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ABSTRACT

Salmonella Enteritidis is a facultative, neutralophillic enteric pathogen that causes food borne 

gastroenteritis in host. It encounters several physiological and environmental factors includes 

pH, heat, nutrient, salt and many more, prior and during the infection in host In current thesis, 

we have attempted to elucidate the role of a putative stress gene yqjX in influencing pathogen’s 

response to conditions like low magnesium, pH, osmotic stress and its role in virulence in host. 

Preliminary bioinformatic analysis through BLASTp revealed the protein encoded by gene yqjX 

belonges to GsiB superfamily of proteins. Further, the gene yqjX on chromosomal deletion from 

WT showed approximately 2 fold less survival under low Mg2+ ions, 1 fold less survival in pH  

at 3.2. Mutant Δy also  showed reduced invasion across epithelial cells  in vitro revealing its  

key role in influencing the virulence of the pathogen.
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CHAPTER 1

1. INTRODUCTION

Salmonella spp. is a facultative pathogen, responsible for majority of enteric diseases globally. 

The genus Salmonella contains two species: Salmonella enterica and Salmonella bongori. The 

three major serovars which cause severe infections in animals are S.Typhimurium, Typhi and 

Enteritidis. The majorities of serotypes belonging to S. enterica subsp. Enteritidis are 

responsible for majority of infections in humans and warm-blooded animals (Barthel, et al., 

2003). The genus Salmonella was named for Dr. Daniel Salmon, a veterinary bacteriologist at 

the United States Department of Agriculture (USDA) (Gast, 2003; Salyers & Whitt, 2002). In 

last few decades Salmonella enteritidis and Salmonella typhimurium has emerge as the main 

cause of Salmonellosis in humans. Serovars of S. enterica, such as S. typhi (typhoidal 

Salmonella strains), cause systemic infections and typhoid fever, whereas others, such as S. 

typhimurium (non-typhoidal Salmonella (NTS) strains), cause gastroenteritis. An estimated 95% 

of these salmonellosis cases are associated with the consumption of contaminated food products. 

Within the last decade a number of various phenotypic and genotypic methods have been 

developed to distinguish Salmonella from each other to understand their epidemiology, 

pathogenicity, resistance and spread in animals, humans and their environment.

9Salmonella poses a major problem to public health causing diseases ranging from 

gastroenteritis to typhoid fever. Infections by Salmonella enterica are a significant public health 

concern around the world. . Infections are usually acquired by ingestion of contaminated food or 

water. The majority of cases is caused by two serovars: Salmonella enterica serovar 

Typhimurium (serovar Typhimurium) and Salmonella enterica serovar Enteritidis (serovar 

Enteritidis). Since the mid-1980s, the incidence of serovar Enteritidis infections is steadily 

increasing and this serovar has now replaced serovar Typhimurium as the primary etiologic 

agent of Salmonella infections in many countries (Rabsch et al., 2001). The reason for the 

emergence of serovar Enteritidis as a pathogen is not known but is likely related to the increased 

presence of serovar Enteritidis in poultry used for consumption (Rabsch et al., 2001). In adult 

chicken, serovar Enteritidis usually manifests itself in symptomless carriership. Strategies aimed 

at eradication have thus far not been very successful and await more knowledge of the molecular 

mechanisms underlying the pathogen-host interaction.Salmonella enteric serovar Enteritidis is a 

global cause of food borne gastroenteritis casting a high mortality rate worldwide. According to
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CDC reports 2012, 1.5 million people globally are affected with Salmonella infection. Thus, 

making it an important pathogen to be studied with respect to its virulence attributes and how it 

modulates the pathogenic potential of the organism during infection in host. Salmonella 

encounters varied environmental conditions like temperature, pH, osmolarity, and nutrient 

conditions before entering the host. The organism combats different environmental and abiotic 

stresses employing a complex regulation of its genes to adapt to the dynamic changing 

environment. Bacteria experience stress from their initial moment of contact with the host. For 

most pathogens, this entails a change in temperature. For bacteria transmitted by arthropod 

vectors, this also involves a transition from the insect gut to mammalian subcutaneous tissue or 

the bloodstream ( Hinnebusch, 2005). Respiratory pathogens must cope with an array of host-

derived antimicrobial mediators, including bactericidal peptides pro-duced by epithelial cells ( 

Grubor et al., 2006), and may also be required to adapt to nitrosative stress ( Lundberg, 2008), 

hyper-osmolarity ( Henderson et al., 2014), and oxygen limitation ( Wor- litzsch et al., 2002). In 

contrast, enteric pathogens are ingested and must survive the hostile environment of the 

stomach, which is notable for a strongly acidic pH ( Foster, 1999) and the presence of reactive 

nitrogen species generated from dietary nitrate ( Duncan et al., 1995) ( Figure 1). Within the 

intestinal lumen, enteric pathogens encounter membrane-active antimicrobial peptides ( 

Ouellette, 2011), bile salts, free fatty acids, enhanced osmolarity, and changing oxygen tensions 

( Guiney, 1997). Host inflammatory responses recruit phagocytic cells, subjecting pathogens to 

oxidative and nitrosative stress ( Fang, 2004). Host sequestration of essential metals and other 

nutrients cre-ates additional challenges as intracellular pathogens such as Francisella and 

Salmonella respond to distinctive cytoplasmic or phagosomal environments, respectively ( 

Steele et al., 2013; Nairz et al., 2015).

To survive these changing environments, bacteria have developed exquisite systems that not 

only sense these stresses but also trigger appropriate Responses that allow survival and 

propagation under these conditions. Here we are invastigating the role of gene yqjX in influencing 

the stress response and virulence of Salmonella Enteritidis.yqjX protein present in Salmonella are 

probable sress responsive gene protein which is probably allows Salmonella to sustain in stress 

conditions. However, none of the study have reported this.
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CHAPTER 2

2. REVIEW OF LITERATURE

2.1 Classification and Biology of Salmonella

The genus Salmonella was named for Dr. Daniel Salmon, a veterinary bacteriologist at the 

United States Department of Agriculture (USDA) (Gast, 2003; Salyers& Whitt, 2002). It 

belongs to the phylum Proteobacteria, class Gamma proteobacteria in the family 

Enterobacteriace. They are rod shaped, gram negative, facultative anaerobe and regularly motile. 

The microorganisms range in diameter from around 0.7 to 1.5 m, with a length of 2 to 5 m. They 

are non-spore forming, lactose non-fermenter bacilli and producing colonies generally 2-4mm in 

diameter.

Figure.1: Electron micrograph of a metal-shadowed whole cell of Salmonella typhi, 
showing flagella and shorter straight fimbriae (magnified 7,800 times).

The Salmonella species are closely related to Escherichia, Yersinia, and Shigella, and contain a 

circular chromosome approximately 4.7 Mbp in size with an overall GC content of 52% 

(Marcus, et al., 2000; Salyers & Whitt, 2002; Thomson, et al.,  2008). Salmonella is divided  

into two species, Salmonella bongori and Salmonella enterica. Within Salmonella enterica there 

are 6 subspecies with multiple serovars shown in table no. 1, where Enteritidis is one serovar 

within Salmonella enterica.

Analysis of the genetic relatedness of Salmonella strains using multi-locus enzyme 

electrophoresis has revealed that this genus can be divided into two species Salmonella enterica 

(S. enterica) and Salmonella bongori (S. bongori), with S. enterica subdivided into six 

subspecies (enterica, salamae, arizonae, diarizonae, indica, and houtenae (Reeves et al., 1989).
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According to this classification system, the correct names for the formerly called Salmonella 

enteritidis and Salmonella typhimurium are S. enterica subsp. enterica serovar Enteritidis and 

serovar Typhimurium, respectively. In this thesis, these strains will be referred to serovar 

Enteritidis and serovar Typhimurium. Identification of the various serovars of Salmonella is 

historically based on the presence of lipopolysaccharide (somatic or O antigen), flagella (H 

antigen, phase I and II) and capsular (Vi) antigen on the bacterial cell surface as determined by 

serum agglutination. Each Salmonella serogroup has a group-specific O-antigen. Within each O-

group, different serovars are distinguished by the combination of O and H antigens that are 

present. Other methods such as phage typing, biotyping, determination of antibiotic resistance 

patterns or plasmid profile analysis are used to identify isolates beyond the level of serovars and 

are valuable additional tools in epidemiological studies (Barker et al., 1989). Genetic analysis of 

Salmonella serovars indicates that their divergence in orthologous genes ranges from 3.8-4.6%. 

At the deduced amino acid level, serovars differ from beween 0.7 and 1.3% (Selander et al., 

1994). On the basis of these findings, it is assumed that the different serovars may have a 

common ancestor that diverged mainly by the acquisition via horizontal gene transfer of distinct 

genetic regions from other microorganisms (Baulmer et al., 1998).

Species Subspecies number Sub species name Number of serovars

S. enterica 2557

I Enteric 1531

II Salamae 505

IIIa Arizonae 99

IIIb Diarizonae 336

IV Houtenae 73

V Indica 13

S. bongori 22

Table.1: Salmonella subspecies and serovars

Salmonella enterica subspecies Enteritidis (S. Enteritidis) thrives in warm-blooded animals and 

it is the primary species associated with human infections. (Brenner, et al., 2000).It has an 

optimum growth temperature of 370C. However it can adapt itself to grow at temperature lower 

or higher than the normal physiological temperature ranging from 5.90C to 540C. It has optimum 

growth in pH of 6.5-7.5 however it can grow in a pH range of 4-10. Salmonella can grow in a 

variety of nutrient condition, Luria-Bertini broth being the most favourable.LB medium 

consisting of Tryptone, Sodium Chloride and Yeast extract, where Tryptone and yeast extract
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serve as a source of nitrogen, sulphur and carbon and Sodium chloride provides sodium ions for 

the membrane transport and maintain osmotic equilibrium of the membrane  (Stackhouse,  et  

al., 2012).

A remarkable feature of Salmonella is the ability to cause a broad spectrum of diseases in 

infected humans and animals, ranging from localized intestinal inflammation and gastroenteritis 

to typhoid fever as a life-threatening systemic infection. There is also variation in the host 

adaptation among certain serovar. Many serovars are host-adapted, and tend to cause life 

threatening systemic disease in their host. In contrast, many serovars are non-host-adapted and 

tend to cause gastroenteritis in many different host species. S. Typhimurium and S. Enteritidis 

are the most well-known examples and are able to cause different disease outcomes in various 

host species (Barrow, 2007; Boyle, et al.,  2007;  Lax, et al.,  1995; Spreng, et  al.,  2006;  

Zhang & Mosser, 2008). S. Typhimurium and S. Enteritidis are able to induce a systemic 

infection in mice, young calves, chicks, and piglets. However, they are also able to colonize 

poultry and adult cattle without symptoms. In humans, infection with either of these serovars 

results in a self-limiting gastroenteritis (salmonellosis) involving fever, diarrhea, and abdominal 

pain.

2.2 Mode of transmission

The initial step in Salmonella pathogenesis is its ingestion by the host organism. Ingestion of 

food (poultry, eggs and dairy products) or water contaminated by fecal or urinary carriers 

excreting Salmonella. It is very difficult to determine and emphasize the actual reason when 

trying to isolate the source of Salmonella outbreaks. Many of the outbreaks are not linked to 

animal products but rather to fruits or vegetables that have been irrigated with contaminated 

water or otherwise been contaminated with animal fecal matter in the growth, harvest, transport, 

processing or packaging.

2.3 Salmonella virulence factors

The various serovars of Salmonella identified are based on the presence of lipopolysaccharide 

(somatic or O-antigen), flagella (H-antigen, Phase I and II) and capsular antigen on bacterial cell 

surface as determined by serum agglutination. Each serotype of Salmonella has specific o-

antigen and different serotypes are distinguished based upon combination of O-antigen and H-

antigen. These structures of bacteria play an important role in determining the virulence and 

invasion into host cells and act as virulence factors.
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Virulence of Salmonella has been studied widely in a variety of model systems ranging from 

cell culture (Finlay and Brumell, 2000) and invertebrates like C. elegans or D. melanogaster 

(Aballay et al., 2000; Brandt et al., 2004) to vertebrates like D. rerio, B. taurus or M. musculus 

(Hapfelmeier and Hardt, 2005; Tsolis et al., 1999b; van der sar et al., 2006). For mice and 

calves, experimental systems resulting in inflammatory reactions resembling human Salmonella 

enterocolitis have been developed (Manja B et al., 2003; Coombes et al., 2005). Using these 

models, the largest contribution to Salmonella virulence has been shown to come from two so-

called Type III Secretion Systems (TTSS), encoded on pathogenicity islands termed SPI-I and 

SPI-2 respectively. Pathogenicity islands are genetic elements acquired by horizontal gene 

transfer (Groisman and Ochman, 1996). In Salmonella spp. more than ten such islands are 

postulated, of which many either code effector proteins secreted via the TTSS on SPI-1 and 2 or 

are thought to act in concert with the TTSS to elicit full brown virulence(Gerlach at al., 

2008;Hensel, 2004). In addition to the TTSS encoded on SPI-1 and 2, flagella and adhesions 

have been shown to contribute significantly to S. Typhimurium virulence (Schmitt at al., 

2001;Van Asten and van Dijk, 2005).

2.4 Pathogenesis of Salmonella

Salmonella can enter host cells in at least two ways. The first involves uptake into phagocytic 

cells (macrophages), while the second is more complicated and involves the action of the SPI-1 

T3SS on non-phagocytic cells. Once ingested, the symptoms start within 12-48 hours 

(incubation period). It is this initial period in which the organism is able to effectively evade the 

host immune system and establish an infection. Once ingested, Salmonella is exposed to the 

extremely harsh environment of the stomach. The acidic nature of the stomach has a pH as low 

as 1.5 and is an important first line of defense to either prevent or decrease the passage of 

organisms further into the gastrointestinal tract (Smith et al., 2003). Individuals who lack the 

ability to produce stomach acid, known as hypochlorhydria, are thought to have an increased 

risk of infection. Along with low pH, the stomach is thought to have many other antimicrobial 

activities due to the presence of several organic acids like lactic acid, acetic acid, propionic acid 

and butyric acids (Mikkelsen et al, 2004).

Salmonella is able to survive passage through the stomach with the induction of the acid 

tolerance response (ATR) and the induction of the acid shock proteins (ASP). These proteins 

play a vital role in preventing and repairing any damage caused by the high acid content of the 

stomach. Various others cellular regulators known to have a function in acid response are: 

RpoS, Fur, PhoP/PhoQ and OmpR. Collectively these master regulators are responsible for
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controlling a large number of ASPs that help to regulate metabolism, transcription, translation, 

fimbriae production, colonization, virulence and modifications of the cellular envelope (Audia, 

et al, 2001).

After surviving from the stomach acids, Salmonella enters the duodenum, where it is exposed to 

bile. Bile is mostly composed of bile salts, which is made in the liver from  cholesterol. 

Bacterial membranes are also composed of lipids, which allows bile to perform as an additional 

barrier to prevent microbial organisms from passing further into the intestinal tract. Apart from 

acting on the cell membrane it has also been shown to induce misfolding and damage in DNA 

and RNA along with denaturation of proteins. (Begley et al, 2005) (Gunn et al., 2000) (Merritt, 

and Donaldson, 2009). The level of tolerance from bile depends on the species, growth rate and 

previous exposure to bile. When Salmonella comes in contact with bile many of its virulent gene 

expression along with the SPI-1 genes are altered. Secretion of the SPI-1 secreted effectors is 

drastically reduced and the ability of Salmonella to invade cultured epithelial cells drops down. 

(Prouty and Gunn, 2000).

After reaching the distal small intestine Salmonella is ready to cross the epithelial barrier lining 

of the intestine of the host. The prime role of the small intestine is nutrient absorption, the small 

intestine also has the ability to block pathogen invasion by physical defenses, such as the 

mucous membrane and the glycocalyx of the enterocyte brush border acts as a size exclusion 

filter to allow only particles of a certain size to get through the epithelial layer (Frey, A et al, 

1996; Mantis et al.,  2000). The GALT   (the gut associated lymphoid tissue) which is present   

as individual focal points as well as larger clusters of tissue also act as active defense. One part 

of the GALT are the Peyer patches which are dedicated in detecting foreign materials and 

responding to it and also developing a tolerance for commensal organisms. (Neutra, M. R. et al, 

2001). Peyer’s patches contain a large number of M-cells which are specialized epithelial cells 

present in the follicle-associated epithelium (FAE). M-cells lack the brush border which are 

present in most intestinal epithelium and maintain only a very thin glycocalyx and a modified 

glycosylation pattern to allow access too much larger particles. (Bhalla and Owen. 1982; Owen,

R.L. et al., 1983). The M-cells are important in pathogen sampling and contain a number of 

carbohydrates that are used as binding sites for various species of bacteria (Clark, M. A. et al., 

1993; Gebert and Hach, 1993; Hase. K et al., 2009; Lelouard H. et al., 1999). Once this binding 

has occurred the bacteria are transported to the basolateral side of the M-cells where the B-cells, 

T-cells and dendritic cells start the cascade of reactions that leads to an appropriate immune 

response.
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Fig 2: Patho-Biology of Salmonellae infection. (Nature Reviews Microbiology, 2008)

Macrophages are considered the primary site of Salmonella replication during infection, and the 

ability of bacteria to survive in macrophages is critical for establishment of systemic disease. 

(Carroll, MEW. et al., 1979). Generally, phagocytosed bacteria are killed by macrophages when 

an array of antimicrobial substances is delivered to the resulting phagosomes. Phagosomes fuse 

with lysosomes containing hydrolases and antimicrobial peptides. The NADHP-dependent 

oxidase (Phox), that produces superoxide, is also assembled on the phagosomal membrane. 

Along with Phox, nitric oxide is also produced using inducible NO-synthase (iNOS) and other 

reactive nitrogen species (RNS) and reactive oxygen species (ROS) are generated. (Miller and 

Britigan, 1997; Storz and Imlay, 1999).

However, Salmonella is able to survive and replicate within macrophages by utilizing multiple 

virulence factors to prevent the induction and delivery of antimicrobial compounds to the 

phagosome, creating a unique compartment called the Salmonella Containing Vacuole (SCV), 

and by protecting itself from those effectors that were delivered. Salmonella overcomes this 

barrier and invade the intestinal epithelium through a process known as macropinocytosis. It 

attaches to the intestinal epithelium with the help of several fimbriae that have been known to 

bind to mammalian cells. (Baumler, A J. et al., 1996; van der Velden, 1998). Once the primary 

attachment is made it is able to dock with the host cell through the Salmonella pathogenicity 

island 1 type three secretion system (SPI-1 T3SS) . It comprises a needle complex (T3SS) which 

allows Salmonella to penetrate into the host cell membrane and injects an array of effector
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proteins. These effector` proteins are injected into the cytosol of the host cell and the resulting 

cascade of effects leads to the host intestinal epithelial cell engulfing the bacterium. (Rottner et 

al., 2012). A number of these virulence factors are encoded or injected into the macrophage 

cytoplasm by SPI2, and SPI2 T3SS which is required for Salmonella replication within 

macrophages (Gallois A. et al, 2001; Ellermeier, JR. et al., 2007; Vazquez-Torres, A. et al, 

2000).

Once inside the SCV, the SPI-2 T3SS is expressed and begins secreting effector proteins, which 

are used to manipulate the intracellular environment (Ibarra & Steele-Mortimer, 2009; Ramsden, 

et al., 2007). Approximately one hour after entry into the host  cell, the SCV switches from  

early endosomal markers, such as early endosome marker 1 (EE-1), to late endosomal/lysosomal 

markers, such as lysosomal-associated membrane protein-1 (LAMP-1) and lysosomal 

glycoproteins (lgps). One important factor that the SCV acquires during this switch is the V-

ATPase, which facilitates the acidification of the SCV. This acidification is an important factor 

for the induction of Salmonella virulence/survival genes (Abrahams & Hensel, 2006, Bhavsar, et 

al.,  2007; Ibarra & Steele-Mortimer, 2009, Kuhle & Hensel, 2004, Ramsden,  et  al., 2007, 

Salyers & Whitt, 2002).

Fig 3. Intestinal barrier crossing by Salmonella Enterica through M cells, enterocytes or 
following a luminar capture by CD18+ phagocytes such as dendritic cells.(Vazquez-Torres 
et al., 1999)

Another function of the SPI-2 T3SS may be to stop the formation of the NADPH phagocytic 

oxidase (phox) and inducible nitric oxide synthase (iNOS) on the SCV membrane, ultimately
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resulting in protection of Salmonella from reactive oxygen and nitrogen species (ROS and RNS, 

respectively) (Abrahams & Hensel, 2006, Coburn, et al., 2005, Salyers & Whitt, 2002). The 

maturation/movement process of the SCV can take around 4 to 6 hours. At this point, when the 

SCV has been altered to suit the bacteria, Salmonella begin to replicate (Abrahams & Hensel, 

2006, Finlay & Brumell, 2000). Replication of Salmonella is associated with the formation of 

sifs. Sifs have similar markers to the SCV, and many of the same proteins are responsible for 

their formation/membrane integrity (SifA, SifB, SseF, SseG, SseJ, SseL, SspH2, SpvB, PipB, 

and PipB2).

For all these serotypes, the intestinal barrier crossing constitutes a crucial step for infection 

establishment (Fig 4) Salmonella can induce their own entry into enterocytes, but M cells and 

CD18-expressing phagocytes also facilitate their translocation through the intestinal epithelium 

(Watson and Holden, 2010). During gastroenteritis pathology, host disseminate to extra-

intestinal sites at least via CD18-expressing phagocytes, leading to deep organ colonization. 

Bacterial pathogens have developed two different mechanisms to invade non-phagocytic host 

cells by hijacking physiological cellular processes. This interaction promotes an activation of 

host cell signalling pathways, leading to actin remodelling. This process is referred to as a 

Zipper mechanism and is characterized by the induction of little protrusive activity and thin 

membrane extensions (Fig 4A). Translocated effector proteins effectively allow the bacteria to 

“hijack” many essential intracellular processes and induce a massive reorganization of the host 

actin cytoskeleton, resulting in intense membrane ruffling and internalization of the bacteria. 

This invasion is referred to as a Trigger mechanism (Fig 4B) (Cossart and Sansonetti, 2004).

The reorganization of actin cytoskeleton at the entry site is a crucial step for Trigger and Zipper 

bacterial internalization. In eukaryotic cells, actin exists as a globular monomer (G-actin) which 

can assemble to form a filamentous structure (F-actin). In physiological conditions, actin 

polymerization requires different steps. First, nucleation of actin which consists in regrouping 

three actin monomers, is stimulated by cellular factors such as the Arp2/3 complex. Once 

nucleated, the addition of ATP-actin-monomers at the barbed extremity of the filaments is 

ensured by capping proteins and other actin-binding proteins such as actinin, gelsolin and villin 

that enable bundling of filaments. Actin dynamics regulation is closely associated with small 

Rho guanosine triphosphatase protein (RhoGTPase) activity. RhoGTPase cycle between an 

inactive guanine di-phosphate (GDP)-bound form and an active guanine tri-phosphate (GTP) - 

bound form. The switch between inactive and active state is regulated by guanine exchange 

factors (GEF) which catalyze the exchange of GDP with GTP and GTPase activating proteins
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(GAP) which hydrolyze GTP into GDP to switch off their active state. When bound to GTP, 

Rho GTPases target and activate downstream effectors such as proteins from the Wiscott-

Aldrich Syndrome protein (WASP)/N-WASP Family, leading to nucleator activation and actin 

reorganization. All these steps are required during bacterial internalization.(Bretscher, 1991; 

Hartwig and Kwiatkowski, 1991).

The study of host cell invasion by Salmonella has been initiated in 1967 by Takeuchi (Takeuchi, 

1967). For decades, it was described in the literature that Salmonella can enter cells only via a 

“Trigger” mechanism mediated by a type-three secretion system (T3SS-1) encoded by the 

Salmonella pathogenicity island-1 (SPI-1) (Ibarra and Steele- Mortimer,2009). Cell invasion 

could occur despite the absence of the T3SS-1, indicating that the dominant paradigm 

postulating that a functional SPI-1/T3SS is absolutely required for cell entry. Moreover, the 

characterization of one T3SS-1-independent invasion pathway revealed that Salmonella have 

also the ability to enter cells via a Zipper process mediated by the Rck invasion Consequently 

Salmonella are the first bacteria found to invade cells via a Zipper and a Trigger 

mechanism.(Rosselin et al., 2011).

Fig 4- Models of Zipper and Trigger mechanism. (Takeuchi, 1967, Ibarra & Steele-
Mortimer, 2009, Aiastui et al., 2010; Radtke et al., 2010; Rosselin et al., 2011)
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SP 
I

Size 
(kb)

Function Reference

2.5 Type III Secretion Systems (TTSS)

Type III secretion systems (TTSS) are a kind of specialized apparatus of Gram-negative 

bacterial pathogens that release sets of effector proteins to host cell membranes and cytosol 

(Galan and Wolf-Watz, 2006; Micheils et al., 1990). They have been described in a variety of 

gram-negative bacteria and were shown to be involved in processes ranging from pathogenicity 

to host-symbiont communication (Coburn et al., 2007; Marie et al., 2001; Troisfontaines and 

Cornelis, 2005). The S. Typhimurium TTSS-I encoded by SPI-1 has been studied intensively 

using transmission electron microscopy. Its main component is composed of an about 80nm 

long, hollow tube 13nm in diameter that is anchored by two ring shaped membrane protein 

structures in both inner and outer bacterial membrane (Kubori et al., 1998; Marlovits et al., 

2004). This so called needle complex shows structure for both systems (Mc Cann and Guttman, 

2008;Pallen and Matzke,2006). The array of effector proteins translocated by the S. 

Typhimurium TTSS comprises over 20 proteins manipulating host cell cytoskeleton by the S

.Typhimurium TTSS comprises over 20 proteins manipulating host cell cytoskeleton turnover, 

vesicle trafficking and cell-cell signaling in order to assure a (from the pathogen’s perspective) 

successful infection (Haraga et al., 2008; McGhie et al., 2009).

2.6 Salmonella pathogenicity island-1 type III secretion system

To date there have been 21 Salmonella pathogenicity islands (SPIs) identified; a brief 

description of each of these islands is listed below in the Table 2. The virulence of Salmonella 

enterica is a multifactorial phenotype. For successful interaction with the immune system of the 

host, S. enterica is equipped with two type three secretion systems.(T3SS-1 and T3SS-2) 

encoded by Salmonella pathogenicity island 1 (SPI-1) and Salmonella pathogenicity island 2 

(SPI-2) respectively. Both of these horizontally acquired genomic islands encode a type III 

secretion system (T3SS) are capable of secreting bacterial proteins into the host cells and 

extracellular milieu. Here the SPI 1 is necessary for cell invasion and essential for intestinal 

disease, while SPI 2 is necessary for intestinal survival and persistence in the target organs such 

as the spleen and liver. The mechanism of both the system is described below:
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SPI
-1

40.2 T3SS - Invasion of the 
intestinal epithelium

Marcus, et al., 2000; 
Thomson, et al., 
2008; van
Asten & van Dijk, 
2005

SPI
-2

39.8 T3SS - Systemic 
infection of mice, 
survival in intestinal 
epithelial cells and 
macrophages

MgtC and B Mg2+ 
transporter, MisL 
T5SS
Implicated in 
intramactraphage 
survival

Marcus, et al., 2000, 
Thomson, et al., 
2008, van
Asten & van Dijk, 
2005

SPI
-3

16.6 Certain components 
important S. 
Typhimurium 
infection of mice, 
calves and/or chicks

T1SS (siiCDF) and 
large non-fimbrial 
adhsin SiiE

Co-regulated with 
SPI-1

Blanc-Potard, et al., 
1999;
Morgan, et al., 2004; 
Schmidt & Hensel, 
2004;
Thomson, et al., 
2008; van
Asten & van Dijk, 
2005

SPI
-4

25.0 Important for 
membrane ruffling and 
entry of polarized 
epithelial cells in 
conjunction with the 
SPI-1 T3SS

Implicated in S. 
Typhimurium 
infection of
Calves

SPI-1 T3SS effector 
SopB and its 
chaperone PipC

SPI-2 T3SS effectors 
PipA and PipB; PipD

Gerlach, et al., 2008; 
Morgan, et al., 2004; 
Sabbagh, et al., 2010; 
Thomson, et al., 2008

SPI
-5

6.6 Important for S. 
Dublin induced 
enteritis in cattle

Marcus, et al., 
2000;Morgan, et al., 
2004; Thomson, et
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Important for S. 
Typhimurium systemic 
infection in chicks

The saf finbrial operon 
of chaperone usher 
class

al., 2008; Tsolis, et 
al., 1999; van Asten 
& van Dijk, 2005; 
Wood, et al., 1998

SPI
-6

17.6 A T6SS and tcf 
fimbrial operon that 
are absent in S. 
Enteritidis

Up to 44 kb in other 
serovars

Blondel, et al., 2009; 
Sabbagh, et al., 2010; 
Thomson, et al., 
2008; van
Asten & van Dijk, 
2005

Vi capsule
biosynthetic genes; 
type IV fimbrial 
operon

SopE in S. Typhi
SPI
-7

Abs 
ent

Only present in S. 
Typhi, S. Paratyphi & 
some S. Dublin

Largest PI identified 
so far, size varies 
between serovars

Sabbagh, et al., 2010; 
Seth-Smith, 2008; 
Thomson, et al., 
2008; van
Asten & van Dijk, 
2005

SPI Abs Absent in S. Enteritidis Sabbagh, et al., 2010;
-8 ent and S. Typhimurium 6 Thomson, et al.,

– 8 kb in other 2008; van Asten &
serovars van Dijk, 2005

SPI 16.3 T1SS, and a RTX-like Thomson, et al.,
-9 protein The RTX 2008; van

protein is complete in Asten & van Dijk,
S. Enteritidis, but not 2005
S. Typhimurium

SPI 10.0 Sef fimbrial operon in Sabbagh, et al., 2010;
-10 S. Enteritidis Larger in Thomson, et al.,

other serovars (up to 2008; van Asten &
33 kb) van Dijk, 2005

SPI 6.7 PagC, PagD and Sabbagh, et al., 2010;
-11 MsgA important for Thomson, et al., 2008

survival of S.
Typhimurium in
macropahges
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SPI
-12

5.8 SPI-2 T3SS effector 
sspH2 Important for 
full virulence of 
S.Typhimurium in 
mice

Haneda, et al., 2009; 
Sabbagh, et al., 2010; 
Thomson, et al., 2008

SPI
-13

25.3 Important for systemic 
infection in mice by S. 
Typhimurium

Haneda, et al., 2009; 
Shi, et al., 2006; 
Thomson, et al., 2008

SPI
-14

6.8 Electron transfer and 
putative regulatory 
Genes

Sabbagh, et al., 2010; 
Thomson, et al., 2008

SPI
-15

Abs 
ent

5 hypothetical proteins 
Not present in either S. 
Enteritidis or S. 
Typhimurium

Sabbagh, et al., 2010; 
Thomson, et al., 2008

SPI
-16

3.3 LPS modification 
High homology to 
SPI-17

Sabbagh, et al., 2010; 
Thomson, et al., 2008

SPI
-17

3.6 LPS modification; 
high homology to SPI-
16 Present in S. 
Enteritidis and S. 
Typhi, but not S. 
Typhimurium

Sabbagh, et al., 2010; 
Thomson, et al., 2008

SPI
-18

Abs 
ent

In S. Typhi encodes 2 
genes for the cytolysin 
HlyE and the invasion 
TaiE

Not present in either S. 
Enteritidis or S. 
Typhimurium

Sabbagh, et al., 2010; 
Thomson, et al., 2008

SPI
-19

14.1 T6SS likely
non-functional in S. 
Enteritidis as most of 
island has been deleted 
Up to 45 kb in other 
serovars

Blondel, et al., 2009; 
Thomson, et al., 2008

SPI
-20

Abs 
ent

T6SS Only identified 
in Salmonella enterica 
subsp. arizonae 34 kb

Blondel, et al., 2009; 
Thomson, et al., 2008

SPI
-21

Abs 
ent

T6SS Only identified 
in Salmonella enterica

Blondel, et al., 2009; 
Thomson, et al., 2008
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subsp. arizonae 55 kb

Table. 2 List of Salmonella pathogenicity islands (SPIs)

2.7 Salmonella Pathogenecity Island - 1 (SPI-1) System

In S. Enteritidis, SPI-1 is 40.2 kb in length and has a GC content of 47% .SPI-1 contains 41 

genes encoding a T3SS, T3SS regulatory genes, T3SS effectors, and a metal transport system 

(Schmidt & Hensel, 2004, Thomson, et al., 2008). SPI-1 is important for cell invasion of 

intestinal epithelial cells as well as apoptosis of macrophages. S.Enteritidis strains defective for 

InvC (a major structural component of the SPI-1 T3SS) have a 50% higher lethal dose when 

given orally to Balb/c mice, but perform similarly towild-type strains when given 

intraperitoneally, indicating a role for SPI-1 in colonization and invasion during the initial phase 

of infection, but not during the systemic phase (Galán& Curtiss, 1989, Mills, et al., 1995, van 

der Velden, et al., 2000).

2.7.1 Structural components and effectors of the Salmonella pathogenicity island-1 Type 

III secretion system

The basal body of the SPI-1 T3SS  is composed of an inner membrane ring formed by PrgH   

and PrgK, many inner membrane proteins (SpaP, SpaQ, SpaR, SpaS, and InvA), an ATPase 

(InvC) and an outer membrane secretin (InvG). Extending from the outer membrane secret in is 

the needle formed by PrgI, topped by the translocon made up of SipB and SipC (Moraes, et al., 

2008). The SPI-1 T3SS is responsible for the secretion of a specific set of effectors. avrA, sipA, 

sipB, sipC, sipD, and sptP are all encoded on SPI-1, while the genes encoding gogB, sopE, 

sopE2, and sspH1 are located on lysogenic bacteriophages in the genome. The gene for SopB is 

located on SPI-5, and the genes for SopA, SopD, SlrP, SteA, and SteB are located elsewhere 

within the chromosome. GogB, SlrP, SspH1, SteA, and SteB are also secreted by the SPI-2 T3SS 

(Abrahams & Hensel, 2006; Bernal-Bayard & Ramos- Morales, 2009; Salyers & Whitt, 2002; 

Thomson, et al., 2008).
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2.7.2 Assembly of the Salmonella pathogenicity island-1 Type III secretion system

The assembly of the SPI-1 T3SS proceeds in a similar manner to the assembly of the flagella. 

The inner membrane and outer membrane rings are formed first in a sec-dependent manner, 

followed by the association of the rings and formation of the remaining basal body components, 

including the ATPase. Formation of the needle and translocon is T3SSdependent, and needle 

length is controlled by InvJ, which acts as a ‘molecular ruler’ (Deane et al., 2010; He et al., 

2004; Moraes et al., 2008).

2.7.3 Effector Proteins of SPI-1

The effectors SopE, SopE2 and SopB act on small GTPases of the Rho-family, thereby 

manipulating signaling pathways. The secreted effectors SopE, SopE2 and SopB are 

translocated into the host cell via the SPI1 T3SS and are responsible for the initial stages of 

invasion. Collectively they activate the host cell Rho GTPases, turn on signal transduction 

pathways and initiate the NF-κB pathway which induces the inflammation pathways in the cell. 

(Norris, F. A., et aL, 1998, Patel, J. C., and J. E. Galan. 2006.). SipC is a vital part of Salmonella 

translocation and actin nucleation. It is a membrane bound protein and is part of the Salmonella 

translocon. In concert with SipA it binds and bundles actin leading to its polymerization which 

subsequently aids in host cell entry While SopE and SopE2  function  as  G-nucleotide  

exchange
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Figure 5. Assembly of the type III secretion syringe (From Thomas CM at al., 2006 Nature

factors (GEFs) on Cdc42 and Rac1 (Friebel et al., 2001), SopB is a phosphatidylinositol 

phosphatase which activates Rho-GTPases indirectly by generating several potential second 

messengers (Zhou et al., 2001). A set of two other effectors, namely SipA and SipC, were 

shown to act directly on actin and mediate polymerization and bundling McGhie et al., 2001). 

Another effector called SptP was shown to be a GTPase activating protein (GAP) acting on 

Rac1 and Cdc42, thus being able to reverse the cytoskeletal rearrangements induced by SopE/E2 

and SopB (Fu and Galan, 1999). Together with the effector molecules SopA and SopD , SopB 

function is linked to diarrheal symptoms in a bovine infection model. SopB is encoded by a  

gene in SPI5. In detail, SopB activates chloride channels in the membrane of epithelial cells, 

finally leading to the secretion of chloride and loss of fluid into the intestinal lumen (Norris et 

al., 1998). Furthermore, SopB is  known  to  be  essential  for  the  early  steps  of  the 

maturation of the organelle harboring the internalized bacteria: the Salmonella-containing 

vacuole (SCV).
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Figure 6: SPI-1 mediated invasion of Salmonella into non-phagocytic cells. Upon contact to 
eukaryotic host cells, the SPI1- encoded T3SS inject a cocktail of different effectors into 
the hostcell cytoplasm. Effector-mediated activation of small Rho-GTPases leads to 
massive rearrangements of the cytoskeleton with subsequent bacterial uptake. After 
uptake of the bacteria by a process termed macropinocytosis, Salmonella remains in a 
vacuole and the host cells regains a normal architecture. 
Berl.Münch.Tierärztl.Wochenschr 2007

2.8. Salmonella Intracellular survival in different types of cells and the role of 

Pathogenicity Island 2

In S. Enteritidis, SPI-2 is 39.8 kb in length with a GC content of 43%. SPI-2 is important for 

survival within the Salmonella containing vacuole (SCV) and the systemic phase of infection. 

There are 44 genes encoded on SPI-2 including a T3SS, T3SS regulatory genes, T3SS effectors, 

and a tetrathionate reductase system (Schmidt & Hensel, 2004, Thomson, et al., 2008).These 

secretion systems evolved to deliver S. enterica proteins directly into the cytoplasmic membrane 

and promotes S.enterica invasion into non-phagocytic cells. T3SS-2 translocates Salmonella 

proteins into the cytoplasm of the host cell across the phagosome membrane and is essential for 

their survival and replication inside professional phagocytic cells. Macrophages represent the 

key cells of host defence against Salmonella as well as other infections. They have been shown
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to have a plastic phenotype, which is dependent on micro environmental stimuli.(Freeman JA, et 

al., 2003) .

Genes within SPI-2 were initially identified by STM screening of a mutant bank for clones with 

reduced capacity to survive and replicate in the murine model of systemic Salmonella infections 

(Hensel et al., 1995; Shea et al., 1996). Later, a portion of SPI2 was also identified as a 

Salmonella-specific chromosomal region (Ochman et al., 1996). A second T3SS is encoded by 

SPI2 which is expressed during intracellular life of Salmonella. SPI2- activity is required to 

establish and maintain the SCV as an intracellular niche in which Salmonella can survive and 

replicate. Most of the SPI2- phenotypes characterized so far are linked to the manipulation of 

host-cell vesicle trafficking, thus ensuring nutrient supply and evading bactericidal activities. It 

has been shown that Salmonella can prevent fusion of the SCV with vesicles containing 

phagocyte oxidase (Phox, Vazquez-Torres et al., 2000) as well inducible nitric oxide synthase 

(iNOS, Chakravortty et al., 2002). To date, 17 effectors are known to be translocated over the 

SCV membrane into the host-cell cytoplasm, most of them encoded outside the SPI2-locus 

(reviewed in Kuhle and Hensel, 2004). Only 3 effectors are encoded within SPI2: SpiC, SseF 

and SseG. SpiC is an effector which was demonstrated to block fusion of the SCV with 

lysosomes (Uchiya et al., 1999). Like the SPI1, SPI2 harbors additional genes encoding  

proteins involved in metabolism (Hensel et al., 1999). Of importance for virulence functions 

could be the tetrathionate reductase system since it might be beneficial for Salmonella to 

colonize certain anaerobic habitats.

Figure 7: SPI-2 function is important for intracellular survival of S. Typhimurium. 
Intracellular Salmonella employ the SPI2- encoded T3SS to translocate effector molecules 
over the SCV membrane into the host cell cytoplasm. Functions of SPI2 effectors ensure
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intracellular survival and replication mainly by influencing the vesicular trafficking. This 
includes the acquisition of nutrients and membranes as well the evasion of certain host 
responses directed against intracellular bacteria. Berl.Münch.Tierärztl.Wochenschr 2007
2.8.1 Structural components and effectors of the SPI-2 T3SS

The SPI-2 T3SS is composed of an inner membrane ring that, in conjunction with many other 

inner membrane proteins, makes up the basal body. These include SsaD, SsaR, SsaS, SsaT, 

SsaU, and SsaV, along with the cytoplasmic ATPase SsaN. The outer membrane secretin is 

made up of SsaC, and is connected to the inner membrane components via SsaJ. A small needle, 

composed of SsaG, extends from the outer membrane secretin and is extended by a larger 

filament, made up of SseB. In comparison, many other T3SSs do not have a filament extension. 

The end of the filament is comprised of the translocon proteins SseC and SseD (Aizawa, 2001, 

Moraes, et al., 2008, Tampakaki, et al., 2004). SsaP, which acts as  a  ‘molecular  ruler’, 

controls the length of the needle (Wilson, 2006). The SPI-2 T3SS has been shown to secrete 

many effectors (GogB, PipB, PipB2, SifA, SifB, SopD2, SseF, SlrP, SseG, SseI, SseJ, SseK1, 

SseK2, SseL, SspH1, SspH2, SteA, SteB, and SteC), although most of their functions are still 

unknown at this time. Some of the genes encoding these proteins are located directly on the 

chromosome in the SPI-2 region, but some are located elsewhere on the chromosome, within 

lysogenic phages (e.g. Gifsy-1, -2 and -3) or on the Salmonella virulence plasmid. Although 

GogB, SlrP, SspH1, SteA, and SteB are secreted by the SPI-2 T3SS, these proteins are also 

known      to      be      secreted      by      the SPI-1 T3SS      (Abrahams      &      Hensel,      

2006, Bernal-Bayard & Ramos-Morales, 2009, Salyers& Whitt, 2002).

2.8.2 Assembly and regulation of the SPI-2 T3SS

Similar   to   the SPI-1 T3SS   and   flagellar   apparatus,   the SPI-2 T3SS   is   assembled   in    

a step-wisemanner involving first the insertion of the inner membrane ring and outer membrane 

secretin in a sec-dependent manner. Association of the inner membrane and outer membrane 

rings, placement of further basal body components and recruitment of the ATPase takes place, 

followed by the subsequent assembly of the rest of the apparatus (Brutinel&Yahr,  2008,  

Deane, et al., 2010, He, et al., 2004).

Like SPI-1, the expression of the SPI-2 T3SS is also regulated by many environmental and 

genetic signals. The preferred replication site of Salmonella is within the SCV of macrophages, 

and environmental signals that mimic the environment of the SCV, such as low magnesium 

concentration and an acidic pH between 4 and 5, are SPI-2-inducing. These genes are also
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affected by the globaltwo-component regulatory systems PhoP/PhoQ and EnvZ/OmpR. Under 

conditions of low magnesium and calcium PhoP induces SPI-2 gene expression by direct

Figure 8. SPI-2 mediated intracellular functions as observed in HeLa cells and Phagocytes. 
Different functions are numbered: 1) Modification of cellular trafficking. 2) Cholesterol 
recruitment. 3) Salmonella induced filament formation (SIF). 4) Maintenance of SCV 
integrity. 5) Actin accumulation near the SCV. 6) Microtubule bundling associated with 
SIF formation. 7) Trans golgi network-SCV association. 8) Exclusion of NADPF oxidase 
and iNOS from the SCV. 9) SPI-2 mediated induction of late cell death. 10) Altering host 
cell gene expression. 11) Stimulating the IL-10 anti-inflammatory pathway. (from  V. 
Kuhle and M. Hensel., CMLS. Cell. Mol. Life. Sci., 2004)

interaction with the ssrB gene, and post-transcriptional action on SsrA. In the presence of low 

osmolarity and acidic pH, OmpR can directly bind both the ssrA and ssrB promoters, activating 

transcription.  OmpR  can  also  act  in  conjunction  with  SsrB  to   activate  transcription  of 

the non-SPI-2-encoded effector SseI (Deiwick, et al.,  1998, Fass&Groisman, 2009, Feng, et  

al.,    2003,   Garmendia, et   al.,     2003,   Walthers, et   al.,     2007).   SPI-2 encodes   its    

own two-component regulatory   system,   SsrA/SsrB,   where   SsrB   is   able   to   bind   to    

all SPI-2 promoters, including those of ssrA, ssrB, and many effectors located outside of SPI- 2 

(Fass&Groisman, 2009,  Walthers, et al.,  2007).  As with SPI-1, H-NS silences the expression 

of SPI-2 genes by binding directly to many SPI-2 promoters. This binding can be relieved by  

the SPI-1 protein HilD under certain conditions, such as stationary phase growth in LB, and may 

also be relieved by SsrB and/or SlyA (Bustamante, et al., 2008; Fass & Groisman, 2009; 

Walthers, et al., 2007). The NAPs Hha and YdgT can also repress transcription of SPI-2genes. 

Fis, a NAP that is able to bind the promoter regions of ssr and ssa operons, is also important for
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expression of SPI-2 as well as SPI-1 genes. Proper levels of Fis are important for activation      

of ssrA, and Fis may also induce SPI-2 gene expression indirectly through controlling 

expression  of  PhoP.  IHF,  another  NAP,  is   also   important   for   expression   of   both SPI-

2 and SPI-1 genes (Fass & Groisman, 2009).

Pathogenic bacteria must withstand diverse host environments during infection. 

Environmental signals, such as pH, temperature, nutrient limitation, etc., not only trigger 

adaptive responses within bacteria to these spe-cific stress conditions but also direct the 

expression of virulence genes at an appropriate time and place. An appreciation of stress 

responses and their regulation is therefore essential for an understanding of bacterial 

pathogenesis. This review considers specific stresses in the host environment and their relevance 

to patho-genesis, with a particular focus on the enteric pathogen Salmonella.

Stresses in the Host Environment

Bacteria experience stress from their initial moment of contact with the host. For most 

pathogens, this entails a change in temperature. For bacteria transmitted by arthropod vectors, 

this also involves a transition from the insect gut to mammalian subcutaneous tissue or the 

bloodstream ( Hinnebusch, 2005). Respiratory pathogens must cope with an array of host-derived 

antimicrobial mediators, including bactericidal peptides pro-duced by epithelial cells ( Grubor et 

al., 2006), and may also be required to adapt to nitrosative stress ( Lundberg, 2008), hyper-

osmolarity ( Henderson et al., 2014), and oxygen limitation ( Wor- litzsch et al., 2002). In 

contrast, enteric pathogens are ingested and must survive the hostile environment of the stomach, 

which is notable for a strongly acidic pH ( Foster, 1999) and the pres-ence of reactive nitrogen 

species generated from dietary nitrate ( Duncan et al., 1995) ( Figure 1). Within the intestinal 

lumen, enteric pathogens encounter membrane-active antimicrobial peptides ( Ouellette, 2011), 

bile salts, free fatty acids, enhanced osmolarity, and changing oxygen tensions ( Guiney, 1997). 

Host inflammatory responses recruit phagocytic cells, subjecting pathogens to oxidative and 

nitrosative stress ( Fang, 2004). Host sequestration of essential metals and other nutrients cre-ates 

additional challenges as intracellular pathogens such as Francisella and Salmonella respond to 

distinctive cytoplasmic or phagosomal environments, respectively ( Steele et al., 2013; Nairz et 

al., 2015).
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To survive these changing environments, bacteria have devel-oped exquisite systems that 

not only sense these stresses but also trigger appropriate responses that allow survival and 

propagation under these conditions.

Acid pH

Pathogenic bacteria encounter acid pH in the gastrointestinal and genital tracts, skin, and 

endocytic vesicles of the intracellular degradative pathway. To adapt to acid pH, many 

pathogenic bacteria express two-component systems (TCSs), such as the well-characterized 

PmrB/PmrA, PhoQ/PhoP, EvgS/EvgA, and EnvZ/OmpR systems, that sense environmental 

acidic pH and then initiate a signaling cascade allowing adaptation to these conditions. The 

transcriptional repressor Fur (ferric uptake regu-lator) and the alternative sigma factors sS and sE, 

which control gene expression via interactions with the bacterial RNA poly-merase, also have 

established roles in altering bacterial gene expression to respond to pH-induced stress. Several of 

these regulators, in particular PhoP, OmpR, and sS, also control the expression of genes required 

for Salmonella virulence ( Table 1) ( Fang et al., 1992; Belden and Miller, 1994; Lee et al., 

2000). Additionally, ionizable imidazole and carboxylic groups in His, Asp, and Glu residues 

endow some transcriptional regulators such as ArsS, CadC, EvgS, PhoQ, PmrB, and SsrA with 

the ca-pacity to sense acid pH ( Haneburger et al., 2011; Mulder et al., 2015; Mu¨ller et al.,  

2009; Perez and Groisman, 2007; Prost et al., 2007) ( Figure 2A). Some of the adaptive  

responses to acid pH initiated by the PhoQ/PhoP and EvgS/EvgA TCS work via transcriptional 

activation of the iraP and iraM genes encoding anti-adaptor proteins, which outcompete sS for 

binding to the response regulatory RssB, thus preventing RssB-triggered sS degradation by the 

ClpXP protease ( Bearson et al., 1996; Eguchi et al., 2011; Tu et al., 2006). Expression of  

various decarboxy-lases and genes involved in central metabolism, transport, and membrane 

composition allows the cell to adapt to acidic condi-tions.

The biological relevance of acid stress to pathogenesis has been clearly shown. Both 

phosphorylation-dependent and phosphorylation-independent signaling by the ArsR/ArsS TCS 

allows Helicobacter pylori to withstand the acidic conditions of the stomach ( Marcus et al., 

2016). The primary function of ArsR/ArsS is to regulate the production and trafficking of urease, 

which allows urea-dependent buffering of gastric acid. Acidifica-tion of the macrophage
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phagosome provides an essential signal for activation of Salmonella virulence genes required for 

intracel-lular survival and growth, and blocking phagosomal acidification paradoxically 

attenuates Salmonella virulence ( Rathman et al., 1996). Acid-induced activation of the TCS 

response regulator OmpR leads to expression of the Salmonella pathogenicity island-2 (SPI2) 

type III secretion system (T3SS) ( Chakraborty et al., 2015), which delivers effector proteins to 

facilitate infection and also promotes activation of the acid-sensing PhoP/PhoQ regulon ( 

Alpuche Aranda et al., 1992; Martin-Orozco et al., 2006), although pH  sensing  by  PhoQ 

appears to be dispensable for Salmonella virulence ( Hicks et al., 2015).

Nutrient Limitation

In the host environment, access to carbohydrates, amino acids, and metals varies widely. The 

mammalian gut can be relatively rich in certain nutrients while intracellular environments are 

more restricted. Nutrient availability is further modulated by the activities of the host microbiota 

and host proteins.

Carbohydrate availability varies throughout the gut due to the breakdown of complex 

carbohydrates by commensal Lactoba-cilli and Bacteroidetes. Some of these breakdown 

products, such as short-chain fatty acids and glucose, serve as signals for pathogenic bacteria to 

induce virulence gene expression. The FruR/Cra regulator commonly found in enteric bacterial 

pathogens senses whether available carbohydrate sources can promote glycolysis or 

gluconeogenesis by interacting with fruc-tose-1-phosphate and, to a lesser extent, fructose-1,6-

bisphos-phate ( Ramseier et al., 1993). In addition to directing carbon flow appropriately, 

FruR/Cra also regulates virulence gene expres-sion in Salmonella, Shigella flexneri, and 

enterohemorrhagic E. coli (EHEC) ( Yoon et al., 2009; Gore and Payne, 2010; Njoroge et al., 

2012). The CsrA regulator acts oppositely of FruR/Cra, inducing genes involved in glycolysis 

while repressing those involved in gluconeogenesis. CsrA is required for S. flexneri attachment 

and invasion and is involved in the expression of viru-lence genes in Salmonella through effects 

on the TCS BarA/SirA and transcriptional regulator HilD, which control the activation of 

invasion genes ( Gore and Payne, 2010; Martı´nez et al., 2011). In Yersinia, the cAMP receptor 

protein Crp also contributes to the regulation of Csr and virulence gene expression ( Heroven et 

al., 2012).
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The stringent response to amino acid starvation is mediated by the small molecule guanosine 

tetra/pentaphosphate ((p) ppGpp), synthesized by RelA from GDP or GTP following interactions 

with ribosomes that are stalled as a result of aminoacid starvation ( Haseltine and Block, 1973; 

Agirrezabala et al.,  2013). (p)ppGpp interacts with RNA polymerase and a variety of proteins   

to promote the expression of virulence genes in Fran-cisella tularensis, Vibrio cholerae, 

Burkholderia pseudomall enterica, S. aureus, Y. pestis, and EHEC, among others ( Char- ity et 

al., 2009; Pal et al., 2012; Mu¨ller et al., 2012; Geiger et al.,  2010; Sun et al., 2009; Nakanishi   

et al., 2006). Increased (p) ppGpp levels are also linked to increased sS levels through expression 

of the anti-adaptor proteins IraP and IraD, which block sS degradation ( Bougdour and 

Gottesman, 2007; Merrikh et al., 2009). sS responds to a variety of starvation conditions and 

activates genes required for virulence in Salmonella ( Fang et al.,  1992). The stringent response 

is also regulated by the RNA polymerasebinding protein DksA, which regulates amino acid 

biosynthetic genes as well as antioxidant and antinitrosative defenses essential for Salmonella 

pathogenesis ( Henard and Va´zquez-Torres, 2012; Henard et al., 2014). In Gram positive 

bacteria, CodY is involved in regulating virulence gene expression in response to amino acid 

availability ( Geiger et al., 2010; Lobel et al., 2015).

In the current study, we choose to investigate the role of stress response protien yqjX encoded 

by gene y in modulating the virulence and stress responses in vitro. 

OBJECTIVES

To investigate the role of yqjX in influencing the stress response and virulence of Salmonella 

Enteritidis.

 Construction of single deletion mutant of gene yqjX via Lambda red recombination system.

 Cloning of gene y for complementation analysis.

A. Investigation of role of gene yqjX in stress conditions:

  Acid shock response ( at pH 3.2 and pH 5.4)

  Magnesium ion starvation response

  Osmotic stress response (in presence of NaCl)
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B. Role of gene yqjX in modulating the virulence of Salmonella Enteritidis

  Adhesion in vitro

  Invasion in vitro

  Motility 

CHAPTER 3

3. MATERIALS & METHODS

3.1 Plastic and Glassware Used

 Micropipettes: 0.1-2.5μl, 2-20μl, 20-200μl, 200-1000μl, 5000μl

 Micro tips: 0.2 μl -2 μl, 2 μl -200 μl and 200 μl -1000μl

 Micro centrifuge tubes: 1.5ml, 2ml

 Centrifuge tubes: 15ml, 50ml

 Disposable plastic plates and 

Glass petridish



Test tube and Test tube stand

 Graduated Cylinder

Instruments:

• Centrifuges

• Thermal Cycler

• Dry bath

• Water bath

• Vortex

• Weighing balance

• Laminar Airflow

• pH meter

• Autoclave

. Spectrophotometer
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3.2 Bacterial strains, media, cell lines and culture conditions

Bacterial strains (Table 3) were grown for 12 hours at 37°C in Luria-Bertani (LB) 

medium subcultured for another 4hours at 1:20 dilution in 300 ml of LB media till an 

optical density of 0.6 was obtained. HCT116 (colon carcinoma), cell line was 

routinely cultured in Dulbecco’s Modified Eagle Medium (PANTM-Biotech; 

Germany) supplemented with 2 mM L-glutamine (HIMEDIA® ) and 10% fetal bovine 

serum (PANTM-Biotech; Germany) at 37°C, 5% CO2.

Composition of LB Broth: 1000ml
Tryptone 10g
Yeast extract 5g
NaCl 5g
DH2O Upto 1 lit

Mix all the component in 800 ml distilled water and adjust the volume to 1000ml. 
Sterilize by autoclaving

Strains Relevant genotype/ or phenotype Background or Resistance

Wild type

(WT)
S. Enteritidis 125109 wild type; Smr Wild type

ΔinvC TTSS-1 (invC::aphT); Smr Kmr Wild type

Δy (SEN y1::aphT); Smr Kmr Wild type

Comp y pM968-y in strain Δy Smr, Ampr,Kmr

Plasmids

pKD4 bla FRT kan FRT PS1 PS2 oriR6K Kanr

pKD46 bla PBAD gam bet exo pSC101 oriTS Ampr
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pM968 Bla PBAD ampr oriR6K Ampr

pM968-y
Gene y cloned into BamHI and 

HindIII of pM968
Ampr

Table 3: List of strains and plasmids used in the study

Antibiotics Stock concentration Working concentration Dissolved In

Streptomycine 50mg/ml 50µg/ml MQ

Ampicilline 100mg/ml 100µg/ml MQ

Gentamycine 100mg/ml 100µg/ml MQ

Kanamycine 50mg/ml 50µg/ml MQ

Tetracycline 20mg/ml 20µg/ml 70% EtOH

Chloramphenicol 20mg/ml 20µg/ml Absolute EtOH

Arabinose 500mM 10mM MQ

Table 4: Antibiotics & Arabinose concentration Used in this study

Composition of Soft agar preparation: 0.3% agar (1000 ml)

Tryptone 10g

Yeast extract 5g

NaCl 5g

Agar 3g

Composition of SPI-1 Media (500 ml)

Tryptone 5g

Yeast extract 2.5g

NaCl 8.766g

pH 7.4
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Phosphate Buffered Saline (10X) Composition for 1lt

Chemicals Concentration

NaCl 80gm

KCl 2gm

Na2HPO4 14.4gm

KH2PO4 2.4gm

3.3 Preparation of electro-competent cell

 The strain carrying pKD46 was inoculated into 5ml tube and incubated 

overnight at 30°C 150 rpm in a shaker incubator.

 Overnight grown culture was inoculated into sterile 100ml LB (1:100 

dilution) containing streptomycin+ ampicillin for pKD46. Arabinose 

(10mM) was supplemented for activation of pKD46

 The culture was incubated at 30°C until OD600nm reaches 0.6.

 Then the culture was incubated on ice for 20 minutes and harvested at 

7000g for 10 minutes at 4°C. Supernatant was discarded and the pellet 

was resuspended into 30ml of sterile chilled MQ.

 The suspension was incubated on ice for 20 minutes and centrifuged at 

7000g for 10

minutes at 4°C. Supernatant was discarded and the pellet was 

resuspended in 15ml chilled sterile MQ.

 The suspension was incubated on ice on ice for 20 minutes and 

centrifuged at 7000g



30

for 10minutes at 4°C. Supernatant was discarded and the pellet was 

resuspended in 10% ice cold glycerol (10 ml). Suspension was incubated 

on ice for 20 minutes and centrifuged at 7000g for 10minutes at 4°C.

 Finally the pellet was resuspended in 0.5 ml chilled 10% glycerol. 

Aliquotes of 70 μl were prepared and store it at -80°C.

3.4 Plasmid Isolation

 5 ml LB medium containing proper antibiotics were inoculated with a 

single bacterial

colony. The tube was incubated at 37 °C overnight with vigorous 

shaking at 180 rpm.

 Cells were harvested at 13,000 rpm for 1 minutes at room temperature. 

Discard the supernatant. Resuspend bacterial pellet in 250 µl Solution I 

(see Appendix). Pipette mix or vortex as necessary to fully resuspend the 

cells.

 250 µl of Solution II (lysis buffer; see Appendix) was added and mixed 

gently by inverting. Incubated for 2-3 minutes in room temperature.

 350 µl of Solution III (Neutralizing buffer, see Appendix) was added and 

mixed gently by inverting. Do not vortex.

 Centrifuged at 13000 rpm for 15 minutes. Supernatant was transferred to 

fresh MCT

 520 µl of isopropanol was added and mixed gently by inverting 3-4 

times.

 Kept for 15 minutes at -200C. Centrifuged at 13000 rpm for 10 minutes.

 Half of the supernatant was discarded. Centrifuged at 8000 rpm for 5 

minutes. Supernatant was discarded.

 800 µl of 70% chilled ethanol was added and mixed gently. Centrifuged 

at 8000 rpm for 10 minutes. Supernatant was discarded.

 Air dry the pellet. Resuspend the pellet in 40 µl of Nuclease free water 

(Preheat the NFW in dry bath at 550C for 10 minutes). Store it in -200C 

for further use
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3.5 Transformation with Electro-competent cells

 Preheat 1 ml LB broth in micro centrifuge tubes in 300C.

 Take the electro-competent cells from -800C and keep it on ice for 10 

minutes.

 Added (2-4µl) of the plasmid (pKD4) into the electro-competent cells 

previously containing the plasmid pKD46. Incubated it on ice for 10 

minutes.

 Mixture was transferred into a electroporation cuvette. Give pulse to the 

cuvette accordingly (EC2 setting; 2500V for 5 second)

 Added the preheated LB into the mixture and incubate for 2 hrs at 370C

 Harvested the cells at 7000 rpm for 5 min

 Discarded 900µl of supernatant and resuspened the cell pellet with 

remaining 100 µl supernatant

 100μl of culture was spread plate onto sm/km plate (if pcr product 

derived from pKD4)

 Plates were incubated for overnight at 30°C. Colonies were picked up 

and restreaked onto sm/km and incubated overnight at 37°C.

 Finally colony PCR was performed to confirm the genotype.

3.6 Purification of PCR product by ethanol precipitation method:

 All the reaction mix of PCR tube pull together in one MCT.

 2·5 times of chilled absolute ethanol was added

 The MCT's were incubated at -20˚C for overnight

 Tubes were centrifuged at 13000 rpm for 20 minutes at 4˚C

 Supernatant was discarded and dried the pellet.

 Finally pellet were dissolve in 50µl of Nuclease free water.

3.7 One step inactivation of the chromosomal deletion of the candidate genes for 

in-vitro assessment
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Chromosomal deletion of genes was done by using the standard lambda-red 

recombinase system as per the protocol (Datsenko and Wanner, PNAS 2000) with a 

pKD4 template plasmid. Primers used for knock outs are listed in Table.-3. PCR cycle 

conditions for amplification of Kanamycin cassette using pKD4 as template and 

colony

Steps Temperature Time

(mins:secs)

G
o 

to
 st

ep
 2

, f
or

 3
3 

cy
cl

es

1 Initial

Denaturation

95°C 15:00

2 Cyclic

Denaturation

95°C 1:00

3 Annealing 54°C 1:00

4 Extension 68°C 2:00

5 Final Extension 68°C 10:00

6 Hold 4°C ∞

Table  5 : PCR conditions for  amplification kanamycin cassette for using pKD4  
as template for construction of mutants using standard lambda-red recombinase 
system. PCR product obtained is of size 1500 bp which has kanamycin cassette and 
flanking regions around the cassette that shares homology with the gene to be deleted 
from the chromosome of S.Enteritidis P125109.

Steps Temperature Time (mins:secs)

G
o 

to
 st

ep
 2

, f
or

 3
3 

cy
cl

es

1 Initial

Denaturation

95°C 15:00

2 Cyclic

Denaturation

95°C 1:00

3 Annealing 54°C 1:00

4 Extension 72°C 2:00

5 Final Extension 72°C 10:00

6 Hold 4°C ∞
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Table 6 : PCR conditions for confirmation of construction of deletion mutant of 
candidate genes selected in study in the chromosome of strain S.Enteritidis 
P125109.

3.7.1 Formation of complement strain

GeneY along with it’s promoter was clonned in PM968 vector at restriction sites Bam 

and HindIII.PM968 plasmid was digested with restriction enzyme Bam and HindIII at 

370 for 2hrs. Followed by which digested plasmid was purified using QUIGEN gel 

extraction kiit protocol.The insert gene Y along with it’s native promotor was 

ampllified from salmonella enteritidis genome giving a product size of 1200 bp and 

followed by which it was digested by Bam and HindIII at 370 for 2hr. 30mins.The 

digested insert was then ligated into the digested PM968 vector using T4Dnaligase at 

160 C for overnight followed by which the ligated product was transformed  into 

DH5α competent cell for recovery of tranformants .Transformants were further was 

subjected for confirmation of clone.

3.8 Motility assays

For motility assays, 1µl of bacterial cultures was stab inoculated on soft agar plates 

(0.3% agar) prepared in LB medium and incubated at 37°C, for 8 h,  following  

which, the diameter of halo zone formed by the motile cells was measured.

3.9 Adhesion and invasion assays:

Adhesion and invasion assays were performed as previously described by Pati NB et 

al.. Briefly, HCT116 colon epithelial cells and HeLa were grown in Dulbecco’s 

modified Eagle’s medium with 10% fetal bovine serum (FBS) in 24-well plates at 

37°C and 5% CO2 until a confluence of 80% was reached. Prior to infection, culture 

medium was removed, cells were washed twice with phosphate-buffered saline (PBS), 

and 500µl DMEM without antibiotic was added. Bacteria were grown overnight in
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LB medium containing 0.3 M NaCl (SPI 1 inducing medium) at 37°C and 120 rpm 

followed by a 1:20 dilution into fresh medium until an OD600 of 0.6. Adhesion assays 

were performed by keeping both the inoculum and 24-well plates on ice for 15 min 

prior to infection. Subsequently, cells were infected at a multiplicity of infection 

(MOI) of 10 followed by incubation for 30 min on ice. For invasion assays, cells were 

infected at an MOI of 10, followed by incubation for 50 min at 37°C and 5% CO2. 

Cells were then washed twice with PBS, 500µl infection medium containing 

gentamicin (100 µg /ml) was added, and the mixture was incubated for 2 h as before. 

Post incubation, cells were washed twice in PBS and lysed by adding 500 µl PBS 

containing 0.1% sodium desoxycholate, and appropriate dilutions were plated. The 

percentages of adherence and invasion were calculated by dividing the total number 

of bacteria recovered by the total number inoculated and multiplying the result by 

100.

3.10 Growth curve of wild type and mutants

Growth curve analysis of the mutants for candidate gene was conducted in 

comparison to wild type. strains were grown at 37˚C at 150 rpm in minimial media, 

1:100 concentration, for 10 hours. O.D. and cfu /ml of bacteria were calculated during 

the experiment at different time in hourly interval. Generation  time was  calculated 

for the strains. Graph was plotted using Graph Pad software version 6.0 for O.D. and 

cfu/ml of bacteria against different time points.

3.12 Magnesium ion starvation assay:

Magnesium ion starvation assay analysis of the mutant for gene y was conducted in 

comparison to wild type. Both the strains Δy and WT were grown at 37o C at 150rpm 

in M9 minimal media with 20µM Mg2+ concentration in comparison to control ( WT 

and Δy grown under optimum concentration of 200µM Mg2+ ions. Net survival was 

enumerated by plating on LB agar plate through serial dilution method at time points 

0, 1, 2 till 4 hour. Complementation assay of compY strain was performed following 

the above protocol in comparison to WT. Graph was plotted using Graph Pad 

software version 6.0 for cfu/ml of bacteria against different time point.
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3.13 Osmotic stress assay:

Osmotic stress assay analysis of the mutant for candidate gene was conducted in 

comparison to wild type. Both the strains were grown at 37o C at 150 rpm in minimal 

M9 media at 1:100 dilution until 0.4 O.D (early log phase).  Early log phase culture  

of WT and Δy was challenged with 0.6 m NaCl. Net survival was enumerated through 

serial dilution method, plated on LB Agar plate at time 1, 2 and 4 hour post exposure 

to salt stress. The overall survival for mutant was compared againt WT post exposure 

and pre exposure to salt. 0 hour denotes the cfu counts of strains before challenging 

the culture with salt. Graph was plotted using Graph Pad software version 6.0 for 

cfu/ml of bacteria against different time point .

3.15 Acid pH stress assay: 

At pH 5.4

Strains WT and Δy were grown at 37o at 150 rpm in minimal media until 0.4

O.D. The culutures were challenged with 3N HCl to a pH of 5.4. CFU was calculated 

by plating culture on LB plate, collected at time point 0 h, 30 min, 1 h, 2 h and 4 h 

post . Net survival of mutant and complement strain comp y was compared to control 

WT strain . Graph was plotted using Graph Pad software version 6.0 for cfu/ml of 

bacteria against different time point .

At pH 3.1
Strains WT and Δy were grown at 37o at 150 rpm in minimal media until 0.4

O.D. The culutures were challenged with 3N HCl to a pH of 3.1. CFU was calculated 

by plating culture on LB plate, collected at time point 0 h, 30 min, 1 h, 2 h and 4 h 

post . Net survival of mutant and complement strain comp y was compared to control 

WT strain . Graph was plotted using Graph Pad software version 6.0 for cfu/ml of 

bacteria against different time point .



30

CHAPTER 4

4. RESULTS

4.1CONSERVED DOMAIN ANALYSIS OF GENE yqjX:

Protein sequence encoded by gene y was retrieved from NCBI database for 

conserved domain analysis using NCBI CDD database. Accession ID for Salmonella 

enterica serovar Enteritidis is: NC_011294.1

Figure10

From conserved domain analysis we got to know that our gene yqjX belongs to the 

GsiB superfamily of protien.Based on these details and domain matching with GsiB 

family, this yqjX was further selected to analyse the role in virulence and stress 

response as it is newly evolved specific to Salmonella Enteritidis and it could function 

as a novel regulator.

4.2 GENERATION OF MUTANT:



30

Chromosomal deletion of genes was done by using the standard lambda-red 

recombinase system as per the protocol (Datsenko and Wanner, PNAS 2000) with a 

pKD4 template plasmid.

Figure 11

In  the figure11  Lane 1 represents   Kanamycine cassate having  amplicon size  

of 1200bp by using Forward primer for knockout and Reverse primer for 

knockout,Lane 3 represents kanbamycine cassate along with 200 bp upstream of 

gene  and   having   amplicon   size  of1700bp   by  using  cofirmatory   primer for

knockout  and  reverse  primer  for  knockout.Lane  3  represents  1kb  ＋  DNA
ladder(Invitrogen).

4.3 CONFIRMATION OF CLONE:
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We cloned our gene yqjX into the plasmid pM968 by using restriction enzyme 

BamH1 and HindIII .After colnnig we digest our plasmid with BamH1 and HindIII 

and run it in the 1% agaroge gel.

Figure 12

In figure 12 , 1% Agarose gel electrophoresis represents the insert fall of gene 

yqjX out from pM968. Lane 1 and Lane 3 represents insert  fall  out  from 

pM968 digested with BamHI and HindIII. Lane 2 represents undigested pM968 

plamsid. Lane 11 is 1kb+ DNA ladder (Invitrogen)

4.4 CONFIRMATION OF COMPLEMENTATION :

After cloned the gene yqjX into the plasmid pM968 we tranform our plasmid into 

eclectro competent mutant strain of gene yqjX to check the restoration of phenotype.
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Figure 13

In figure 13 Lane 2 represents amplicon size of 1200 bp amplified from the 

clone pM968_y I transfomed n deletion strain of Δy. Lane 4 represents 1kb ＋ 

DNA Ladder(Invitrogen).

4.5a GROWTH CURVE ANALYSIS IN M9 MINIMAL MEDIA :
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Figure14

In figure 14 WT and ΔY were inoculated in minimal media in 1:100 ratio. 

Cultures were collected in appropriate time interval till 10 hours for 

measurement of O.D at 600nm

4.5b GROWTH CURVE ANALYSIS IN M9 MINIMAL MEDIA :

Figure 15

In figure 15 , WT and ΔY were inoculated in minimal media in 1:100 ratio. 

Cultures were collected in appropriate time interval till 10 hours for 

enumeration of cfu by serial dilution method and was plated on LB plates 

supplemented with appropriate antibiotics.
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4.6 ACID SHOCK SURVIVAL ASSAY :

This experiment was performed to check the role of gene yqjX in acid shock 

like pH 5.5 (pH of macrophage) and in pH 3.2 (pH of stomach) , because salmonella 

survives in host stomach and macrophges.Here we are comparing the survival of wt 

and mutant strain in low pH .

There was no growth difference in between wt and mutant starain at pH 5.5, but there 

was one fold less survival in mutant strain in caparison to wt at pH 3.2.

At pH 5.5

Figure 16a: Acid stress response of Δy was conducted in M9 minimal media. 

Strains was grown till early logarithmic(log) phase (0.4 O.D.) from an overnight 

culture in 1:100 ratio. Log phase cultures were challenged with Acid HCl till the 

pH 5.5. Net survival of Δy strain was assessed in comparison to WT strain at 

time points of 0, 1, 2 and 4 hours by serial dilution plating method. 0 hour 

indicate the time point before challenging the culture with acid stress.

At pH 3.2



30

TIME(In hr) wt
d l

4321

25000000
0

20000000
0

15000000
0

10000000
0

Acid stress assay(pH 

3 2)

Figure 16b: Acid stress response of Δy was conducted in M9 minimal media. 

Strains was grown till early logarithmic(log) phase (0.4 O.D.) from an overnight 

culture in 1:100 ratio. Log phase cultures were challenged with Acid HCl till the 

pH 3.2. Net survival of Δy strain was assessed in comparison to WT strain at 

time points of 0, 1, 2 and 4 hours by serial dilution plating method. 0 hour 

indicate the time point before challenging the culture with acid stress

4.7 MAGNESIUM ION STARVATION ASSAY :

This experiment was performed to check the role of gene yqjX in low 

Magnesium ion concentration because salmonella encounters this stress inside the 

macrophages.Here we are comparing the survival of wt and mutant strain in low 

magnesium ion concentration(20µM) against the optimum magnesium ion 

concentration (200µM).Then we check complementation assay for the restoration of 

the phenotype.

There was 2 fold less survival of the mutant compaired to wt strain.and in 

complementation assay the complement strain restore back the phenotype.



30

Figure 17a: Growth of wild type and its mutant was assessed in minimal M9 

media under Mg ion concentration of 20µM against control supplemented with 

200µM of Magnesium ion. Cultures were collected and cfu was plated by serial 

dilution method on LB agar plate at indicated time points till 4 hours.

Complementation assay:



30

Figure17b: Growth of wild type and its complement strain was assessed in 

minimal M9 media under Mg ion concentration of 20µM against control 

supplemented with 200µM of Magnesium ion. Cultures were collected and cfu 

was plated by serial dilution method on LB agar plate at indicated time points  

till 4 hours

4.8 OSMOTIC STRESS RESPONSE ASSAY:

This experiment was performed to check the role of gene yqjX at high osmotic 

condition, because salmonella encounters high osmotic pressure inside the host. Here 

we are supplementing high salt concentration(0.6M) to the culture of different strains
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after reaching 0.6O.D, and comparing the growth between wt and mutant and 

complement strain.

There was no growth difference in between wt, mutant and complement strain 

in osmotic stress condition..

Figure 18: Osmotic stress response of Δy and compY strains was conducted in 

M9 minimal media. Strains were grown till early logarithmic(log) phase (0.4 

O.D.) from an overnight culture in 1:100 ratio. Log phase cultures were 

challenged with high salt NaCl concentration of 0.6M. Net survival of Δy strain 

was assessed in comparison to WT strain at time points of 0, 1, 2 and 4 hours by 

serial dilution plating method. 0 hour indicate the time point before challenging 

the culture with salt stress. Error bar indicate the standard deviation of three 

independent experiments. Statistical analysis was performed using two way 

ANOVA. Level of significance is indicated by ns, not significant.

4.9 MOTILITY ASSAY:
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To check whether our mutant yqjX regulates the expression of fimbrial genes or 

not, we have done motility assay. After performing the experiment, we found that the 

diameter of mutant strain is more or less equal to wild type strain, which shows that 

yqjX doesn’t affect the fimbrial genes and flagellar genes. Instead it affects the SPI-1 

and SPI-2 activity. On deletion of yqjX , the bacteria’s motility is not affected,  it is  

as motile as wild type and follows zipper mechanism.

Figure 19: Wild-type Salmonella and its ΔY  ,  comp  Y  strains  were 

placed at the center of the agar plate containing 0.3 % agar and incubated 

for 8 h. Diameter of growth zone was measured in centimeter (cm). 

Experiments were performed in triplicates at three independent occasions. 

Statistical analysis was performed using student t-test. Level of significance 

is indicated by ns; not significant. Error bar indicates the standard 

deviation of three independent experiments.

4.10 ADHESION ASSAY:
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To understand the role of yqjX mutant in bacterial adhesion, HCT116 cells are 

infected with yqjX and the adhesion efficacy was compared against a wild type strain 

of SEN and SENΔinvC [TTSS-1 (invC::aphT); Smr Kmr]. It was found that the cell 

adhesion efficacy in both the mutants, Δy and SENΔinvC is similar as compared to  

the wild type. This study showed that deletion of yqjX does not affect the function of 

fimbrial genes and flagellar genes.

Figure 20: HCT116 cells were seeded at density of 2 × 105 cells per well and 

bacterial strains were infected at MOI of 5. Infection was performed on ice 

followed by incubation at 4 °C for 30 min. Non adherent bacteria were removed 

by washing with 1X PBS and number of adhering bacteria was enumerated by 

serial dilution method. Experiments were performed in triplicates. Percent of 

adhesion of mutant was compared to wild-type (normalized to 100). Error bar 

indicate the standard deviation of three independent experiments. Statistical 

analysis was performed using t- test.  Level of significance is indicated  by ns,  

not significant.

4.11 INVASION ASSAY:
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To understand the role of yqjX mutant in bacterial invasion, HCT116 ARE 

infected with Δy strain and the invasion efficiency was compared against a wild type 

strain of SEN and SENΔinvC [TTSS-1 (invC::aphT); Smr Kmr]. Interestingly, the 

mutant strain of yqjX  , i.e. Δy has shown 80% less invasion as compared to wild  

type SEN strain. In contrast, in case of SENΔinvC, there was very less invasion. This 

is due to the fact that this invC gene acts as a ATPase to SPI-1 mechanism. Deletion 

mutant of invC gene leads to inactivate the SPI-1 mechanism. Therefore ΔinvC has 

acted as a negative control in this study. From the figure 21, it was clear that, the 

deletion of this gene yqjX has some effect on SPI-1 activity but it doesn’t inactivate 

the SPI-1 mechanism.

Figure 21:   HCT116 cells were seeded at the density of 2 × 105 cells per well   

and bacterial strains; WT and Δy were infected at the MOI of 5. Number of 

invading bacteria was determined through standard gentamicin protection 

assay. ΔinvC served as an experimental control. Experiments were performed in 

triplicates. Percent of invasion of mutant was compared to wild-type (normalized 

to 100). Error bar indicate the standard deviation of three independent 

experiments. Statistical analysis was performed using one way ANOVA.  Level  

of significance is indicated by asterisks ( **** P<0.00001), ns, not significant.

CHAPTER 5
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5. DISCUSSION

Mutant Δy was assessed for its growth in comparison to wild type in M9 

minimal media supplemented with appropriate antibiotics and trace elements. Mutant 

didn’t show any growth defect in comparison to WT with a generation time of 24.2 

mins against generation time of 22 mins (WT). We further assessed its growth in 

response to low Mg2+ ion since Salmonella being an intracellular pathogen encounters 

low Mg2+ ion condition within the host system. Interestingly, WT could survive 

effectively under low Mg2+ ion containing M9 media in comparison to its  WT 

control. However, Δy showed a significant reduction ( 2 fold less) in its survival as 

opposed to its WT control and  Δy control. This further speculates the gene  yqjX   

role to be influenced under PhoPQ regulon. PhoPQ activates upon sensing 

intracellular conditions like low pH , low Mg2+ ion conditions,  which  is  an  

important two component regulatory system that regulates several key genes of SPI-1 

and SPI-2 systems in Salmonella. The deleterious effect of gene y on regulation of 

PhoPQ will be further assessed. Subsequently, Salmonella can survive under high 

osmotic stress like bile and NaCl. The overall survival of our mutant was assessed in 

minimal media with 0.6M NaCl . There was no net difference in the survival of our 

mutant in comparison to our control WT strain. Since, Salmonella can survive under 

low pH, we further assessed the role of gene under pH 5.4 and pH 3.2. The two 

different pH was considered simulating low pH in stomach (pH 3.2) and inside 

macrophages (pH 5.4). Deletion strain showed pronounced survival ( 1 fold less) 

under a lethal pH of 3.2 as compared to WT. Finally, we assessed virulence 

parameters like adhesion, motility and invasion in vitro. It was revealed that gene had 

no role in adhesion and motility while it critically affected the invasion across 

HCT116 on deletion from the genome. The effect of the gene deletion on SPI genes 

which are the master genes of influencing the pathogenesis of Salmonella is to be 

assessed further in future studies.

CHAPTER 6
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6. CONCLUSION

yqjX protein present in salmonella is a stress response protein which probably allows 

Salmonella to sustain in stress conditions.yqjX protein belongs to the family of GsiB 

super family .From gene ontology analysis probably our gene is accessing some stress 

conditions and also helps in virulence of pathogen. Present study demonstrates that 

SEN2941 could be activated in certain stress conditions and it may play a critical role 

in bacterial pathogenesis.

CHAPTER 7
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