli induced 20 competence gene homologues [55]. In S. 

Typhimurium these genes were: comNOPQ, pilABC, pilT, comE1, rec2, radC, comM, and 

hopD. The highest observed induction was observed for comN and pilA (Figure 5.5 and 

Figure 5.6). comN was induced approximately 56 and 90 fold, and pilA was induced 40 

fold at both OD 0.5 and 2.0. Even though crp expression was not affected,  
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Figure 5.1. Over-expressing Sxy at different growth points.  

sxy, pilA and comN expression after 30 minutes of over-expressing Salmonella sxy at OD 

of 0.2, 0.5, 1.0, and 2.0. RT-qPCR values are expressed in arbitrary units relative to a 

standard curve and shown on a log scale as mean ± range (n = 2). (Figure source: Chapter 

2, Figure 2.26).  

 



164 

 

 

Figure 5.2. sxy induction quantified by RNA-seq. 

RNA-seq on Jbrowse shows the sxy gene (middle) and transcriptomes (top and bottom) 

after 30 minutes of induction at OD of 0.5 and 2.0. TPM value for each condition is 

shown (right). Sxy is located on the (+) strand. Black arrow represents TSS. 
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Figure 5.3. Classification of genes with altered expression 30 minutes after sxy 

induction. 

 

 

Figure 5.4. Functions of genes up-regulated by Sxy in both growth conditions (OD 

of 0.5 and 2.0). 
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Figure 5.5. comN expression induced by Sxy 

RNA-seq visualized with Jbrowse shows comN-Q operon (brown) and transcriptional 

output (green and red) after 30 minutes of induction at OD of 0.5. comN is located on the 

reverse (-) strand; the positive strand is not shown. 

 

Figure 5.6. pilA expression induced by Sxy. 

RNA-seq on Jbrowse shows comN-Q operon (brown) and transcriptomes (green and red) 

after 30 minutes of induction at OD of 2.0. Sxy is located on (-) strand. 
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it is fully active when Salmonella is growing in LB, and appears to be sufficient for 

induction of these 13 cryptic competence gene homologues (Table 5.1). 

On the other hand, there was no significant change in the expression of 7 of the 

cryptic competence gene homologs upon inducing plasmid-borne sxy. These genes 

include: comABCDE, comF, and dprA. The absence of induction suggests that an 

additional regulatory mechanism(s) controls the expression of comA-E, comF and dprA. 

In 2000, a search for a repressor using thousands of mutants failed to detect 

upregulation of pilA-C, comN-P, and comA-E expression in E. coli under a variety of 

conditions [50]. In 2009, over expressing sxy in E. coli induced pilA (13-fold), comN (110-

fold), and comA (31-fold) and [57], revealing Sxy as the missing activator of the 

competence gene in E. coli. Likewise, our study shows that 65% of competence gene 

homologs were up-regulated upon inducing sxy in S. Typhimurium. However, our RNA-

seq data shows that the comA-E operon was not induced, consistent with our proposal in 

Chapter 3 that mRNA secondary structure could repress comA-E expression. 

 The cryptic gene hopD, which is a component of the gsp operon in many strains of 

E. coli (Chapter 7), was not induced by Sxy in E. coli [57]. Conversely, hopD has its own 

promoter in S. Typhimurium, and hopD expression was induced 2 and 3.4-fold at OD 0.5 

and 2.0, respectively, upon over-expressing sxy. This suggests that the gsp operon 

compromises expression of hopD, or at least removes it from the Sxy-CRP-S regulon.  

Inducing sxy up-regulated genes are involved in DNA repair and replication (Table 

5.2), such as ligB, which encodes a NAD(+)-dependent DNA ligase [58], dinG, which 

encodes an ATP-dependent DNA helicase activity that may play a role in DNA repair and 
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replication [61], and yedF, which is predicted to encode a protein for cellular response to 

DNA damage [29].  These functions are consistent with our model that Sxy plays a broader 

role than regulating natural competence. Natural competence has long been proposed to 

help cells cope with DNA damage, either as a source of DNA template for repairs [4,44], 

or as a source of nucleotides to prevent replication fork stalling and damage [5,46].  

Additionally, the RNA-seq data revealed that three transcription factors (TFs) were 

upregulated upon sxy induction (Table 5.2): cytR, the cytidine regulator, which represses  

nucleoside uptake and pyrimidine biosynthesis [24,25], pocR, which regulates propanediol 

utilization (pdu operon) and cobalamin biosynthesis (cob operon) [35,48], and cspA, a cold 

shock protein which positively regulates hns and gyrA, and has RNA chaperone activity 

that reduces RNA secondary structure [7,20,23,38]. This connects Sxy to at least three 

additional regulons and elevates Sxy to a mid-level player in the hierarchy of Salmonella’s 

transcriptional networks.  

 In addition to the above mentioned genes and functions, a pathogenicity gene, orfX, 

in the Salmonella Pathogenicity Island (SPI)-5 [15,47], and antitoxin gene, ygfY, were up-

regulated. Further, induction of sxy resulted in activating six uncharacterized genes, which 

raise the possibility that these genes are unrecognized genes that assist in natural 

competence or nucleotide metabolism, or these genes represent additional uncharacterized 

functions activated by Sxy (Table 5.2).  
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Table 5.1. Effect of Sxy induction on competence gene expression.  

 Gene No. 
(locus ID) 

Gene 
Name 

function Induction 
(fold) 

At OD 0.5 

Induction 
(fold) 

At OD 2.0 

Sxy Induced in 
Salmonella? 

Sxy Induced 
in E. coli? 

[55] 

Regulators       
 SL1344_1012 sxy Transcription Factors, regulates competence [43,55] 30.1 36.8 Y Y 
 SL1344_3433 crp Cyclic AMP receptor protein, 

catabolite gene activator [11,19,39] 
1.1 1.0 N - 

Up-regulated competence genes      

comNOPQ 
operon 

SL1344_2978 comN Prepilin peptidase, required for T4P biogenesis  
[50,55] 

56.5 90.2 Y Y 

SL1344_2977 comO 5.7 23.1 Y Y 

SL1344_2976 comP 19.0 3.8 Y Y 

SL1344_2975 comQ 5.8 7.5 Y Y 

pilABC 
operon 

SL1344_0144 pilA Prepilin peptidase, major type IV pilin subunit 
[50,51] 

40.5 40.4 Y Y 

SL1344_0143 pilB 6.5 8.4 Y Y 

SL1344_0142 pilC 3.0 2.9 Y Y 

 SL1344_3074 pilT Type II secretion, ATP‑binding, protein [18,49] 4.4 54.1 Y Y 
 SL1344_0447 comE1 DNA-uptake [45] 18.7 14.5 Y Y 
 SL1344_0920 rec2 DNA translocation [2] 10.8 26.0 Y Y 
 SL1344_3695 radC DNA synthesis and repair [45] 10.0 5.3 Y Y 
 SL1344_3860 comM ATP-dependent protease required for DNA 

translocation across the inner-membrane [18,21] 
4.1 9.3 Y Y 

 SL1344_3409 hopD Type IV leader peptidase, cleaves the prepilin to 
make pilus subunits at the inner-membrane [17] 

2.0 3.4 Y N 

Not affected competence genes      
 SL1344_3372 dprA Cytoplasmic protein that limits degradation of 

incoming DNA [27,28] 
1.4 1.5 N Y 

comABCDE 
operon 

SL1344_3459 comA 1.4 0.29 N Y 

SL1344_3458 comB 1.2 3.1 N Y 
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SL1344_3457 comC Preplasmic protein that is required for pilus 
assembly and  utilizing DNA as the sole source of 

carbon and energy [41] 

3.9 0.4 N Y 

SL1344_3456 comD 0.8 1.1 N Y 

SL1344_3455 comE 0.75 1.4 N Y 
 SL1344_3477 comF Gluconate periplasmic binding protein, required for 

utilization of DNA as the sole source of carbon  
[16,41,42,55] 

0.89 1.6 N Y 
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Table 5.2. Sxy up-regulated 14 genes involved in DNA replication and repair, pyrimidine biosynthesis, and other functions. 

 
Gene No. 

(locus ID) * 
Gene Name * Product * Function ** 

Induction 
(fold) 

At OD 0.5 

Induction 
(fold) 

At OD 2.0 

D
N

A
 

re
p

lic
at

io
n

 

an
d

 r
e

p
ai

r SL1344_3705 ligB Hypothetical DNA ligase Catalyzes the formation of phosphodiester linkages between 5'-phosphoryl and 
3'-hydroxyl groups in double-stranded DNA [58] 

3.6 11.6 

SL1344_0797 dinG Probable ATP‑dependent 
helicase DinG 

DNA repair, recombination and replication [61] 2.6 2.8 

SL1344_1895 yedF UPF0033 protein YedF [29] Cellular response to DNA damage [29]  3.2 3.0 

       

TF
s 

SL1344_4043 cytR Transcriptional repressor 
Cytidine Regulator 

Required for transport and utilization of ribonucleosides and 
deoxyribonucleosides [10, 11] 

2.5 4.1 

SL1344_2012 pocR pdu/cob regulatory protein PocR Regulates pdu operon (propanediol utilization), and cob operon (cobalamin 
biosynthesis) [12, 13] 

3.4 3.8 

SL1344_3615 cspA Cold shock protein Positive regulator of hns and gyrA, acts as an RNA chaperone that prevents 
secondary structure formation of RNA at low temperatures [14–16] 

2.4 1.5 

       

Others SL1344_1031 orfX SPI5 Pathogenicity island encoded protein: SPI5 [47] 8.6 1.4 

SL1344_3023 ygfY Putative antitoxin YgfY Putative antitoxin component of a toxin-antitoxin (TA) module 2.8 3.2 

       

u
n

kn
o

w
n

 

SL1344_3024 ygfZ Conserved hypothetical protein 
tRNA-modifying protein YgfZ 

Regulates at the level of ATP-DnaA and in the modification of some tRNAs. It is 
probably a key factor in regulatory networks that act via tRNA modification, 

such as initiation of chromosomal replication [40] 

4.5 3.5 

SL1344_3866 SL1344_3866 Conserved hypothetical protein  6.5 3.2 

SL1344_2810 ygaD Competence damage-inducible 
protein A 

 4.3 4.3 

SL1344_3304 yhcG Conserved hypothetical protein  12.6 37.2 

SL1344_0308 yafK Putative periplasmic protein  2.9 5.0 

SL1344_3867 SL1344_3867 Conserved hypothetical protein  2.2 2.4 

* Gene name and product identified in SL1344 by [32]. 

** Gene functions obtained from Uniport (http://www.uniprot.org/) and Ecocyc (http://ecocyc.org/) databases.
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5.2.2 Genes down-regulated at both OD of 0.5 and 2.0.  

Even though Sxy is known as an activator of natural competence, our RNA-seq 

data revealed a different novel role of Sxy in inhibiting sugar metabolism (Figure 5.7). 

Eleven genes involved in sugar uptake and metabolism where down-regulated upon 

inducing sxy at OD of 0.5 and 2.0 (Table 5.3). These genes (mglBAC, galMKTE, galF, and 

galP) are involved in galactose metabolism. As well, the repressors of the mgl and gal 

operons, galR and galS were down-regulated (Table 5.3). Down-regulation of the genes 

encoding repressors is expected to result in activation of the mgl and gal operons; yet 

expression of the mgl and gal operons decreased, indicating that Sxy somehow represses 

the entire mgl and gal systems. A more intriguing model is that because CRP is an activator 

of the mgl operon, galS and galP, and dual function regulator of galMKTE [54], Sxy down-

regulates galactose uptake by depleting active CRP at these promoters by recruiting CRP 

to alternate gene promoters, particularly promoters with CRP-S sites. Even though not all 

the above genes made the cutoff of 2-fold at both tested conditions (such as mglbC, galK, 

galE, galF, galP), they are included because they were consistently down-regulated and 

belong to the transcriptional network with consistently repressed genes. 

5.2.3 Genes regulated only in late exponential phase. 

 Twenty six genes were altered in their expression at OD 0.5 but not at OD 2.0. The 

majority of these genes (17 genes) are uncharacterized (Table 5.4). Genes involved in 

pathogenicity (ssek3), toxin response (ecnA), spermidine metabolism (ydgF), and small 

RNA (IsrP) were up-regulated upon inducing sxy in late exponential phase, whereas cspH, 

a cold shock protein, was down regulated. 
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Figure 5.7. Functions of genes down-regulated by Sxy at both OD of 0.5 and 2.0. 

Functional categorization of down-regulated genes at OD of 0.5 and 2.0 
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Table 5.3. Sxy Down-regulated 12 genes involved in sugar metabolism. 

 Gene No. 
(locus ID) * 

Gene Name 
* 

Product * function ** Repression 
(fold) 

At OD 0.5 

Repression 
(fold) 

At OD 2.0 

Su
ga

r 
m

e
ta

b
o

li
sm

 

SL1344_2167 mglB D-galactose-binding periplasmic protein precursor Active transport of galactose and glucose -2.9 -2.4 

SL1344_2166 mglA Galactoside transport atp‑binding protein mgla 
Galactose/methyl galactoside import. Responsible 

for energy coupling to the transport system 
-3.1 -2.2 

SL1344_2165 mglC Galactoside transport system permease protein MglC 

Part of the binding-protein-dependent transport 
system for galactoside. Probably responsible for 

the translocation of the substrate across the 
membrane 

-2.9 -2.3 

SL1344_0750 galM Aldose 1-epimerase (mutarotase) 
Hexose metabolism (sugar metabolism), which is 

part of Carbohydrate metabolism 
-2.3 -0.9 

SL1344_0751 galK Galactokinase 

Galactose metabolism 
Catalyzes the transfer of the Gamma-phosphate of 

ATP to D-galactose to form alpha-D-galactose-1-
phosphate (Gal-1-P) 

-1.7 -1.02 

SL1344_0752 galT Galactose-1-phosphate uridylyltransferase 
Galactose metabolism, which is part of 

carbohydrate metabolism 
-3.1 -5.8 

SL1344_0753 galE UDP-glucose 4-epimerase 

Galactose metabolism 
Catalyzes the conversion of UDP-galactose (UDP-

Gal) to UDP-glucose (UDP-Glc) through a 
mechanism involving the transient reduction of 

NAD 

-3.1 -1.8 

SL1344_2075 galF UTP-glucose-1-phosphate uridylyltransferase 
This protein is involved in the pathway nucleotide-
sugar metabolism, which is part of Carbohydrate 

metabolism 
-1.0 -0.8 

SL1344_3066 galP Galactose-1-phosphate uridylyltransferase 
Galactose metabolism, which is part of 

carbohydrate metabolism. 
-1.7 -1.6 

SL1344_2989 galR Galactose operon repressor Regulates the pathway galactose metabolism -1.3 -1.4 

SL1344_2168 galS 
HTH-type transcriptional regulator GalS 

mgl repressor and galactose ultrainduction factor 
Repressor of the mgl operon. Binds galactose and 

D-fucose as inducers 
-3.4 -2.0 

unknown SL1344_2186 SL1344_2186 Cytoplasmic membrane protein  -23.2 -44.0 

* Gene name and product identified in SL1344 by [32].  

** Gene functions obtained from Uniport (http://www.uniprot.org/) and Ecocyc (http://ecocyc.org/) databases.   
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Table 5.4. Genes regulated by Sxy only at OD of 0.5. 

 Gene No. 
(locus ID) * 

Gene Name * Product * Function ** Induction (fold) 
At OD 0.5 

 

TFs SL1344_4392 pyrL PyrBI operon leader peptide [32,36] Pyrimidine biosynthesis [32,36] -3.7 ↓ 

SL1344_0109A sgrT Inhibitor of glucose transporter [32,60] Prevent glucose uptake [32,60] 299.0 ↑ 

SL1344_3358 fis DNA-binding protein Fis  [32] Global transcription factor [6,53] 2.2 ↑ 

       
sRNA SL1344_IsrP IsrP sRNA  [32]  -3.0 ↓ 

       

O
th

er
s 

SL1344_4272 ecnA Putative entericidin A  [32] Response to toxic substance  [32] 3.8 ↑ 

SL1344_1412 ydgF Spermidine export protein MdtJ [32] Catalyzes the excretion of spermidine [32] 2.0 ↑ 

SL1344_1928 sseK3 Type III secretion system effector protein   Pathogenicity [9,63] 3.5 ↑ 

SL1344_3373 def Peptide deformylase [32] Protein, amino acid modification [32] 2.1 ↑ 

SL1344_1182 cspH Cold shock protein (CspH) [32]  2.8 ↑ 

       

u
n

kn
o

w
n

 

SL1344_1181 envE Hypothetical lipoprotein EnvE [32]  2.1 ↑ 

SL1344_3117 hybG Hydrogenase-2 component protein [32]  3.0 ↑ 

SL1344_0849 ybjC Putative inner membrane protein [32]  2.7 ↑ 

SL1344_1149 ycfJ Putative outer membrane lipoprotein [32]  2.3 ↑ 

SL1344_3125 yghW Putative cytoplasmic protein  3.7 ↑ 

SL1344_3338 yhcR Endonuclease, Protein AaeX [26,32]  5.2 ↑ 

SL1344_3063 yqgB Putative inner membrane protein  18.9 ↑ 

SL1344_2346 SL1344_2346 Uncharacterized protein  2.3 ↑ 

SL1344_3867 SL1344_3867 Uncharacterized protein  2.2 ↑ 

SL1344_0575 ybdZ Putative cytoplasmic protein  -2.1 ↓ 
SL1344_3717 SL1344_3717 Conserved hypothetical protein  -2.1 ↓ 

SL1344_3134 SL1344_3134 Conserved hypothetical protein  -4.5 ↓ 

SL1344_2455 SL1344_2455 Conserved hypothetical protein  -7.1 ↓ 

SL1344_3430 yheU UPF0270 protein YheU  -4.1 ↓ 

SL1344_4126 SL1344_4126 Conserved hypothetical protein  -62.8 ↓ 

SL1344_2042 SL1344_2042 Conserved hypothetical protein  -26.0 ↓ 

SL1344_2186 STM2209 Cytoplasmic membrane protein  -23.4 ↓ 



176 
 

* Gene name and product identified in SL1344 by [32]   

** Gene functions obtained from Uniport (http://www.uniprot.org/) and Ecocyc (http://ecocyc.org/) databases.
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Four genes encoding TFs were altered in expression only in late exponential phase, 

OD of 0.5 (Table 5.4). Two of these were upregulated, fis and sgrT. Fis is a global regulator 

of gene expression that activates and represses the expression of hundreds of genes, largely 

through its function to maintain nucleoid structure [52]; sgrT is a small regulatory peptide 

that inhibits glucose uptake by PtsG [30]. 

5.2.4 Genes regulated in late stationary phase 

 We identified 40 genes whose expression was altered only at OD 2.0 (early 

stationary phase). Sixteen of these genes are uncharacterized (Table 5.5). The remaining 

genes have roles in a variety of functions, such as purine and pyrimidine metabolism (gmK 

and yfaO were up-regulated), iron-sulfur uptake (sufC, feoA, and yhhP), sugar metabolism 

(gtrAb, frwD, and ptsO), sRNAs (istR-1,2, STnc580, arcZ, and STnc1400), 

lipopolysaccharide biosynthesis (ais, and ybgT were down-regulated), oxidoreductase 

activity (mdaA, nemA, and ydhI were up-regulated), and many other functions (Table 5.5). 

The expression of twenty three genes (58.5%) decreased upon over-expressing sxy.  

5.2.4 Genes down-regulated in exponential phase and up-regulated in late 

stationary phase. 

 We observed three genes, pyrL, feoA, and istR-1,2, that were down regulated by 

Sxy in late exponential phase but then were up-regulated in early stationary phase (Figure 

5.8).  These three genes are highly expressed in late exponential phase (TPM of 657, 27, 

and 14, respectively), making repression easy to detect upon sxy induction. In contrast, 

pyrL, feoA, and istR-1,2 showed low expression (TPM of 0, 9.3 , and 0  respectively) in 

early stationary phase (OD of 2.0) and induction of sxy up-regulated their expression.  



178 
 

5.2.6 CRP-S site   

CRP primarily acts as a transcriptional activator by binding to specific 22 bp DNA 

sites in CRP-regulated promoters; the well-characterized and canonical form of these sites 

are called “CRP-N” sites. In the case of competence genes, however, CRP binds to less 

preferred sites termed “CRP-S” sites, which require both CRP and Sxy for transcriptional 

activity [12]. It has been experimentally determined that CRP can bind to CRP-S sites, but 

we do not know whether Sxy binds to DNA or whether it assists CRP binding through 

some other mechanism [13].  

CRP-N motifs are similar in H. influenzae, E. coil, and Salmonella, which are 

characterized by the conserved cores 5´-T4G5T6G7A8 and 5´-T15C16A17C18A19 [7]. The 

situation appears more complex in E. coli and Salmonella because we have noted that 

while predicted CRP-S sites in these species have C6 instead of T6 in the upstream half of 

the CRP site, the promoter-proximal half comes in two flavours: G17 instead of A17 (as in 

H. influenzae), or has the consensus 5´-T15T16C17C18A19 (Figure 5.9, top).  

Three genes, absent from the H. influenzae genome, ligB, pilT and cytR, were 

upregulated upon sxy induction in E. coli, and CRP-S sites were predicted for all three 

[55]. Their functions of DNA ligation (ligB), pilus retraction (pilT) and repression of 

pyrimidine biosynthesis (cytR) makes intuitive sense for inclusion in the Sxy regulon. 

Inducing sxy in S. Typhimurium upregulated these same genes (Figure 5.10), and 

alignment of the E. coli and Salmonella promoter regions shows that CRP-S sites are also 

present in the ligB, pilT and cytR promoter regions in S. Typhimurium Figure 5.9). 

CytR, a repressor of cytidine biosynthesis, is also positively regulated by Sxy 

in Vibrio cholerae [49]. A V. cholerae cytR mutant is non-transformable, thus it is  
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Table 5.5. Genes regulated by Sxy only at OD of 2.0. 

 Gene No. 
(locus ID) * 

Gene Name * Product * Function ** Induction 
(fold) 

At OD 2.0 

 

P
u

ri
n

e 
an

d
 

p
yr

im
id

in
e

 
m

e
ta

b
o

lis
m

 SL1344_3706 gmk Guanylate kinase [3] (Catalyze purine) 
Recycling GMP and indirectly, cGMP [3] 

2.5 ↑ 

SL1344_2264 yfaO Nucleoside triphosphatase NudI (Catalyze Pyrimidine) 
Catalyzes the hydrolysis of nucleoside 
triphosphates, with a preference for 

pyrimidine 

2.3 ↑ 

       

ir
o

n
-s

u
lf

u
r 

b
io

sy
n

th
es

is
 SL1344_1305 sufC Hypothetical ABC transport 

ATP‑binding subunit 
(Cysteine desulfurase) 

Iron-sulfur cluster biosynthesis 3.0 ↑ 

SL1344_3472 feoA Hypothetical ferrous iron transport 
protein 

Fe2+ ion uptake 2.1 ↑ 

SL1344_3543 yhhP Sulfurtransferase TusA  -2.2 ↓ 

       

Su
ga

r 
m

et
ab

o
lis

m
 SL1344_4141 gtrAb Hypothetical phage glycosyl 

transferase 
Polysaccharide biosynthetic 2.2 ↑ 

SL1344_4065 frwD PTS system fructose-like IIB 
component 2 

PTS system, Sugar transport -2.6 ↓ 

SL1344_3296 ptsO Phosphoenolpyruvate-protein 
phosphotransferase PtsP 

Nitrogen metabolism, PTS system, Sugar 
transport 

-2.4 ↓ 

       

sRNA 

 IstR-1,2 sRNAs, IstR-1 and IstR-2  26.6 ↑ 

SL1344_FnrS STnc580 fnrS (sRNA)  56.8 ↑ 

SL1344_ArcZ ArcZ SraH, ryhA (sRNA)  -2.4 ↓ 

SL1344_STnc1400 STnc1400 sRNA  -96.8 ↓ 
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LP
S 

b
io

sy
n

th
e

si
s 

SL1344_2265 ais Lipopolysaccharide core heptose(II)-
phosphate phosphatase 

lipopolysaccharide metabolism, which is 
part of bacterial outer membrane 

biogenesis. 

-2.0 ↓ 

SL1344_0724 ybgT Putative outer membrane lipoprotein  -7.2 ↓ 

       

O
xi

d
o

re
d

u
ct

as
e 

A
ct

iv
it

y SL1344_0850 mdaA Oxygen‑insensitive NADPH 
nitroreductase (pseudogene) 

Oxidoreductase activity -2.0 ↓ 

SL1344_1368 nemA N‑ethylmaleimide reductase Oxidoreductase activity -2.4 ↓ 

SL1344_1370 ydhL Putative oxidoreductase  -2.3 ↓ 

       

O
th

er
s 

SL1344_2226 napB Periplasmic nitrate reductase, 
electron transfer subunit 

Nitrate assimilation and anaerobic 
metabolism 

-2.6 ↓ 

SL1344_1327 ssaB Type III secretion system effector 
protein, Interferes with endosomal 

trafficking 
(Salmonella pathogenicity island 2) 

Pathogenesis -3.1 ↓ 

SL1344_2162 b2145 Cobalt transport protein CbiM Cobalt uptake 15.9 ↑ 

SL1344_3862 ilvM Acetohydroxy acid synthase II, small 
subunit 

Amino acid biosynthesis 5.9 ↑ 

SL1344_0493 ybbJ Inner membrane protein Peptidase activity 3.7 ↑ 

SL1344_3470 greB Transcription elongation factor GreB Transcription elongation factor 2.4 ↑ 

SL1344_3019 dsbC Thiol:disulfide interchange protein 
DsbC 

Cell redox homeostasis -2.1 ↓ 

       

U
n

kn
o

w
n

 

SL1344_2186 STM2209 Cytoplasmic membrane protein  -44.5 ↓ 

SL1344_1527 ydcX Hypothetical inner membrane protein  3.3 ↑ 

SL1344_4283 yjeO Inner membrane protein  2.2 ↑ 
SL1344_0847 ybjM Inner membrane protein  2.1 ↑ 

SL1344_1794 SL1344_1794 Conserved hypothetical protein  2.7 ↑ 

SL1344_4018 SL1344_4018 Conserved hypothetical protein  2.9 ↑ 

SL1344_1203 SL1344_1203 Conserved hypothetical protein  26.3 ↑ 

SL1344_0696 SL1344_0696 Conserved hypothetical protein  17.1 ↑ 

SL1344_2480 yfgJ Putative cytoplasmic protein  -2.4 ↓ 

SL1344_3063 yqgB Putative inner membrane protein  -15.1 ↓ 
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SL1344_3158 yqiB Putative cytoplasmic protein  -2.1 ↓ 

SL1344_0430A SL1344_0430A Conserved hypothetical protein  -2.7 ↓ 

SL1344_1543 SL1344_1543 Conserved hypothetical protein  -4.9 ↓ 

SL1344_2750 SL1344_2750 Conserved hypothetical protein  -2.0 ↓ 
SL1344_2902 SL1344_2902 Conserved hypothetical protein  -2.2 ↓ 

SL1344_3334 SL1344_3334 Conserved hypothetical protein  -2.1 ↓ 

 

* Gene name and product identified in SL1344 by [32].  

** Gene functions obtained from Uniport (http://www.uniprot.org/) and Ecocyc (http://ecocyc.org/) databases.  



182 
 

 

Figure 5.8. pyrL, foA, and IstR-1,2 expression upon inducing sxy. 

Shown are one non-induced sample (control) and two biological replicates of the induced 

samples for each of the tested growth phases (OD of 0.5 and 2.0). 

 

 

 

Figure 5.9. CRP-S sites of cytR, ligB, and pilT in E. coli, and S. Typhimurium 

SL1344. 

Top, two different CRPP-S motifs in E. coli are shown. Gray bars indicates protein-DNA 

contact regions, which are the most highly conserved regions in CRP sites. Red box 

indicates CRP binding site for repressing cytR (Figure by Andrew DS Cameron).  
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Figure 5.10. Sxy up-regulates pilT, ligB and cytR expression. 

The expression of pilT, ligB, and cytR 30 minutes after induction of sxy at OD of 0.5 and 

2.0 in broth media at 37 ᵒC. RT-qPCR data are presented on log scale as mean ± range (n 

= 2).  
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proposed that CRP and CytR work together when pyrimidine concentrations are low to 

indirectly activate natural competence by repressing an unidentified repressor of 

competence [59]. H. influenzae, lacks cytR, meaning it also lacks the unidentified repressor 

if the above model is correct.  

5.3 Discussion 

5.3.1 Inducing E. coli sxy versus inducing S. Typhimurium sxy 

To date, the only genome-wide analysis to identify genes up/down-regulated by 

Sxy was conducted in E. coli using a toxic plasmid-borne sxy [55]. In the present study, 

we employed a plasmid-borne sxy under control of the isopropyl-β-D-1-

thiogalactopyranoside (IPTG)-inducible T5-lac promoter. Our approach has two 

significant advantages: 1) Salmonella lacks the lacZYA operon, thus does not actively 

concentrate the inducer IPTG inside cells, and 2) our less-intense system induced sxy 30 

to 37-fold whereas the E. coli system induced sxy 200-fold [55]. sxy slows bacterial growth 

drastically when overexpressed in E. coli as it is toxic [57] (Chapter 6, Figure 6.4), whereas 

our inducing system circumvents the toxicity problem and results in cleaner data in which 

no stress response genes or chaperones are expressed.  

Another advantage of our study is that RNA-seq surpasses oligonucleotide 

microarrays for detecting low abundance transcripts, detecting novel transcripts, does not 

require a reference genome, can quantify a large number of transcripts with absolute values 

instead of relative values, and RNA-seq avoids technical issues such as cross-

hybridization, non-specific hybridization and limited detection range of individual probes 

[62,64,65,67].  
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5.3.2 Functions regulated by Sxy  

Sxy is not strictly a regulator of natural competence (Figure 5.11). We discovered 

that in addition to natural competence gene homologs, Sxy activates purine and pyrimidine 

metabolism (4 genes), activates DNA replication and repair (3 genes), represses genes for 

sugar metabolism (15 genes), and likely impacts other cellular functions by altering the 

expression of sRNAs (5 genes), and a handful of genes annotated as being involved in 

pathogenicity, lipopolysaccharide biosynthesis, cobalt uptake, toxin response, 

enterobacten metabolism, iron-sulfur uptake and iron metabolism. Moreover, the vast 

majority of the identified genes are uncharacterized (40 genes), which raises the possibility 

that Sxy plays diverse roles in several cellular functions. By conducting RNA-seq on cells 

in two distinct phases of growth we identified a core regulon of genes that respond the 

same way to Sxy regardless of growth (Table 5.1, Table 5.2, and Table 5.3). These include 

the genes for natural competence, sugar metabolism, DNA replication and repair, and 

purine and pyrimidine metabolism.   

In addition to cytR, ligB, and pilT, the CRP-S motif was previously identified in 

dinG, ygfZ, ygfY, gmK, ygaD in E. coli [55]. This work found that all these genes were up-

regulated by Sxy in S. Typhimurium; therefore, it is possible that all the above genes in S. 

Typhimurium have CRP-S sites. Overall, over-expressed sxy altered the expression of 105 

genes by more than 2-fold. This makes a discrete list of gene candidates for future testing 

of the Sxy-CRP regulon. 

In H. influenzae, sxy transcripts are translated when purine nucleotides pool are 

depleted [56], thus DNA uptake by natural competence is a response to nucleotide 

starvation. In Salmonella we see that Sxy regulates four genes involved in purine and 
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pyrimidine metabolism (cytR, pyrL, gmK, yfeO). This suggests that in addition to using 

DNA uptake to mitigate nucleotide starvation, Sxy contributes to restoring intracellular 

nucleotides pools by activating de novo synthesis of nucleotides in starvation conditions.   

Why does Sxy upregulate ligB, dinG, and ydeF (Table 5.2), three genes involved 

in DNA metabolism and repair? It has long been hypothesized that a benefit of natural 

competence is to provide DNA templates for the repair of damaged DNA. Indeed, in 

competent B. subtilis, DNA replication is paused and cell division is inhibited [8,22], 

suggesting that competence helps repair damaged DNA and/or stalled DNA replication. 

Redfield et al [45] expanded this hypothesis to suggest that the natural competence regulon 

exists not to cure damage but to prevent damage in the first place. Nucleotide starvation 

causes DNA replication forks to stall, leaving melted but un-replicated DNA in a single 

stranded and fragile state. Thus, the Sxy regulon may represent a multifactorial response 

to nucleotide starvation.  

5.4 Materials and methods 

5.4.1 Bacterial strains and culture conditions 

 As previously described in Chapter 2 (see 2.4. Materials and methods). Salmonella 

enterica subspecies enterica serovar Typhimurium strain SL1344 cultures were grown at 

37 °C in shaking incubator (200 rpm) under aerobic conditions in the nutrient rich 

lysogeny broth (LB) (10 g/L Tryptone, 5 g/L yeast extract, and 5 g/L NaCl).  Appropriate 

antibiotic(s) was supplemented as required in the following final concentrations: 

kanamycin 50 μg/ml and chloramphenicol 35 μg/ml. 
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Figure 5.11. Functions regulated by the Sxy regulon. 
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5.4.2 Sxy induction system 

As previously described in Chapter 2 (see 2.4. Materials and methods). 

5.4.3 Reverse transcription quantitative PCR (RT-qPCR) 

As previously described in Chapter 2 (see 2.4. Materials and methods). 

5.4.4 Isolation of RNA from Salmonella using TRIzol 

RNA was extracted using the following protocol: cells were fixed using 2/5 of the 

culture volume ice-cold 5% (v/v) phenol (pH 4.3): 95% (v/v) ethanol, and incubated in ice 

for 30 minutes. RNA was extracted using the TRIzol method: samples were centrifuge for 

10 min at 3220 x g at 4 °C. After dissolving the pellet in 1 ml TRIzol on ice, the 

TRIzol/RNA solution was transferred to the Phase-Lock-Tubes (Phase Lock Gel Heavy 2 

ml 5PRIME cat. no. 2302830, VWR) and 400 µl of chloroform were added with immediate 

shaking for 10 seconds. Samples were incubated for 2-5 minutes at room temperature, and 

then centrifuged at room temperature for 15 minutes at maximum speed. This RNA 

extraction was followed by chloroform/isopropanol precipitation, where the aqueous 

phase (~500 µl) was transferred into a new Eppendorf tube and 450 µl Isopropanol were 

added, and followed by incubation at room temperature for 30 minutes. After centrifuging 

samples at room temperature for 30 minutes at maximum speed, the supernatant was 

removed and the pellet was washed with 350 µl 70-75% ethanol. Samples were centrifuged 

at room temperature for 10 minutes at maximum speed, then we discarded the supernatant 

and air-dried the pellet. We added 25-50 µl RNase-free H2O, and dissolve the pellet by 5 

minutes incubation at 65 °C, and RNA samples were stored at -80 °C. 
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We run the sample in a bioanalyzer to check for RNA degradation using the Agilent 

RNA 6000 Nano Kit, and we measured RNA concentration in Qubit using the Quant-iT 

RNA Assay Kit, broad range. Next, we used the TURBO DNA-free (Ambion) kit to 

remove contaminating DNA.  

5.4.5 RNA-sequencing  

After extracting RNA and removing contaminating DNA, rRNA depletion was 

performed using the MICROBExpress™ Bacterial mRNA Enrichment Kit. A cDNA 

library was generated using the Ultra Directional RNA Library Prep Kit from Illumina 

(NEB). Sequencing was performed using the MiSeq Reagent Kit v3 (150 cycles) 

sequencing cartridge capable of 25 million reads. Sequencing data was analyzed using a 

locally-generated RNA-seq pipeline that uses Bowtie [33] to map DNA reads to the 

SL1344 genome and RSEM to calculate TPM values [34]. TPM data are available on 

https://1drv.ms/x/s!AjUsqfXgwmZciDbSA9RjIynC5x-e. Date are available on JBrowse 

(will provide link when it is available).  

5.4.6 Bioinformatic analysis and data manipulation  

Gene identities and functions were acquired from the following databases: Uniprot 

(http://www.uniprot.org/), EcoCyc (http://ecocyc.org/), and SalCom 

(http://tinyurl.com/HintonLabSalCom.) [31]. Nucleotide and amino acid sequences were 

obtained from GenBank (http://www.ncbi.nlm.nih.gov/nuccore). Homologous sequences 

were analyzed using NCBI BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi), and Uniprot 

BLAST (http://www.uniprot.org/blast/). All statistical analysis and graphical figures and 

were created using Excel 2013 and Graph Pad Prism 6.0.  
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Chapter 6: Genetic and phenotypic assays identify domains required 

for Sxy function, but DNA binding assays yield artefactual indicators of 

Sxy-CRP and Sxy-CRP-DNA interactions1 
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Abstract 

 The cAMP receptor protein (CRP) binds and stimulates transcription at two distinct 

sub-classes of DNA binding sites, CRP-N and CRP-S sites. Unlike at promoters with CRP-

N sites where CRP can act alone, transcription activation at CRP-S promoters absolutely 

requires CRP and a second protein called Sxy. Though Sxy’s role is conserved across 

many Gamma-proteobacteria, Sxy remains poorly characterized and its exact function at 

CRP-S promoters is not known. In this study we show that mutations in conserved regions 

of Sxy abrogates Sxy’s activation of gene expression. Truncating the Sxy C-terminus 

abolishes CRP-S transcriptional activation, and removes the toxic effect characteristic of 

Sxy overexpression. Bandshift analysis of Sxy-CRP-DNA interactions in E. coli and H. 

influenzae yielded intriguing evidence of CRP-Sxy and Sxy-DNA physical interactions. 

Moreover, chromatin pull-down assays suggested Sxy interacts with DNA in vivo. 

However, protein mass-spectrometry analysis revealed contaminating DNA binding 

proteins as the source of artefactual protein-DNA interactions, with important implications 

for future experiments to address Sxy function.  

6.1 Introduction 

Natural competence is the ability of bacteria to actively take up DNA from their 

environment. Mechanisms of competence regulation are conserved in the Gamma-

proteobacteria, including the model organisms Haemophilus influenzae, Vibrio cholerae 

and Escherichia coli [7]. In these species, competence is induced by two positive 

regulators, CRP (cAMP receptor protein, also called catabolite activator protein) and Sxy 

(also known as TfoX). CRP is the master regulator of the carbon-energy starvation 

response, while Sxy’s role appears restricted to regulation of natural competence, DNA 
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replication, and  nucleotide pools [18].  

 CRP is activated by binding to its allosteric effector cAMP, whose levels rise when 

preferred sugars become unavailable, and induces transcription of sugar metabolism 

genes. CRP binds as a dimer to a specific promoter sequence (CRP-N site) with the 

consensus half-site 5′-A1A2A3T4G5T6G7A8T9C10T11-3’ and recruits RNA Polymerase 

through direct protein-protein contacts [5]. CRP also activates transcription at non-

canonical CRP sites (CRP-S sites) with an alternate consensus characterized by C6 instead 

of T6 in H. influenza [8], and whose products are required for natural competence 

[3,15,18,22,25,27,28]. Bioinformatics analyses show that CRP-S motif in E.coli, and S. 

Typhimurium are different than the classic CRP-S in H. influenza [24]. Unlike CRP-N 

sites, CRP-S sites require both CRP and Sxy for transcriptional activation. We have shown 

that E. coli CRP is able to bind CRP-S sites in vitro, albeit less efficiently than CRP-N 

sites [8]. Moreover, although the CRP residues that contact DNA are conserved in E. coli 

and H. influenzae, H. influenzae CRP appears more selective, as binding to CRP-S sites 

cannot be detected in vitro [8]. 

 Sxy’s role in natural competence was discovered in H. influenzae over twenty years 

ago [17], but its mode of action remains unknown. The mechanisms by which CRP 

interacts with DNA are very well characterised [14,19], and studies in diverse Gamma-

proteobacteria have made great headway in characterising how natural competence and 

Sxy are regulated [1,3,8,12,15,18,21,23,25,26,28,29,31–33], but the mechanism of Sxy 

function remains a significant lacuna in our understanding.  

 Sxy is a unique protein without homology to known motifs that might predict a 

particular function. Because CRP binding to DNA with a CRP-S site is less energetically 
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favourable than binding to a CRP-N site [10], we hypothesized that Sxy improves CRP 

binding at CRP-S sites and/or assists in RNA polymerase recruitment. We originally 

proposed that Sxy’s role might be to bind to A+T sequences upstream of H. influenzae 

CRP-S sites [8], but we later found that such sequences are not present upstream of E. coli 

CRP-S sites [25] or Salmonella CRP-S sites (unpublished). 

 Previous studies from our laboratories indicated that CRP and Sxy have conserved 

functions in E. coli and H. influenzae. First, we found that E. coli CRP (EcCRP) was able 

to activate competence genes in a H. influenzae Δcrp mutant, and that this 

complementation absolutely required Sxy [18]. Second, reciprocal experiments 

demonstrated that EcCRP activity at CRP-S promoters was improved by co-expression 

with E. coli Sxy (EcSxy) rather than H. influenzae Sxy (HiSxy) [25]. In both studies, CRP-

S promoters had reduced activity in complemented strains [18,25]. This strongly suggests 

that CRP and Sxy work best with their co-evolved partner, supporting the model that these 

proteins physically interact in vivo. Here we report experiments designed to identify 

functional domains in Sxy and to detect CRP-Sxy and Sxy-DNA interactions. These 

yielded intriguing evidence of protein-protein interactions, but further experiments 

revealed false-positive results. Thus, we present a contrary tale about testing for CRP-Sxy 

interactions. 

6.2 Results and discussion  

6.2.1 Finding functional domains in Sxy 

Sxy function is conserved amongst the Enterobacteriaceae, Pasteurellaceae, and 

Vibrionaceaea [3,4,7–9,15,18,25,28,32,33], thus, we aligned Sxy protein sequences from 

three representative species to identify conserved residues that might be important for Sxy 
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function (Figure 6.1). The Sxy proteins show consistent lengths, though the sequences 

have low identity (21-26%). Several regions are conserved (shaded in Figure 6.1) and thus 

are likely to be important for Sxy function.  

A seven amino acid stretch between positions 123 and 129 is conserved in all three 

genera (Figure 6.1) and among most other members of these three bacterial families. Two 

additional residues are conserved in all available Sxy sequences: a phenylalanine at 

position 29 and an alanine residue at position 180 (Figure 6.1). We mutated both the A180 

and the highly conserved amino acid sequence beginning at position 122 in E. coli 

(RLKDLPN); these mutations were created in pEcsxyHIS to generate plasmids p∆mut1HIS 

and p∆mut2HIS, respectively (Figure 6.2). We also constructed large truncations of the N- 

and C-termini of EcSxyHIS, ∆NterSxyHIS and ∆CterSxyHIS, to determine if either half of Sxy 

has a domain sufficient for transcriptional activation of a CRP-S regulated gene.  

6.2.2 Mutations reveal regions of Sxy required for transcription activation and 

toxicity when overexpressed 

The Sxy variants were assessed for activity at CRP-S sites by measuring 

transcriptional activation of the E. coli CRP-S gene ppdD (called pilA in H. influenzae and  

Salmonella Typhimurium) using quantitative RT-qPCR. Expression of the CRP-

dependent but Sxy-independent gene, mglB, was tested as a negative control. Both 

mutations abolished induction of ppdD, while expression of mglB was unchanged (Figure 

6.3). Not surprisingly, both halves of Sxy are required for transcriptional activation. Both 

site-directed mutants, ∆mut1 and ∆mut2, abolished induction of ppdD without affecting 

expression of mglB (Figure 6.3). The ∆mut1 and ∆mut2 mutations may abolish induction 

at CRP-S sites either because induction requires interactions between Sxy and CRP that 
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are lost in the mutant proteins, and / or because the mutations abolish an independent 

function for Sxy at CRP-S sites. 

Overexpression of sxy increases competence gene expression in E. coli [25] and S. 

Typhimurium (presented in chapter 5). E.coli sxy is toxic when overexpressed from the 

medium-high copy plasmid, pASKA, resulting in an arrest of bacterial growth and 

induction of the RpoH stress response to accumulation of unfolded protein, even when 

using low concentrations of IPTG [13,16,25,28]. Similarly, over expression of sxy is toxic 

to E. coli (Figure 6.4, top right and bottom right). To determine which region of Sxy is 

responsible for the toxicity effect, we constructed three truncations of the C-terminus of 

EcSxyHIS: EcSxyHIS-R1, EcSxyHIS-R2, and EcSxyHIS-R3 (Figure 6.4 top). There was no 

toxicity even when the shortest piece of C-terminus sequence was removed (Figure 6.4), 

indicating that Sxy toxicity requires the region downstream of 189G. 

6.2.3 Sxy does not enhance CRP function at sugar metabolism gene promoters  

We previously showed that transcriptional activation at CRP-S promoters 

absolutely requires Sxy, and that promoter induction is enhanced by co-expression of Sxy 

and CRP from the same species [18,25]. Conversely, CRP-N promoters were unaffected 

by sxy expression in these studies. However, phenotypic assays can be more sensitive to 

gene regulatory changes. As well, the previous experiments only examined CRP-N 

function in the presence of endogenous CRP, thus we refined our approach by testing 

whether CRP cross-complemented with endogenous or foreign Sxy impacts activity at 

CRP-N sites.  
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Figure 6.1. Alignment of Sxy protein sequences from E. coli (b0959), H. influenzae (HI0601) and V. cholerae (VC1153).  

Residues that are conserved in all three species are highlighted in black while those conserved in two of the species are highlighted in 

grey. Residues conserved in all Gamma-proteobacteria are in white with black highlight.  
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Figure 6.2. Alignment of protein sequences in pEcsxyHIS and the various Sxy 

mutants we created.  

Deletions are shaded and differences are bold and underlined. 
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Figure 6.3. Gene expression upon induction of plasmid-encoded sxy genes.  

qPCR quantification of changes in the expression of ppdD and mglB upon induction of 

different sxy constructs after 60 minutes expression. Each bar represents mean ± SD (n = 

2). Expression levels shown were normalised for each mRNA sample using 1:10,000 23S 

rRNA levels.
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Figure 6.4. Truncates alignment and growth data. 

Top, alignment of Sxy protein sequences from H. influenzae (HI0601), E. coli (b0959), and three various c-terminus mutants in EcSxy. 

Residues that are conserved in all three species are highlighted in dark grey while those conserved in two of the species are highlighted 

in light grey. Bottom, the effect of overexpressing EcSxy (induced) on E. coli growth. Data represented by mean ± SD (n = 5). The 

alignment numbering does not match perfectly with the above alignment figures due to a gap in the 3rd protein alignment at ~165.
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CRP is essential for E. coli’s ability to ferment alternate energy sources when 

starved for PTS-sugars: a strain lacking CRP is unable to ferment PTS-dependent sugar 

while fermentation of non-PTS sugars is unaffected (Table 6.1, row 2). Fermentation 

was fully restored to the ∆crp mutant by complementing with EcCRP on plasmid pEccrp 

(Table 6.1, row 3). In contrast, complementation by pHicrp was only partial: HiCRP 

restored only xylose fermentation (Table 6.1, row 4), indicating that HiCRP’s lower 

affinity for E. coli DNA precludes it from activating all of E. coli’s CRP-N promoters. 

This raised the possibility that Sxy stabilization of CRP-DNA interactions would restore 

maltose, glycerol, and mannitol fermentation. Although co-expression of HiCRP and 

HiSxy restores CRP-S promoter function in E. coli [25], the same co-expression did not 

restore sugar fermentation in our phenotypic assays (Table 6.1, rows 5 and 6). EcCRP 

activity at CRP-N promoters was unaffected by expression of either EcSxy or HiSxy 

(Table 6.1, rows 7 and 8). These results confirm CRP function on CRP-N promoters, but 

do not eliminate the possible role of Sxy on CRP-N promoters. In future, we will need to 

test sugar fermentation with only Ecsxy or only Hisxy without Eccrp. The RNA-seq results 

presented in Chapter 5 raise the intriguing possibility that similar experiments in 

Salmonella will reveal a reduction in galactose fermentation when sxy is overexpressed.   

6.2.4 In vitro evidence that Sxy and CRP physically interact 

CRP is known to bind tightly and specifically to DNA, allowing it to recruit RNA 

polymerase and thus activate transcription, but Sxy’s ability to interact with DNA has not 

been tested. CRP’s high affinity and specificity for DNA binding can be detected in vitro 

in electrophoretic mobility shift (bandshift) assays.  In banshift assays, a shift results when 

protein binding retards electrophoretic migration bait DNA [8]. We used bandshift assays 
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to test whether Sxy binds DNA, and whether Sxy influences DNA affinity and site-

selectivity by CRP.  

DNA fragments containing a CRP-S (pilA) or CRP-N (pilA-N) promoter from H. 

influenzae were used as bait (Figure 6.5 A) [8]. As previously demonstrated, EcCRPHIS 

bound both pilA-N and pilA sites in vitro (Figure 6.5 B and C lane 2), though EcCRPHIS 

has less affinity for pilA as only a proportion of the DNA was shifted with 2 nM EcCRPHIS 

(Figure 6.5 B, lane 2). Also as previously shown [8], HiCRPHIS readily bound to the pilA-

N site, but with less affinity than EcCRPHIS because a shift was only detected with 20 nM 

HiCRPHIS and above (Figure 6.5 E, lane 2). No binding was detected to the native pilA site 

(Figure 6.5 D, lane 2), as previously described [8].  

Next we tested whether E. coli or H. influenzae Sxy could improve binding of their 

cognate CRP to pilA-N and pilA, either by increasing the amount of DNA shifted for 

EcCRP, or by permitting HiCRP-DNA binding. We predicted that simultaneous binding 

of CRP and Sxy at a CRP-S site would create a super-shift in bandshift assays; in other 

words, a CRP-Sxy-DNA complex is expected to migrate slower during electrophoresis 

than does a smaller CRP-DNA complex.  

We tested whether EcSxyHIS or HiSxyHIS could bind the CRP-N or CRP-S sites in 

pilA-N and pilA DNAs. No DNA binding was detected at most concentrations of Sxy 

(Figure 6.5 B, C, D, and E lanes 8-12). Surprisingly, at the highest concentrations of 

EcSxyHIS a small amount of CRP-N DNA was shifted (Figure 6.5 E, lanes 11 and 12). 

However, this size of bandshift could be explained by the presence of contaminating CRP, 

which could arise if CRP was co-purified with Sxy. Contaminating CRP was confirmed 

by the dependence of the bandshift on the presence of cAMP (Figure 6.6, compare lanes 
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2 and 5), which is absolutely required for CRP-DNA binding. To remove contaminating 

CRP, we purified EcSxyHIS from a ∆crp background and found that no DNA binding was 

detected when using this preparation of EcSxyHIS (Figure 6.6, lane 6). The amounts of 

contaminating CRP are very low: first, the small amount of DNA shifted with EcSxyHIS 

purified from WT rather than ∆crp cells indicates that much less than 2 nM CRP was 

present in the EcSxyHIS sample (Figure 6.5 C, lanes 2 and 12). Second, western blotting 

did not detect the presence of CRP in the EcSxyHIS samples, and titration of EcCRPHIS 

showed that only concentrations higher than 10 nM CRP would be detected in our 

bandshift reactions. The presence of contaminating CRP in EcSxyHIS preparations is 

suggestive of protein-protein interactions between Sxy and CRP.  

To test whether Sxy-DNA occur in vivo but are too weak to persist in the 

electrophoretic conditions required for bandshift assays, we used formaldehyde to cross-

link proteins bound to DNA in vitro, then subjected these complexes to electrophoresis. A 

1:1 mix of CRP:Sxy yielded the expected CRP-DNA bandshift with EcCRP (Figure 6.5 

B, C, D, and E, lanes 13 and 14). More surprising was with the H. influenzae proteins, 

most bait DNA was retained in the wells of the gels, indicating the formation of large 

protein-DNA complexes, including in Figure 6.5, gels D and E lane 14 which contained 

Sxy without CRP. This appeared to support the hypothesis that weak Sxy-DNA 

interactions could be stabilized with formaldehyde.  

We also tested the hypothesis that CRP and Sxy may need to form protein-protein 

contacts before being able to complex with DNA. Pre-mixing the proteins from each 

species before adding bait DNA made no difference to DNA binding (Figure 6.7 lanes 4 

and 10). Mixing either CRP or Sxy protein alone with the DNA before addition of the 
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second protein also made no difference (Figure 6.7, lanes 5, 6, 11 and 12). Collectively, 

these results confirm that in vitro, Sxy does not bind DNA and does not affect CRP’s 

binding to DNA in bandshift assays.  

Next, we tested whether 1000-fold higher concentration of EcSxy could shift pilA 

DNA. Purified EcSxyHIS proteins (10 mM) from a ∆crp background shifted a proportion 

of DNA (Figure 6.8 lane 3), and higher EcSxyHIS concentrations resulted in stronger DNA 

shifts (Figure 6.8 lane 4, 5 and 6). An excess of competitor DNA reduced but did not 

prevent this protein-DNA interaction (Figure 6.8 lane 2). At least 4 ng of competing 

Salmon DNA was required to reduce protein-DNA binding (Figure 6.9).  

Since a high concentration of Sxy shifted DNA, we hypothesized that adding a 

high concentration of CRP would create a super-shift. While EcSxyHIS shifted a portion of 

DNA (Figure 6.10 lane 2 and 7), EcCRPHIS shifted more DNA and to a higher level with 

some of the shifted DNA retained in the well (Figure 6.10 lane 3 and 8). When both 

EcSxyHIS and EcCRPHIS were mixed with pilA, all DNA was retained in wells (Figure 6.10 

lane 4 and 9). Here, adding high concentrations of competitor DNA disrupted protein-

DNA binding and released the trapped DNA from gel wells into the gel (Figure 6.10 lane 

5 and 6). This ability to block protein binding to the bait DNA indicates that protein-DNA 

binding is low affinity, which usually reflects low-specificity interactions. 
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Table 6.1. Sugar fermentation by WT E. coli and ∆crp (JW5702) with or without 

plasmids pEccrp or pHicrp, and pHisxy or pEcsxy. Fermentation was assessed on Difco 

MacConkey indicator plates containing 1 % sugar source. 

 
Strain 

CRP-independent sugars CRP-dependent sugars 

Fructose Galactose Maltose Glycerol Mannitol Xylose 

1 WT + + + + + + 

2 JW5702 + + - - - - 

3 JW5702 
pEccrp 

+ + + + + + 

4 JW5702 
pHicrp 

+ + - - - + 

5 JW5702 
pHicrp 
pHisxy 

+ + - - - + 

6 JW5702 
pHicrp 
pEcsxy 

+ + - - - + 

7 JW5702 
pEccrp 
pHisxy 

+ + + + + + 

8 JW5702 
pEccrp 
pEcsxy 

+ + + + + + 
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Figure 6.5. Binding of H. influenzae and E. coli CRP and Sxy proteins to promoter 

DNA.  

A. Sequences of the promoter DNAs used as bait in bandshift assays. Relevant base 

differences are shown in bold lettering. B-E. Bandshift analysis of binding to pilA or 

pilA-N DNA. Lane 1: DNA alone, Lane 2: CRP + DNA, Lanes 3 to 7 and 13: Sxy and 

CRP mixed together before incubation with DNA, Lanes 8 to 12 and 14: Sxy + DNA. 

Protein concentrations and ratios are given above the gels. B and C: E. coli (Ec) proteins, 

D and E: H. influenzae (Hi) proteins. “FA” is formaldehyde crosslinking before loading 

the protein-DNA reaction on the gel. 



213 

 

 

Figure 6.6. Bandshift analysis of E. coli Sxy proteins binding to pilA-N DNA with/out 

cAMP.  

Lanes 1 and 4: CRP + DNA, Lanes 2, 5 and 7: E. coli Sxy, Lane 3: DNA alone. Lanes 1 

and 2: no cAMP, Lanes 3 to 6: with cAMP. Lanes 2 and 5: E. coli Sxy purified from 

wildtype cells, Lane 6: E. coli Sxy purified from crp- cells. Protein concentrations and 

ratios are given above the gels.  

 

Figure 6.7. Bandshift analysis of H. influenzae and E. coli CRP and Sxy proteins 

binding to pilA-N DNA according to order of proteins addition. 

 Lanes 1 and 11: DNA alone, Lanes 2 and 12: CRP + DNA, Lanes 3 and 10: Sxy + CRP 

+ DNA mixed together at the same time, Lanes 4 and 9: Sxy + CRP mixed together before 

addition of DNA, Lanes 5 and 8: CRP + DNA mixed together before addition of Sxy, 

Lanes 6 and 7: Sxy + DNA mixed together before addition of CRP.  For E. coli proteins 

(lanes 1 to 6), 350 nM Sxy and 4 nM CRP were used. For H. influenzae proteins (lanes 7 

to 12), 700 nM Sxy and 400 nM CRP were used. 
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Figure 6.8. Bandshift analysis of binding titration for E. coli Sxy proteins binding to 

H. influenzae pilA promoter DNA.  

Lane 1: DNA alone, Lanes 2: DNA+ E. coli Sxy + 120 ng poly (dI-dC), Lanes 3-6: DNA+ 

E. coli Sxy. E. coli Sxy purified from ∆crp cells. Protein concentrations are given above 

the gels, 

 

 

Figure 6.9. Bandshift analysis for E. coli Sxy proteins binding to H. influenzae pilA 

promoter DNA with titration of Salmon DNA.  

Lane 1: DNA alone, Lanes 2-8: DNA+ E. coli Sxy + Salmon DNA. E. coli Sxy purified 

from ∆crp cells. Protein and DNA concentrations are given above the gels. 
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6.2.5 In vivo evidence that Sxy interacts with DNA 

The weak but intriguing evidence of Sxy-DNA interactions in bandshift assays led 

us to test in vivo binding of Sxy to DNA. Formaldehyde was used to cross-link protein-

DNA interactions in living cells before lysis and passage on nickel columns to isolate 

EcSxyHIS and any DNA to which it is bound. Quantitative PCR revealed that DNA was 

released from the nickel column when imidazole was added to elute EcSxyHIS, indicating 

that a nickel-binding protein retained DNA on the column. Moreover, DNA elution 

tracked precisely with the amount of protein collected in four elution fractions. Fraction 

#1 and #4 had the lowest protein yield (less than 2 µg), whereas fraction #2 and #3 had the 

majority of the purified protein (~25 µg, and 10 µg, respectively), confirming that DNA 

was bound to proteins, not the column itself (Figure 6.11). Testing three unlinked 

chromosomal loci showed that binding was not specific for genes with CRP-S promoters, 

ppdD (pilA) and comM.  

6.2.6 Mass-Spectrometry revealed many proteins co-purified with Sxy 

To determine whether it was Sxy or other nickle-binding proteins that were 

responsible for the bandshifts and DNA pulldown results, protein mass-spectrometry was 

used to identify and quantify proteins in eluate from the Ni-NTA columns. First we tested 

whether EcSxyHIS could be detected in whole cell lysates when sxy expression was 

induced; this confirmed that EcSxyHIS was undetectable until induced with IPTG (Figure 

6.12). Mass-spectrometry was next used to identify and quantify proteins in eluate from 

Ni-NTA columns. We were surprised to detect many DNA binding proteins in the eluates, 

even from cell lysates in which EcSxyHIS was not induced. For example, CRP was always 

detectable in eluates, thus a simple explanation for CRP contamination of bandshift assays 
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(Figure 6.5 and Figure 6.6). Most surprising was that EcSxyHIS was never the most 

abundant protein in eluates (Figure 6.13). The best condition for EcSxyHIS was from ∆crp 

cells where it was the second most abundant protein (Figure 6.13 bottom left graph). In 

addition to DNA-binding proteins like SlyD and Fur, the mass-spectrometry identified 

ribosome, chaperone, and metal-binding proteins (Figure 6.13). Thus, the shifted DNA(s) 

we observed in the bandshift experiments could be attributed to any of the co-purified 

DNA binding proteins, and by the same token, DNA pulldown results might be correlated 

to any of the contaminated proteins. Thus, all evidence of Sxy-DNA and Sxy-CRP 

interactions in the prior experiments are artefacts, raising an important alarm bell for us 

and other researchers using nickel affinity to study Sxy and other putative DNA binding 

proteins.  

6.3 Conclusions regarding Sxy-DNA interactions 

In this work, we have shown residues in the C-terminus of Sxy are conserved 

amongst Sxy homologs and are essential for Sxy’s activity at CRP-S sites. We have also 

confirmed that Sxy toxicity is attributed to a full-length C-terminus of Sxy. This truncate 

analysis helps focus future experiments examining Sxy function. 

Even though the Ni-NTA resin system is widely used to selectively purify 

histidine-tagged proteins [11,20,30], we discovered many metal binding and other co-

purified proteins eluted in this system despite extensive washing before elution. Therefore, 

we recommend using mass-spectrometry or other advanced techniques to examine the 

content of proteins eluted from Ni-NTA systems. Despite the artefactual results for 

protein-protein-DNA interactions presented above, we continue to a model that Sxy-CRP 

interactions occur at CRP-S promoters. To bind DNA, CRP must dimerize and then 
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deform target DNA [5]. Although CRP-S sites are targets for CRP [8], their characteristic 

sequence prevents the required DNA bending by CRP [10]. There may be a role for Sxy 

in strengthening CRP dimerization, thus stabilizing CRP to spend sufficient time in 

association with CRP-S sites to effect the required DNA bending. We are now using 

chromatin immunoprecipitation (ChIP) with DNA sequencing to resolve how CRP 

binding in vivo is affected by Sxy.  

6.4 Materials and methods 

6.4.1 Bacterial strains and plasmids 

  The background strain for this work is E. coli BW25113, and the derivative JW5702 

(crp::kan) was obtained from the KO collection [2], E. coli W3110, and BL-21 (has 

mutation in protease genes) from NEB. Plasmid-encoded sxy, crp and ppdD genes (in 

pEcsxy, pHisxy, pEccrp and pEcppdD) are described in detail elsewhere [25].  

6.4.2 Growth conditions 

 E. coli was grown on Luria Bertani (LB) broth or LB agar (1.2 or 1.5 %) at 37 °C. 

Plasmids were introduced by CaCl2–heat shock transformation. When required, antibiotics 

were used at the following concentrations: kanamycin 15 g/ml, chloramphenicol 20 

g/ml, ampicillin 100 g/ml, tetracycline 10 g/ml. Isopropyl β-D-1-

thiogalactopyranoside (IPTG) was used at 1 mM to induce plasmid-encoded gene 

expression.  
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Figure 6.10. Bandshift analysis for E. coli Sxy and E. coli CRP proteins binding to H. 

influenzae promoter DNA.  

Lane 1: DNA alone, Lanes 2 and 7: DNA+ E. coli Sxy. Lanes 3 and 8: DNA+ E. coli CRP. 

Lanes 4 and 9: DNA+ E. coli Sxy+ E. coli CRP. Lane 5: DNA+ E. coli Sxy+ E. coli CRP 

+ 120 ng Salmon DNA, Lane 5: DNA+ E. coli Sxy+ E. coli CRP + 120 ng poly (dI-dC). 

E. coli Sxy purified from ∆crp cells. Protein and DNA concentrations are given above the 

gels. 
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Figure 6.11. DNA pulldown in protein elution fractions of E. coli Sxy.  

qPCR quantification of DNA formaldehyde cross-linked to proteins in cells before lysis 

and passage on the nickel column. Data are represented by mean ± range (n = 2). 
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Figure 6.12. Comparison of protein mass-spectrometry quantitative analysis when 

overexpressing sxy in E. coli cell lysate.  

Protein abundance is ranked from high to low. Only highly concentrated DNA-binding 

proteins are presented in the graphs. Sxy is highlighted in red. 
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Figure 6.13. Comparison of protein mass-spectrometry quantitative analysis when 

overexpressing sxy in E. coli cell lysate.  

Mass-spectrometry analysis of EcSxy protein purified through a Ni-NTA resin system. 

Top, EcSxy purified from wild type E. coli; bottom left, EcSxy purified from ∆crp; bottom 

right, truncated EcSxy-R3 purified from wild type E. coli. sxy is over-expressed in all the 

above graphs except for the top left. Protein abundance is ranked from the highest to the 

lowest. Only highly concentrated DNA-binding proteins are presented in the graphs. Sxy 

is highlighted in red and CRP is highlighted in green. 
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6.4.3 Creation of sxy mutations and truncations 

Mutations and truncations in E. coli sxy were created by inverse PCR on pEcsxy, 

and confirmed by restriction digest and sequencing. ∆NterSxy and ∆CterSxy are large 

truncations of the Sxy N- and C-termini, respectively. ∆mut1 replaces Ala180 with a KpnI 

site, while ∆mut2 replaces R123 to N129 with a KpnI site. All mutations maintain the sxy 

coding sequence in frame and retain the N-terminal hexa-histidine tag (primers are listed 

in Table 6.2). Sxy C-termini truncates in E. coli sxy were created by inverse PCR on 

pEcsxy, and confirmed by restriction digest and sequencing, and primers are listed in Table 

6.2. 

6.4.4 Quantitative PCR  

Quantitative PCR was performed as described in [7], where RNA was extracted 

using RNeasy Mini Kits from QIAGEN, followed by DNase treatment with a DNA Free 

kit  from AMBION. cDNA templates were synthesized using the iScript cDNA synthesis 

kit from BioRad. qPCR was carried out  using SYBR Green Supermix from BioRad with 

the primers listed in Table 6.2. 

6.4.5 Sxy toxicity  

Inculcated E. coli W3110 containing plasmid pEcsxy (WT), pEcsxy-R1, pEcsxy-

R2, and pEcsxy-R3 in 40 ml LB with 35 g/ml chloramphenicol were grown in shaking 

incubator at 37 ᵒC. At OD600 of 0.2, the culture was separated into two flasks and 1mM 

IPTG added to one of the flasks that we called “induced”, and called the control culture 

”non- induced”.  Growth (OD600nm) was monitored for ~ 4 hours upon IPTG induction.   
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6.4.6 Sugar fermentation assays 

 Complementation of the crp- phenotype was assessed by streaking on Difco 

MacConkey indicator plates containing 1 % of the test sugar. Fermentation of the sugar 

resulted in pink colonies. 

6.4.7 Protein purification 

  The histidine-tagged CRP proteins (25 KDa) are described in Cameron and Redfield 

[8]. The histidine-tagged Sxy proteins (26 KDa) were purified under the same conditions 

after 2.5 hours expression time after 1 mM IPTG induction at OD600 0.5. Cells were 

harvested (4,000 rpm, 4 °C, 20 minutes) and cell pellets were frozen at - 20 °C overnight. 

Frozen cell pellets were thawed on ice, re‐suspended in 2 ml protein lysis buffer (50 mM 

NaH2PO4, 200 mM NaCl, 10 mM imidazole, pH 8.0) to which protease inhibitor (1 X) 

was added and then incubated at 4 °C for 1 hour with rotation. Cell suspensions were 

further lysed by sonication in 15 ml falcon tubes with a Bioruptor® Standard (Diagenode) 

(Power high, 30 sec ON/30 sec OFF for 15 minutes at 4 ᵒC). Cell debris was removed by 

centrifugation (4,000 rpm, 4 °C, 20 minutes) and the supernatant saved for protein 

purification. Purification of His‐tagged proteins was carried out using Qiagen 

polypropelene columns (Ni-NTA resin) according to the manufacturer guidelines. After 

three washes with wash buffer (50 mM NaH2PO4, 300 mM NaCl, 250 mM imidazole; pH 

8), His‐tag proteins were eluted from columns by addition of 2 ml elution buffer (50 mM 

NaH2PO4, 200 mM NaCl, 250 mM imidazole, pH 8.0) and collected in four elution 

fractions (E1 = 250 μl, E2 =500 μL, E3= 250 μL, E4 = 1 ml).   
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Eluted protein was centrifuged in 10 kDa filters (Microcon) for 5 minutes at 10,000 

rpm at 4 ᵒC. 100 μl of storage buffer (20% glycerol, 40 mM Tris, 200 mM KCl) was added 

to ~10 μl of filtered proteins. Protein samples were frozen at -80 ᵒC. Protein concentrations 

were determined by either Bradford assay, BCA assay, Pierce™ BCA Protein Assay Kit 

from ThermoFisher (product # 23223), or 660 nm assay using Pierce™ 660nm Protein 

Assay Reagent from ThermoFisher (product prod # 1861426). 

6.4.8 Bandshift experiments 

 Bait DNAs in Figure 6.5, Figure 6.6, and Figure 6.7, and their preparation are 

described in Cameron and Redfield [8]. Bait DNAs in Figure 6.8, Figure 6.9, Figure 6.10, 

and their preparation are described in [6].  To make the fluorophore-labelled baits, the 

promoters of ppdD, ppdA, and mglB (positive control) were PCR amplified (268 bp, 239 

bp, 275 bp respectively) with M13 sequences added to both 5ˊ and 3ˊ ends (primers are 

listed in Table 6.2). Then, PCR products were amplified using Fluorescent 

Oligonucleotides (Cy5-M13 and FAM-M13). Amplicons were then purified and used as 

DNA baits in Bandshift experiments. 

 Protein-DNA reactions (5 l) contained between 10 and 700 nM protein(s) mixed 

with 4 nM bait DNA in reaction buffer (8 mM Tris (pH 8.0), 30 mM KCl, 3% (v/v) 

glycerol, 250 μg/ml bovine serum albumin, 100 μM cAMP, and 1 mM dithiothreitol). 

Reactions were mixed on ice and then incubated at room temperature for 20 minutes before 

loading onto a 4 °C running polyacrylamide gel (30:1 acrylamide/bisacrylamide; 0.2× 

TBE [89 mM Tris, 89 mM borate, and 2 mM ethylenediaminetetraacetic acid (pH 8.3)], 

2% glycerol, and 200 μM cAMP; running buffer 0.2× TBE and 100 μM cAMP). After 

electrophoresis for 2.5 hr at 10 mA, the gel was dried and exposed (45 minutes to 
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overnight) to a phosphor screen. Bands were visualized using either a STORM 860 scanner 

(GE Healthcare), or Typhoon FLA 7000 (GE Healthcare).  

6.4.9 SDS-PAGE  

  To test protein expression, protein samples were denatured in Laemli sample buffer 

(LSB) then heated for 5 minutes at 100 ᵒC.  We ran 15 μl of purified protein on denatured 

12% SDS-PAGE gels, and stained with Coomassie blue. Bandshifts were performed on 

non-denatured SDS-PAGE, as described above, in a cold room (4 ᵒC).   

6.4.10 Pull-down assays 

50 ml LB‐broth was inoculated 1:100 from overnight E. coli cultures harboring 

plasmid pASKA Ecsxy. At OD600 0.5, expression of sxy was induced for 2.5 hours by the 

addition of IPTG (1 mM final concentration). Cells were harvested (4,000 rpm, 4 °C, 20 

minutes) and washed in 50 ml of ice‐cold PBS. Protein‐DNA interactions were chemically 

cross‐linked by the addition of formaldehyde (1 % vol/vol final concentration) to the 

washed cell suspensions which were then incubated with agitation (100 rpm) for 30 

minutes at 4 °C. Further cross‐linking was inhibited by the addition of ice‐cold 2 M glycine 

(0.125 M final concentration), cells were harvested (4,000 rpm, 4 °C, 20 minutes) and cell 

pellets were frozen at -20 °C overnight. Frozen cell pellets were thawed on ice, re‐

suspended in 2 ml protein lysis buffer (50 mM NaH2PO4, 200 mM NaCl, 10 mM 

imidazole, pH 8.0) to which lysozyme (1 mg/ml final concentration) and protease inhibitor 

(1 X) (Pierce) were added and then held on ice‐for 1 hour. Cell sonication and protein 

purification was performed as described in “protein purification”. For reversal of cross‐

linking, 5 M NaCl (0.3 M final conc.) was added to 225 μl of each elution fraction and 

held at 65 °C for 6 hours. Then, 9 μl Proteinase K (10 mg/ml) was added and fractions 
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were held at 45 °C overnight, and 2 μl of Salmon sperm DNA (5 mg/ml) was added to 

each sample just before adding 500 μl Phenol:Chloroform:Isoamyl alcohol (25:24:1). The 

samples were vortexed and centrifuged at 13000 rpm for 5 minutes at room temperature. 

The aqueous (top) layer was collected in a fresh 1.5 ml microfuge tubes and 500 μl of 

chloroform was added to each sample. The samples were vortexed and centrifuged at 

13000 rpm for 5 minutes at room temperature. The aqueous layer was transferred to a fresh 

2.0 ml microfuge tubes. 5 μg of GlycoBlue (5 mg/ml), 1 μl of Salmon Sperm DNA (5 

mg/ml, Invitrogen) and 50 μl of 3M NaAc (pH 5.2) was added to each sample and mixed 

well. The DNA was precipitated with 1375 μl of 100% ethanol and incubating at -70 ᵒC 

for 30 minutes (or ‐20 °C overnight). The samples were centrifuged at 13000 rpm for 20 

minutes at 4 ᵒC. The DNA pellets were washed with 500 μl of ice-cold 70% ethanol and 

air‐dried for 10‐15 minutes. The DNA pellets were re‐suspended in 50 μl of sterile filtered 

HPLC water. qPCR analysis was performed for each DNA fraction (four elution fractions). 

6.4.11 Protein mass spectrometric analysis 

Protein samples were desalted using 10kDa MWCO filters (EMD Millipore) 

before tryptic digest. Subsequently, the resulting peptides were separated on a Waters 

Nanoaqcuity nano-LC and analyzed with a Waters Synapt G2 HDMS (Waters 

Corporation). For the LC, an Acquity UPLC T3HSS column (75 mm x 200 mm) was used 

and a gradient was run from 3% acetonitrile/0.1% formic acid to 45% acetonitrile in 2 

hours. Mass spectrometric acquisition was conducted using data-independent acquisition 

(MSE) in resolution mode and using leucine-enkephaline as lockspray for mass correction. 

Resulting spectra were analyzed with the ProteinLynx Global Server version 3.02 (Waters) 
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with a false discovery rate set to 4%. Mass-spectrometry data are available on: 

https://1drv.ms/x/s!AjUsqfXgwmZciDWpsBCUvV1QKzIn . 
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Table 6.2. List of primer sequences. 

 

 Primer Sequence (5’ -3’) Source 
M

u
ta

n
ts

 

EcsxyF_Nter CTCGATGCAGCGCTGAA This study 

EcsxyR_Nter CCGCTTATAGGAGAGGCTTT This study 

EcsxyF_Cter GGCCGCTAAGGGTCGACCT This study 

EcsxyR_Cter CAGCGCTGCATCGAGAGAA This study 

EcsxyF_Mut1 ATGTCTTTTCATCTGGAAGCG This study 

EcsxyR_Mut1 TTCCCGGGTATTGCGC This study 

EcsxyF_Mut2 GCTTGAAGGTAATATTATCGGCAT This study 

EcsxtR_Mut2 CATGAATGCCGATAATATTACCTT This study 

sxy 
truncati

ons 

F1 ec.sxytox1.F TAAGACCTGCAGCCAAGCTTA This study 

R1 ec.sxytox2.R TTCCCGGGTATTGCGCG This study 

R2 ec.sxytox3.R TATACGTAACGCCCGTACAT This study 
R3 ec.sxytox4.R ACCTTCAAGCATAAACAG This study 

∆crp Ec.crp.KO.F AGCGGCGTTATCTGGCTCTGGAGAAAGCTTATAACAGA
GGGTGTGTAGGCTGGAGGCTGCTTC 

This study 

Ec.crp.KO.R GAAACAAAATGGCGCGCTACCAGGTAACGCGCCACTCC
GATATGAATATCCTCCTTAG 

This study 

qPCR mglBF GTCCAGCATTCC- GGTGTTTGG [7] 

mglBR CGCCTGGTTGTTAGCATCGT [7] 

ppdDF CGTTTTCGCTAATAGTTGACAG [7] 

ppdDR AGATTCCGAGGTTTTTTATTTC [7] 

hns-For CACTTGAAACGCTGGAAGAAATG This study 

hns-Rev GAGTGCGCTCTTCTTCAACTTCA This study 

pilA.RT-For CATCGCGGGCGGATAAT This study 

pilA.RT2.Rev GGAAAGCAGATTCCGAGGTT This study 

comM.qPCR. For GTTGTTCCCTTCCTCGTAGTT This study 

comM.qPCR.Rev GTGGCTGATTCCTGTTTATTTGT This study 

D
N

A
 b

ai
ts

 

M13F.PmglB.For TGTAAAACGACGGCCAGT CGTGCCAGCCACTGTTT This study 

M13F.PmglB.Rev TGTAAAACGACGGCCAGT CGTGCCAGCCACTGTTT This study 

M13F.PppdA.For TGTAAAACGACGGCCAGT 
GACTTTGAGATTGAAGGCTACG 

This study 

M13F.PppdA.Rev CAGGAAACAGCTATGACCATG 
CAGTATGGAGCGAGGAGAAA 

This study 

M13F.PppdD.For TGTAAAACGACGGCCAGT AACGGGCGTGGACTTTATC This study 

M13F.PppdD.Rev CAGGAAACAGCTATGACCATG 
GATTTGGTTGGCGCTACTTTG 

This study 
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Chapter 7: Phylogenetic footprinting reveals alternate transcriptional 

architectures for co-regulation of the prepilin peptidase gene 

hopD/gspO in Salmonella and E. coli1 

  

                                                
1 This chapter represents material in a manuscript prepared by: Ebthal Y Alshabib and 

Andrew DS Cameron 

 

Contributions: 

EYA: wrote the paper, analyzed data, made figures (Fig 1-7, Fig 9-10.  Table 1). 

ADSC: wrote the paper, analyzed data, made figure (Fig 7.8). 
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Abstract 

Pili are required for DNA uptake by natural competence. To form a pilus, pre-pilin 

subunits are cleaved by pre-pilin peptidase then are assembled into a growing pilus. 

Virulence-associated pilin and peptidase genes are well studied in E. coli, but these genes 

are usually encoded on pathogenicity islands and plasmids, thus are distributed 

sporadically across strains and enteric species. The E. coli chromosome encodes homologs 

of pilin and peptidase genes required for natural competence in Haemophilus influenzae 

and Vibrio cholerae, but attempts to study their expression and function in E. coli have 

been hampered by the cryptic nature of these genes. Phylogenetic footprinting revealed a 

history of operon shuffling that could impact co-regulation of pilin and pre-pilin peptidase 

genes. The peptidase gene, hopD (gspO), has a dedicated promoter that is preserved in 

many E. coli, Salmonella, and other Enterobacteriaceae, but was lost in the model 

organism E. coli K-12 due to insertion of the cryptic gspA-M operon. Alignment of hopD 

promoters suggested the presence of a CRP-S regulatory element, and we confirmed that 

hopD is a member of the CRP-Sxy regulon along with the pre-pilin genes ppdD (pilA) and 

ppdA (comN). Together, these phylogenetic analyses and gene expression studies reveal 

how coordinated transcription of pilus and competence genes is achieved in different 

bacterial lineages through co-regulated promoters or coalescence in operons.   

7.1 Introduction  

Pili are proteinaceous extracellular appendages that play significant roles in 

adhesion, twitching motility, phage infection, toxin secretion, and the uptake of 

extracellular DNA by natural competence [2,4,6,13,19,20,22,25]. Each pilus is composed 

of repeating subunits of pilin that are assembled when prepilins anchored to the 
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cytoplasmic membrane are cleaved by a prepilin peptidase on the cytoplasmic side of the 

inner membrane [7] (Figure 7.1). In many bacterial species, the prepilin gene and prepilin 

peptidase gene are co-expressed in the same transcriptional unit, ensuring that prepilins 

are not produced in the absence of the required peptidase.   

  In the model organism Haemophilus influenzae, the prepilin genes pilA and comN 

and the prepilin peptidase gene pilD are essential components of the machinery for DNA 

binding and uptake by the process of natural competence [24]. In all bacteria, natural 

competence is carried out by a type IV pilus, a type of type II secretion system [7,14,21]. 

The E. coli K-12 chromosome encodes two poorly characterized genes for prepilins, ppdD 

(pilA homolog) and ppdA (comN homolog) [3]. E. coli K-12 also has two chromosomally-

encoded prepilin peptidases: the sporadically distributed pppA [10,26], and the highly 

conserved hopD (gspO in E. coli K-12); the latter is a homolog of the H. influenzae pilD 

gene required for natural competence [11]. Despite the broad conservation of 

hopD/gspO/pilD across Gamma-proteobacteria [3] and the importance of pili in multiple 

bacterial processes, little is known about this peptidase because it is not expressed in E. 

coli under laboratory conditions [10,11,17]. In E. coli K-12, hopD/gspO is the final gene 

in the gspC-O operon. The operon encodes the “general secretory pathway”, a generic 

name for a type II secretion system [14]. Despite exhaustive efforts to naturally stimulate 

expression of gspC-O in E. coli K-12, the operon has remained silent and thus is better 

studied in related bacteria like enterotoxigenic Escherichia coli, Klebsiella, and 

Pseudomonas [14]. Moreover, high-resolution mapping of the E. coli K-12 transcriptome 

by RNA-seq failed to detect a transcription start site for the gsp operon [5]. 
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Figure 7.1. DNA uptake mechanism using Type IV pili (T4P). 

T4P (orange) span outside the outer membrane and internalize extracellular DNA (blue). 

Proteins involved in pilus assembly and DNA uptake are bolded (Figure is adapted from: 

Chapter 1, Figure 1.2).    
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In 2006, evolutionary comparison of competence gene homologs in members of 

the Gamma-proteobacteria revealed that hopD is encoded on a monocistronic transcript in 

some species and in a polycistronic transcript in others [3]. As shown in Figure 7.2, hopD 

homologs in Pasteurellaceae and Vibrionaceae are the terminal gene in a four gene operon 

that encodes components of type IV pili. Conversely, in members of the 

Enterobacteriaceae, hopD/gspO is alone as a transcriptional unit or it is part of the gsp 

operon. Therefore, we sought to reconstruct the evolutionary history of hopD/gspO in E. 

coli and Salmonella to understand how this cryptic gene is regulated in members of the 

Enterobacteriaceae. Moreover, we examined if hopD is co-regulated with pilin genes in 

Salmonella. 

7.2 Results and discussion 

7.2.1 hopD/gspO homologs display variable gene length and operon membership  

The prepilin peptidase hopD/gspO demonstrates variable operon membership, as 

highlighted by Figure 7.2. To characterize this variability, we began with an examination 

of the hopD/gspO locus in representative members of the Escherichia and Salmonella 

genera. This revealed the striking result that the genes gspA through gspM appear to have 

inserted between hopD/gspO and the upstream gene rpsJ, thus incorporating hopD/gspO 

into the operon (Figure 7.3). Curiously, this is not the only change observed at the hopD 

locus. The endochitinase gene, chiA, is located downstream of hopD/gspO only in strains 

that contain the gsp operon (Figure 7.4). We searched a broad diversity of Salmonella 

serovars (not listed) and in all cases there was no gsp operon upstream nor was chiA located 

downstream of hopD, suggesting the dual configuration of the hopD locus is a feature of 

E. coli. 
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Figure 7.2.  hopD/gspO/pilD homologs belong to different operons in representative 

Gamma-proteobacteria.  

Alignment of H. influenzae type IV pilus gene homologs in Gamma-proteobacteria. Red 

indicates hopD is separate from the pilABC promoter. Abbreviations: Pasteur, 

Pasteurellaceae; Entero, Enterobacteriaceae; Vibrio, Vibrionaceae. This figure is adapted 

from [3].  

 

Figure 7.3. hopD genome alignment. 

Alignment of hopD and flanking genes in E. coli and Salmonella. Red, hopD; blak, gsp 

operon; blue, flanking genes; green, chiA (gene length not to scale). 
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Figure 7.4. hopD gene length in representative members of the Escherichia/Shigella 

genus. 

E. coli phylogeny and bootstrap values (blue) obtained from Patric database 

(www.patricbrc.org). Red branches indicates clades in which hopD/gspO is the terminal 

gene of the gsp operon. hopD/gspO open reading frames in the gsp operon are coloured 

red, whereas hopD/gspO open reading frames with their own promoter are black.  
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We expected insertion or loss of the gsp operon to be a singular event in the history 

of E. coli, however a BLAST search for hopD in E. coli strains selected to represent the 

broad diversity of the Escherichia/Shigella genus revealed that hopD/gspO is the terminal 

gene of the gsp operon in five clades of the Escherichia/Shigella tree (these clades are 

highlighted red in Figure 7.4). One clade includes the model organism K-12, and the K-

12 derivatives (MG1655, W3110, BL-21. MS84-1 and B354, H299), and O83:H1, 

respectively, represent the second, third, fourth, and fifth clades that have the gsp operon 

inserted upstream of hopD/gspO. The gsp operon is surprisingly widely distributed across 

the Escherichia genus and even across the Enterobacteriaceae, thus the current study lacks 

the resolution necessary to infer whether the gsp operon has been repeatedly lost or gained 

during Enterobacteriaceae evolution.  

We were surprised to discover that hopD is considerably longer when it is 

transcribed as part of the gsp operon (Figure 7.4). hopD is 678 bp in the presence of the 

gsp operon, and 468 bp in most of the E. coli species that lack the gsp operon as well as in 

Salmonella. Even though hopD in the majority of H. influenzae strains is longer (693 bp) 

than in E. coli or Salmonella, Vibrio has by far the longest hopD (820 to 921 bp) (Figure 

7.5, and Table 7.1). A protein BLAST search revealed that the Peptidase A24 domain is 

conserved in E. coli, Salmonella, H. influenzae, and Vibrio hopD/gspO/hilD homologs 

(Figure 7.5). Conservation of this catalytic domain supports the hypothesis that although 

the gene homologs differ in length between species and strains, all proteins maintain the 

prepilin peptidase activity required for the formation of pili [1,18]. 

There is currently no naming convention for prepilin peptidase homologs in the 

Gamma-proteobacteria; instead, homologs have been named primarily based on similarity 
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scores in automated annotation pipelines. From the above results we propose the following 

naming convention for clarity: pilD to refer to instances in which the gene is a member of 

the pilABCD operon, hopD to refer to instances in which the gene is in a transcriptional 

unit by itself, and gspO to refer to instances when the gene is in the gspA-O operon. 

7.2.2 hopD is co-regulated with the prepilin gene pilA 

In H. influenzae and V. cholerae, co-expression of the pilin and peptidase genes is 

ensured because both are encoded on the same transcript, raising the question of whether 

similar co-expression is achieved in E. coli and Salmonella where the genes belong to 

separate transcriptional units. hopD/gspO is silent in standard laboratory conditions in E. 

coli K-12 and Salmonella Typhimurium, the two model systems for which there is an 

abundance of genome-wide transcription data. As described previously in chapter 2, we 

examined the expression of hopD and the prepilin gene pilA in Salmonella in response to 

various environmental and physiological factors including: temperature, temperature 

downshift, temperature upshift, micro-anaerobic growth, anaerobic shock, acidity, 

osmotic pressure, carbon source, different media structure, biofilm, and nutrient 

availability. As shown in Figure 7.6, pilA and hopD show very similar expression profiles 

as revealed by qPCR. Expression is slightly higher in 22 ᵒC than in 37 ᵒC, and both genes 

are more highly expressed in liquid compared to solid medium. We found that the best 

condition to express hopD is on semi-solid medium at 22 ᵒC. This suggests that 

temperature and media structure play significant roles in inducing hopD expression, and 

these conditions should be tested in E. coli K-12 to see if the gspO is expressed in these 

same conditions when it is part of the gsp operon.  
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7.2.3 Regulation of hopD in Salmonella 

 As previously described in chapter 2, we found that competence gene homologs in 

Salmonella are positively regulated by CRP and Sxy; thus we compared the expression of 

pilA and hopD in the absence of CRP or Sxy regulators at 22 ᵒC on semi-solid medium 

(Figure 7.7). As well, we compared the response of both genes to overexpression of sxy 

(Figure 7.7).  

hopD and pilA expression decreased in ∆sxy and in ∆crp (Figure 7.7). Additionally, 

artificial induction of sxy increased hopD and pilA expression approximately 3.5-fold and 

40-fold, respectively (Figure 7.7). These results indicate that although pilA and hopD are 

regulated by separate promoters in Salmonella, both belong to the CRP and Sxy regulon. 

This prompted us to examine the promoter regions of hopD from representative E. coli 

and Shigella strains from each clade that lacks gsp, along with a representative Salmonella 

promoter. This identified a very strong match to the CRP-S motif in each promoter region 

(Figure 7.8). The predicted CRP-S sites are in a location expected for a binding site of a 

transcriptional activator, however the inability to detect hopD transcripts in previous 

searches for transcription start sites in E. coli [5] and Salmonella [15] reduces our ability 

to bioinformatically confirm an activating role for these putative CRP-S sites. 

Nevertheless, our RNA-seq data (generated in Chapter 6) suggests that the hopD transcript 

has a short untranslated region, consistent with the location of the CRP-S for performing 

an activating role. 
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Figure 7.5. hopD length and protein alignment. 

Protein alignment of hopD in E. coli, Salmonella, Heamufelus influenzae, and Vibrio. 

Black arrows indicate a hopD separate promoter, and red arrows indicate hopD in a gsp 

or pil operon. Conserved protein domain is shown in green.  
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Table 7.1. Transcriptional arrangement and length of hopD in E. coli, Salmonella, 

H. influenzae, and Vibrio. 

Organism strain Gene 
Gene 
length 
(bp) 

Protein 
length 

(aa) 

Mono-  
cistronic 

E. coli 

B354 ECEG_03818 

678 225 
X 
 

W3110 gspO 

MG1655 gspO 

HS gspO 

B354 ECEG_03818 

O83:H1 NRG857C NRG857_16530 

CFT073 hofD 

B str. REL606 gspO 

BL 21 (DE3) gspO 

BL21- Gold (DE3) ECBD_0416 

H299 ECOG_02852 

UMNK88-4096 UMNK_4096 

MS 841-1 HMPREF9536_01712 

O157:H7 str. EDL933 hopD 

468 155  
 

SE11 ECSE_3597 

541-15 EC54115_00373 

O145:H26 str. 4865/96 KEW_RS11135 

O26:H11 str. 
CVM10021 

ECO10021_28717 

O26:H11 str. 
CVM10224 

ECO10224_00330 

B185 ECDG_03902 

UMN026 ECUMN_3796 

MS 69-1 HMPREF9534_00846 

SMS-5-3 EcSMS35_3618 

MS 21-1 HMPREF9530_00397 

IAI39 ECIAI39_3816 390 129 

Shigella 
flexneri 

8401 hopD 468 155 
 

J1713 SFJ1713_4645 345 114 

Salmonella 

S. enterica SPAB_04285 

468 155  

S. enterica 
Gallinarum/pullorum 

hopD 

S. bongori N26808 A464_3517 
S. bongori NCTC12419 hopD 
S. Typhimurium 1344 hopD 
S. Typhimurium 
14028S 

hopD 

S. Typhimurium LT2 hopD 
S. typhi CT18 hopD 
S. enteritidis CDC-
201OK-1444 

SEEE1444_19653 

S. enteritidis 629164-37 SEEE6437_15836 

H. 
influenzae 

Rd KW20 hopD 

693 230 X 
RdAW HICG_01409 

KR494 hofD 

86-028NP pilD 
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22.4-21 CGSHiR3021_09250 

10810 HIB_04150 678 225 

pittEE CGSHiEE_01575 609 202 

R3021 CGSHi22421_06372 414 137 

Vibrio 

V. vulnificus YJ016 VV2781 921 306 

X 
 

V. choleara N16961 VC2426 

876 291 
V. choleara 12129(1) VCG_000098 
V. choleara HC-02C1 VCHC02C1_2590 
V. choleara HE-09 VCHE09_2754 
V. vulnificus CMCP6 VV1_1623 

870 289 

V. vulnificus MO6-24/0 VVMO6_00524 
V. parahaemolyticus 
BB220P 

VPBB_2348 

V. parahaemolyticus 
RIMD 

VP2526 
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Figure 7.6. pilA and hopD expression under selected conditions. 

pilA and hopD expression in liquid LB at 37 ᵒC and 22 ᵒC, and after 8 days on solid and 

semi-solid LB at 22 ᵒC. Red dots indicate biological replicates. RT-qPCR data are 

presented as mean (blue line) ± SD (n = 3). 

 

Figure 7.7. pilA and hopD expression in the absence of global regulators. 

The expression of pilA and hopD  in ∆crp and ∆sxy on semi-solid media at 22 ᵒC (green), 

and after 30 minutes of over-expressing Salmonella sxy at OD of 0.6 in broth culture at 37  

ᵒC (red). RT-qPCR data are presented on log scale as mean ± SD (n = 3).  
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Figure 7.8. The hopD promoter in E. coli, Shigella flexneri and S. Typhimurium 

contains a strong match to the CRP-S motif. 

A. Protein alignment of hopD and rpsJ intergenic region with CRP-S sites highlighted. B. 

Alignment of CRP-S sites, arrows indicate protein-DNA binding regions. 
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Why does hopD/gspO have a dedicated promoter in all Salmonella and in many E. 

coli, whereas it belongs to the same operon as its substrate prepilin in H. influenzae and V. 

cholerae? An advantage of separate promoters to control the pilin and peptidase is that 

their expression can be linked to the same regulon by a co-regulator, while each gene can 

be independently networked to other regulons. A survey of regulatory inputs shows that 

although the gsp operon is silent in wild type cells, several repressors have been identified 

in E. coli K-12. gsp operon expression increased 4-fold in a ∆hns mutant [8,9,12]. Deletion 

of phoBR increased gsp expression 14-fold and deletion of creBC increased expression 

10-fold. Whether these 3 regulators also regulate pilA in E. coli remains to be determined. 

In Salmonella, both pilA and hopD are regulated by Fis, H-NS and RpoS, yet 

distinct regulators may emerge as we further investigate pilA and hopD regulation. Even 

with induction of sxy, hopD demonstrates relatively low expression, which might indicate 

additional repressors or other repressing mechanisms. For example, a predicted terminator 

near the start of the hopD open reading frame [15,16] (Figure 7.9) may represent a 

secondary structure that represses hopD in a mechanism similar to repression of sxy (sxy 

repression by mRNA secondary structure is detailed in chapter 3).  

7.2.4 Promoter shuffling in other competence genes 

The hopD prepilin peptidase gene is not the only competence gene homolog to 

have different transcriptional unit membership in Pasteurellacea and Enterobacteriaceae. 

comF (gntX or yhgH in E.coli) is a member of the comA-F operon in the model organism 

H. influenzae, yet has a dedicated promoter in E. coli, Salmonella and all other 

Enterobacteriaceae surveyed (Figure 7.10). comF was confirmed to be a member of the 

CRP-Sxy regulon in E. coli [23] and Salmonella (Chapter 2). This suggests that in H. 
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influenzae, comF dispensed with its ancestral promoter to join the appropriately-regulated 

comA-E operon.  The function of comF is unknown, but we can speculate that by virtue of 

having its own promoter in the majority of species it may belong to multiple regulons to 

be incorporated in other functions and networks in addition to natural competence. 

In the future we will conduct a more detailed phylogenetic analysis to determine 

the evolution of the HI0365 and pilF2 promoters. Although HI0365 (rlmN in E. coli, and 

yfgB in Salmonella) and pilF2 are conserved and co-regulated as members of the same 

transcriptional unit in most Gamma-proteobacteria (Figure 7.10), the HI036 and pilF2 

homologs in Vibrionaceae each have a separate promoter. Further, pilF2 is missing in both 

E. coli and Salmonella. Further phylogenetic analysis are required to reconstruct the 

history of componence gene homologs in Gamma-proteobacteria. 

 

7.3 Materials and methods  

7.3.1 Bacteria strains and culture conditions 

As previously described in chapter 2 (see 2.4. Materials and methods). 

7.3.2 Quantitative Reverse transcription PCR (RT-qPCR) 

As previously described in chapter 2 (see 2.4. Materials and methods). 

7.3.3 Sxy induction system 

As previously described in chapter 2 (see 2.4. Materials and methods). 
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Figure 7.9. hopD expression induced by Sxy 

RNA-seq visualized with Jbrowse shows hopD (brown) and transcriptional output (blue 

and green) after 30 minutes of induction at OD of 0.5. hopD is located on the reverse (+) 

strand; the negative strand is not shown. Red arrow indicates a predicted terminator. 

 

Figure 7.10. comNOPQ, HI0365, and pilF2 homologous of H. influenzae in members 

of the Gamma-proteobacteria.  

Alignment of H. influenzae homologous in Gamma-proteobacteria. Green indicates 

instances where comF is controlled by a separate promoter; blue indicates the comN-Q 

operon, red indicates the HI0365 (rlmN) separate promoter, and green indicates comN-Q 

operon. Abbreviations: Pasteur, Pasteurellaceae; Entero, Enterobacteriaceae; Vibrio, 

Vibrionaceae; Pseud, Pseudomonadaceae; Xanth, Xanthomonadaceae. This figure is 

adapted from [3].  
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7.3.4 Bioinformatic analysis and data manipulation 

The phylogenetic tree presented in Figure 7.4 was directly obtained from the Patric 

database (www.patricbrc.org) and to simplify the tree some clades were removed using 

FigTree software (http://tree.bio.ed.ac.uk/). BLAST search, protein alignment and gene 

alignment has been accomplished by NCBI tools. Genes homologous were searched in the 

Ecocyc database (ecocyc.org), and genes names and functions were obtained from the 

Uniport database (http://www.uniprot.org/).  
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Chapter 8: Conclusions and future directions 
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8.1 Summary  

This thesis is the first to characterize the regulatory mechanisms of competence 

gene homologs in Salmonella enterica serovar Typhimurium. Although competence is 

undetected or overlooked in Salmonella, my research is discovering physiological and 

environmental factors that induce the expression of the cryptic competence genes in 

Salmonella (Chapter 2 and Chapter 3). Further, this research has confirmed a central role 

for CRP and Sxy and identified additional transcription factors that regulate competence 

gene expression in Salmonella. FIS, H-NS, and RpoS global regulatory proteins repress 

competence gene expression (Chapter 3 and Chapter 4).  We found that Sxy function is 

not restricted to competence as it also directly regulates DNA repair and replication, purine 

and pyrimidine metabolism, multiple transcription factors, and perhaps indirectly 

regulates sugar metabolism (Chapter 5). This was followed by identifying conserved 

functional domains in the poorly characterized regulator, Sxy (Chapter 6). Phylogenetic 

comparisons revealed that competence genes evolved to have distinct promoters in some 

bacteria or have coalescenced in operons in other bacteria, while maintaining regulon 

membership for coordinated expression (Chapter 7). These findings not only enhance our 

understanding of the genetic regulation of competence, but also open the door for a broad 

spectrum of future research as competence genes are conserved throughout Gamma-

proteobacteria members.  

8.2 Conclusions  

8.2.1 Genetic regulation of competence 

Low temperature, motility on semi-solid medium, and nutrient deprivation induce 

the expression of sxy and competence genes. The simplest explanation is that activating 
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signals are relayed through Sxy, and to a lesser extent, CRP. Since CRP is an essential 

regulator for many cell functions, it is possible that under all conditions tested in this thesis 

there is sufficient CRP to bind to CRP-S site in competence gene promoters. We suspect 

that under non-inducing conditions, low levels of Sxy limit competence gene expression. 

In other words, there is insufficient Sxy protein to assist CRP binding to the low affinity 

CRP-S site [5]. Subsequently, competence genes are not transcribed due to lack of one of 

the activator proteins, Sxy (Chapter 2). 

It is possible that H-NS, FIS and RpoS are indirect repressors of competence gene 

expression, as the three repressors inhibit the expression of both crp and sxy, the main 

activators of competence (Chapter 3 and Chapter 4) (Figure 8.1). RpoS and H-NS levels 

increase under the competence gene-inducing conditions of low temperature (25 ᵒC) and 

nutrient deprivation [13,16,19,21]. As competence genes are most active when H-NS and 

RpoS are most active, repression by RpoS and H-NS is not sufficient to completely turn 

competence genes off. The third important repressor is Fis, the expression of fis gene 

increases upon nutrient upshift and decreases as nutrient depletes [3], and is highly 

expressed during rapid growth but silenced as growth slows [4]. Thus repression by FIS is 

naturally relieved when competence genes are naturally induced.  

The cytidine regulator, CytR, needs to be explored as a possible regulator of 

competence genes in Salmonella. CytR, which is positively regulated by Sxy 

in Salmonella (Chapter 5), V. cholerae and E. coli [1,17], is proposed to block CRP’s 

ability to activate a repressor of natural competence [18]. The V. cholerae model suggests 

when pyrimidines are low, CytR interacts with CRP to anti-activate an unidentified 
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repressor of competence genes [18]. Hence, in future, studying the CytR mutant in 

Salmonella could reveal a role for CytR in regulating competence genes in Salmonella. 

8.2.2 Why are competence genes silent?  

Until my research, competence genes were considered cryptic in E. coli and 

Salmonella. High temperatures (≥ 37 ᵒC), acidity (pH 5.8), low osmic pressure, or growing 

in liquid medium inhibit expression of these genes. Further, absence of Sxy or CRP on one 

hand, and presence of H-NS, FIS, or RpoS on the other hand, inhibits competence gene 

expression. In addition, we provided evidence in Chapter 3 that some of these genes are 

subject to attenuation. We also proposed that activation of competence genes in the 

presence of arabinose implicates AraC as another repressor of competence (Chapter 3). 

All the above factors (and maybe more) contribute to competence gene silencing. 

Moreover, natural transformation in Legionella pneumophila, a Gamma-proteobacteria, is 

silenced by RNA chaperons and small RNA systems [2]. This means that natural 

competence is tightly regulated in Salmonella to be restricted to specific conditions and 

environments.  

Artificial induction of Sxy is not sufficient to activate all competence genes 

(Chapter 5), indicating we are missing players and signals from the above formula. For 

example, genes such as comA and hopD have relatively low expression even in inducing 

environmental conditions. Second, comA-E, comF, and dprA, are not induced by artificial 

induction of Sxy. Therefore, further investigations are required to identify missing 

signal(s) and regulator(s).  
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8.2.3 Competence genes might be involved in other functions 

 We proposed that competence genes in Salmonella are involved in natural 

competence based on homology with competence genes in H. influenzae [6]. However, 

the functions of these genes might not be restricted to natural competence. For example, 

many competence genes are involved in the pilus apparatus, yet pili are important for many 

functions in addition to DNA uptake such as adhesion, secretion, and twitching motility 

[7,9,11,12,14,20]. Mutation or overexpression of competence genes in future studies will 

help confirm and identify functions.   

8.2.4 CRP-S regulon functions  

 In H. influenzae, not all members of the CRP-S regulon are directly involved in 

DNA binding and uptake [15]. More recent work in E. coli revealed an even broader CRP-

S regulon, but the toxicity of Sxy overexpression made it difficult to delineate the extent 

of the CRP-S regulon [17]. In Chapter 5, we report that Salmonella Sxy’s function extends 

beyond the regulation of natural competence, to include sugar metabolism, nucleotide 

metabolism, DNA replication and repair, pathogenicity and other functions. In future, we 

will conduct bioinformatics analyses of Sxy regulon promoters in Salmonella to identify 

putative CRP-S sites and motifs that may indicate additional regulatory inputs. Site-

directed mutation of predicted CRP-S sites will test their role in the Salmonella Sxy 

regulon. It remains unclear whether CRP and Sxy physically interact with CRP-S sites in 

competence gene promoters (Chapter 6). To further address this, we will perform ChIP-

seq analysis as well as protein pull-down assay to examine protein-DNA interaction in 

vivo and in vitro.  
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8.2.5 Competence and virulence  

Salmonella does not always cause infection when ingested. A recent study revealed 

that Salmonella becomes hyper-infectious when competence genes are deleted, suggesting 

that the ability to take up DNA inhibits infection (personal communication A. Cameron 

based on [8]). Further, in chapter 5 we showed that Sxy is involved in regulating known 

pathogenicity genes, but the degree of overlap between Sxy and pathogenicity regulons is 

unknown. Hence, future research will investigate the links between competence and 

infection.  

 

8.3 Research limitations  

The study of natural competence has a long history of technical challenges, such as 

many failed attempts to clone sxy in H. influenzae, and ongoing challenges to the study of 

competence genes in E. coli. Moreover, the limited literature made it difficult to interpret 

our results in a broader context of Salmonella/E. coli biology, and to speculate extensively 

on regulatory mechanisms.  

Because of the cryptic nature of competence genes in E. coli and Salmonella, 

transcription start sites have not been identified for most competence genes in Salmonella, 

which hinders detailed studies of regulatory mechanisms and prevents predictions of 

mRNA stem-loop structures.  

In conducting the research for Chapter 2, attempts and extensive troubleshooting to 

clone reporter gene constructs with comM, comA, and comF failed, thus limited our ability 

to examine additional competence genes under the diverse conditions tested in Chapter 2. 
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This also prevented comparisons of how different signals might differently regulate these 

genes.  

We know that Sxy plays critical role in regulating competence gene expression but we 

do not know how. Sxy has a long history as a hard protein to study; for example, in the 

first shotgun whole-genome sequence ever [10], scientists encountered a sequencing gap 

at the sxy locus because it resisted cloning in E. coli (R. Redfield, personal 

communication). As described in Chapter 6, failure to purify Sxy proteins obstructed 

protein-protein-DNA interaction studies.  

Studying DNA supercoiling is challenging because, unlike for eukaryotic DNA, our 

knowledge regarding DNA packaging and supercoiling in bacteria is limited. As well, 

even though we can make predications using bioinformatic tools, it is difficult to test the 

effect of DNA supercoiling experimentally as a sole regulator under control conditions.   

8.4 Future directions 

 This work motivates research studies in five directions: 

Inducing signals. 1) We have identified signals that induce competence genes in 

Salmonella. Future work should examine whether competence genes in E. coli are 

regulated by the same signals. 2) Further investigations are required to identify other 

signals and conditions that induce competence genes. 3) Our work provides evidence that 

nutrient depletion triggers competence genes, supporting a nutritional role for DNA 

uptake, yet further studies are required to investigate how specific nutrients such as 

arabinose regulate competence gene expression. Moreover, mapping transcriptional start 

sites of competence genes will facilitate prediction of mRNA secondary structures, and 
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the next step will be to test whether nutrient availability, particularly nucleotide pools, 

trigger the formation of mRNA stem-loops. 4) Work in this thesis show that sxy and 

competence gene expression mirror one another, raising the question whether activating 

and repressing signals control competence genes directly or are mediated through Sxy. 5) 

To investigate the role of motility in regulating competence, we will study the expression 

of competence genes in motile and non-motile strains with specific mutations in genes 

known to regulate motility. 6) Having identified inducing conditions, we will conduct 

extensive experiments to calculate the frequency of natural transformation in Salmonella.  

Transcription Factors. 1) We have identified five transcription factors that influence 

competence genes in Salmonella, but the regulatory mechanisms remain ambiguous. Thus 

more studies should investigate the regulation mechanisms of CRP, Sxy, FIS, H-NS, and 

RpoS and whether these regulators bind directly to the promoter of the competence genes. 

2) Based on our work, CytR and AraC are possibly involved in regulating competence. 

Hence, future mutation studies will reveal whether these proteins are regulators of 

competence gene expression. 3) We can be certain that additional proteins bind to 

competence gene promoters. Future pull-down assays will use mass spectrometry as in 

Chapter 6 to identify protein regulators. 

CRP-Sxy regulon. Our analysis of the Sxy regulon reveal the role of Sxy in regulating 

many genes and functions. Future work will reveal if CRP is required for the regulation of 

these functions through searching for CRP-S sites on the promoter of the identified genes, 

and RNA-seq analysis of over-expressed Sxy in the absence of CRP. 

Competence gene function. Deletion of competence genes and phenotypic studies will 

be conducted to examine other possible functions of these genes. 
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Enterobacteriaceae. This project studies competence in Salmonella and E. coli. It will be 

important to extend our insights to the study of inducing signals and regulatory systems in 

other enteric bacteria such as Klebsiella and Pantoea.  
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Figure 8.1. Regulation of competence genes in Salmonella.  

Environmental signals stimulate crp and sxy to activate the expression of competence 

genes (comN-Q, pilA-C, comM, and hopD). FIS (green), H-NS (dark gray) and RpoS 

(purple) repress crp and sxy resulting in salient competence genes. Green arrows indicate 

activation, red “T” indicates repression, question mark indicates unidentified factor.  
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Appendix A: Environmental conditions that activate Sxy and competence gene 

expression 

 

 

Figure A. 1. Temperature downshift experiments. 

The promoter activity of crp::lux, sxy::lux, pilA::lux and hopD::Lux, respectively. 

Promoter activity is expressed in arbitrary units and values are normalized to OD. Due to 

the small number of the biological replicates (n = 2), data are presented as mean ± range. 
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Figure A. 2. Competence promoter activity in LB and MM5.8. 

Promoter activity in LB, MM 5.8, after transferring bacteria from LB medium to MM5.8, 

and from MM5.8 to LB medium and pH 7, 25 ᵒC.  Promoter activity is expressed in 

arbitrary units and values are normalized to OD, data are represented by mean ± SD (n = 

3). 

 

 

Figure A. 3. Growth Minimal medium with MgCl2. 

Bacterial growth in minimal medium at pH 5.8 and pH 7, 25 ᵒC. OD is represented as 
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mean (n = 3). Error bars are not shown to reduce lines in the graph.  

 

 

 

Figure A. 4. crp::lux expression in LB and MM5.8 with 0.4% Glucose. 

crp::lux activity in LB (Top) and in MM5.8 (Bottom) with 0.4% Glucose, at 25 ᵒC. 

Promoter activity (blue) is expressed in arbitrary units and values are normalized to the 

OD (orange). Data are represented by mean (n = 3). 
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Figure A. 5. sxy::lux expression in LB and MM5.8 with 0.4% Glucose. 

sxy::lux activity in LB (Top) and in MM5.8 (Bottom) with 0.4% Glucose, at 25 ᵒC. 

Promoter activity (blue) is expressed in arbitrary units and values are normalized to the 

OD (orange). Data are represented by mean (n = 3). 
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Figure A. 6. pilA::lux expression in LB and MM5.8 with 0.4% Glucose. 

pilA::lux activity in LB (Top) and in MM5.8 (Bottom) with 0.4% Glucose, at 25 ᵒC. 

Promoter activity (blue) is expressed in arbitrary units and values are normalized to the 

OD (orange). Data are represented by mean (n = 3). 
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Figure A. 7. hopD::lux expression in LB and MM5.8 with 0.4% Glucose. 

hopD::lux activity in LB (Top) and in MM5.8 (Bottom) with 0.4% Glucose, at 25 ᵒC. 

Promoter activity (blue) is expressed in arbitrary units and values are normalized to the 

OD (orange). Data are represented by mean (n = 3). 
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Figure A. 8. crp::lux expression in LB with 0.4% Glycerol. 

crp::lux activity in LB 1% NaCl (Top) and LB 0% NaCl (Bottom) with 0.4% Glycerol, at 

25 ᵒC. Promoter activity (blue) is expressed in arbitrary units and values are normalized to 

the OD (orange). Data are represented by mean (n = 3). 
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Figure A. 9. sxy::lux expression in LB with 0.4% Glycerol. 

sxy::lux activity in LB 1% NaCl (Top) and LB 0% NaCl (Bottom) with 0.4% Glycerol, at 

25 ᵒC. Promoter activity (blue) is expressed in arbitrary units and values are normalized to 

the OD (orange). Data are represented by mean (n = 3). 
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Figure A. 10. pilA::lux expression in LB with 0.4% Glycerol. 

pilA::lux activity in LB 1% NaCl (Top) and LB 0% NaCl (Bottom) with 0.4% Glycerol, 

at 25 ᵒC. Promoter activity (blue) is expressed in arbitrary units and values are normalized 

to the OD (orange). Data are represented by mean (n = 3). 
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Figure A. 11. hopD::lux expression in LB with 0.4% Glycerol. 

hopD::lux activity in LB 1% NaCl (Top) and LB 0% NaCl (Bottom) with 0.4% Glycerol, 

at 25 ᵒC. Promoter activity (blue) is expressed in arbitrary units and values are normalized 

to the OD (orange). Data are represented by mean (n = 3). 
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Figure A. 12. Gene expression in the absence of crp or sxy. 

The expression of mglB, glpT, lrp, and hns in ∆crp (blue) and ∆sxy (red) in broth medium 

at 37 ᵒC (OD of 1.0). RT-qPCR data are presented as mean and SD (n = 3).  
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Figure A. 13. Gene expression with and without cAMP. 

The expression of sxy, pilA, hopD, and mglB after 30 minutes of adding 1mM of cAMP in 

broth medium at 37 ᵒC (OD of 0.5)., and after over-expressing sxy with 1mM IPTG (red 

and green) RT-qPCR data are presented as mean ± range (n = 2).  
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Appendix B: Competence gene expression under starvation conditions 

 

 

Figure B. 1. sxy::lux expression in starvation media. 

sxy::lux promoter activity at 25 ᵒC in starvation media: 1) non-limiting P, C, and N sources 

(+PCN), 2) limiting P, C, and N sources (-PCN), limiting P source (-P), limiting N source 

(-N), and limiting C source (-C). Promoter activity is expressed in arbitrary units and 

values are normalized to OD. Data shows the mean of two biological replicates. Due to 

the small number of the biological replicates, data are represented by mean ± range (n = 

2). 
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Figure B. 2. pilA::lux expression in starvation media. 

pilA::lux promoter activity at 25 ᵒC in starvation media: 1) non-limiting P, C, and N 

sources (+PCN), 2) limiting P, C, and N sources (-PCN), limiting P source (-P), limiting 

N source (-N), and limiting C source (-C). Promoter activity is expressed in arbitrary units 

and values are normalized to OD. Data shows the mean of two biological replicates. Due 

to the small number of the biological replicates, data are represented by mean ± range (n 

= 2). 
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Figure B. 3. hopD::lux expression in starvation media. 

hopD::lux promoter activity at 25 ᵒC in starvation media: 1) non-limiting P, C, and N 

sources (+PCN), 2) limiting P, C, and N sources (-PCN), limiting P source (-P), limiting 

N source (-N), and limiting C source (-C). Promoter activity is expressed in arbitrary units 

and values are normalized to OD. Data shows the mean of two biological replicates. Due 

to the small number of the biological replicates, data are represented by mean ± range (n 

= 2). 

  



281 
 

 
 

Figure B. 4. crp::lux expression in starvation media. 

crp::lux promoter activity at 25 o C in starvation media: 1) non-limiting P, C, and N sources 

(+PCN), 2) limiting P, C, and N sources (-PCN), limiting P source (-P), limiting N source 

(-N), and limiting C source (-C). Promoter activity is expressed in arbitrary units and 

values are normalized to OD. Data shows the mean of two biological replicates. Due to 

the small number of the biological replicates, data are represented by mean ± range (n = 

2). 
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