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SUMMARY

Edwardsiella tarda is an opportunistic gram-negative bacterial pathogen possessing

multifactorial virulence determinants such as abilities to invade epithelial cells, resist

phagocytic killing and produce hemolysins and catalases. Type III and type VI gene clusters

have been identified which play a pivotal role in the pathogenesis of E. tarda. Cross-talk

between different regulatory systems in pathogenic bacteria is important for systematic cell to

cell communication. Multiple signaling molecules are frequently required to trigger differential

responses in bacteria in the quest for survival inside host cells. In this study, we have

demonstrated activation of virulence genes in E. tarda in response to various environmental

signals that mimic conditions inside host cells. E. tarda shows a unique temperature dependent

secretion profile in which  temperature ranges from 23°C to 35°C enable the bacteria to secrete

virulence proteins. A decrease in temperature from 23°C to 20°C or an increase in temperature

from 35°C to 37°C completely abrogates the secretion of virulence proteins. We have

identified the two-component regulatory system, PhoP/PhoQ which regulates positively

positively both the type III and type VI secretion systems as mutation of both phoP and phoQ

abolished protein secretion from T3SS and T6SS. The global response regulator PhoP directly

binds to a putative PhoP box present in the promoter of esrB which is a regulator present

within the T3SS gene cluster. The expression of both phoP and esrB is temperature dependent

where the transcriptional levels of both phoP and esrB are higher at temperatures from 23°C to



xvi

35°C but decreased significantly at 20°C and 37°C in agreement with the secretion profile.

Apart from temperature, E. tarda also responds to Mg2+ in which low Mg2+ concentration

(1mM) triggers the expression of both phoP and esrB along with secretion of type III and type

VI proteins, while Mg2+ (10mM) inhibits expression and secretion of protein from both T3SS

and T6SS. The change in environmental temperatures is sensed by the PhoQ protein. The

periplasmic sensor domain of PhoQ shows loss of secondary structure when the temperature is

increased from 35°C to 37°C with an exceptionally low Tm at 37°C based on temperature

denaturation experiments using Far-UV CD experiments. Addition of Mg2+ slightly stabilized

the sensor domain and and Tm is shifted to 40.2°C. Using site-directed mutagenesis technique

we have identified certain Pro and Thr residues in E. tarda PhoQ sensor domain that are

responsible for the low temperature stability of PhoQ. PhoQ mutants P120N (Tm=55.5oC) and

T167P (Tm=59.0oC) showed significant higher thermal stabilities than the wild type protein.

Complementation of the phoQ insertion mutant (phoQi) with the above mutants rendered “loss-

of-function” phenomena where the mutants failed to recover the effect of the phoQi mutation.

Interestingly, the mutant P77L rendered the E. tarda phoQi strain “temperature-blind” which

resulted in the constitutive secretion of proteins from T3SS and T6SS at 20oC but not at 37 oC.

Moreover, E. tarda phoQi mutant, when complemented with phoQ from EPEC 2348/69

showed similar levels secretion of ECPs at 37oC as compared to the wild type E. tarda at 30oC.

We also identified acidic cluster residues (DDDSAD) present within the sensor domain of

PhoQ that are responsible for Mg2+ binding. Based on the two-dimensional electrophoresis

profile of the total cell protein and microscopic examination of E. tarda at different

temperatures, different regulatory mechanisms could be employed at 20 oC and 37 oC.
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We further extended our study on the regulation of E. tarda by two environmental factors, iron

and phosphate, since such environmental cues are also sensed inside host cells. Both high

phosphate (20mM KH2PO4) and high iron (20μM FeSO4) decresed the secretion and

expression of T3SS and T6SS  proteins by modulating the expression of esrC where greater

effect was observed in presence of iron in comparison to that of phosphate. We have

characterized the iron sensor Fur to be a negative regulator of T3SS and T6SS which functions

through esrC.We identified the presence of a high affinity PhoB binding site (pho box) in the

promoter region of evpA within the T6SS cluster which allows PhoB to positively regulate the

expression of evpC of T6SS. PhoB binds to the polycistronic promoter of pstSCAB-phoU

operon and to its own promoter rendering a self regulatory function. The two component

regulatory system PhoB/R responds to phosphate concentrations since a deletion mutant of

phoB (ΔphoB) renders the bacteria to become “phosphate- blind” but still responsive to the

suppressing effect of Fe2+. PhoB functions by modulating the expression of esrC and the

transcriptional level of esrB seems to be unaffected by both iron and phosphate. PhoU

positively controls the expression and secretion of T3SS and T6SS proteins through esrC and

may be involved in additional regulatory functions since two-dimensional PAGE analysis of

the total protein of the insertion mutant of phoU (phoUi) shows suppression in the expression

of many proteins in comparison to the wild type bacteria. Fe2+ itself exhibits an inhibitory

effect on the expression of phoB and the pstSCAB-phoU operon.Our study proposes a model

where negative cross-talk exists between the high affinity phosphate transporter PstSCAB-

phoU and the iron sensor Fur.
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Chapter I. Introduction

I.1 E. tarda infection and virulence factors

I.1.1 Taxonomy identification and distribution

E. tarda belongs to the Enterobacteriaceae family and the genus Edwardsiella has two other

species namely E. hoshinae and E. ictaluri in which E. ictaluri isolated from catfish was found

to cause severe infections and enteric septicemia (Hawke et al, 1981); whereas E. hoshinae has

been found in water, birds, and lizards (Grimont et al, 1980). E. tarda was formerly known as

Paracolobactrum anguillimortiforum, which is presently, considered to be synonymous with E.

tarda (Hoshina, 1962). Members of the Edwardsiella genus have been associated with

freshwater and marine environments as well as with the animals residing in these ecosystems.

E. tarda has a wide host range and geographical distribution compared to the other two species.

The presence of E. tarda has been reported in India (Bhat et al, 1967), Malaysia (Gilman et al,

1971), Israel (Sechter et al, 1983), Japan (Onogawa et al, 1976), Panama (Kourany et al, 1977)

and the United States (Desenclos et al, 1990). Though E. tarda occurs globally, it is more

commonly found in tropical and sub-tropical regions. E. tarda is a gram-negative, facultatively

anaerobic, rod-shaped (1 µm diameter and 3-4 µm long) and motile bacterium having

peritrichous flagella. It is oxidase negative and ferments glucose under aerobic and anaerobic

conditions and has little biochemical variability (Waltman & Shotts, 1986). The bacterium

cannot utilize many sugars, hence the epithet tarda which means inactivity. In general, E. tarda

can grow on TSA medium wherein they form small, round (0.5-2.0 mm diameter), raised and

transparent colonies in 48 hours of incubation at 24-26°C (Meyer & Bullock, 1973). It can be

identified either by using commercial kits such as API 20E (Sakai et al, 1993) BBL Crystal
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12A and 12B strips. Rapid identification of E. tarda is possible through the use of PCR-based

identification systems (Chen & Lai, 1998). It is uncertain if this bacterium is a primary or

opportunistic fish pathogen, as it may form part of the normal microflora of fish surfaces

(Wyatt et al, 1979).  However, some evidence does exist that E. tarda was found in water

within the vicinity of fish farms.  It has been frequently isolated from lower and higher

vertebrates such as fish (striped bass, largemouth bass, tilapias and carp) (Baya et al, 1997;

Francis-Floyd et al, 1993) and amphibians (frogs and toads) (Mauel et al, 2002).

I.1.2 E. tarda infection

I.1.2.1 Infection in human

E. tarda is the only species of this genus that can infect humans and cause diseases in humans.

Association of E. tarda with human diseases was first reported in 1969 (Jordan & Hadley,

1969). So far, at least 300 clinic cases have been reported. E. tarda infections in humans are

more common in tropical and subtropical regions (Kourany et al, 1977), and in persons with

exposure to the aquatic environments or exotic animals including amphibians and reptiles, and

conditions leading to iron overload and dietary habits like ingestion of raw fish (Janda &

Abbott, 1993; Wu et al, 1995). The diseases caused by E. tarda in human infections can

generally be divided into two categories, namely, gastro- and extra-intestinal infections.

Gastro-intestinal infections are common compared to extra-intestinal infections. Although

infections caused by E. tarda in humans are uncommon, gastro-intestinal infections are very

serious and the mortality rate reached up to 50% (Janda & Abbott, 1993).  Some of the clinical

symptoms of gastroenteritis caused by this pathogen are acute secretory enteritis, and

intermittent watery diarrhea with mild fever (39-38.5°C). More severe forms of gastroenteritis
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similar to enterocolitis have also been reported (Nagel et al, 1982; Ovartlarnporn et al, 1986).

E. tarda has also been found to cause extra-intestinal diseases such as myonecrosis (Slaven et

al, 2001), peritonitis with sepsis (Clarridge et al, 1980), septic arthritis (Osiri et al, 1997),

bacteremia (Yang and Wang, 1999) and wound infections (Ashford et al, 1998; Banks, 1992).

I.1.2.2 Infection in animals

E. tarda has been isolated from a variety of higher animals including mammals, birds, reptiles

and fish. E. tarda has caused diseases in cattle (Cenci et al, 1977),  swine (Owens et al, 1974).

Florida manatee (Forrester et al, 1975), monkeys (Kourany et al, 1977), dogs (van Assche,

1991), rock hopper penguins (Cook & Tappe, 1985) and wild vultures (Winsor et al, 1981) E.

tarda is the etiological agent of Edwardsiella septicemia in fish, often referred to as

“Edwardsiellosis” which is a mild to severe systemic disease primarily affecting warm water

fish in the United States and Asia. E. tarda is primarily known to cause disease in Japanese eel

(Anguilla japonica) and channel catfish (Ictalurus punctatus), leading to great losses in

aquaculture every year in the United States and Asia (Janda & Abbott, 1993). Therefore, it is

important to study the pathogenesis of E. tarda and find suitable strategies to either prevent or

cure its infection.

I.1.3. Antimicrobial susceptibility, treatment and vaccination

Several investigations have been carried out to specifically address the in vitro

susceptibility of E. tarda to antimicrobial agents. These include β-lactam antibiotics,

cephalosporins, aminoglycosides, and oxyquinolones. Major resistance has been noted only

with colistin and polymixin. Stock & Wiedemann studied the natural antibiotic susceptibilities

of 102 strains of Edwardsiella species (42 strains of E. tarda, 41 strains of E. ictaluri and 19

strains of E. hoshinae) to 71 antibiotics. They found that all Edwardsiellae were naturally
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sensitive to tetracyclines, aminoglycosides, most β-lactams, quinolones, antifolates,

chloramphenicol, nitrofurantoin, and fosfomycin. Edwardsiella species were naturally resistant

to macrolides, lincosamides, streptogramins, glycopeptides, rifampin, fusidic acid, and

oxacillin (Stock & Wiedemann, 2001). Gastro-intestinal infections often do not require

treatment since these illnesses resolve spontaneously without antibiotic treatment (Janda &

Abbott, 1993). In some aggressive infections, amoxicillin and comitrazole have been used with

success.  Drugs such as cephalosporins and oxyquinolones have also shown good results based

on in vitro studies.  The development of vaccines against E. tarda infection is pursued in Japan

and Taiwan. Vaccine preparations involved the use of whole cells, disrupted cells and cell

extracts as immunogens (Salati et al, 1987a; Salati et al, 1987b; Salati & Kusuda, 1985; Salati

& Kusuda, 1986; Tu & Kawai, 1999). There were discrepancies in the experimental trials

which suggested further studies to thoroughly test the efficacies of different methods and types

of vaccination protocols in E. tarda. They also clearly indicate the necessity for further

understanding of the virulence genes and strategies used by this pathogen to cause disease.

This will enable us to develop of a more suitable, efficient and protective vaccine against this

pathogen.

    I.1.4 Virulence factors of E. tarda

 I.1.4.1 Adherence to host cells and invasion

The ability to adhere and invade is an important prerequisite for the establishment of foothold

in a variety of host tissues, thus leading to successful colonization (Atkinson & Trust,

1980;Edelman et al, 2003). E. tarda is also known to have this capability (Janda et al, 1991)

and  exhibits two types of hemagglutinations, one of which was inhibited by mannose

(MSHA), while the other was blocked by glycoprotein fetuinn (MRHA) (Wong et al, 1989).
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Both the MSHA and MRHA adhesions were resistant to mechanical shearing and they could

be inactivated only by heating and prolonged incubation in the presence of non-specific

proteases or certain denaturants.  E. tarda cells have been observed to be surrounded by a layer

of slime and this may help in bacterial adherence to host cells and also protect the bacteria

from host defences.  Besides, E. tarda is also able to penetrate or invade non-phagocytic cells

such as HeLa, HEp-2 and epithelioma papillosum of carp, Cyprinus carpio, (EPC) cells (Janda

et al, 1991;Ling et al, 2000; Marques et al, 1984).

I.1.4.2. Serum and phagocyte resistance

Serum and phagocyte-mediated killing are the two major defense mechanisms of non-specific

immunity in fish (Dalmo et al, 1997). In order to survive and colonize in host cells, bacteria

must overcome the primary immune response of the host system. Phagocytic attack is one of

the first lines of defenses that the bacterial cells encounter after they have gained entry into the

host. Opsonized virulent E. tarda strains were able to adhere to, survive, and replicate within

fish phagocytes (Iida & Wakabayashi, 1993;Srinivasa Rao et al, 2001). They had the ability to

circumvent the anti-bacterial defense by avoiding stimulation of reactive oxygen intermediates.

I.1.4.3 Toxins, enzymes and other secreted proteins

E. tarda could secrete various dermatotoxins and enzymes as virulence factors and these toxins

induced erythema in mice. E. tarda also secrete two types of hemolysins, including cell

associated and iron-regulated hemolysin, and extracellular hole-forming hemolysin (Chen et al,

1996; Hirono et al, 1997; Janda & Abbott, 1993). The cell-associated hemolysin was found to

be an important virulence factor required for the invasive activities (Janda et al, 1991; Marques

et al, 1984). A number of E. tarda strains produced chondroitinase which may aid in the

destruction of host tissues and facilitate bacteria dissemination throughout the host body
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system (Ruoff & Ferraro, 1987; Shain et al, 1996). Besides these, E. tarda also produce

siderophores (Kokubo et al, 1990; Payne, 1988) and a 37 kDA toxin (Suprapto et al, 1996) that

contribute to its pathogensis. E. tarda strains were also found to produce three different types

of catalase-peroxidase (Kat1-3) of which KatB being the major catalase enzyme (Srinivasa Rao

et al, 2003c). KatB was required for E. tarda survival and replication in phagocyte-rich organs

in gourami fish, indicating its importance in virulence.

I.1.4.4. Type III secretion system in E. tarda

T3SSs are used by many bacterial pathogens for the delivery of virulence factors into the host

cells. A comparison of the extracellular proteins (ECPs) of virulent and avirulent E. tarda

strains revealed several major, virulent-strain-specific proteins. Proteomics analysis identified

two of the proteins in the virulent strain. One is homologous to flagellin and the other protein

spot (EseB) is homologous to the translocon protein SseB of Salmonella pathogencity  island 2

(SPI-2) (Tan et al, 2002). The gene sequences were then identified using degenerate primers.

At the same time, 490 alkaline phosphatase fusion mutants were screened from a library of

450,000 TnphoA transconjugants derived from strain PPD130/91, using blue gourami fish as

an infection host. Fourteen virulence genes were identified that were essential for disseminated

infection, including enzymes, a phosphate transporter, novel protein and a protein similar to

SsrB (EsrB), a regulator of Salmonella T3SS (Srinivasa Rao et al, 2003a). Based on the

sequences of EseB and EsrB, the T3SS cluster was identified in the genome of E. tarda. The

T3SS gene cluster from E. tarda PPD130/91 contained 35 open reading frames, and many of

the putative genes were similar to those in SPI-2 T3SS of S. enterica serovar Typhimurium

(Hensel, 2000; Hensel et al, 1998; Shea et al, 1996; Tan et al, 2005b). Thus, the designation of

the E. tarda T3SS genes was based on the sequence homologs in Salmonella SPI-2. Similar to
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Salmonella SPI-2, the genes of the E. tarda T3SS cluster were grouped into four categories: E.

tarda secretion system chaperone (esc), effectors (ese) and regulators (esr) (Tan et al, 2005b).

The mutation of the two-component system genes esrA and esrB led to near thousands folds

decrease in LD50. Furthermore, the adherence and invasion rates of esrA and esrB mutants

were decreased while those of the apparatus and chaperone mutants remained similar to that of

the wild type. It is proposed that the function of EsrB was possibly similar to the homologous

global regulator SsrB in Salmonella, which controlled several virulence factors encoded both

inside and outside of the SPI-2 T3SS (Feng et al, 2003b;Gray et al, 2002). With 2D-PAGE

analysis, EseB, EseC and EseD were identified as the major components in the ECPs and their

secretions were T3SS-dependent. These three proteins contributed to the virulence of E. tarda

as insertional mutations of them increased the LD
50

values about 10 times (Tan et al, 2005b).

Sequence analyses showed that these three proteins were homologous to EspA, EspD and

EspB of EPEC, respectively. EspA formed a sheath-like structure, and EspB and EspD formed

a translocon pore in enteropathogenic E. coli (EPEC). EspA, EspB and EspD together

constituted a molecular syringe and channeled effector proteins into the host cell (Ide et al,

2001). In addition, the homologs of EseB, EseC, and EseD in Salmonella (SseB, SseC and

SseD, respectively) were aslo shown to function as tranlocon components, and they were

essential for the translocation of effectors (Nikolaus et al, 2001b). The bioinformatics results of

EseBCD as translocon components were confirmed by the co-immunoprecipitation, which

showed that EseBCD formed a complex after secretion (Zheng et al, 2007). A novel regulator,

EsrC, which showed significant sequence similarity to the AraC family of transcriptional

regulators is shown to regulate both T3SS and T6SS secretion system in E. tarda. Mutants with

in-frame deletions of esrC have increased LD
50

 in blue gourami fish, reduced ECPs production
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and failed to aggregate. Complementation of esrC restored the original wild type phenotypes.

Analysis using 2D-PAGE showed that EsrC regulated the expression of secreted proteins

encoded by the T3SS (such as EseB and EseD) and T6SS gene clusters. The expression of esrC

is dependent on a functional two-component system of EsrA-EsrB. EsrC in turn regulates the

expression of T6SS genes as well as selected T3SS genes (Zheng et al, 2005a). Temperature

dependent expression of regulators was documented where the expression of the esrB-lacZ

and esrC- LacZ fusions decreased substantially at 37°C compared to that seen at 25°C, but

there was no change for the esrA-lacZ fusion at different temperatures. Although EsrA

functions as a sensor in EsrA-EsrB two-component system, the expression of esrB-lacZ in an

ersA mutant background did not decrease compared to that in the wild-type background at

25°C. This suggested the presence of other proteins which can respond to temperature changes

(Zheng et al, 2005a).
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Fig. I.1. Model for the regulation of T3SS and EVP gene clusters by EsrA, EsrB, and
EsrC in E. tarda PPD130/91.Growth in DMEM at 25°C favors the expression of esrA and
esrB. EsrA is speculated to phosphorylate EsrB, and the accumulation of activated EsrB leads
to the expressions of esrC and downstream T3SS apparatus genes, as well as orf29 and orf30.
EsrC then activates the expressions of T3SS secreted proteins, orf29 and orf30, and the EVP
gene cluster. The regulation of EsrB on the T3SS apparatus genes or esrC transcription was
subjected to the modulation (Adopted from Regulation of a type III and a putative
secretion system in Edwardsiella tarda by EsrC is under the control of a two-component
system, EsrA-EsrB. Zheng, J et al., 2005, with permission).
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I.1.4.5. Type VI secretion system in E. tarda

A comparison of secreted and total cell protein of the wild type E. tarda and those of TnphoA

highly attenuated mutants (pstC, pstB, pstS), identified three proteins absent from the TnphoA

highly attenuated mutants that did not belong to the T3SS (Rao et al, 2004). Based on the nano

electrospray ionization (ESI) tandem MS data, EvpA and EvpC were identified. With

genomics walking, an eight open-reading-frame gene cluster was sequenced and was named as

the EVP gene cluster (Rao et al, 2004). Sequence blast search against NCBI GenBank revealed

that this gene cluster was conserved in many other animal and plant pathogens and symbiont

such as Salmonella, Vibrio, Yersinia, Escherichia, Rhizobium and Agrobacterium species. EVP

proteins contribute to the pathogenesis of E. tarda as disruption of the EVP gene cluster

resulted in about 2 logs increase of the LD
50

s in the blue gourami host. The mutation of the

EVP genes also led to lower replication rates in gourami phagocytes, and reduced protein

secretion. In addition, evpA and evpC were shown to be regulated by the T3SS regulator esrB

and the secretion of EvpC was dependent on EvpA. Mutations of the T3SS apparatus did not

affect the secretion of EvpC, suggesting that the EVP gene cluster encodes a novel secretion

system which is different from the T3SS in E. tarda. In the year 2007, entire T6SS gene cluster

was sequenced using a combination of genome walking and phage library screening. The 16

genes present within the Type VI secretion system cluster were mutagenized to study the

functions of this novel secretion system. All EVP mutants except ΔevpD were attenuated in

blue gourami fish. The 16 EVP proteins were grouped based on cellular functions and

localizations. The first group is the intracellular apparatus proteins which are non-secreted.

Among them, EvpO, a putative ATPase which contained a Walker A motif, showed possible

interactions with three EVP proteins (EvpA, EvpL and EvpN). Protein families with such
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Walker A motifs in Gram-negative bacteria include ABC transporters (Nikaido, 2002)  and

T2SS proteins (Johnson et al, 2006). These proteins function as ATPases to energize secretion

of their substrates. However, site-directed mutagenesis in the conserved amino acids of Walker

A motif did not affect the secretion of EvpC, EvpI and EvpP, suggesting that the Walker A

motif may not be essential for the secretion of these proteins. Thus, EvpO may have some

functions other than ATPase. Yeast two-hybrid study demonstrated that three EVP proteins

(EvpA, EvpL and EvpN) possibly interacted with EvpO suggesting interaction between T6SS

proteins to form a secretion complex. The second group includes three secreted proteins

(EvpC, EvpI and EvpP). EvpI, the homologue of VgrG (valin glycin repeat protein) in E.

tarda, was not only a secreted protein but also a protein required for the secretion of other

proteins, such as EvpC and EvpP. Similarly, the secreted protein EvpC (Hcp) was required for

the secretion of EvpI (VgrG) and EvpP, which established its role as the secretion apparatus

element of T6SS. This agrees with the fact that Hcp1, the homologue of EvpC in P.

aeruginosa, forms a hexameric ring with a large internal diameter after secretion (Mougous et

al, 2006). The secretion of EvpC and EvpI are mutually dependent, and they are required for

the secretion of EvpP. Lastly, two proteins (EvpD and EvpJ) are not required for the T6SS-

dependent secretion (Zheng & Leung, 2007b).

I.2. Secretion systems in gram-negative bacteria

I.2.1. Type I secretion system

The type I secretion system is indepandant of sec system and first described in the E. coli alpha-

hemolysin (Salmond & Reeves, 1993). This secretion system requires three proteins: an inner-

membrane ATPase (termed ABC protein for ATP-binding cassette), which provides energy for
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the system (HlyB for E. coli hemolysin), a membrane fusion protein (HlyD) that spans the

periplasm and the TolC out-membrane protein.

I.2.2. Type II secretion system

The type II secretion system is a sec-dependent protein secretion pathway which has been

studied in many bacteria, such as Klebsiella oxytoca, E. coli, Erwinia spp., V. cholerae,

Pseudomonas aeruginosa and Aeromonas hydrophila (Hacker & Kaper, 2000; Pugsley et al,

1997; Russel, 1998; Thanassi & Hultgren, 2000). Different from other secretion systems,

proteins secreted into the extracellular milieu by the type II secretion system requires correct

folding (Py et al, 1993). It is believed that recognition and outer membrane translocation of the

secreted proteins occur once they have folded into a secretion-competent conformation (Filloux

et al, 1998; Sandkvist, 2001).

I.2.3 Type III secretion system

The T3SS is a sec-independant secretion system generally composed of about 20 proteins,

including apparatus, effectors, regulators, and chaperones (Hueck, 1998). The tranlocator

proteins of the apparatus form a needle structure that is 28Å in diameter and deliver effector

proteins into host cell membranes and cytosols (Marlovits et al, 2004). The recognition and

secretion of effector molecules via the T3SS probably have different mechanisms. A 5’ mRNA

signal was required for the type III secretion of Yop proteins by Yersinia enterocolitica P.

syringae and Xanthomonas campestris (Anderson & Schneewind, 1997; Anderson &

Schneewind, 1999; Mudgett et al, 2000; Ramamurthi & Schneewind, 2003). However, the 5’

mRNA signal was not found in other effector proteins (Karavolos et al, 2005; Lloyd et al, 2001).
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I.2.4. Type IV secretion system

The type IV secretion system is also a sec-dependent protein secretion system through which the

amino-terminal signal peptides of the secreted protein are removed (Hueck, 1998). Type IV

secretion system could also mediate protein from a wide range of bacteria into host cells. Type

IV secretion system has also been described in many other pathogenic bacteria, such as the

Bordetella pertussis Ptl (pertussis toxin) system (Farizo et al, 2000), the cytotoxin-associated

genes Cag Pathogenecity island (PAI) of Helicobacter pylori (Backert et al, 2002), and the

Dot/Icm system of Legionella pneumophila (Vogel & Isberg, 1999). All these type IV secretion

systems are required for DNA transfer and contribute to the virulence of pathogens

I.2.5. Type V secretion system

The type V secretion system is possibly the simplest sec-dependent protein secretion system.

This secretion pathway encompasses the autotransporter proteins, the two-partner secretion

system, and a type Vc or AT-2 family of proteins. The secreted protein and the secretion

apparatus of type V secretion system are encoded in a single open reading frame rather than a

cluster of genes encoding a multicomponent secretion apparatus in other secretion systems.

(Henderson et al, 2004; Henderson et al, 1998).

I.2.6. Type VI secretion system

The type VI secretion system is found  in several gram-negative bacteria, such as Salmonella,

Vibrio, Yersinia, Escherichia, Pseudomonas, Rhizobium, Agrobacterium, Burkhoholderia

Aeromonas and Pseudomonas (Bladergroen et al, 2003; Das & Chaudhuri, 2003; Folkesson et al,

2002; Ishikawa et al, 2009; Khajanchi et al, 2009; Moore et al, 2002; Mougous et al, 2006;

Pukatzki et al, 2006; Schell et al, 2007; Suarez et al, 2008). Bioinformatics analysis showed that

one protein encoded in each of these clusters had homology to the Legionella pneumophila IcmF
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(Vogel & Isberg, 1999), and thus these clusters were designated as IcmF-associated homologous

protein (IAHP) clusters (Das & Chaudhuri, 2003). Proteins encoded in the IAHP cluster of R.

leguminosarum was reported to share limited homology with proteins encoded in the T3SS and

T6SS, and the impairment of this cluster affected the secretion of at least one protein

(Bladergroen et al, 2003). Folkesson and co-workers (2002) analyzed this cluster in S. enterica

serovar Typhimurium and found that this gene cluster encoded putative cytoplasmic, periplasmic

and outer membrane proteins. Pukatzki et al, (2006) found that the vas gene cluster, IAHP cluster

homolog in V. cholerae, contributed to the pathogenesis in Dictyostelium as a model host. Their

characterization studies showed that this cluster was involved in extracellular secretion of

proteins lacking N-terminal hydrophobic leader sequences. Four proteins were found to be

secretion dependent on the fully functional vas cluster. They proposed that this cluster was

encoding a novel secretion system-type VI secretion system (Pukatzki et al, 2006). The role of

HSI-I, one of three IHAP clusters in P. aeruginosa, was also investigated and was found to be

essential for the secretion of Hcp1 (Mougous et al, 2006). ClpV, the ClpB homolog in this

cluster, was found to form discrete foci in the bacterial cell. The mutation of icmF homolog and

hcp1 reduced the number of cells with these foci (Mougous et al, 2006). In addition, the ClpV

proteins in EPEC and S. enterica servor typhimurium IAHP clusters formed hexameric structures

that had ATPase activity, but lacked protein disaggregase activity (Schlieker et al, 2005). Thus, a

role of ChpV as a core component of protein secretion apparatus to provide the energy for

protein translocation was speculated. They further characterized the structure of the hexameric

protein Hcp1 and found that it formed rings with a 40 Å internal diameter (Mougous et al, 2006).

Thus, the IAHP cluster of P. aeruginosa was reported to encode the apparatus of this novel

secretion system. Type VI secretion system also plays an important role in the virulence of
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bacteria and it contributes to stress response, quorum sensing, biofilm production as well as

survival within host phagocytic cells (Khajanchi et al, 2009; Lesic et al, 2009; Schell et al, 2007;

Weber et al, 2009). Using silico analysis technique, Boyer and coworkers revealed 500 bacterial

genomes with the presence of type VI cascades. Out of 500 bacteria, 92 of them were found to

possess more than one copy of type VI clusters ranging from 2 to 6 (Boyer et al, 2009). Genes

belonging to type VI clusters can be categorized into 3 major components depending on the

functions and localizations. The 3 components are the secreted protein hemolysin co-regulated

protein (Hcp), valin glycin repeat protein (vgrG) and the nonsecreted proteins (Boyer et al, 2009;

Cascales, 2008; Pukatzki et al, 2006). Hcp proteins are responsible for the formation of

extracellular tubule whereas, the VgrG is proposed to puncture the host membrane by means of a

T4 phage like structure in order to deliver the effector proteins into the host cells (Ma et al, 2009;

Pukatzki et al, 2007; Pukatzki et al, 2009).

I.2.7. Type VII secretion system

Recently, a novel type of protein secretion system has been identified in Mycobacteria which is

also known as the ESAT-6 secretion pathway. The ESX-1 system is the archetype of type VII

secretion system; this system is responsible for the secretion of 5 proteins, including the

important T-cell antigens ESAT-6 and CFP-10 (Bitter et al, 2009). The substrates are

synthesized without an amino-terminal Sec-type signal sequence, which suggests that the trans-

envelope translocation machinery is independent of the Sec or Tat pathway. Periplasmic cargo

proteins may be included in this process, but the specificity of recruitment remains elusive and

the typing is therefore premature. Comparison of the secretion profile of wild-type strains and

their ESX-5 mutants showed that a number of PE_PGRS and PPE proteins are dependent on

ESX-5 for transport. Together, these data show that ESX-5 is a major secretion pathway for
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mycobacteria and the ESX secretion systems form the paradigm for a new secretion pathway --

type VII secretion. This pathway is regarded as novel because: the T7SS is composed of a

unique set of proteins; the main secreted proteins all belong to the same unique protein family

(the ESAT-6/WXG100 family); and this pathway is mechanistically unlike any other secretion

system that has been reported, as all the secreted proteins seem to be co-dependant on each

other for secretion (Abdallah et al, 2007).

Fig. I.2. Schematic representation of Type I to Type VI secretion systems in Gram
negative bacteria. Secretion in Gram-negative bacteria involves transport across a multipart
cell envelope that consists of two membranes (the inner membrane (IM) and the outer
membrane (OM)) and the periplasm in between. Gram-negative bacteria, and pathogenic
species in particular, have developed strategies to get substrates into the extracellular milieu or
directly into a host cell. Generally, secretion involves either a one-step mechanism, in which
the cell envelope is crossed in one go, or a two-step mechanism, in which the OM is crossed
using a specific machinery (Adopted from Type VII secretion –Mycobacteria show the
way, Abdallah M et al. Nat Rev Microbiol 5 (2007), 883-891.
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I.3 Cross-talk among Type III and Type VI regulatory systems

Regulation in different bacteria can be transcriptional, translational and post-translational

events of which frequecny of transcriptional regulation is more predominant (Bernard et al,

2010). Multifaceted regulatory systems are required to impart spatial and temporal controls of

type III gene expression (Francis et al, 2002;Hueck, 1998). Regulation is depandent on the

enviornmetal stimuli which mimics conditions inside the host such as presense of cations, anti-

microbial peptides, pH, temperature, osmolarity, quorum sensing and direct contact with host

cells. Global regulators are mainly sigma factor proteins and two-component regulatory

system. The predominant sigma factor proteins are alternate sigma factor (RpoS) and sigma

factor 54 (RpoN) (Buchmeier et al, 1997; Doucleff et al, 2007; Francis et al, 2002; Potvin et al,

2008; Swords et al, 1997; Tu et al, 2006). In Salmonella enterica, RpoS stabilizes the two-

component regulatory system PhoP/PhoQ (Tu et al, 2006). Most bacterial pathogens normally

reside in the environments surrounding their hosts. Upon contact with the hosts, these bacteria

sense the changes via a sensor-response regulatory system (a two-component system) to induce

the expression of T3SS proteins. The sensor kinase is usually phosphorylated upon the signal

stimulation, the phosphoryl group is then transferred to the response regulator, and thus

increases the regulator’s affinity for targeted DNA binding (Beier & Gross, 2006; Laub &

Goulian, 2007; Rodrigue et al, 2000; Stock et al, 2000).

I.3.1 Cross-talk regulation in Salmonella sp and E. tarda

SPI-1 T3SS encodes many transcriptional regulators, including HilA, HilD, HilC (also called

SprA/SirC), InvF and SprB among which HilA belongs to the OmpR/ToxR family, whereas

HilD, HilC and InvF belong to the AraC/XylS family of transcriptional regulators (Kaniga et

al, 1994; Lostroh et al, 2000; Lostroh & Lee, 2001).. In SPI-1, HilA play a key role in
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coordinating expression of the SPI-1 T3SS. By binding upstream of the -35 sequences of P
invF

and P
prg

, HilA directly activates the expression of the inv/spa and prg/org operons that encode

the components of the T3SS apparatus (Lostroh et al, 2000;Lostroh & Lee, 2001). The

expression of HilA is subject to complicated regulation which involves regulators like RtsA,

HilC and HilD. A mutation in HilD results in an approximately 10-fold decrease in hilA

expression and 53-fold decrease in invasion of cultured epithelial cells (Schechter et al, 1999).

However, a mutation in hilC results in a modest 50% decrease in hilA expression, and only a

slight (20% to ~3-fold) decrease in invasion (Ellermeier & Slauch, 2003;Lostroh & Lee, 2001).

Besides activating the expression of hilA, RtsA, HilC and HilD could also act independently of

HilA to activate transcription of invF (Akbar et al, 2003; Ellermeier & Slauch, 2003). PhoP-

PhoQ, which regulates virulent and physiological genes in a variety of gram-negative bacteria,

represses expression of the SPI-1 T3SS in response to low magnesium concentrations and low

pH (Behlau & Miller, 1993; Beier & Gross, 2006; Chamnongpol et al, 2003; Pegues et al,

1995; Prost & Miller, 2008b; Xu & Hensel, 2010). On the other hand, the PhoB-PhoR two-

component regulatory system represses the expression of hilA in response to low extracellular

Pi (Lucas & Lee, 2001; Lucas et al, 2000). Genes encoded in Salmonella SPI-2 T3SS are

specifically induced inside both phagocytes and epithelial cells. Low concentration of Mg
2+

or

Ca
2+

, as well as starvation of phosphate induce the expression of SPI-2 genes. These signals are

probably perceived through the two-component systems, namely, EnvZ-OmpR and SsrA-SsrB.

The two-component regulatory system SsrA-SsrB, encoded within SPI-2, controls the

expression of the SPI-2 T3SS apparatus as well as the translocated effectors. The expression of

SsrA-SsrB is in turn regulated by the two-component system OmpR-EnvZ, in which OmpR,

binds directly to the ssrA promoter region and activates the transcription of ssrA (Feng et al,
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2003b; Lee et al, 2000b; Xu & Hensel, 2010). SsrA-SsrB was found to be essential for the

induction of SPI-2 gene expression in response to low osmolarity, acidic pH or the absence of

Ca
2+

, while OmpR-EnvZ seems to play a minor role in sensing these signals (Garmendia et al,

2003). The global regulator PhoP-PhoQ has also been reported to modulate SPI-2 gene

expression (Deiwick et al, 1999; Hensel, 2000; Miller, 1991; Xu & Hensel, 2010). The

regulation of PhoP-PhoQ on SPI-2 may be through modulation events upstream of OmpR as

the PhoP-PhoQ regulatory system is not required for SPI-2 expression in the presence of

OmpR~P (Kim & Falkow, 2004). The SPI-2 T3SS is found to be negatively regulated by the

negative modulator YdgT. However, a mutation of ydgT also led to the attenuation of virulence

(Coombes et al, 2005). E. tarda contains one copy of T3SS and T6SS each (Wang et al, 2009a)

which are regulated by TRs similar to those found in S. enterica, PhoPQ and EsrAB in which

EsrAB and EsrC are probably the primary crosstalk molecules. EsrB regulates most of the

T3SS genes including esrC, which encodes a TR belonging to the AraC family (Zheng et al,

2005). Activated EsrC regulates T6SS genes and specific T3SS genes (Zheng et al, 2005).  The

ferric uptake regulator (Fur) extends the regulatory pathway to sense Fe2+ concentration.  In the

presence of iron, Fur binds to the promoter region of evpP and represses the transcription of

T6SS genes presumably by blocking RNAP access (Wang et al, 2009b).

I.4 Objectives

The purpose of this PhD thesis, firstly, is to establish a regulatory cross-talk between the global

regulators and the regulators present within the type III and type VI gene clusters. Previous

reports from our group only identified the regulators which are present within the type III gene

clusters.  EsrC was under the control of EsrB and both of them were important for the secretion
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of T3SS and T6SS proteins. However, cross-regulation between regulators outside the type III

and type VI clusters and those within the clusters are unknown. Thus, deletion mutagenesis, gel

retardation assay and reporter gene analysis were used to establish a cross regulation network

which can supplement better understanding of the intricate regulation employed by bacteria to

inject virulence proteins inside host cells. To understand the behaviour of pathogenic bacteria

inside host cells, we identified six different environmental signals which mimic the conditions

inside the host. The second objective is to extend the regulation study with the different

environmental signals for a better understanding of the host-pathogen relationships. The third

objective is to identify specific sensor proteins and to identify the key amino acid residues

which are responsible for the recognition of specific environmental signals. We used

approaches like circular dichorism, fluorescence, and site-directed mutagenesis to identify the

key residues responsible for sensing the environmental signals. The forth objective is to

identify the conditions which induce the up regulation and down regulation of regulatory

proteins necessary for maintaining homeostasis in bacteria. The study aid in a better

understanding of mechanism employed by pathogenic bacteria to inject virulence proteins

inside host cells through the systematic functioning of sensor and regulator molecules in

response to specific environmental signals. This study will also provide information on how

regulatory proteins work together for the best interest of pathogenic bacteria inside host cells.
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Chapter II. Common materials and methods

II.1. Bacterial strains, culture media and buffers

Complex medium such as TSA, TSB, LBA and LB were obtained from Becton-Dickinson

Laboratories, USA and prepared according to the manufacturer’s instructions. The media and

broth cultures were autoclaved at 121°C for 20 min. For preparation of TSA or LBA along

with TSB or LB, 1.5% Agar (Becton-Dickinson) was added and then sterilized at 121°C for 20

min. When the medium is cooled to 50°C, appropriate antibiotics were added if necessary, and

the medium is poured into sterile petri-dishes (Sterilin, UK). To study the effect of magnesium,

N-minimal medium (Nelson & Kennedy, 1971) was used at different incubation temperatures

with 1 mM or 10 mM Mg2+. For investigating the effect of phosphate and iron in E. tarda and

its mutants, the bacterial cells were cultured in 5 ml Dulbecco’s modified eagle medium

(DMEM, Invitrogen, USA) without phenol red. KH2PO4 and FeCl2 were added as an external

source of in-organic phosphate and iron at the indicated conditions into DMEM to study the

individualistic and additive effect of both phosphate and iron on the secretion and expression

of specific proteins in E. tarda. Stock cultures of E. tarda and E. coli were maintained at -80C

as a suspension supplemented with TSB and LB broth containing 25% (v/v) glycerol,

respectively When required, the culture media were supplemented with antibiotics (Sigma,

USA) at the following concentrations unless otherwise stated: ampicillin (Amp, 100μg/ml),

chloramphenicol (Cm, 30 μg/ml), colistin (Col, 12.5 μg/ml), kanamycin (Km, 100 μg/ml) and

tetracycline (Tc, 12.5 μg/ml). Phosphate buffered saline (PBS) was used for washing and re-

suspending the bacteria. PBS contains 137 mM NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4 and 1.4

mM KH2PO4 at pH 7.2.



22

II.2 Preparation of E. tarda cultures

A single colony of E. tarda strain was inoculated into 5 ml of culture media and incubated

statically overnight at 30°C. A fresh culture was prepared the next day by transferring 0.5 ml of

the overnight culture into a fresh tube with 5 ml TSB. The sub-cultured bacteria were then

incubated for 2-3 h at 25°C until an optical density (OD) at 540 nm reached approximately 0.5

(OD
550

0.5 is predetermined as approximately 1 ×10
8

CFU/ml). The cells were harvested by

centrifuging at 6,000 × g for 5 min at 4°C. The supernatant was discarded and the cells were

washed twice with PBS. The bacterial cells were re-suspended in PBS and adjusted to

OD
540

=0.5 using a spectrophotometer (Shimadzu, UV1601, Japan).

II.3 Molecular biology techniques

II.3.1 Purification of DNA insert by PCR

The DNA insert was generated by PCR, using the genomic DNA purified from E. tarda as

template. Upstream and downstream oligonucleotide primers containing restriction enzyme

sites were used for PCR reaction. The 25 µl PCR reaction mix contains 0.5 µl of genomic

DNA (0.1 µg/µl), 200 µM of each dATP, dCTP, dGTP and dTTP, 0.4 µl of each upstream and

downstream primers, 1X Pfu buffer (20 mM Tris-Cl pH 8.8, 2mM MgSO4, 10mM (NH4)2SO4,

10mM KCl, 0.1% (v/v) Triton X-100, 0.1 mg/ml BSA) and 2.5 U of Pfu DNA Polymerase

(Fermentas). PCR was carried out for 30 cycles at 95°C for denaturation, 52°C for annealing

and 72°C for elongation. Both denaturation and annealing processes were performed with

duration of 1 min and the elongation time was kept for 2 mins. The PCR product was analyzed

on a 1% TAE agarose gel and purified using the Gel Extraction Kit (Qiagen) according to the

standard manufacturer protocol. Other DNA polymerases used for PCR reactions are Taq DNA
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polymerase (Invitrogen), Advantage® cDNA polymerase (Clontech) and  Phusion® DNA

polymerases (Finnzymes).

II.3.2 Purification of plasmid DNA

Plasmid DNA was purified using QIAGEN Spin columns (QIAGEN GmbH, Germany) or

WizardTM Plus Minipreps DNA Purification System (Promega, USA). Bacterial strains

containing plasmids were cultured in LB broth (with appropriate antibiotics) and incubated in

an orbital shaker (Forma scientific, USA) with 225 rpm shaking at 37°C. After culturing for

overnight, the plasmid DNA was extracted according to manufacturer’s protocol and plasmid

DNA was dissolved in 20 l of elution buffer (10 mM Tris.Cl, pH 8.5). The quality and

concentration of DNA were determined using a spectrophotometer (Shimadzu, UV-1601,

Japan).

II.3.3 Genomic DNA isolation

For genomic DNA isolation, bacterial strains were grown in TSB culture at 25°C for overnight.

Bacterial genomic DNA was extracted using QIAGEN Genomic DNA Purification Kit and the

BIO 101 Genome DNA Kit according to the respective manufacturer’s protocols. For the mini-

preparation, the purified genomic DNA was dissolved in 50 l of TE buffer (10 mM Tris-HCl,

and 1 mM EDTA, pH 7.5) and stored in -20°C for future use.
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II.3.4 Cloning and genome walking

II.3.4.1 Genome walking

Genome walking libraries were made according the manual of Clone Universal Genome

WalkerTM Kit. Briefly, 2.5 µg of purified genomic DNA was digested with different restriction

enzymes including SmaI, ScaI, EcoRV, StuI and PvuII. The digested genomic DNA was

further purified and ligated separately to the genome walker adaptor as follows:

4.0 µl purified restriction enzyme digested genomic DNA (approx. 0.5 µg)

1.9 µl of Genome Walker Adapter (25 µM)

1.6 µl 5× ligation buffer

0.5 µl T4 DNA ligase (1 unit/µl)

The ligation mix was incubated at 16C for overnight followed by 5 min incubation at 70°C to

stop the reaction.72 µl of TE (10 mM/1mM, pH 7.4) was then added to the ligation sample and

mixed. The genome walking library was aliquoted (10 µl each) into several microcentrifuge

tubes and stored at -20C. PCR amplification was performed using primers that are specific to

known upstream nucleotide sequence of mutants and the adaptor primer 1 (AP1).  PCR was

carried out using Advantage Polymerase 2 (Clontech, USA) and the cycling parameters were:

7 cycles each of 25 s at 94°C and 3 min at 72°C; 32 cycles each of 25 s at 94°C and 3 min at

65°C; and a final extension of 5 min at 65°C. After the PCR reaction 5 µl of PCR product was

run on 1% agarose gel to analyze the result. A secondary PCR was carried out for those

samples which gave multiple bands during the primary PCR reaction. The secondary PCR was

done with the following two-step cycle parameters: 5 cycles of 25 sec at 94C, 3 min at 72C;

15 cycles of 25 sec at 94C and 3 min at 67C. The amplified fragments were cloned into
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pGEM-T Easy vector system, transformed into E. coli JM109 competent cells and sequenced

using AP1 and mutant specific primers.

II.3.4.2 Cloning and transformation into E. coli cells

PCR products were cloned into the pGEM-T Easy vector system (Promega, USA) according to

the manufacturer’s instructions and transformed into E.coli JM109. E. coli competent cells

were prepared and transformed as according to the procedure provided by Sambrook and co-

workers (1989). Transformants were plated on LBA containing Amp, IPTG, (Bio-Rad) and X-

gal, (Bio-Rad), for blue-white colony selection.

II.3.5 Preparation of competent cells for heat shock and electroporation.

Glycerol stock of bacterial cells kept at -80°C was streaked and incubated at 37°C (for E. coli)

and 30°C (for E. tarda) in a suitable agar medium without the addition of antibodies. Single

fresh colony was inoculated in a fresh media at the required temperatures for overnight. 1 ml of

the overnight culture was transferred into 50 ml of fresh medium at the required temperature in

a shaker at a speed of 200rpm until O.D. reaches 0.5 at 600nm (for E. coli) and 550nm (for E.

tarda). Cells were spun down at 6000 rpm at 4°C and the supernatant was discarded.  To

obtain competent cells for heat shock transformation, cell pellets were resuspended gently in

20 ml cold filter sterilized CCMB buffer (11.8 g CaCl2 ,4.0 g MnCl2 ,2.0 g MgCl2 ,0.7 g KCl

,100 ml glycerol adjusted to pH to 6.4 with HCl, top up  to 1 Liter with water ). The cells

pellets were washed twice and finally 2 ml of the same buffer was used to resuspend the cell

pellets which were aliquoted (100μl per tube) and stored at -80°C until use. For competent

cells meant for electroporation, ice cold 10% glycerol buffer was used as resuspension buffer.
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II.3.6   Sub-cloning

The PCR product of the desired amplified gene was sub-cloned into pET-M, a modified pET-

32a vector (Novagen, Darmstadt, Germany). 1 μg of purified PCR DNA product was digested

by desired restriction enzymes in a total reaction volume of 20μl. Same combination of

restriction enzymes was used to digest 1.5 μg of the pET-M vector in a separate tube. Both the

insert and the vector were incubated at 37°C by using a water bath. Following the incubation,

the digestion mixture of the DNA insert and the vector was purified by using QIA quick PCR

purification kit according to the manufacturer’s protocol. In the final step, 15μl of Elution

buffer was used to elute out both the digested PCR product and the vector. The DNA insert and

the plasmid were ligated in a 3:1 ratio in a single PCR tube by adding 1 μl of 10X T4 ligase

buffer with 0.5 μl of T4 ligase enzyme (New England Biolab) topped up with sterile milli Q

water to a final volume of 10 μl.

II.3.7. Transformation of ligation mixture into competent cells

II.3.3.7.1 Transformation using Electroporation:

Competent cells (100ul) from -80°C freezer were thawed on ice for 7 min.  10ul of ligation

mixture was added into the 100ul competent cells and mixed by pipetting. The mixture was

transferred to Gene Pulser Cuvette (Biorad) and put onto a holder. The pulse was applied to the

mixture by using Biorad MicroPulser at a setting for bacteria, at “Ec 2”. The cuvette was taken

out from the holder after the ‘Ti” sound.  The mixture was transferred to a 1.7ml centrifuge

tube and, 400μl of LB was added and the tubes were shaken at 37°C incubator for 2hrs and

finally 100ul culture was plated onto plates containing suitable antibiotics for screening.
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II.3.3.7.2 Transformation using Heat shock.

Ligation mixture was added into 100μl of competent cells and kept on ice for 30 min.

Transformation was achieved by incubating the cells at 42°C for 90 seconds, followed by 2

minutes on ice. 400 μl of LB was added into the tubes and were shaken at 37°C incubator for

2hrs. Finally, 100ul culture was plated onto plates containing suitable antibiotics.

II.3.3.8. PCR screening of transformants

Insertion of DNA into the target plasmid was verified by colony PCR method. Selected

colonies were half picked by using a sterile pipette tip and resuspended in 5 ul of sterile water.

2 ul of the suspension was used as a template for the PCR reaction. The correct colonies

showing the correct PCR band size were cultured overnight to isolate the plasmid DNA. The

plasmids DNA were verified by sequencing.

II.3.9 DNA Sequencing

DNA sequencing was carried out on an Applied Biosystems PRISMTM 377 or automated DNA

sequencer or ABI PRISM 3100 genetic analyzer using the dye termination method. The ABI

PRISM BigDye terminator Cycle Sequencing Ready Reaction Kit was used to perform

sequencing PCR reaction (Applied Biosystems, USA). Sequencing PCR reaction was carried

out in GeneAmp PCR system 2400 (Perkin Elmer, USA) with the following parameters: 96C

10 sec, 50C 5 sec, 60C 4 min for 25 cycles. The final holding temperature was 4C.

The PCR product was purified prior to automated sequencing. 40 µl of 75% (v/v) isopropanol

was added to the sample and mixed. The tube was centrifuged at 13000× g for 20 min and the
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pellet obtained was washed with 100 µl isopropanol by spinning at 13000× g for another

10min. Later, the pellet was air dried and stored at -20C. Prior to sequencing, 4 µl of

automated sequencing loading buffer [5× deionized formamide, 1× 25 mM EDTA, pH 8.0 with

blue dextran (50 mg/ml)] was added to the pellet, heat denatured at 93C for 2-3 min and

loaded onto sequencing gel.

II.3.10 Sequence analysis

Sequence assembly and further editing were done using the DNA analysis softwar, DNASIS

(Hitachi Software, Japan). BLASTX and BLASTP sequence homology and protein conserved

domain analyses (CD-search) were performed by using the National Centre for Biotechnology

Information BLAST network service (www.ncbi.nlm.nih.gov /BLAST; Altschul et al., 1990).

II.3.11. Isolation of RNA

mRNA was isolated from E. tarda, by using the RNAprotect™ Bacteria Reagent Handbook

from QIAGEN according to manufacturer’s protocol. E. tarda was grown overnight at 30°C in

DMEM followed by sub-culturing into fresh DMEM until O.D reached a value of 0.5 at

550nm. The bacterial cell pellets were collected after centrifuging at a speed of 13,000 rpm for

10 minutes. Two volumes of the RNAprotect Bacteria Reagent were added and the reaction

tubes were mixed immediately by vortexing for 5 seconds and then incubated for 5 min at

room temperature. The pellets were collected after centrifuging at 55,000 rpm for 15 minutes.

TE buffer containing lysozyme (1mg/ml) was added and the reaction mixture was vortexed for

10 seconds and then incubated at room temperature for 5 min. 700 μl of buffer RLT was added

to the sample and the tubes were vortexed vigorously before the supernatant was collected for

subsequent steps. 500 μl of 95% ethanol was added to the supernatant and mixed by pipetting.

RNeasy Mini Protocol was used to obtain total RNA from E. tarda. The lysate containing
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ethanol was applied to an RNeasy Mini Column placed in a 2 ml collection tube. The

maximum loading volume was 700 μl. The tubes were centrifuged for 15 s at ≥8000 x g

(≥10,000 rpm) and the flow through was discarded.  700 μl of Buffer RW1 was added to the

RNeasy column and centrifuged for 15 s at ≥8000 x g (≥10,000 rpm) to wash the column. The

flow through and the collection tubes were discarded. The RNeasy column was transferred into

a new 2 ml collection tube and  500 μl Buffer RPE was added onto the RNeasy column

followed by  centrifugation for 15 s at ≥8000 x g (≥10,000 rpm) to wash the column. The flow

through was again discarded. This step was repeated one more time followed by a short spin to

remove any traces of Buffer RPE left inside the column. Finally to elute, RNeasy column was

transferred to a new 1.5 ml collection tube and Pipet 30 μl RNase-free water was directly

added onto the RNeasy silica-gel membrane; followed by centrifuge for 1 min at ≥8000 x g

(≥10,000 rpm) for elution.

II.4 Protein techniques

II.4.1 Preparation of extracellular proteins from E. tarda

E. tarda strains were grown in DMEM at 25°C without shaking for 24 h [supplied with 5%

(v/v) CO
2

atmosphere]. The bacteria were adjusted to an OD value of 0.8 at 550 nm and

inoculated into fresh DMEM at a 1:200 dilution. The extracellular protein (ECP) fraction was

isolated after 24 h by TCA–acetone precipitation (Shimizu et al., 2002). Briefly, the bacterial

cultures were centrifuged at 4, 000 × g for 20 min at 4°C. The culture supernatant was then

passed through a 0.22 μm, low-protein-binding Millex filter (Millipore, USA). The flow-

through was precipitated with 10% (w/v) TCA for at least 1 h at 4°C. The protein pellet was

washed with -20°C acetone thrice and then air dried. The protein pellet was dissolved in

appropriated volume of ReadyPrep reagent 3 [5 M urea, 2 M thiourea, 2% (w/v) CHAPS, 2%
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(w/v) SB 3-10, 40 mM Tris, and 0.2% (w/v) Bio-Lyte 3/10 ampholyte (Bio-Rad, USA)].

Insoluble materials were removed by centrifugation at 14, 000 × g for 20 min at room

temperature. Protein sample were stored at -86°C until analysis. The concentration of protein in

the ECP samples was determined with the Bio-Rad Protein Assay. Briefly, 200 μl of dye

reagent concentrate (Bio-Rad) were added to each tube (799 μl water + 1 μl protein) and the

tubes were vortexed thoroughly and incubated at room temperature for 10 min. The mixtures

were then subject to reading at OD
595

. The protein concentration of each ECP sample was

obtained based on the standard curve plotted using BSA protein of known concentrations.

II.4.2 One-dimensional polyacrlamide gel electophoresis (1D-PAGE)

1D-PAGE was performed according to a standard protocol (Sambrook et al., 1989) and 12%

polyacrylamide gels were used for protein separation. Briefly, the resolving gel solution was

poured into the gap between two glass plates and isopropanol was layered on top. The

isopropanol overlay was poured off and the gel was washed several times with milli-Q water

after the resolving gel was polymerized completely. The 5% stacking gel was poured on top of

the resolving gel and a clean Teflon comb was immediately inserted. The Teflon comb was

carefully removed after the stacking gel polymerized completely and the wells were washed

with milli-Q water to remove any traces of unpolymerized acrylamide. Prior to loading, protein

samples were mixed with the SDS gel-loading buffer [50 mM Tris-HCl, 100 mM DTT (Bio-

Rad), 2% (w/v) SDS, 0.1% (w/v) bromophenol blue (Bio-Rad, USA), 10% glycerol] and

boiled for 5 min. The samples were loaded into the gel well, and a constant current of 5 mA per

gel was applied. After the dye front has moved into the resolving gel, the current was increased

to 15 mA per gel. Tris-glycine electrophoresis buffer [25 mM Tris, 250 mM glycine (pH 8.3),

0.1% (w/v) SDS] was also used for the electrophoresis.
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II.4.3 Two-dimensional polyacrlamide gel electophoresis

II.4.3.1 Iso-electric focusing (IEF)

Ettan™ IPGphor™ Isoelectric Focusing System (Amersham, USA) was used for the first-

dimension isoelectric focusing according to the manufacturer's instructions. Briefly, the 18 cm

Immobiline Drystrips with a linear or nonlinear gradient from pH range of 3 to 10 (Amersham,

USA) were passively rehydrated for overnight (12 to 16 h) at room temperature with 340 μl

rehydration buffer [8 M urea, 2% (w/v) CHAPS, 0.5% immobilized pH gradient (IPG) buffer,

50 mM dithiothreitol, and a trace amount of bromophenol blue]. 50 μl of rehydration buffer

was added to the desired amount of protein sample (total volume < 30 μl) after rehydration,

and cup loading was employed to load the protein sample just prior to IEF. IEF was performed

using the following conditions: 150 V for 1:30 h, 500 V for 1.5 h, 4000 V for 1.5 h, 8000 V for

40000 Vh.

II.4.3.2 Second-dimensional PAGE

After IEF, the 18 cm IPG strips were equilibrated in equilibration buffer I (6 M urea, 2% (w/v)

SDS, 50 mM Tris-HCl pH 8.8, 30% (v/v) glycerol and 130 mM DTT, trace amounts of

bromophenol blue) for 10 min, followed by equilibration buffer II (6 M urea, 2% (w/v) SDS,

50 mM Tris-HCl (pH 8.8), 30% (v/v) glycerol and 135 mM iodoacetamide (Sigma, USA),

trace amounts of bromophenol blue) for another 10 min. For second dimension SDS-PAGE,

12% polyacrylamide gels (20 x 20 cm, 1.0 mm thick) were used. The equilibrated-gel strips

were placed on top of the 12% polyacrylamide gel. The gels were mounted in a PROTEAN II

XL Cell (Bio-Rad) and the Tris-glycine electrophoresis buffer [25 mM Tris, 250 mM glycine
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(pH 8.3), 0.1% (w/v) SDS] was used. The proteins were then resolved with a constant current

of 25 mA per gel.

II.4.4 Silver staining of protein gels

Silver staining (Blum et al., 1987) was used for more sensitive detection of proteins in the gel.

The gel was first fixed in 50% (v/v) methanol and 10% (v/v) acetic acid for at least 30 min,

followed by 15 min in 50% (v/v) methanol. The gel was then washed 5 times (5 min each) with

milli-Q water, followed by fresh 0.02% (w/v) sodium thiosulfate (Sigma, USA) for 1 to 2 min,

and washed twice for 1 min each with milli-Q water. Freshly prepared, 0.2% (w/v) silver

nitrate (Merck, Germany) solution was then added and the gel was stained for 25 min. The gel

was then washed 1 min for twice with milli-Q water and developed (3% (w/v) sodium

carbonate, 0.025% (v/v) formaldehyde (Sigma, USA)) until appropriate intensities of bands

were achieved. The developing was stopped by adding 1.4% (w/v) EDTA for 10 min.

II.4.5 Western blot

Protein samples were subjected to 1D-PAGE and transferred onto Immun-Blot
TM

PVDF

membrane [0.2 μm] (Bio-Rad, USA) with Semi-Dry transfer system (Bio-Rad, USA) using

transfer buffer consisting of 100mM Tris (pH 7.4), 200 mM glycine and 20% (v/v) methanol.

The membrane was then blocked using 5% (w/v) skim milk in phosphate buffered saline with

0.05% Tween 20 (Bio-Rad, USA) (TPBS) for overnight at room temperature. The next day, the

membrane was incubated with primary antibody in 1% (w/v) skim milk in TPBS for 1 h and 20

min. The membrane was washed five times in TPBS and incubated with secondary antibody in

TPBS for 1 h, followed by another five times wash in TPBS. Signal detection was performed

using the SuperSignal WestPico Chemiluminescent substrate (Pierce, USA) and the Lumi-Film

Chemiluminescent Detection film (Roche, USA).
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II.4.6 Protein expression and purification

II.4.6.1 Protein expression

Plasmid DNA containing appropriate inserts was transformed into E. coli BL21 (DE3) cells to

express the recombinant protein. A single colony of E. coli BL21 cells was cultured overnight

in 50 ml LB containing 100 μg/ml Amp. 12 ml of overnight culture was inoculated into 1 liter

of fresh LB broth containing 100 μg/ml Amp. Cultures were grown at 37°C in a shaker

incubator until the O.D reaches 0.6 at 600nm. IPTG was aded at a final concentration of

0.5mM to induce the protein expression. After induction, cultures were either grown at 37°C

for additional 8 hrs or at 20°C for overnight. Cells were harvested by centrifugation at 6,000

rpm for 20min at 4°C. Cells pellets were stored at -20°C for later use for purification.

II.4.6.2 Protein purification using Nickel-affinity chromatography

Cells from 1 liter culture were resuspended in 50 ml of Nickel binding buffer (20mM Tris-Cl

pH7.9, 0.5 M NaCl and 5mM immidazole). The suspension was divided into 2 tubes and

sonicated for 3 minutes with 35% amplitude. The sonication was carried out for 3 rounds and

the lysate was collected by centrifuge at 10,000 rpm for 30 min at 4°C. Ni-NTA beads were

charged with Charge buffer (50mM NiSO4), washed three times with water and then

equilibrated with Nickel binding buffer. The supernatant collected in the previous step was run

through the column very slowly by using the peristaltic pump. The column was then washed

three times with Nickel binding buffer and eight times with Nickel washing buffer (20mM

Tris-Cl pH7.9, 0.5 M NaCl and 30mM immidazole). This helps to remove the unbound

proteins from the column. His-tagged protein was eluted with 20 ml of Nickel elution buffer

(20mM Tris-Cl pH7.9, 0.5 M NaCl and 500mM Immidazole). The eluted protein was dialyzed
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overnight at 4°C at a suitable buffer before concentrating and running into a gel filtration

column.

II.4.6.3 Gel filtration FPLC

Gel filtration FPLC (Fast protein liquid chromatography) was carried out in a Hiload 16/60

Superdex 75 pg (Amersham Biosciences) size exclusion chromatography column on AKTA

FPLC system (Amersham Biosciences) using suitable buffers. Two column volumes of

running buffer was used to pre-equilibrate  and the flow rate was maintained at 1ml/min with a

volume of 180ml. Eluted protein peaks were quantified by checking absorbance at 280nm and

fractions were analyzed with SDS-PAGE.

II.4.7 Circular Dichorism spectropolarimetry

Circular dichroism (CD) measurements were performed using a J-810 spectropolarimeter

(Jasco, Easton, MD) with a 1mm pathlength cuvette (Hellma, Müllheim, Germany).  For

thermal denaturation, 300µl of protein sample in suitable buffer was used.  Thermal

denaturation was monitored by changes in CD ellipticity at 218 nm or 206.5 nm as a function

of temperature from 5°C to 80°C, with a heating rate of 2°C/min. Urea denaturation was

performed by monitoring changes in the CD ellipticity at 210 nm.  Protein samples with

various amounts of urea were prepared in a buffer and were equilibrated for at least an hour at

the required temperatures before measurement.

II.4.8 Fluorescence spectroscopy

Fluorescence spectra were performed using 2 μM of the protein sample in the presence of

different concentrations of Mg2+ at 20oC, 30oC or 37oC.  The sample was excited at 280 nm,

and the emission spectra were recorded at 0.2nm intervals from 300 to 400 nm.  Urea

denaturation was monitored by changes in fluorescence at 350 nm.  Samples containing 2 μM
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of protein and different concentrations of urea were prepared in a suitable buffer presence or

absence of 10 mM Mg2+.  The protein sample was equilibrated at 20oC, 30oC or 37oC for at

least an hour before measurement.

II.5 Sequence alignment and secondary structure prediction

Amino acid sequence alignment was performed by using Clustal W, an online service hosted

by the European Bioinformatics Institute Server (EBI: http://www.ebi.ac.uk/clustalw/). Amino

acid sequences of all other bacteria homologs were obtained from GenBank (NCBI:

http://www.ncbi.nlm.nih.gov/).Aligned amino acid sequences were compared based on their

characteristic domains such as the transmembrane domain, amphipathic domain and conserved

hydrophobic residues. The domain search was performed by using SMART (Simple Modular

Architecture Research Tool) which gives us information regarding outlier homologs,  PFAM

domains, signal peptides, internal repeats and intrinsic protein disorder regions (Schultz et al.

1998) http://smart.embl-heidelberg.de/. The secondary structure prediction was performed

using The PSIPRED Protein Structure Prediction Server from UCL Department of Computer

Science (http://bioinf.cs.ucl.ac.uk/psipred/).

Table II.1 Bacterial strains and plasmid vectors used for this study

Strains or
plasmids

Characteristics and Source* Source/Reference

E. tarda
PPD130/91 Serpae tetra, AVA, Singapore

Neos, Colr, Amps
(Ling et al, 2000)

E. coli
DH 5 SupE44 Δlac U169 (ø80lacZΔM15)hsdR17

recA1 endA1 gyrA96 thi-1relA1; Amp
s

(Hanahan, 1983)
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II.6 Statistical analysis

All data were expressed as mean ± SD.  The data were analysed using one-way ANOVA and a

Duncan multiple range test (SAS software, SAS Institute, USA). Values of P < 0.05 were

considered as significant.

BL-21 (DE-3) F- ompT hsdSB(rB
-mB

-) gal dcm (Weiner, 1994)

JM109 Km
s
, Col

s
, Cm

s Promega

MC1061(λpir) (λpir), thi thr-1 leu6 proA2 his-4 argE2lacY1
galK2 ara14 xyl5 supE44, λpir

(Rubirés, 1997)

SM10 (pir) thi thr leu tonA lacY supE recA::RP4-2-Tc::Mu
Km

r
pir

(Rubirés, 1997)

S17-1(pir) thi pro hsdR hsdM
+

recA[RP42-Tc::Mu-
Km::Tn7 (Tp

r
Sm

r
)Tra

+
]

(Simon, 1983)

Plasmids
pGEMT Easy Ampr Promega

pRE112 Suicide vector; R6K ori sacB Cm
r (Edwards et al, 1989)
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Chapter III. Temperature sensing and regulation of virulence by a novel

PhoP-PhoQ two-component system in Edwardsiella tarda

The results of this chapter are included in the following manuscript:

Chakraborty Smarajit, Mo Li,Chiradip Chatterjee, Jayaraman Sivaraman, Ka Yin Leung, and

Yu-Keung Mok

Manuscript submitted
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Abstract

The pathogenic bacterium Edwardsiella tarda employs both T3SS and T6SS to inject

multiple effectors into eukaryotic cells.The PhoP-PhoQ two-component system is commonly

used by bacteria to sense environmental factors.  Here, we show that the PhoP-PhoQ system

of Edwardsiella tarda detects changes in environmental temperature and Mg2+

concentration, as well as regulates the T3SS and T6SS preotins through direct activation of

esrB.  Protein secretion is activated from 23oC to 35oC or at low Mg2+ concentrations but it

is suppressed at or below 20oC, at or above 37oC, or at high Mg2+ concentrations.  The

effects of temperature and Mg2+ concentration are additive.  The PhoQ sensor domain has a

low Tm of 37.9oC and it detects temperatures through a conformational change of its

secondary structure.  Mutation of specific Pro or Thr residues increased the stability of the

PhoQ sensor drastically, altering its temperature sensing ability.  The PhoQ sensor detects

Mg2+ concentration through the direct binding of Mg2+ to a cluster of acidic residues

(DDDSAD) and through changes that may affect its tertiary structure.  Here, we describe for

the first time the use of PhoP-PhoQ as a temperature sensor for bacterial virulence control.
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Introduction

Edwardsiella tarda is a gram-negative bacteria pathogen which associates with septicemia and

fatal infections in a wide variety of animals including fish and humans (Janda & Abott, 1993;

Thune et al, 1993).  Using functional genomics (Srinivasa Rao et al, 2003b) and proteomics

(Srinivasa Rao et al, 2004) approaches, type III secretion system (T3SS) and type VI secretion

system (T6SS, also named as EVP for E. tarda virulence proteins) have been identified as the

two most important virulence mechanisms in E. tarda PPD130/91(Tan et al, 2005a; Zheng &

Leung, 2007a).  Interestingly, the expression and secretion of proteins from both T3SS, e.g.

EseB, EseC and EseD, and T6SS, e.g. EvpA and EvpC, were found to be significantly

suppressed at a growth temperature of 37oC and virulence of E. tarda PPD130/91 grown at

37oC was significantly reduced compared to that of the ones grown at 25oC.  In the same study,

EsrB, a putative E. tarda secretion system regulator protein, was identified to affect expression

of the above five proteins from T3SS and T6SS (Srinivasa Rao et al, 2004).  Subsequent study

has suggested the effect of temperature on the expression of eseB, eseD, and evp genes is

through regulating the expression of esrB, but the actual mechanism and the proteins involved

in sensing temperature changes were not determined (Zheng et al, 2005b).

Many bacteria employ two-component systems to sense environmental stimuli and to regulate

differential gene expression for survival and virulence.  The classical two-component system of

bacteria consists of an inner membrane-bound sensor histidine protein kinase and a cognate

cytoplasmic response regulator.  The histidine kinase harbors a periplasmic N-terminal sensor

domain that senses a specific stimulus.  The information is transduced through intramolecular
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conformational change at the transmembrane helices and HAMP linker domain (Aravind &

Ponting, 1999) (named for its presence in histidine kinases, adenylyl cyclases, methyl-

accepting chemotaxis proteins, and phosphatases) that resulted in activation of the cytoplasmic

transmitter domain (dimerization domain and ATP binding domain) through

autophosphorylation of a conserved His residue on the dimerization domain.  The transmitter

then activates its cognate receiver domain at the N-terminal region of the response regulator by

transferring the phosphoryl group to a conserved Asp residue in the receiver domain.  The

response regulator gives rise to the appropriate cellular response, mediated by the C-terminal

effector domain, mainly through protein-DNA interaction leading to differential gene

expression.  Dephosphorylation of the response regulator set the system back to the

prestimulus state (Mascher et al, 2006).

The PhoP-PhoQ two-component system (PhoQ is the sensor histidine kinase and PhoP is the

response regulator) is one of the most studied bacterial signaling system that senses

environmental stimuli and regulates responses essential for survival and virulence of the

bacteria.  In Salmonella, the expression of two transporters that mediate Mg2+ uptake, the P-

type ATPase MgtA and MgtB, is transcriptionally induced in low Mg2+ by the Mg2+ regulated

PhoP-PhoQ two-component system.  Mutants defective in phoP or in both mgtA and mgtB are

hypersensitive to oxidative stress-dependent Fe (II)-mediated killing.  The intracellular level of

Mg2+ is tightly regulated by PhoP/PhoQ system for Mg2+ homeostasis and avoidance of metal

toxicity (Chamnongpol & Groisman, 2002). Other than homeostasis, the PhoP-PhoQ two

component system of S. typhi is also essential for virulence of the bacteria by allowing it to

sense divalent cation, mildly acidic pH and antimicrobial peptide to provide a cue that the cell
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is inside the phagosome of macrophage.  The system then regulates many genes encoding

virulence proteins with properties including intracellular survival, invasion, lipid A structure,

resistance to antimicrobial peptides, and phagosome alteration (Prost & Miller, 2008a). At

high Mg2+ concentration (mM level denotes an extracellular environment), the periplasmic

domain of PhoQ adopts a conformation that inhibits its kinase activity and represses expression

of PhoP activated genes.  In a Mg2+-deprived environment (M level denotes an intracellular

environment), these genes are activated and confers the bacteria the ability to survive inside

macrophages (Groisman, 2001; Véscovi et al, 1996). The kinase activity of S. typhi PhoQ is

also shown to be directly activated by antimicrobial peptides.  The highly acidic surface of the

PhoQ sensor domain has been proposed to participate in both divalent cation and antimicrobial

peptide binding.  Binding of antimicrobial peptide displace divalent cations between PhoQ

metal binding sites and membrane phospholipid to initiate signal transduction (Bader et al,

2005). S. typhi also recognize acidic pH within the host macrophage phagosome through a

structural mechanism by PhoQ.  This conformational change is different from that in the

presence of divalent cations or antimicrobial peptides and the activation effect is additive to

that of antimicrobial peptide (Prost et al, 2007a; Prost et al, 2007b).  Up to date, there is no

report on the detection of temperature changes by the PhoP-PhoQ two-component system.

Growth temperature detection is essential for the survival and virulence of many pathogenic

bacteria for recognition of the suitable host.  For instance, the production of virulence protein

EspB in enterohemorrhagic Escherichia coli (EHEC) 413/89-1 and enteropathogenic E. coli

(EPEC) is temperature regulated and was found to be greatly increased when the strains were

incubated at 37oC compared to growth at lower temperatures (Ebel et al, 1996).  The
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expression of the virulence proteins EspA and EspB by EPEC are regulated by appropriate host

body temperature in human (37oC) and rabbit (39oC).  Secretion of these proteins by EPEC is

maximal at 36oC but decreased at 39oC and stopped at 42oC.  In contrast, maximal secretion of

these proteins by RDEC-1 (rabbit EPEC) occurred at 39oC and continued at 42oC (Abe et al,

1997).  Virulence of Shigella spp. is also regulated by growth temperature.  Strains

phenotypically virulent when grown at 37oC are phenotypically avirulent when grown at 30oC.

Strains grown at 33oC were only partially invasive, whereas strains grown at 35oC were as

invasive as those grown at 37oC (Maurelli et al, 1984).  The temperature detection mechanism

has been determined in some of the bacteria.  In Listeria monocytogenes, expression of the

virulence genes (maximally expressed at 37oC and silent at 30oC) is regulated by a

transcriptional activator, PrfA.  The untranslated mRNA (UTR) preceding prfA forms a

secondary structure that mask the ribosome binding region and this UTR is shown to switch

between an active structure at high temperatures and an inactive one at low temperatures

(Johansson et al, 2002).  The two-component system has also been reported previously for

detection of temperature.  The DesK-DesR two component system of Bacillus subtilis activates

transcription of the des gene, coding for an acyl-lipid desaturase, at low growth temperature to

increase synthesis of unsaturated fatty acid to improve membrane fluidity (Cybulski et al,

2002).  The membrane domain of DesK is shown to be the temperature-sensing element of the

two-component system as the kinase function of the cytosolic domain of DesK alone is

temperature independent and caused a constitutive expression of the des gene (Hunger et al,

2004).  However, the exact temperature sensing mechanism by the membrane domain of DesK

is unknown.
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Here, we report identification of a novel PhoP-PhoQ two-component system in E. tarda that is

involved in sensing growth temperature and Mg2+ for regulation of expression of virulence

proteins from both T3SS and T6SS through PhoP activated transcription of EsrB.  The

periplasmic sensor domain of PhoQ is responsible for sensing temperature by a conformational

change that is highly sensitive to temperature.  Using thermal and urea denaturations combined

with site-directed mutagenesis, we have identified residues in the PhoQ sensor domain that are

essential for temperature sensing.  Our findings provide an understanding of the mechanism of

temperature detection by protein sensor and also shed light on the temperature and Mg2+

regulation of virulence in pathogenic bacteria.

III.2 Materials and Methods

III.2.1 Cloning of the PhoP-PhoQ two-component system in E. tarda PPD130/91

Bacterial genomic DNA was extracted using the Wizard genomic DNA purification kit

(Promega, Madison, WI). PCR amplification (2 min at 94°C; 30 cycles each of 10 s at 94°C,

30 s at 56°C and 1 min at 72°C; and a final extension of 5 min at 72°C) was carried out using

the Advantage 2 polymerase mix (Clontech, Mountain View, CA) with two pairs of degenerate

primers, phoPdeg and phoQdeg.  The PCR products were cloned with the pGEM-T Easy

vector system (Promega) and transformed into E. coli DH5 cells.  The cloned fragments were

sequenced using the PRISMTM 3100 automated DNA sequencer with the ABI Prism Big Dye

termination cycle sequence kit (Applied Biosystems, Foster City, CA). This approach

identified a 400-bp fragment of the phoP gene, which was later used to design primers for

genome walking. To obtain the full length sequences of phoP and phoQ, genome walking

libraries of E. tarda PPD130/91 were created and digested with SmaI, ScaI, EcoRV,
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Table III.1. Primers used in this study

Name Sequence (5' to 3')
phoPdeg-for: T A/T CTGGTTGT A/T/G GAGGA T/C AA T/C GCA

phoPdeg-rev AA A/C AGATA T/G CC T/C TG T/G CC G/A GC

phoQdeg-for CCAT C/T GTG GTGGT C/G GAT A/T CCATTC

phoQdeg-rev TGCAGGTA A/G GTAGCC G/A GATTCTGCTG

pRWesrb-for ATGAATTCGCCCATCGATACTGAGCGTGA

pRWesrb-rev ATAAGCTTTACGCTAAAAGGGCTGGCCG

pRWphoP-for ATGAATTCCGAGGAGTAAATGGCGGGGC

pRWphoP-rev ATAAGCTTCGACGATCGCGATATCAGGG

phoQs-for ATGGATCCTTCGACAAGACCACCTATCG

phoQs-rev ATGAATTCTCACTCTTGGGGGATGGTATCGAC

phoQf-for ATGGATCCATGATGCTACAGCGCTGGC

phoQf-rev ATGAATTCTTAATCACAATCCGGCTGCTG

phoPmut-for GGGGTACCCCAACAGAGCCCTGATATCG

phoPmut-rev GGGGTACCCCGTCTCTATGATGGTGTAC

phoQmut-for GGGGTACCCCCGTATCTCCCAGCAGATC

phoQmut-rev GGGGTACCCCGCTGACCTCCACAAACTC

phoPfull-for ATAGTACTATGCGTATCTTAGTCGTCGA

phoPfull-rev ATGAATTCTGCCGGCACGTCGAAGCGGTAG

phoQfull-for ATAGTACTATGATGCTACAGCGCTGGCGGGC

phoQfull-rev ATGAATTCATCACAATCCGGCTGCTGCT

phoQEPEC_full-rev CGGAATTCTTATTCATCTTTCGGCGCAGA
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StuI and PvuII according to the procedure described in the Universal Genome Walker kit

manual (Clontech).  PCR amplification (7 cycles each of 25 s at 94°C and 3 min at 72°C; 32

cycles each of 25 s at 94°C and 3 min at 65°C; and a final extension of 5 min at 65°C) was

carried out using primers specific for sequences of phoP and phoQ, with the adaptor primer 1

(Clontech).  The complete sequences of phoP and phoQ, including flanking sequences

comprising the 1,260 bps upstream of phoP and 1,296 bps downstream of phoQ, were obtained

by this method.

Table III.2. Strains and plasmids for this study

Strain/plasmid Description Reference/Source

E. tarda
E. tarda PPD130/91 Wild type, Km

s
, Col

r
, Amp

s
, LD

50
=10

5.0 (Ling et al,
2000)

phoPi phoP::pRE112-phoP Cm
r This study

phoQi phoQ::pRE112-phoQ Cm
r This study

phoPi + phoP phoPi with pACYC + phoP This study

phoQi + phoQ phoQi with pACYC + phoQ This study

phoQi + phoQ(P140H) phoQi with pACYC + phoQ(P140H) This study

phoQi + phoQ(T76E) phoQi with pACYC + phoQ(T76E) This study

phoQi + phoQ(P77L) phoQi with pACYC + phoQ(P77L) This study

phoQi + phoQ(T167P) phoQi with pACYC + phoQ(T167P) This study

phoQi + phoQ(P79E) phoQi with pACYC + phoQ(P79E) This study

phoQi + phoQ(P120N) phoQi with pACYC + phoQ(P120N) This study

phoQi + phoQEPEC phoQi with pACYC + phoQ(EPEC) This study

pRWphoP130/91 pRW50  containing -1460 to +150 of phoP relative
to putative translational start site in E.tarda
PPD130/91

This study
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pRWesrB130/91 pRW50  containing -900 to +150 of esrB relative to
putative translational start site in E.tarda
PPD130/91

This study

pRWesrBphoPi pRW50 containing -1460 to +150 of esrB relative to
putative translational start site  in E.tarda phoPi
mutant.

This study

pRWesrBphoPi + phoP pRW50 containing -1460 to +150 of esrB relative to
putative translational start site  in E.tarda
phoPi+phoP complemented strain

This study

E. coli

EPEC 2348/69 Prototypic EPEC strain, O127:H6, Smr (Tu et al, 2003)

pETM-phoQs PhoQ sensor domain in Bl-21 cells cloned in pETM This study

pETM-phoQf Full length PhoQ in Bl-21 cells cloned in pETM This study

pETM-phoP PhoP in Bl-21 cells cloned in pETM This study

Plasmid

pGEM-T Easy Amp
r Promega

pRE112 pGP704 suicide plasmid, pir dependent, Cm
r
, oriT,

oriV, sacB

(Edwards, 1998)

pACYC184 Tet
r
, Cm

r    Amersham

pRW50 lacZ reporter vector, Tet
r (Lodge, 1992)

pETM modified pET-32a plasmid Novagen
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III.2.2 LacZ reporter gene system

For the construction of the ersB LacZ reporter gene system, the primer pair, pRWesrb, derived

from E. tarda PPD130/91 genomic DNA, was used to amplify the putative promoter region of

esrB containing a PhoP box. The PCR product was digested with restriction enzymes and then

ligated with the pRW50 plasmid (Lodge et al, 1992).  The ligation mixture was introduced into

either the wild type or mutant E. tarda by electroporation.  The transformants were screened

for resistance to both colistin (12.5g/ml) and tetracycline (10g/ml). Similar procedures were

followed to generate the phoP and phoQ LacZ reporter gene systems using the primers

pRWphoP and pRWphoQ, respectively.

For the -galactosidase assays, E. tarda cells were grown in N-minimal medium (Nelson &

Kennedy, 1971) overnight at 20°C, 23°C, 25°C, 30°C, 35°C or 37°C with 1 mM or 10 mM

Mg2+.  The overnight culture (5%) was inoculated into fresh medium and grown at the

specified temperatures until the cell density reached 0.5, as measured by optical density at 600

nm (OD600).  Cells were permeabilized (Miller, 1972) by the addition of 25 l of 0.1% SDS

and 25 l of chloroform to a solution containing the cell pellet from a 1-ml culture resuspended

with 600 l of Z-buffer (60 mM Na2HPO4, 40 mM NaH2PO4, 10 mM KCl and 1 mM MgSO4,

pH 7.0).  To start the reaction, 100 l of ONPG (4 mg/ml) was added. When the suspension

started to turn yellow, the reaction was terminated by adding 250 l of 1 M Na2CO3.  The

mixture was centrifuged for 5 min at 13,000 × g, and the supernatant was transferred to a

cuvette to measure the absorbance at 420 nm.  The cell density was assessed by the OD600, and

the unit of activity was calculated as follows: (absorbance at 420 nm) / (reaction time in min ×

OD600).
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III.2.3 Electrophoretic mobility shift assay

The full length PhoP protein at various concentrations (0, 0.5, 1, 1.5 or 2 M) was mixed with

purified esrB or phoP promoter DNA fragments (2 g) labeled 5’with 6-carboxyfluorescein (6-

FAM) tag (1st Base, Singapore) in a reaction mixture (50 l) containing 50 mM Tris-HCl, pH

7.5, 200 mM KCl, 0.1 mM EDTA and 5% v/v glycerol.  The mixture was incubated at 25oC for

2 h before loading (15 l) onto each lane of a 5% native polyacrylamide gel for electrophoresis

(0.5X Tris borate-EDTA buffer, 1 mA/cm for 4 h).

III.2.4 Western blot analysis

Proteins were separated on 12 % SDS-polyacrylamide gels.  For western analyses, proteins

were transferred to a PVDF membrane with a semi-dry system and examined by using the

SuperSignal WestPico Chemiluminescent substrate (Pierce, Rockford, IL) under the conditions

recommended by the manufacturer.  EseB and EseC were detected by the addition of diluted

anti-EseB (1:10000) and anti-EseC (1: 10000) polyclonal antisera, respectively, followed by a

1:5000 dilution of mouse anti-rabbit IgG HRP (Santa Cruz Biotechnology, Santa Cruz, CA).

III.2.5 Cloning, expression and purification of the PhoQ sensor

The PhoQ periplasmic sensor domain (from residue Phe47 to Glu186) was amplified by using

the primer pair, phoQs, derived from E. tarda PPD130/91 genomic DNA.  The PCR product

was sub-cloned into pET-M, a modified pET-32a vector (Novagen, Darmstadt, Germany)

(pETM-phoQs), and then transformed into E. coli BL21(DE3) cells for expression.  To

generate pETM-phoQf, the full-length phoQ gene was amplified using the primer pair, phoQf

and sub-cloned into pET-M. An overnight culture of pETM-phoQs in BL21(DE3) cells was

inoculated into LB with 100 g/ml of ampicillin, and the cells were grown until the cell density
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reached 0.8 at OD600.  Protein expression was induced with 0.5 mM of IPTG, and the cells

were grown at 30oC overnight.  Cells were harvested by centrifugation and resuspended in 50

mM sodium phosphate, pH 8.0 and 300 mM NaCl. The cell suspension was sonicated and then

centrifuged to obtain the inclusion bodies as a pellet.  The inclusion bodies were resuspended

in 20 mM sodium phosphate, pH 8.0, 100 mM NaCl and 8 M urea and lysed by sonication.

The lysate was centrifuged and the supernatant was purified using a Ni-NTA affinity column in

buffer containing 8M urea.  Refolding was performed by rapidly diluting the eluate into an ice-

cold solution of 20 mM sodium phosphate, pH 8.0 containing 0.1 or 10 mM Mg2+, with

stirring.  The refolded sample was dialyzed overnight against a buffer containing 20 mM

sodium phosphate, pH 6.5 and 100 mM NaCl and in the presence or absence of 10 mM Mg2+.

The sample was further purified by a Superdex-75 gel filtration column (GE Healthcare,

Piscataway, NJ) equilibrated with the dialysis buffer.  Fractions containing PhoQ sensor were

pooled and concentrated.  A similar procedure was followed for the purification of the various

PhoQ mutants.

III.2.6 CD monitoring of the thermal and urea denaturation of PhoQ sensor

Circular dichroism (CD) measurements were performed using a J-810 spectropolarimeter

(Jasco, Easton, MD) with a 1-mm pathlength cuvette (Hellma, Müllheim, Germany).  For

thermal denaturation, a 300-µl sample of 15 M PhoQ sensor in 20 mM sodium phosphate, pH

6.5 and 100 mM NaCl and in the presence or absence of 10 mM Mg2+ was used. Thermal

denaturation was monitored by changes in CD ellipticity at 218 nm or 206.5 nm as a function

of temperature from 5C to 80C, with a heating rate of 2C/min. Urea denaturation was

performed by monitoring changes in the CD ellipticity at 210 nm.  Samples containing 20 M
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of the PhoQ sensor and various amounts of urea were prepared in a buffer containing 20 mM

sodium phosphate, pH 6.5 and 100 mM NaCl in the presence or absence of 10 mM Mg2+.  The

protein sample was equilibrated for at least an hour at 20oC, 30oC or 37oC before measurement.

III.2.7 Fluorescence spectra and urea denaturation of the PhoQ sensor

Fluorescence spectra were performed using 2 M of the purified PhoQ in 20 mM sodium

phosphate, pH 6.5 and 100 mM NaCl in the presence of different concentrations of Mg2+ at

20oC, 30oC or 37oC. The sample was excited at 280 nm, and the emission spectra were

recorded at 0.2-nm intervals from 300 to 400 nm.  Urea denaturation was monitored by

changes in fluorescence at 350 nm.  Samples containing 2 M of the PhoQ sensor and different

concentrations of urea were prepared in a buffer containing 20 mM sodium phosphate, pH 6.5

and 100 mM NaCl in the presence or absence of 10 mM Mg2+.  The protein sample was

equilibrated at 20oC, 30oC or 37oC for at least an hour before measurement.

III.2.8 Generation of phoPi and phoQi mutants and complementation experiments

Insertional mutants of phoP (phoPi) and phoQ (phoQi) in E. tarda were constructed with the

suicide plasmid pRE112 (Edwards et al, 1998). For the construction of phoPi, an internal

fragment of phoP was amplified from E. tarda genomic DNA with the primer pair, phoPmut,

which contains a Kpn I restriction enzyme site. The PCR product was digested by restriction

enzymes and ligated into the pRE112 plasmid, and the resulting plasmid was transformed into

E. coli MC1061 pir.  After sequencing, the recombinant plasmid was then transformed into E.

coli SM10 pir. These transformants were used to conjugate with wild type E. tarda to obtain

defined mutants by selecting colonies resistant to both chloramphenicol (30 g/ml) and colistin
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(12.5 g/ml). The insertion of the plasmid into chromosomal DNA was confirmed by

sequence analysis.  The primer pair phoQmut, was used for the construction of phoQi.

Complementation of the phoPi and phoQi mutants was performed with a pACYC184-based

system.  To obtain phoPi + phoP, the complete phoP gene was prepared by PCR using the

primer pair, phoPfull from E. tarda PPD130/91 genomic DNA.  The PCR product was digested

with restriction enzymes and ligated into the digested pACYC184 plasmid. The obtained

ligation mixture was transformed into E. coli DH5, and then the plasmid DNA was extracted

and transformed into competent cells of E. tarda phoPi by electroporation.  The same

procedure was followed to obtain phoQi + phoQ using the primer pair, phoQfull.

III.2.9 Gram staining and Microscopic analysis.

E. tarda bacterial cells grown overnight in TS at 20oC, 35oC and 37 oC followed by

subculturing until the O.D550nm reaches 0.5. Cells were harvested and smeared on glass slides.

Gram staining was performed according to manufacturer’s protocol (Clinical Microbiology

Procedures Handbook, 1992). The bacterial cells were gram stained and the microscopic

images were obtained using Nikon Eclipse 90i objective: Plan Apo VC 60x/1.40 Oil at scale

bar of 2 μM.

III.3 Results

III.3.1 Identification of the PhoP-PhoQ two-component system

Using the genome walking approach with degenerate primers derived from conserved

nucleotide sequences of the phoP and phoQ genes of related bacterial species, we have

identified the presence of these genes in the genome of E. tarda PPD130/91.  Protein domain

searches using SMART (Letunic et al, 2009; Schultz et al, 1998) showed that PhoQ is a sensor
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Fig. III.1. Sequence alignment of the PhoQ sensor domains. The sequence of the PhoQ
periplasmic sensor region from E. tarda (PhoQ_ET; GU324976) was compared with those
from Y. pestis (PhoQ_YP; NP_669110), S. typhimurium (PhoQ_ST; NP_460200) and E. coli
(PhoQ_EC; NP_753417).  The secondary structural elements from the crystal structure of the
E. coli PhoQ sensor are shown underneath the sequences, while the predicted secondary
structural elements of the E. tarda PhoQ sensor are shown on top of the sequences.  Asterisks
below the sequences indicate identical residues.  Negatively charged residues in the acidic
patches are bold-faced.  Pro and Thr residues in the E. tarda PhoQ sensor that are not
conserved with those in E. coli and S. typhimurium and were selected for mutation studies are
boxed.
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histidine kinase consisting of a N-terminal periplasmic sensor domain spanned between two

transmembrane -helices; a cytosolic HAMP linker; and a C-terminal histidine kinase domain

containing both the dimerization and ATPase domain.  The PhoQ sensor domain is rich in

acidic residues and likely to be involved in cation binding.  The PhoP protein is a response

regulator consisting of a N-terminal CheY-like receiver domain with a phosphoacceptor site

and a C-terminal DNA binding domain, likely for transcription regulation. Sequence alignment

of the periplasmic PhoQ sensor domain of E. tarda shows 50.0% identity to Salmonella

enterica serovar Typhimurium LT2 (McClelland et al, 2001a), 59.7% identity to

Yersinia pestis KIM (Deng et al, 2002b), and 50.0% identity to Escherichia coli CFT073

(Welch et al, 2002b). However, the sequence identity between the PhoQ sensor domain of E.

coli and S. typhimurium is very high and determined to be 81.1% (Fig. III.1).  The relatively

low sequence identity of the PhoQ sensor domain of E. tarda as compared to those of E. coli

and S. typhimurium suggests that it may sense a very different extracellular stimulus. The

secondary structure of the PhoQ sensor domain of E. tarda using PsiPred (Bryson et al, 2005;

Jones, 1999) is shown in Fig. III.1. The crystal structures of the PhoQ sensor domain of S.

typhimurium (Cho et al, 2006) and E. coli (Cheung et al, 2008) are available.  Both structures

adopt a mixed /-fold containing a central five-stranded anti-parallel -sheet flanked by a

long N-terminal -helix and additional loops and helices on each side.  This fold is

characteristic of the PAS (Per-Arnt-Sim) domain superfamily (Taylor & Zhulin, 1999) often

found in other bacterial histidine kinase family such as DcuS (Pappalardo et al, 2003) and CitA

(Reinelt et al, 2003), which are bacterial receptors for fumerate and citrate, respectively.  The

predicted secondary structures of E. tarda PhoQ sensor domain agree with those from the 3D
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Fig. III.2 Proteome analysis of E. tarda 130/91 and phoPi and phoQi mutants. Silver
stained SDS-PAGE showing the ECP (T3SS: EseB, EseC and EseD; T6SS: EvpC and EvpP)
secretion profiles of E. tarda PPD130/91 (WT), E. tarda carrying an insertion mutation in
phoP (phoPi) or phoQ (phoQi) and the mutant E. tarda with complementation of the
corresponding wild type gene (phoPi + phoP or phoQi + phoQ).  The incubation temperature
was 35oC.  The lane “BL” contains a blank control with only DMEM and no bacterial cells.
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structures of the PhoQ sensor from E. coli and S. typhimurium, suggesting that it may also

assume a PAS fold.

III.3.2 PhoP-PhoQ positively regulates T3SS and T6SS

To investigate a possible contribution of the PhoP-PhoQ system to the virulence of E. tarda,

two E. tarda mutants having insertions at phoP (phoPi) and phoQ (phoQi), respectively, were

constructed. The growth and protein secretion profiles of the wild type PPD130/91, phoPi, and

phoQi were measured at the optimal growth temperature of 35oC. SDS-PAGE analysis showed

that both the phoPi and phoQi mutants were deficient in the production of extracellular proteins

(ECPs), including EseB, EseC and EseD from T3SS as well as EvpC and EvpP from T6SS.  At

35°C, the ECPs secreted by the wild type strain reached a concentration of 2.70 ± 0.12 μg/ml

(n=3) after 24 h (Fig. III.2). Significantly lower levels of ECPs were observed in the phoPi

(0.70 ± 0.03 g/ml, n=3) and phoQi (0.95 ± 0.11 g/ml, n=3) mutants.  Cell densities of the

mutants were comparable to that of the wild type bacteria, suggesting that the reduced protein

secretion in the mutants was not due to growth deficiencies. Complementation of phoPi and

phoQi in trans with a plasmid-borne wild type copy of phoP and phoQ, respectively, restored

the secretion of ECPs to levels comparable to that of the wild type bacteria (Fig. III.2). These

results indicated that both phoP and phoQ positively regulate the secretion of proteins from

T3SS and T6SS in E. tarda PPD130/91.

III.3.3. PhoP binds to the promoter region of esrB.

Based on the previous observation that an esrB mutant of E. tarda showed an ECP profile

similar to that of either the phoPi or phoQi mutant (Zheng et al, 2005b), we speculated that

PhoP regulates the secretion of T3SS and T6SS proteins by modulating the expression of EsrB.
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Fig. III.3. Electrophoretic mobility shift assay of PhoP binding to DNA fragments.
(A)Electrophoretic mobility shift assay of PhoP protein on a 5’ 6-FAM labeled DNA fragment
(470 bp, from nt -467 to +3) from the promoter region of esrB (upper panel) and another DNA
fragment with the same boundaries but with the PhoP box (nt -311 to -295) removed (lower
panel). (B) Electrophoretic mobility shift assay of PhoP protein on a 5’ 6-FAM labeled DNA
fragment (454 bp, from nt -451 to +3) from the promoter region of phoP (upper panel) and
another DNA fragment with the same boundaries but with the PhoP box (nt -192 to -176)
removed (lower panel).
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To confirm this hypothesis, the interaction of PhoP with the promoter region of esrB was

examined. A sequence motif comprising a repeat of two hexanucleotide sequences

(T/G)GTTTA separated by five bases has been defined as the high affinity PhoP binding

region in E. coli and was named the “PhoP box” (Kato et al, 1999; Minagawa et al, 2003).

Inspection of the DNA sequence upstream of esrB revealed a putative PhoP box of the

sequence 5’-ACTCCA AAGGG CATTTA-3’ between nt -311 and -295 upstream of the start

codon of esrB. This sequence is considered to be an imperfect but orthodox match to the

consensus PhoP box sequence.  Using DNase I footprinting, a similar imperfect but orthodox

PhoP box of the sequence 5’-TATTGA GGAGG CATTGA-3’ has been identified between nt -

42 and -26 relative to the PhoP-induced transcriptional start site of the orgBC promoter in S.

typhimurium (Aguirre et al, 2006). Electrophoretic mobility shift assay showed that the His-

tagged PhoP can bind to a 470-bp DNA fragment (from nt -467 to +3) derived from the

promoter region of esrB containing a putative PhoP box.  No interaction could be observed

between PhoP and a DNA fragment derived from the same promoter region of esrB but with

the PhoP box removed (Fig. III.3A).  Inspection of the promoter region of the phoP-phoQ

genes also revealed a putative PhoP box, with the sequence 5’-AGTTTA CCTAC CGTTGA-

3’, located upstream between nt -192 and -176.  Electrophoretic mobility shift assay showed

that PhoP can also bind to a 454-bp DNA fragment (from nt -451 to +3) derived from the

promoter region of phoP and at an affinity even higher than that between PhoP and the

promoter region of esrB (Fig. III.3B). Transcriptional autoregulation was also observed in the

phoPQ operon of S. typhimurium (Soncini et al, 1995).
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Fig. III.4 Levels of transcription of reporter strain esrB-LacZ in E. tarda PPD130/91,
phoPi and phoPi + phoP strains. Transcription levels of the esrB-LacZ reporter gene fusion
measured by -galactosidase activity from bacterial cells cultured at 30oC in TSB medium.
WT: wild type E. tarda PPD130/91; phoPi: E. tarda with insertion mutation in the phoP gene;
and phoPi + phoP: E. tarda phoPi mutant complemented with wild type phoP. The values
represent the mean ± SD from one representative experiment performed with triplicate samples.
Equivalent results were obtained at least in triplicates.



59

III.3.4 PhoP regulates through esrB

To confirm that the expression of the esrB gene was controlled by PhoP, the activity of the -

galactosidase reporter genes (LacZ) for the esrB promoter region was measured in both the

wild type strain and the phoPi mutant. The esrB-LacZ activity for the phoPi mutant was

significantly reduced compared with that for the wild type.  When the pACYC184 plasmid

carrying the wild type phoP gene was introduced into the phoPi strain for complementation, the

-galactosidase activity recovered to a level similar to that of the wild type (Fig. III.4). These

results indicated that PhoP, a global regulator that binds upstream of esrB, controls the

transcription of esrB by modulating its promoter activity.

III.3.5 Secretion of T3SS and T6SS proteins by E. tarda is highly temperature dependent

To gain insight into the effects of temperature and Mg2+ concentration on the secretion of

proteins by E. tarda, wild type bacterial cultures were grown at different temperatures and

Mg2+ concentrations in TSB, and the identities and amounts of secreted ECPs were

investigated.  SDS-PAGE analysis showed that both T3SS (EseB, EseC and EseD) and T6SS

(EvpC and EvpP) proteins were secreted by E. tarda.  The secretion of these ECPs is

prominent at growth temperatures ranging from 23oC to 35oC (3.00 ± 0.12 g/ml at 23oC; 3.25

± 0.15 g/ml at 25oC; 3.00 ± 0.19 g/ml at 30oC; and 2.75 ± 0.10 g/ml at 35oC) but

significantly reduced at 20oC (0.80 ± 0.09 g/ml) and 37oC (1.20 ± 0.06 g/ml).  The result

clearly showed that protein secretion by E. tarda exhibits a highly temperature dependent

manner at which optimal secretion level is observed when the growth temperature is ranged

between 23oC to 35oC, but shut down almost completely when there is only a 2-3oC shift above

or below this range (Fig. III.5).
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Fig. III.5 Proteome analysis of E. tarda 130/91 cultured at different incubation
temperatures. Silver stained SDS PAGE showing T3SS and T6SS ECPs secretion by E. tarda
PPD130/91 (cultured in DMEM for 24 hrs) at different incubation temperatures as indicted
above the lanes.  Lane “BL” stands for blank control with only DMEM but without bacterial
cells.  The ECP fractions were adjusted for equal number of bacterial cells as determined by
standard plate count.
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Fig. III.6 Kinetics of secretion of T3SS protein EseB at different temperatures in E.
tarda PPD130/91. E. tarda was grown in TSB medium at (A) 20°C or (B) 37°C until the
O.D. at 550 nm reached 0.7. The medium was then changed to fresh TSB at 30oC and the
growth was continued.  Alternatively, E. tarda was grown at 30oC until O.D. at 550 nm
reached 0.7 before the medium was changed to fresh TSB at (C) 20oC or (D) 37oC.  (E)
Control using bacterial cells shifted from a culture at 30oC to fresh medium at the same
temperature.  ECPs samples were taken at 0, 1, 2, 3, 4 and 6 hrs after the change of medium
and analyzed by immunoblotting using antibody against EseB from T3SS.
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III.3.6. Kinetics of ECPs secretion of T3SS protein EseB by E. tarda at different
temperatures

As the protein secretion by E. tarda is highly sensitive to small changes in temperature, we

further studied the effect of temperature on the kinetics of EseB secretion. E. tarda was first

grown at the optimal secretion temperature of 30oC.  Bacteria were harvested after reaching

exponential growth phase and washed. Fresh medium was added and the incubation was

continued at the secretion suppressing temperature of 20oC or 37oC.  Samples were taken at

indicated time intervals and Western blot analysis was carried out using antibodies specific for

EseB, a known secreted translocator of the T3SS of E. tarda.  Alternatively, E. tarda was first

grown at 20oC or 37oC and then the incubation temperature was changed to 30oC. A similar

approach has been used to study the kinetics of secretion of SseB and SseC by the T3SS of S.

typhimurium at different pH (Nikolaus et al, 2001a). Our results showed that EseB secretion by

E. tarda could be recovered quickly and with similar length of time (1-2 hrs) when transferred

from the suppressing temperature of 20oC or 37oC to 30oC, although the time required are still

slightly longer than that of the control (Figs. III.6A and III.6B). Surprisingly, the time required

to suppress protein secretion differs significantly at different temperatures.  The suppression of

protein secretion was almost instant and took less than 1 hr when the E. tarda cells were

transferred from 30oC to 20oC (Figs. III.6C); however, it took more than 3 hrs to completely

suppress the secretion when the cells were transferred from 30oC to 37oC (Fig. III.6D).

III.3.7. phoP/phoQ are co-transcribed in the same promoter

Genetic organization shows the possibility of co-transciption of phoP and phoQ in the same

promoter (Fig. III.7A). To confirm, RT-PCR experiments were performed using RNA isolated

from E. tarda PPD130/91.  Agarose gel electrophoresis showed that only pair B and pair C
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Fig. III.7. Genetic organization and co-transcription of phoP/phoQ as a single operon.
(A)Genetic organization of phoP and phoQ operon. (B) RT-PCR experiments were performed
using RNA isolated from E. tarda PPD130/91 and four pairs of primers were designed based
on the genomic DNA sequence.  Pair A was designed to amplify region from amino acid
residue 147 of ETAE 2058 to residue 63 of PhoP; pair B from residue 36 of PhoP to residue 91
of PhoQ; pair C from residue 36 of PhoP to residue 179 of PhoQ; and pair D from residue 11
of PhoQ to residue 134 of ETAE 2061.
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produced RT-PCR bands of the correct sizes (836 bp and 1,100 bp, respectively), the other two

pairs carrying a portion of the adjacent genes failed to produce any RT-PCR band (Fig. III.7B).

This suggests that phoP and phoQ are co-transcribed as an operon and the adjacent genes,

ETAE 2058 and ETAE 2061, likely use different promoters.

III.3.8. PhoQ senses both temperature and Mg2+ to regulate EsrB expression

To verify the effects of temperature and Mg2+ concentration on the PhoP activation of esrB, an

esrB-LacZ Reporter gene fusion (pRWesrB130/91) under the control of the putative esrB

promoter (from nt -900 to +150) was created, and the -galactosidase activities of the strain

were measured under different temperatures in the presence of high (10 mM) or low (1 mM)

concentrations of Mg2+ using N-minimal medium. The expression levels of esrB-LacZ were

approximately 30%-40% higher at the low Mg2+ concentration when compared with those at

the high Mg2+ concentration (Fig. III.8A). The difference is even more significant at

temperatures that suppress the ECP secretion (e.g., 60% higher at 20oC and 80% higher at

37oC).  In general, the expression levels of esrB-LacZ were significantly higher for the

temperature range of 23°C to 35°C when compared with those at 20°C and 37°C (Fig. III.8A).

This result is in agreement with the E. tarda ECP secretion profiles observed at these

respective temperatures and Mg2+ concentrations and further confirms that EsrB is a positive

regulator of protein secretion by T3SS and T6SS in E. tarda.  In addition to EsrB, the effects of

temperature and Mg2+ concentration on the expression levels of PhoP was studied using a new

strain harboring lacZ fusion genes under the control of the putative promoters for phoP (from

nt -1460 to +150) (Fig. III.8B).  LacZ transcriptional fusion with the PhoP (pRWphoP130/91)

protein showed temperature and Mg2+ concentration responsive phenomena similar to those

seen for pRWesrB130/91.
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Fig. III.8. Effect of temperature on the expression of esrB and phoP. ß-galactosidase
activities of reporter genes (A) esrB-LacZ; (B) phoP-LacZ are determined in N-minimal
medium under different incubation temperatures in the presence of 1 mM (light grey bars) or 10
mM (dark grey bars) of Mg2+.  All the 3 genes showed reduced activities at 20oC and 37oC
compared to 23oC, 25oC and 35oC.  The activities of these genes are also repressed at a higher
concentration of Mg2+ and the effect is additive with that of temperature. The values represent
the mean ± SD from one representative experiment performed with triplicate samples. Equivalent
results were obtained at least in triplicates.
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Fig. III.9. Additive effect of Mg2+ and temperature on the secretion of EseB and EvpC.
Western blot analysis showing the secretion of EseB from T3SS (upper panel) and EvpC from
T6SS (lower panel) by E. tarda at the temperatures of 20oC, 30oC and 37oC in the presence of
1 mM (L) or 10 mM (H) Mg2+ using N-minimal medium.
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Other than the promoter activities, we have also compared the amount of protein secreted by

the T3SS (EseB) and T6SS (EvpC) of E. tarda at different temperature and Mg2+

concentration. A clear suppression of secretion of both proteins was observed at 20oC and 37oC

as compared to that at 30oC.  The suppression of protein secretion is more significant in the

presence of 10 mM Mg2+ and the effect of temperature and Mg2+ are additive, at least at

30oC and 37oC (Fig. III.9).

III.3.9. PhoQ sensor domain undergoes a conformational change at low temperatures

We hypothesized that PhoQ is responsible for sensing environmental temperature and Mg2+

concentration and that it regulates T3SS and T6SS through EsrB.  To verify these hypotheses,

the sensor domain of E. tarda PhoQ was cloned and expressed, and its thermal denaturation

was studied in the presence or absence of Mg2+ using circular dichorism (CD).  The N-terminal

sensor domain of PhoQ (PhoQs) from residues 45 to 187 is located between two predicted

transmembrane helices and is speculated to be periplasmic.  Although the PhoQs protein was

expressed in inclusion bodies (Fig. III.10), it could be refolded properly in a buffer containing

a minimal amount of 0.1 mM Mg2+, as shown by CD.  There was a significant decrease in the

secondary structure (raw ellipticity from the CD spectra) of PhoQs as the temperature increased

from 35°C to 37°C indicating the melting of the protein at a temperature above 35°C (Fig.

III.11A). However addition of 10mM Mg2+ did not change the profile of the Far-UV CD (Fig.

III.19). Thermal denaturation followed by CD at 206.5 nm Mg2+ showed a sharp

conformational transition between 30oC and 40oC for PhoQs in the absence of Mg2+, with a Tm

of around 37.9oC after curve fitting according to the equation by Ruiz-Sanz, J. et al (Ruiz-Sanz

et al, 1995).
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Fig. III.10. Expression and purification of His-tag PhoQ sensor domain. (A) PhoQ sensor
domain was expressed as an insoluble protein in E.coli BL-21 cells. Lane 1, whole cell before
IPTG induction; lane 2, whole cell after IPTG induction; lane 3, soluble fraction after
sonication, lane 4, pellet fraction after sonication, lane 5, eluted protein from Ni-NTA column;
lane 6,flow through from Ni-NTA affinity column and lane M, low molecular weight protein
marker. (B) FPLC gel filtration profile of PhoQ sensor domain on Superdex 75pg column
refolded using indicated concentration of Mg2+. (C) Fractions after gel filtration were run on a
SDS-PAGE and pooled together for the biochemical studies.

c
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Fig. III.11. Loss of secondary structure of PhoQ sensor domain upon a temperature shift
from 35°C to 37°C. (A) Far-UV CD spectra of the PhoQ sensor domain at 20oC (open circle),
30oC (closed square), 35oC (open square) and 37oC (closed circle). (B) Thermal denaturation of
the E. tarda PhoQ sensor domain monitored by CD at 206.5 nm in the presence (closed circle)
or absence (open circle) of 10 mM Mg2+.
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The addition of 10mM Mg2+ stabilized the PhoQs only slightly, with the Tm shifting to about

40.2oC (Fig. III.11B).  A thermal denaturation experiment carried out on the homologous PhoQ

sensor domain from E. coli obtained a Tm of 59.2oC and 65.4oC in the absence and presence of

10 mM Mg2+, respectively (Waldburger & Sauer, 1996).  This sharp conformational transition

in the PhoQs of E. tarda at a relatively low temperature is consistent with the temperature

transition (35oC to 37oC) that regulates the secretion of proteins by T3SS and T6SS, suggesting

that this conformational change could be the mechanism employed by PhoQ to sense the

environmental temperature.  No conformational transition, however, was detected by CD

between 16oC and 30oC, a range within which another temperature transition (20oC to 23oC)

was supposed to regulate protein secretions by T3SS and T6SS in E. tarda.

III.3.10  PhoQ has greater stability at 30°C in comparison to 20°C  and 37°C

To determine if there was any conformational change of PhoQs at 20oC, the equilibrium urea

denaturation of E. tarda PhoQs was monitored by CD at 210 nm at 20oC, 30oC and 37oC in the

absence or presence of 10 mM Mg2+.  The data was curve fitted according to the equation of

Mok, Y.K. et al (Mok et al, 1995) to obtain the G values.  In the absence of Mg2+, PhoQs had

a higher stability towards urea at 30oC (G = 8.5 kcal/mol) than at 37oC (G = 7.6 kcal/mol)

(Fig. III.12). In the presence of 10 mM Mg2+, the stability at both 30oC (G = 9.4 kcal/mol)

and 37oC (G = 8.6 kcal/mol) increased slightly.  The lower stability of PhoQs at 37oC towards

urea, when compared with that at 30oC, is consistent with the thermal denaturation data.

Interestingly, there was a similar drop in the stability of PhoQs towards urea at 20oC (G = 7.3

kcal/mol and 8.0 kcal/mol in the absence and presence of 10 mM Mg2+, respectively)

compared with that at 30oC, suggesting that PhoQ may also sense the temperature transition
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Fig. III.12. Urea denaturation CD of PhoQ sensor domain at different temperatures. Urea
denaturation of the E. tarda PhoQ sensor domain monitored by CD at 210 nm at 20oC (circle),
30oC (square) and 37oC (triangle) in the presence (open symbols) or absence (closed symbols)
of 10 mM Mg2+.
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between 20oC and 23oC and regulate the T3SS and T6SS of E. tarda within this temperature

range.

III.3.11. Tertiary structure of PhoQ sensor shows no significant changes to temperature

Fluorescence spectra were used to determine if there were any tertiary structure changes

following the urea denaturation of PhoQs at different temperatures in the absence or presence

of 10 mM Mg2+.  Surprisingly, there were no significant changes in the stability of the PhoQs

tertiary structure at the temperatures of 20oC, 30oC and 37oC (Fig. III.13).  The addition of 10

mM Mg2+ stabilized the PhoQs domain by approximately 1-2 kcal/mol, comparable to what had

been observed previously in the E. coli PhoQ sensor domain (Waldburger & Sauer, 1996).

During urea denaturation, the secondary structure of PhoQs starts to melt before the tertiary

structure, suggesting that, in PhoQs, conformational changes due to temperature transitions

mainly involve secondary structures and that the secondary structures appear to change more

readily than the tertiary structure.

III.3.12. Thr and Pro residues are responsible for temperature sensing by PhoQ

To understand the mechanism underlying the temperature-dependent conformational changes

of PhoQs secondary structures, sequence of PhoQs from E. tarda was compared with those

from other bacteria.  The results showed that some residues at the turn regions of PhoQs of S.

typhimurium and E. coli were replaced with either Pro or Thr residues in PhoQs of E. tarda

(Fig. III.1). Based on this observation, these Pro and Thr residues were selected for site-

specific mutation studies. Six single point mutants of E. tarda PhoQs, (T76E, P77L, P79E,

P120N, P140H and T167P) were generated, by converting selected Pro or Thr residues to the

corresponding residues in S. typhimurium and E. coli. Thermal denaturation studies monitored

by Far-UV CD showed that PhoQs mutants P120N and T167P had Tm of 55.5oC and 59.0oC,
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Fig. III.13. Urea denaturation fluorescence of PhoQ sensor domain. Urea denaturation of
the E. tarda PhoQ sensor domain monitored by fluorescence at 350 nm at 20oC (circle), 30oC
(square) and 37oC (triangle) in the presence (open symbols) or absence (closed symbols) of 10
mM Mg2+.
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Fig. III.14. Thermal denaturation of Thr or Pro residue mutants of the E. tarda PhoQ
sensor domain. Thermal denaturation of the wild type and mutant E. tarda PhoQ sensor
domains monitored by CD at 202 nm for P79E (open rhombus) and P120N (closed triangle); at
206.5 nm for T167P (open triangle); and at 218 nm for wild type (open square), T76E (closed
square), P77L (open circle) and P140H (closed circle).  All samples had a concentration of 10
mM Mg2+.
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respectively, which were both significantly higher than that of the wild type PhoQs (Tm =

37.9oC) but comparable with that of the E. coli PhoQ sensor domain (Tm = 65.4oC in 10 mM

Mg2+) (Waldburger & Sauer, 1996) (Fig. 5A).  In contrast, the PhoQs mutants T76E (Tm =

38.6oC) and P140H (Tm = 40.8oC) had Tm values similar to that of the wild type protein, and,

the PhoQs mutants P77L (Tm = 45.3oC) and P79E (Tm = 44.4oC) had Tm values slightly higher

than that of the wild type protein (Fig. III.14). The Hm value (related to the slope of

transition) of P77L (6.5 x 104 kcal/mol), however, was much smaller than that of P79E (1.4 x

105 kcal/mol).

III.3.13. Mutant T167P is stable and shows no such temperature transition response

unlike the wild type protein.

Analysis of the urea stability (monitored by CD at 210 nm) of the most thermally stable

mutant, T167P, revealed that, unlike the wild type protein, temperature (at 20oC, 30oC or 37oC)

had no effect on its stability towards urea, suggesting that mutation of a single Pro or Thr

residue within the turn region of E. tarda PhoQs could abolish the temperature transition

responses (20oC to 23oC and 35oC to 37oC) that occur in the wild type protein (Fig. III.15).

III.3.14. Differential behavior of mutant bacteria carrying certain point mutations in

response to temperature.

Based on our hypothesis that the temperature transition responses were responsible for

temperature sensing by PhoQs, the mutants P120N and T167P were predicted to lose their

ability to sense temperature and affect ECP secretion through T3SS and T6SS. On the other

hand, mutants T76E and P140H were predicted to exhibit little effect, whereas P77L and P79E

were predicted to exhibit an intermediate effect on the temperature-regulated secretion by

E. tarda T3SS and T6SS.  To verify these predictions, the E. tarda strain carrying the phoQi
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Fig. III.15. Urea denturation CD of E. tarda PhoQ T167P mutant sensor domain. Urea
denaturation of the E. tarda PhoQ T167P mutant sensor domain monitored by CD at 210 nm at
20oC (open circle), 30oC (open square) and 37oC (open triangle) in the presence of 10 mM
Mg2+.



77

insertion mutation was complemented with a full length phoQ gene carrying a single site

mutation at various Pro and Thr residues.  Complementation with the thermally stable mutants

P79E, P120N and T167P could not recover the effect of phoQi, indicating that they are “loss-

of-function” mutations in which the PhoQ mutant cannot activate PhoP and promote the

secretion of ECPs from E. tarda T3SS and T6SS at any of the temperatures tested.  In

contrast, complementation with PhoQ mutants that have thermal stabilities similar to that of the

wild type protein (e.g., T76E and P140H) could completely recover the effect of phoQi (Fig.

III.16). Interestingly, complementation with the mutant P77L rendered the E. tarda phoQi

strain “temperature-blind” and resulted in the constitutive secretion of ECPs at 20oC.  The

PhoQ P77L mutant was, however, still functional in its ability to suppress ECP secretion at

37oC.  The PhoQ P77L mutant had a Tm value (45.3oC) close to that of the “loss-of-function”

P79E mutant but with a much lower Hm value (6.5 x 104 kcal/mol), suggesting that these two

mutants could respond differently to changes in temperature (Fig. III.16).

III.3.15. Periplasmic sensor domain of E. tarda PPD130/91 PhoQ is responsible for the

unique temperature transition phenomenon unlike homologous bacteria EPEC 2348/69.

To confirm that E. tarda PPD130/91 PhoQ sensor domain is responsible for the unique

temperature sensing activity, the amount of ECPs from E. tarda phoQi mutant complemented

with the phoQ gene from EPEC 2348/69 was determined.  As a human pathogen, EPEC

2348/69 secreted translocators, such as EspA, EspB and EspD, from the T3SS at 37oC but not

at 30oC (Li et al, 2004).  The E. tarda phoQi mutant, when complemented with phoQ from

EPEC 2348/69, secreted similar levels of ECPs at 37oC (2.7 ± 0.07 g/ml) as compared to the

wild type E. tarda at 30oC (Fig. III.17 and Fig. III.18). At 30oC, a much reduced amount of

ECPs was secreted (1.4 ± 0.06g/ml) by this mutant.
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Fig. III.16. Amount of ECP obtained at the incubation temperatures of 20oC, 35oC and
37oC from wild type E. tarda, the E. tarda phoQi mutant, the E. tarda phoQi mutant
complemented with various phoQ gene mutations.  The Tm and ΔHm values obtained from
the curve fitting of the thermal denaturation data from the wild type and mutant PhoQs are also
listed.
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Fig. III.17. ECP secretion and sequence alignment of EPEC PhoQ sensor domain with E.
tarda 130/91. (A) Sequence alignment of PhoQ sensor domain from E. tarda PPD130/91 with
that from EPEC 2348/69.  Pro and Thr residues that are not conserved between the two
proteins are highlighted. (B) ECP assay showing secretion of proteins from the T3SS of EPEC
2348/69 only at 37oC but not at 30oC.
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Fig. III.18. ECP secretion of E. tarda PPD 130/91 and the complemented mutant strains.
ECP assay showing secretion of proteins from the T3SS and T6SS of wild type E. tarda and E.
tarda phoQi mutant complemented with phoQ only at 30oC (2.2 ± 0.06 g/ml) but not at 37oC
(0.35 ± 0.04 g/ml).  In contrast, E. tarda phoQi mutant complemented with phoQ from EPEC
secreted similar levels of proteins at 37oC (2.7 ± 0.07 g/ml) as wild type E. tarda at 30oC (2.5
± 0.09 g/ml).  At 30oC, the levels of proteins secreted by the E. tarda phoQi + phoQEPEC

mutant were significantly reduced (1.4 ± 0.06 g/ml), especially for proteins from the T6SS.
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III.3.16. The PhoQ sensor binds Mg2+

As our results showed that Mg2+ and temperature had additive effects on the regulation of E.

tarda T3SS and T6SS, we attempted to characterize the binding of Mg2+ to PhoQs.  The

binding of Mg2+ to PhoQs had no effect on the Far-UV CD spectra of the protein (Fig. III.19),

similar to the observation seen for the PhoQ sensor domain of E. coli (Waldburger & Sauer,

1996).  Therefore, the intrinsic fluorescence (excitation at 280 nm and emission at 350 nm) of

the E. tarda PhoQs was used instead to study the direct binding of Mg2+ to the protein.  This

assay showed that Mg2+ can bind directly to PhoQs with a Kd value of approximately 95 M

(Fig. III.20B). Temperature affected the secondary structure of PhoQs but had little effect on

the affinity of Mg2+ binding by PhoQs from 20oC to 37oC.

III.3.17. Mg2+ sensing takes place through acidic cluster residues

A previous study showed that divalent cations may bind to a cluster of acidic residues

(EDDDDAE) and stabilize PhoQ in an inactive conformation to prevent PhoP-mediated

transcription in response to divalent-cation starvation in vivo (Waldburger & Sauer, 1996).  A

similar cluster of acidic residues with a slightly different sequence (DDDSADA) is also

observed in the E. tarda PhoQs. Replacement of these acidic residues with conservative

uncharged residues (NNNSANA) completely abolished Mg2+ binding by the E. tarda PhoQs,

indicating that this acidic cluster is the putative Mg2+ binding site (Fig. III.20B). The acidic

cluster mutant has a slightly higher stability than the wild type PhoQs, as monitored by CD at

218 nm (Tm = 47.4oC), which is in agreement with a similar observation for the E. coli PhoQ

sensor domain (Fig. III.20A). Unlike the wild type E. tarda PhoQs, the addition of 10 mM

Mg2+ did not provide additional stabilization to the acidic cluster mutant.
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Fig. III.19. Far-UV CD spectra of the PhoQ sensor domain in the absence or presence of
10mM Mg2+. Far-UV CD spectra of the PhoQ sensor domain in the absence (open circle) or
presence (open square) of 10 mM Mg2+.
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Fig. III.20. Binding of Mg2+ to the acidic cluster residues of PhoQ sensor domain.
(A) Thermal denaturation of the PhoQ NNNSANA acidic cluster mutant sensor domain
followed by Far-UV CD in the presence of 1 mM (open circle) or 10 mM (open square)
Mg2+. (B) Binding of Mg2+ to the PhoQ sensor domain monitored by the absolute change in
fluorescence at 350 nm at 20oC (closed rhombus), 30oC (closed square) and 37oC (closed
circle).  Mg2+ binding by the acidic cluster mutant, PhoQ NNNSANA, was monitored at
30oC (closed triangle).
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To confirm that the acidic cluster residues of PhoQ are responsible for in vivo Mg2+ sensing in

E. tarda, the phoQi mutant was complemented with the phoQ gene carrying NNNSANA

mutations, and the amounts of EseB (T3SS) and EvpC (T6SS) that were secreted, as well as

expression level of esrB-LacZ, in the absence or presence of 10 mM Mg2+ were determined.  In

the presence of 10 mM Mg2+, the phoQi mutant complemented with the wild type phoQ

showed a reduction in the secretion levels of both EseB and EvpC (Fig.III.21A).  In contrast,

the phoQi mutant complemented with phoQ carrying NNNSANA mutations showed similar

secretion levels of both EseB and EvpC and expression levels of esrB-LacZ  in the absence or

presence of 10 mM Mg2+, suggesting that this cluster of acidic residues in PhoQ is essential for

Mg2+ binding and concentration sensing for E. tarda (Fig. III.21B).

III.3.18. E. tarda can sense acidic pH and antimicrobial peptides

In addition to sensing Mg2+ concentration, the PhoQ sensor of S. typhimurium is also activated

by acidic pH (Prost et al, 2007a) and antimicrobial peptides (Bader et al, 2005).  To confirm if

E. tarda can also sense acidic pH and antimicrobial peptides, the amounts of ECPs, as well as

expression level of ersB-LacZ, in acidic culture medium (pH 5.5) and in the presence of an

antimicrobial peptide (KR-20 or C-terminal 20 residues of cathelicidin LL-37) (Murakami et

al, 2004) were determined.  In acidic pH or the presence of antimicrobial peptide, E. tarda

showed an increase in the secretion of ECPs from both T3SS and T6SS, as well as an increase

in the expression level of esrB-LacZ (Fig. III.22 and Fig. III.23). The effect of antimicrobial

peptide is more prominent than that of acidic pH and both effects are additive, suggesting that

E. tarda can sense both acidic pH and antimicrobial peptides in addition to temperature and

Mg2+ concentration.  As residues from the acidic cluster of Salmonella PhoQ were previously

shown to be involved in recognizing antimicrobial peptide (Bader et al, 2005), the effects of
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Fig. III.21. E. tarda acidic cluster mutant unable to sense Mg2+. (A) Western blot analysis
showing the secretion of EseB from T3SS (upper panel) and EvpC from T6SS (lower panel) by
the E. tarda phoQi mutant strain complemented with either phoQ NNNSANA or wild type
phoQ in the absence (L) or presence (H) of 10 mM Mg2+ at 30oC. (B) The activity of the
reporter gene esrB-LacZ at different temperatures in the presence of 1 mM (light grey bar) or
10 mM (dark grey bar) Mg2+ using the E. tarda phoQi mutant complemented with phoQ
NNNSANA. The values represent the mean ± SD from one representative experiment performed
with triplicate samples. Equivalent results were obtained at least in triplicates.
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antimicrobial peptide and acidic pH on the secretion of ECPs, as well as expression level of

esrB-LacZ, were determined using E. tarda phoQi mutant complemented with phoQ

NNNSANA.  Mutation of the acidic cluster residues activated secretion of ECPs and

expression of esrB-LacZ, but addition of antimicrobial peptide had no further effect. In

contrast, the secretion of ECPs and expression of esrB-LacZ in this E. tarda mutant are further

activated by acidic pH, suggesting that the cluster of acidic residues in PhoQ is responsible for

sensing antimicrobial peptide but not acidic pH (Fig. III.22 and Fig. III.23).

III.3.19.Effect of growth temperature on the TCP profile of E. tarda

To determine if there are any difference in the role of the PhoQ protein as a temperature sensor

at high temperature (37oC) and low temperature (20oC), we performed two-dimensional gel

electrophoresis (2DE) on the TCPs of the wild type as well as phoQi mutant strains of E. tarda

at 3 different incubation temperatures of 20oC, 35oC and 37oC.  Growth of wild type E. tarda at

35oC renders maximum proteins expression. A drastic decrease in the amount and number of

proteins expressed was observed when the growth temperature was shifted to 20oC or 37oC,

suggesting that a significant change in the protein expression pattern is required for the bacteria

to adapt to or recover from adverse growth temperatures (Fig. III.24). Most interestingly, the

profiles of TCPs expression are different at 20oC in comparison to the profile at 37oC,

indicating two distinct physiological states of the bacteria.
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Fig. III.22. E. tarda PPD 130/91 responds to acidic pH and antimicrobial peptide. Western
blot analysis showing the secretion of proteins from T3SS (EseB) and T6SS (EvpC) by E.
tarda phoQi mutant complemented with either phoQ NNNSANA or wild type phoQ grown in
minimal medium at pH 5.5 (100 mM MES) or pH 7.5 (100 mM Tris-HCl) and in the absence
or presence of 5 g/ml of the antimicrobial peptide KR-20 (AMP).
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In the phoQi mutant strain of E. tarda, the amount of TCPs is significantly reduced from that of

the wild type strain at 35oC (Fig. III.24). The result suggests the PhoP-PhoQ two-component

system regulates expression of a large number of genes in E. tarda.  When the growth

temperature was shifted to 37oC, phoQi showed similar expression profile of TCP to that at

35°C, suggesting that the phoQi mutant strain of E. tarda has lost the ability to detect the

temperature change from 35oC to 37oC.  The data also indicates that PhoQ is likely to be the

prime sensor responsible for sensing temperature transition from 35°C to 37°C.  In contrast,

when the growth temperature was reduced to 20oC, TCPs expression profile was moderately

changed for the phoQi mutant, suggesting that in addition to PhoQ, there could be another

temperature sensor which can detect temperature transition at 20 oC (Fig. III.24).

III.3.20 Effect of temperature on the morphology of E. tarda

To further elucidate the effect of temperature on the physiological state of E. tarda, the

bacterial cells were grown at different temperature of 20oC, 30oC and 37oC and their

morphologies were observed under microscope. The growth temperature has a decisive effect

on the shape of the bacterial cells. Cells grown at 20oC acquired bacillus (rod shaped)

phenotype, while at 37oC attained coccus (sphere) phenotype. E. tarda grown at an optimum

temperature at 30 oC show an intermediate cocco-bacillus phenotype (Fig. III.25).
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Fig. III.23. Acidic cluster residues in PhoQ is responsible for sensing anti-microbial
peptide but not acidic pH. The activity of the reporter gene esrB-LacZ using E. tarda phoQi
mutant complemented with either phoQ NNNSANA (light grey bar) or wild type phoQ (dark
grey bar) grown at pH 5.5 or pH 7.5 and in the absence or presence of 5 g/ml of the
antimicrobial peptide KR-20 (AMP). The values represent the mean ± SD from one representative
experiment performed with triplicate samples. Equivalent results were obtained at least in
triplicates.
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III.4 Discussion

The EsrB regulator is encoded within the T3SS gene cluster and belongs to the response

regulator of another two-component system called EsrA-EsrB. A functional EsrA-EsrB system

is required to regulate the expression of EsrC, an AraC family transcriptional regulator that

controls the expression of proteins encoded by T3SS and T6SS in E. tarda (Zheng et al,

2005b).  Inspection of the promoter region of the phoP-phoQ genes revealed a putative PhoP

box, with the sequence 5’-AGTTTA CCTAC CGTTGA-3’, located upstream between nt -192

and -176; this sequences suggests that, in addition to regulating the levels of EsrB, PhoP may

be involved in regulating the expression levels of both itself and PhoQ. Transcriptional

autoregulation was also observed in the phoPQ operon of S. typhimurium (Soncini et al, 1995).

The data herein demonstrated that the PhoP-PhoQ system senses temperature and Mg2+

concentration.  In turn, the response regulator PhoP communicates the status of these

environmental conditions to the EsrA-EsrB two-component system.  This kind of “dual

regulation” has also been observed in S. typhimurium, in which the SsrA-SsrB two-component

system is regulated together with the two-component system OmpR-EnvZ, which responds to

osmolarity, through the direct binding of OmpR to the promoter region of ssrA (Feng et al,

2003a; Lee et al, 2000a). Transcriptional regulation by a cascade of two-component systems

allows pathogenic bacteria to express their virulence determinants in response to a broad

spectrum of environmental cues.  The PhoQ sensor in E. tarda can sense both temperature and
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Fig. III.24. TCP profiles of wild type and phoQi mutant of E. tarda grown at different
temperatures.  Silver stained 2D PAGE showing the total cellular protein (TCP) profiles of wild type
(right panels) and phoQi mutant (left panels) of E. tarda cultured in TSB at 20oC, 35oC and 37oC.  The
TCP fractions were adjusted according to the relative amount of secreted protein from equal number of
bacterial cells cultured at different temperatures. House keeping protein enolase in marked in red box.
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Mg2+ concentration in an additive manner.  We propose that it may integrate these signals with

the signal detected by the EsrA-EsrB system to regulate the expression of proteins from T3SS

and T6SS.

There was a significant decrease in the secondary structure (raw ellipticity from the CD

spectra) of PhoQs as the temperature increased, suggesting that temperature shift-induced

conformational change occurs mainly on the level of the secondary structure rather than of the

tertiary structure.  PhoQs likely has less secondary structure at 37oC than at 30oC but it still

maintains its tertiary structure throughout this range of temperatures.  The data also indicated

that the conformations of PhoQs at 20oC and 37oC could be different, even though both would

have the ability to maintain PhoQs in its inactive state.  Sequence comparison with homologues

from S. typhimurium and E. coli revealed that residues at positions 76, 77, 79, 120, 140 and

167 of PhoQs are replaced with either Pro or Thr in E. tarda.  The branched side chain of a Thr

residue has been shown to generate instability at turn regions.  Mutation of a Thr residue

(Thr22) in the diverging -turn of the drkN SH3 domain to a Gly residue results in a dramatic

stabilization of the protein, with its Tm increased by 20oC (Mok et al, 2001).  In contrast, a Pro

residue is more rigid than other naturally occurring amino acids and could stabilize or

destabilize a protein depending on its location (Prajapati et al, 2007).  The use of a phoQi

mutant complemented with the wild type or mutant phoQ genes allowed those residues that are

essential for thermal stability and temperature sensing to be delineated.  Mutation of P79, P120

or T167 to their corresponding residues in the E. coli or S. typhimurium PhoQ sequence

significantly stabilized the PhoQs in E. tarda.  The T167P mutant (Tm = 59.0oC) of E. tarda

PhoQs was thermally stable and its stability towards urea did not change at temperatures

between 20oC and 37oC.  These “loss-of-function” mutations improved the thermal stability of
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Fig. III.25. Morphologies of E. tarda bacterial cells cultured at different incubation
temperatures. E. tarda bacterial cells grown in TSB assumed bacillus shape at 20oC (A),
coccobacillus shape at 30oC (B) and coccus shape at 37oC (C). The bacterial cells were gram
stained and the images were obtained using Nikon Eclipse 90i objective: Plan Apo VC
60x/1.40 Oil at scale bar of 2 μM.
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PhoQs but rendered it unable to make the conformational changes necessary for the activation

of PhoP.  Consequently, no ECPs were detected at any of the tested temperatures, which was

similar to results seen in the phoQi mutant without any complementation.  In contrast, the P77L

mutant became “temperature-blind” at 20oC.  This mutation prevented the secondary structure

conformational change necessary to inhibit PhoQ activity at 20oC but not at 37oC.  So far, no

mutation that rendered the PhoQ sensor “temperature-blind” at 37oC or at both 20oC and 37oC

has been identified.  The observation that the P77L mutation only had an effect on temperature

sensing at 20oC, but not at 37oC, also supported the notion that the conformations of the PhoQ

sensor are different at these two temperatures.In this study, high Mg2+ concentration (10 mM)

reduced the transcription of phoP, phoQ and esrB and thus reduced protein secretion from

T3SS and T6SS in E. tarda.  Mg2+ binding likely changed the tertiary structure, but not the

secondary structure, of the PhoQ sensor.  This explains the observation that Mg2+ binding by

the PhoQ sensor was not affected by temperature at 20oC, 30oC or 37oC, which only resulted in

changing the secondary structure of the protein, as well as the additive nature of the effects of

Mg2+ and temperature on the PhoQ sensor, as the conformational changes caused by these

factors could occur simultaneously and independently of each other.  In S. typhimurium, Mg2+

is proposed to bind to the acidic patch “EDDDDAE” in the PhoQ sensor and form a metal

bridge with negatively charged groups of the inner membrane (Cho et al, 2006).  A similar, but

distinct, acidic patch with the sequence “DDDSADA” is found within the PhoQ sensor domain

of E. tarda.  Our data confirmed that this cluster of acidic residues likely represents the only

Mg2+ binding site on PhoQ because mutation of these residues to “NNNSANA” completely
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Fig. III.26. Model illustrating the temperature and Mg2+ regulation of T3SS and T6SS by
the PhoP-PhoQ system.
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abolished Mg2+ binding by the PhoQ sensor and because the phoQi mutant complemented with

this “NNNSANA” mutant is rendered “Mg2+-blind”.  Mutations of this cluster of acidic

residues did not affect the ability of PhoQ to activate PhoP and protein secretion from T3SS

and T6SS or the ability of PhoQ to sense temperatures. Our study showed that Mg2+ bound to

the PhoQ sensor domain of E. tarda at a relatively high affinity, with a Kd value of

approximately 95 M, comparable to the value obtained for the PhoQ sensor domain of P.

aeruginosa (Kd = 37 M for Ca2+;  Kd = 207 M for Mg2+) (Prost et al, 2008) but distinct from

that of the PhoQ of S. typhimurium (Kd = 250 M for Ca2+; Kd = 7 M for Mg2+) (García

Véscovi et al, 1997). Interestingly, the P. aeruginosa PhoQ lacks this acidic patch of residues,

and, unlike the E. coli protein, the P. aeruginosa PhoQ sensor domain undergoes changes in its

CD and fluorescence spectra in response to divalent cations (Lesley & Waldburger, 2001).

These data suggested that the PhoQ sensors of E. tarda, S. typhimurium and P. aeruginosa may

have very different mechanisms of signal detection.  The high affinity binding of Mg2+ also

increased the stability of the PhoQ sensor slightly, as monitored by both CD and fluorescence

spectra.  This increased stability is likely due to the neutralization of electrostatic repulsion

among residues within the acidic patch.  Unlike the situation with the T167P mutation, this

slight increase in stability due to Mg2+ binding is not sufficient to disrupt temperature detection

by PhoQ.

E. tarda infects many different fish species, such as blue gourami fish and channel catfish.

The body temperature of catfish fluctuates with and approximates the surrounding water

temperature.  Their active metabolic rate increases as a hyperbolic function of temperature,

reaching a peak at around 28oC-30oC.  Reduced feeding by the fish should occur at the higher

temperature of 35oC, with none at 36oC-38oC.  Alternatively, there should also be reduced
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feeding by the fish at the lower temperature of 15oC and no feeding at 8oC-10oC (Hargreaves &

Tomasso Jr., 2004).  This growth temperature profile of fish is in agreement with our findings

on the temperature dependence of protein secretion from the E. tarda T3SS and T6SS,

suggesting that the PhoP-PhoQ system of E. tarda is only activated at the optimum growth

temperature of the host to ensure the highest level of virulence and the survival of the bacteria.

These findings also agree with the observation that outbreaks of acute E. tarda infection are

mostly found in channel catfish culture systems when the temperature rises due to

overcrowding (Mohanty & Sahoo, 2007).  On the other hand, Mg2+ concentration detection by

the PhoP-PhoQ system seems to provide E. tarda with cues that it located inside the host body.

At a physiological level of around 1-2 mM, the Mg2+ concentration inside the host body is

generally lower than that of the external environment (Bader et al, 2005).  Direct measurement

of Mg2+ within the Salmonella-containing vacuole using nanosensor particles showed that,

during the initial period of phoP activation, the concentration of the divalent cation was rapidly

regulated and stabilized at approximately 1 mM (Martin-Orozco et al, 2006). In addition to

temperature and Mg2+ concentration, E. tarda can also sense both acidic pH and the presence

of antimicrobial peptides, which are characteristics of environment inside the phagosome of

macrophage.

In conclusion, we cloned the PhoP-PhoQ two-component system of E. tarda and confirmed

that the PhoQ sensor domain senses changes in temperature through conformational changes in

its thermally unstable secondary structures. The PhoQ sensor can also simultaneously detect

changes in Mg2+ concentrations through the direct binding of Mg2+ to a cluster of acidic

residues, which likely results in a change in the tertiary structure of the protein.  Both the

temperature and Mg2+ signals are integrated with the signal detected by another two-
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component system, EsrA-EsrB, through the direct activation of the transcription of the EsrB

response regulator by PhoP. The data herein provides a basic understanding of the mechanism

underlying the temperature and Mg2+ sensing abilities in bacteria and could aid future

structural studies of the system as well as control of the pathogen.
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Chapter IV. Crosstalk between phosphate and iron mediated regulation of

Type III and Type VI secretion system in E. tarda

The results of this chapter are included in the following manuscript:

Chakraborty S, Sivaraman J, Leung KY, Mok YK: Crosstalk between Phosphate and Iron

mediated Regulation of Type III and Type VI secretion system in E. tarda

Manuscript in preparation.
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Abstract

The pathogenic bacterium Edwardsiella tarda employs both type III and VI secretion

systems (T3SS and T6SS) to inject multiple effectors into eukaryotic cells. The PhoB-PhoR

two-component system is commonly used by pathogenic bacteria to sense low phosphate

concentration in the environment and in turn regulates the high affinity phosphate

transporter pstSCAB-phoU. On the other hand, Fur is an iron sensor which is triggered by a

high concentration of iron in the surrounding media. Here, we show that PhoB/PhoR in E.

tarda detect changes in phosphate concentration, as well as positively regulates the T3SS

and T6SS through direct activation of esrC.  Protein expression and secretion is activated in

absence of phosphate and is suppressed in presence of 20mM phosphate concentration. The

Fur protein acts as an iron sensor which negatively regulateT3SS and T6SS at high

concentration of iron through the modulation of esrC. Iron and phosphate act in an additive

manner in which iron can also suppress the activities of phoB/phoR and pstSCAB-phoU

operons. On the other hand, phosphate enhances the transcriptional activity of fur.  Here, we

show a negative cross-talk that exists between the high affinity phosphate transport specific

regulon pstSCAB-phoU and the iron sensor Fur.
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IV.1 Introduction

Iron homeostasis is essential for the maintenance of bacterial population. Since most life forms

contain iron in their cells, regulating homeostasis of this metal is vital for normal cell

functioning. Iron also serves as a cofactor for many enzymes. Iron is absolutely necessary for

the survival since it plays an important role in the TCA cycle and electron transport chain.

However, excess amount of free iron can also produce reactive oxygen and nitrogen species

that can damage the cellular components (Friedman & O'Brian, 2004) . Vertebrates sequester

iron and other nutrients to prevent the outgrowth of pathogens and this kind of defense

mechanism is known as nutritional immunity. The neutral pH and the aerobic environment

ensure that the iron is available in the insoluble form and cannot be consumed by the bacteria.

Moreover, there are chelators which are iron binding proteins (transferrins, lactoferrins and

ferritins) that can bind to iron and reduces the availability of free iron to the invading bacteria.

Hence recognition of iron depletion has become a marker of vertebrate tissue for bacteria

(Skaar, 2010). In order to evade nutritional immunity by the host, bacteria have evolved three

mechanisms. In siderophore based system, siderophore have better iron binding capacity with

an association constant of 1050 as compared to transferrin (Ka=1036) and these siderophore-iron

complexes are internalized as a nutrient source. Siderophores from the outer membrane are

translocated through an energy dependent process into the cytoplasm. Transport of ferrous iron

and ferric iron bound to siderophores that takes place through different transport systems such

as the substrate binding protein (FhuD in E. coli) and integral membrane proteins (FhuB in E.

coli) which belong to the ABC transporters (Köster, 2001). Under iron rich conditions, the

synthesis of siderophores are normally repressed. Overproduction of siderophores are seen in

E. coli and Salmonella typhimurium in the fur mutant background (Hantke, 2001). In heme
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acquisition system, heme scavengers homophores remove heme from the host and through the

recognition of homophores by the surface receptors of the bacteria. In the third transferrin

receptor system, some bacteria can directly recognize transferrin by means of the receptors

where the iron is removed from the host and integrated to the bacterial cytoplasm. A second

layer of defense is also employed by the host in which host lipocalin binds to enterobactin,

which is the prime siderophore of many enteric bacteria. In response to that, bacteria have also

evolved stealth siderophore that does not bind to lipocalin (Skaar, 2010). Iron dependent

repressor Fur (Ferric uptake regulator) is a dimeric metallo-protein where the N-terminal

region contains a DNA recognition domain and the C-terminal region is involved in

dimerization and metal binding, such as  Mn(II), Ni(II), Cd(II), Zn(II) and Fe(II) (Coy &

Neilands, 1991). Fur binds to its specific promoters containing the Fur box having a consensus

sequence of 5/-GATAACGCAATGATTGATA-3/ and represses the expression of targeted

genes in presence of iron. In the absence of iron, these genes are transcribed as the repression

activity is inhibited. In Gram positive bacteria, an additional iron repressor is present which

belongs to the DtxR family (Skaar, 2010). Fur also negatively auto-regulates its own

transcription in the presence of high iron concentration. Cys-92, Cys-95 and Glu-112 are

essential for its functioning as mutations of these residuesabolished its activity. Two zinc ions

are present in each monomer of Fur. Zinc can be removed by EDTA treatment which rendered

Fur unable to bind to DNA strands. Addition of metals like Zinc (Zn2+) and Ferric (Fe3+)

restored the DNA binding capacity (Sheikh & Taylor, 2009). Microarray analysis revealed

several candidates which are repressed, induced or remain indifferent to iron concentrations.

Majority of the genes involved in iron acquisition were down regulated. 14 novel genes are

negatively regulated by Fur which play no role in iron transport. Iron containing form of super
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oxide dismutase (encoded by sodB) that is responsible for protecting the cells during low iron

conditions is repressed by Fur. Whereas sodA which encodes the manganese containing form is

activated. This phenomenon is seen in several species such as Salmonella enterica serover

Typhimurium (Bjarnason et al, 2003), E. coli (Niederhoffer et al, 1990) and Vibrio cholerae

(Mey et al, 2005a). Fur is also known to repress Bfr (ferritin-like protein) and induce Bfd

(ferrodoxin). Bfd is up regulated and Bfr is repressed under low iron conditions in Salmonella

(Bjarnason et al, 2003) and E. coli (Quail et al, 1996; Stojiljkovic et al, 1994). However, in

Vibrio cholerae both the Bfr and Bfd were up regulated in low iron conditions (Davis et al,

2005). Apart from microarray analysis, various other tools have been employed to identify the

role of Fur apart from iron homeostasis. Fur titration assay (FURTA) (Stojiljkovic et al, 1994)

used a cosmid library to fish out iron-regulated promoters. Another method known as SELEX

(Systemic evolution of ligand s by exponential enrichment) identified 16 novel genes regulated

by Fur in P. aeruginosa (Ochsner & Vasil, 1996). A combination of two-dimensional

electrophoresis followed by reverse genetics have identified 10 iron regulated proteins of M.

tuberculosis. (Wong et al, 1999). Various other roles of Fur has been established which are not

related to iron metabolism such as defense against reactive oxygen species (Niederhoffer et al,

1990; Tardat & Touati, 1993); acid shock response (Hall & Foster, 1996); chemotaxis

(Karjalainen et al, 1991); metabolic pathways (Stojiljkovic et al, 1994), swarming (McCarter &

Silverman, 1989) and virulence factors (Litwin & Calderwood, 1993) (Escolar et al, 1999).

Some of the genes, e.g. tonB1 / hutW in Vibrio cholerae are highly induced by Fur which

contain more than one Fur box in their promoter region increasing the magnitude of

recognition by Fur (Occhino et al, 1998; Wyckoff et al, 2004). Fur also plays an important role

in virulence in many bacteria such as Bacillus cereus (Harvie et al, 2005), Staphylococcus
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aureus (Horsburgh et al, 2001), Actinobacillus pleuropneumoniae (Jacobsen et al, 2005),

Listeria monocytogenes (Garcia et al, 2004), Campylobacter jejuni (Palyada et al, 2004) and

Vibrio cholerae (Chiang et al, 1995) (Mey et al, 2005b). In E. tarda EIB202, transcription of

evpP is dependent on both EsrB and iron and the transcriptional activity of evpP was increased

in iron rich medium. Flow cytometry assay showed that FuR box is present upstream of evpP.

EvpP is also important for virulence since a knock out mutant of evpP showed a marked

attenuation in LD50 with decreased internalization in EPC cells in comparison to the wild type

bacteria. EvpP also play a role in hemolytic activity as well as adherence to the mucous

membrane in Japanese flounder. However, EvpP is not involved in biofilm formation and

production of chondriotinase (Wang et al, 2009b).

Apart from iron, phosphate is another fundamental nutrient for bacterial cells. E. coli used 3

different kinds of phosphates, namely inorganic phosphate, organophosphate and

phosphonates, of which inorganic phosphate is highly preferable. Phosphorus is essential for

cellular functioning such as regulation of protein activities, source of ATP, synthesis of DNA,

RNA and amino acids. Bacteria have developed ways to assimilate phosphate when it is

present in abundance or in case of scarcity. When the Pi source is in excess, phosphate is taken

up by phosphate inorganic transporter (Pit) system. High affinity phosphate transporter

pstSCAB is triggered when the concentration of extra-cellular phosphate is less than 4μM.

They belong to the ATP-binding cassette transporter of the pho regulon. The last gene of this

operon, phoU, encodes PhoU protein in which contains two PhoU homologues are also found

in Thermotoga maritima. Pi signaling involves activation, deactivation and inhibition.

Activation happens during Pi limiting condition, which requires auto-phosphorylation of PhoR,
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transfer of phosphoryl group to PhoB, and binding of phosphor-PhoB to its targeted genes for

transcriptional activation. Deactivation occurs during Pi excess condition, where PhoR and the

entire pst operon are required for the dephosphorylation of PhoB. In Inhibition, the

phosphorylation of PhoB is abrogated through formation of an inhibitory comples with

proteins belonging to the pst operon (Haldimann et al, 1998). Phopshorylated PhoB binds to a

particular DNA sequence 5/-CTGTCATA(A/T)A(T/A)CTGTCA(C/T)-3/ which is known as

the pho box. PhoB binding to the pstS promoter induces a possible bending (Makino et al,

1996). PstS is a cell surface receptor for inorganic phosphate. PstC and PstA are integral

membrane proteins, and PstB is a permease. The last gene of the operon codes for PhoU which

has no role in transport but might act as a suppressor of pho regulon. PhoR has dual forms as

an activator PhoRA or a repressor PhoRR. PhoR is an inner membrane histidine complex,

which upon induction transfers the phosphoryl group to an aspartic acid residue on PhoB, when

the phosphate concentration is below 4 μM. PhoR consists of an H box (His-159 to Leu-176;

His165 putative phosphorylation site), an N motif (Asn-267 to Tyr-285), a D/F (Ile-307 to

Asp-334) and finally a G (Gly-343 to Val-362) box. PhoP gene belongs to the OmpR family of

proteins where Asp-6 and Asp-9 are the putative phosphorylation sites. The carboxyl terminal

region consists of residues from 190 to 201 which is the DNA binding motif. Under  Pi

repressing condition, Pi bound PstS forms a complex with PstABC which maintains PhoR in

PhoRR form. Pi –independent controls are also seen where CreC and acetyl phosphate can

phosphorylate PhoB (Wanner, 1993). Nearly 400 genes in E. coli respond to changes in

phosphate concentration, which comprises 10% of its own genome. PstB and PhoU are

required for the dephosphorylation of phosphor-PhoB, while PhoU may act as a chaperon to

the PhoB/PhoR complex. Bacteria have adapted novel ways to survive in limitation conditions.
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The shape of the bacterial cells can be changed to increase the surface to volume ratio. The cell

wall component can be modified from phosphate rich techoic acid to phosphate free

teichuronic acid. Other than phosphate regulation, the pst regulon are also important for

virulence.  In E. coli, pst mutants become avirulent in pig infection model. Pst mutations

reduced the resistance of bacteria against anti-microbial peptides, serum killing and acidity.

Transposon mutants of pst in E. tarda reduced the capacity to multiply in the phagocytes and

these mutants are unable to secreted any Type III and Type VI proteins. Iso-genic mutants in

PhoB and PhoR showed decreased colonization in rabbit in comparison to the wild type. In

Vibrio, much virulence related genes are suppressed in phoB mutant strain. PhoB/PhoR may be

involved in the circuit that control acid stress response. Bacteria develop biofilms to protect

themselves from environmental stress. Pst mutants have been shown to hinder biofilm

formation. In E. coli, pst mutantions also affect quorum sensing which suggest that Pst genes

can work through a complicated cascade and regulate the formation of biofilms and resistance

against host defense that target cell surfaces (Lamarche et al, 2008).

Genome wide prediction of PhoB regulated promoters is performed by reporter gene fusion

assays using in silico prediction and microarray data in gram negative ά-proteobacterium

Sinorhyzobium meliloti.   PhoB binding motif was found in 96 pho regulon members, of which

34 were directly related to PhoB in a Pi dependent manner.  Out of the 34, 19 genes possessed

the putative PhoB binding box in their respective promoter regions (Yuan et al, 2006). Genes

regulated by pho regulon mainly comprised of alkaline phosphatases (AP), phosphate specific

transport (pst) and two-component regulatory system (PhoB/PhoR). Pho regulon is also

controlled by central carbon pathways where CreC (PhoM) act as an alternative sensor kinase,
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suggesting interaction between PhoB/R and CreC. The expression creC was high in absence of

Pho but low in absence of PhoB. In the initial phase of phosphate starvation, CreC first

interacts with PhoB and then followed by  PhoB- PhoR.  PhoU also responds to phosphate

starvation and its level is decreased in the absence of PhoB. However, FRET confirmed that

PhoU does not interact directly with PhoB and PhoR. Thus, it is postulated that PhoU may

interact with proteins in the Pst system which in turn can interact with PhoB/PhoR (Baek et al,

2007). In E. coli, phoU mutant has derepressed alkaline phosphatase activity in comparison to

the wild type bacteria under high phosphate condition. PhoU mutant showed decreased

colonization in murine urinary tract. No growth defect is observed in this mutant (Buckles et al,

2006). The exact mode of action of PhoU remains to be determined.

IV.2 Materials and Methods

IV.2.1 Bacterial strains and plasmids

The bacterial strains and plasmids used in this study are listed in Table II.1 and Table IV.2.

When required, media were supplemented with Amp (100 μg/ml), Cm (30 μg/ml) or Tc (10

μg/ml).

IV.2.2 Cloning of the PhoB-PhoR two-component system in E. tarda

Bacterial genomic DNA was extracted using the Wizard genomic DNA purification kit

(Promega, Madison, WI). Degenerate primers were designed to fish out the complete genome

sequences of phoB and phoR along with flanking regions from related bacteria such as

Edwardsiella tarda EIB202 (Wang et al, 2009a); Yersinia pestis KIM (Deng et al, 2002a);

Salmonella typhimurium LT2 (McClelland et al, 2001b) and Escherichia coli CFT073 (Welch

et al, 2002a). PCR amplification (2 min at 94°C; 30 cycles each of 10 s at 94°C, 30 s at 56°C
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and 1 min at 72°C; and a final extension of 5 min at 72°C) was carried out using the Advantage

2 polymerase mix (Clontech, Mountain View, CA) with two pairs of degenerate primers,

phoBdeg and phoRdeg (Table IV.1).  The PCR products were cloned with the pGEM-T Easy

vector system (Promega) and transformed into E. coli DH5 cells.  The cloned fragments were

sequenced using the PRISMTM 3100 automated DNA sequencer with the ABI Prism Big Dye

termination cycle sequence kit (Applied Biosystems, Foster City, CA).  The complete

sequences of phoB and phoR, including flanking sequences comprising the 1,360 bps upstream

of phoB and 1,400 bps downstream of phoR, were obtained by this method.

IV.2.3 LacZ reporter gene system

For the construction of the ersB LacZ and esrC LacZ reporter gene systems, the primer pair,

pRWesrb and pRWesrc derived from E. tarda PPD130/91 genomic DNA, was used to amplify

the putative promoter region of esrB and esrC. The PCR product was digested with restriction

enzymes and then ligated with the pRW50 plasmid (Lodge et al, 1992).  The ligation mixture

was introduced into either the wild type or mutant E. tarda by electroporation.  The

transformants were screened for resistance to both colistin (12.5μg/ml) and tetracycline

(10 μg/ml). Similar procedures were followed to generate the phoB and fur LacZ reporter gene

systems using the primers pRWphoB and pRWfur, respectively. For the construction of

pVIKphoU, the phoU internal fragment was amplified with the primer pVIKphoU (Table IV.1)

from E. tarda PPD130/91 genomic DNA. The PCR product was digested and then ligated into

the same sites of pVIK112 . The resulting plasmids were transformed into S17-1 λpir. The

plasmids were then transferred from S17-1 λpir into E. tarda by conjugation and the LacZ

transcriptional or translational strains were selected for kanamycin and colistin resistance. For
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the -galactosidase assays, E. tarda cells were grown in DMEM overnight at 30°C. Phosphate

and iron were added in the form of KH2PO4 and FeSO4 as indicated. The overnight culture

(5%) was inoculated into fresh medium and grown at the same conditions until the cell density

reached 0.5, as measured by optical density at 600 nm (OD600).  Cells were permeabilized as

described by Miller, 1972 and in Chapter III.

IV.2.4 Generation of phoU, phoB and fur mutants and complementation experiments

Insertional mutants of phoU  (phoUi) in E. tarda was constructed with the suicide plasmid

pRE112 (Edwards et al, 1998). For the construction of phoUi, an internal fragment of phoU

was amplified from E. tarda genomic DNA with the primer phoUmut-for and phoUmut-rev

which contains a Kpn I restriction enzyme site. The PCR product was digested by restriction

enzymes and ligated into the pRE112 plasmid, and the resulting plasmid was transformed into

E. coli MC1061 pir.  After sequencing, the recombinant plasmid was then transformed into E.

coli SM10 pir. These transformants were used to conjugate with wild type E. tarda to obtain

defined mutants by selecting colonies resistant to both chloramphenicol (30 g/ml) and colistin

(12.5 g/ml). The insertion of the plasmid into chromosomal DNA was confirmed by

sequence analysis. Complementation of the phoUi, mutant was performed with a pACYC184-

based system.  To obtain phoUi + phoU, the complete phoU gene was prepared by PCR using

the primer pair, phoUfull-for and phoUfull-rev (Table IV.1), from E. tarda PPD130/91 genomic

DNA.  The PCR product was digested with restriction enzymes and ligated into the digested

pACYC184 plasmid. The obtained ligation mixture was transformed into E. coli DH5, and

then the plasmid DNA was extracted and transformed into competent cells of E. tarda phoUi

by electroporation.



110

Overlap extension PCR (Steffan N. Hoa, 1989) was used to generate in-frame deletion mutants

of  phoB (ΔphoB) and fur (Δfur). For the construction of ΔphoB, two PCR fragments were

generated from E. tarda genomic DNA with the primer pairs of phoBmut-for / phoBmut-irev

and phoBmut-rev / phoBmut-ifor (Table IV.1). The resulting products generated an 820-bp

fragment containing the upstream region of phoB and 850-bp fragment containing the

downstream region of the phoB, respectively. An 18-bp overlap in the sequences permitted

amplification of a 1670-bp product during a second PCR with primers of phoBmut-for and

phoBmutrev using the first two PCR products as the template. The primers introduced an EcoRI

and a HindIII  restriction sites and the second PCR created a truncation from amino acid 15 to

230 of PhoB. The PCR product was cloned into pGEM-T Easy vector, and DNA sequencing

was performed to confirm that the construct was correct. The Δ phoB fragment was excised

with the same restriction sites and ligated into EcoRI and HindIII  cut suicide vector pRE112

(Cm
r
) (Edwards, 1998). The resulting plasmid was then transformed into MC1061pir. After

sequencing, the recombinant plasmid was then transformed into E. coli SM10 pir. The single

cross-over mutants were obtained by conjugal transfer into E. tarda PPD130/91. Double cross-

over mutants were obtained by plating onto 10% sucrose TSA plates. Deletion mutants were

confirmed by PCR and sequencing. Fur deletion mutant (Δfur) was constructed following the

same protocol. The primers used for the construction are furmut-for, furmut-irev, furmut-rev and

furmut-ifor. These primers introduced Kpn-I as the restriction enzyme cloning site. This

approach created a deletion from amino acids 15 to 100 of Fur.
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Table IV.1. Oligonucleotides used in this study

Name Sequence (5' to 3')
pRWesrb-for ATGAATTC GTGGCGGTGGATTATGACGAT

pRWesrb-rev ATAAGCTT CTTACTCGATCTGGGTCTGCC

pRWesrc-for ATGAATTC TATGATCATCACGCTGCAGGA

pRWesrc-rev ATAAGCTT CCGCTGTACATCAGGTGCTG

pRWphoB-for CG GAATTC AATGTGTCCCAGGGCGATATAG

pRWphoB-rev CG AAGCTT GGTCATACTGACTTCCCGGTT

pRWfur-for CG GAATTCCCGGATACCACTTTGAAGCCT

pRWfur-rev CG AAGCTT GTCAAACTGGTTGAGCACGCGG

pRWpst-for ATGAATTC TGTGAGCATAGCCATGAGATG

pRWpst-rev AAGCTT TTTCTGATAGGAGTCTGCCCA

pVIKphoU-for CG GAATTC AATCTGAATTTAAACAAGCACA

pVIKphoU-rev GG GGTACC  CTCACAGATATTCTGGCAGCGATCG

phoUmut-for ATGGTACCCAGTTTAATGCCGAGCTT

phoUmut-rev ATGGTACCGATAGAGCGGGCGCAGAAC

phoUfull-for ATAGTACTATGGATAATCTGAATTTAAAC

phoUfull-rev ATGAATTCTTATGCCTCGTCCACCCGG

phoBmut-for ATAAGCTTCGCGGGCATAGCTGGGGGG

phoBmut-irev ACGGGCGGAGAAACGGTA CTGACTTCCCGGTTAATTGTCAT

phoBmut-rev ATGAATTCCGTATGGTTGATCGCGTTATA

phoBmut-ifor TACCGTTTCTCCGCCCGT

furmut-for GG GGTACC AGGAGATCGACTTCTCCGGTAA

furmut-irev TTAGGCCTTTTCGTCGTGCA  ATGTCGATCAGCTTCTTGTACAA

furmut-rev GG GGTACC GCGTACCGATGAGATGATGGAG

furmut-ifor TGCACGACGAAAAGGCCTAAGCGGCC
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Rt-3537S1/2 for TAGCGGGAAAGGGTAGACGATA

Rt-3537S1/2 rev ACGGTGTTAGCAATGATCTGC

Rt-SC1/2 for GGTTTACGCCAAGTGGGCAGA

Rt-SC1/2 rev AGGGCAATACCGAAGCTGACC

Rt-CA1/2 for GCTGATTCGCCTTTGTCTAATA

Rt-CA1/2 rev CAGGATCCACACCAGCCAAAAC

Rt-AB1/2 for GTAACGATGGACGTACAAAATC

Rt-AB1/2 rev TTGTTAAAGGTACGCAGCAGCG

Rt-BU1/2 for ATGAGTAATGTAGTGACAGACC

Rt-BU1/2 rev TCGTTTTGATAATCGCCATCAC

Rt-U35431/2 for TAATCTGAATTTAAACAAGCAC

Rt-U35431/2 rev TATTCAGCGCTGGAAACCCCA

IV.2.5 Electrophoretic mobility shift assay

The full length PhoB protein was mixed with purified 5’ 6-FAM labeled promoter region of

evpA labelled with in a buffer containing 50 mM Tris-HCl, pH 7.5, 200 mM KCl, 0.1 mM

EDTA and 5% v/v glycerol.  The mixture was incubated at 25oC for 2h before loading onto a

non-denaturant 12% native polyacrylamide gel.

IV.2.6 Western blot analysis

Proteins were separated on 12 % SDS-polyacrylamide gels.  For western analyses, proteins

were transferred to a PVDF membrane as described in Chapter III.
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IV.2.7 Preparation of TCPs and ECPs

Overnight cultures of E. tarda grown at different temperatures in DMEM (OD550=0.8) were

diluted 1:200 into fresh DMEM and incubated for 24 h at the indicated conditions. For the

isolation of TCPs, the whole broth containing the cells were kept on ice for 5 mins to cool the

contents and sonicated on ice for 5 min stopping every 1 min to agitate and reposition the

sonicator probe. The above culture was then subjected to 10% TCA precipitation for 1 hour at

4°C , and the protein pellet was washed thrice with -20oC acetone and then air-dried.  ECP

protein pellets were solubilized in Ready Prep reagent 3 (5 M urea, 2 M thiourea, 2 % (w/v)

CHAPS, 2% (w/v) SB 3-10, 40 mM Tris, and 0.2% (w/v) Bio-Lyte 3/10 ampholyte (Bio-Rad,

Hercules, CA)) and stored at -80oC until analysis. The extraction of ECP was performed in the

same way as described in Chapter III. The protein concentration was determined with a Bio-

Rad protein assay kit using bovine serum albumin as the standard.

IV.2.8 Isolation of RNA and RT-PCR experiments

RNA was islaoted as described in Chapetr II. Six pairs of primers were designed based on the

genomic DNA sequence.  Pair A (Rt-3537S1/2) was designed to amplify region from amino

acid residue 200 of ETAE 3537 to residue 50 of PstS; pair B (Rt-SC1/2) from residue 39 of PstS

to residue 96 of PstC; pair C (Rt-CA1/2) from residue 2 of PstC to residue 42 of PstA; pair D

(Rt-AB1/2) from residue 2 of PstA to residue 53 of PstB; pair E (Rt-U35431/2) from  residue 2 of

PstB to residue 53 of PhoU; pair F from residue 88 of PhoU to  residue 137 of ETAE3543.
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Table IV.2. Strains and plasmids for this study

Strain/plasmid Description Reference/Source

Bacteria

E. tarda PPD130/91 Wild type, Km
s
, Col

r
, Amp

s
, LD

50
=10

5.0 (S. H. M. Ling, 2000)

ΔphoB PPD130/91, in-frame deletion of phoB (missing amino acids
15 to 230)

This study

Δfur PPD130/91, in-frame deletion of fur (missing amino acids 15
to 100)

This study

phoUi phoU::pRE112-phoU Cm
r This study

phoUi + phoU phoUi with pACYC + phoU This study

pRWphoB130/91 pRW50  containing -900 to +42 of phoB relative to putative
translational start site in E.tarda PPD130/91

This study

pRWfur130/91 pRW50  containing -801 to + 39 of fur relative to putative
translational start in E.tarda PPD130/91

This study

pRWesrB130/91 pRW50  containing -900 to +150 of esrB relative to putative
translational start site in E.tarda PPD130/91

Chapter III

pRWesrC130/91 pRW50  containing -852 to +51 of esrC relative to putative
translational start site  in E.tarda PPD130/91

This study

PVIKphoU130/91
pVIK112, phoU internal fragment; in-frame transcriptional
fusion E.tarda PPD130/91

This study

pRWphoBΔphoB pRW50  containing -900 to + 42 of phoB relative to putative
translational start site in E.tarda ΔphoB

This study

pRWphoBΔfur pRW50  containing -801 to + 39 of phoB relative to putative
translational start site in E.tarda Δfur

This study

pRWphoBphoUi pRW50  containing -900 to + 42 of phoB relative to putative
translational start site in E.tarda phoUi

This study

pRWfurΔphoB pRW50  containing -801 to + 39 of fur relative to putative
translational start in E.tarda ΔphoB

This study

pRWfurΔfur pRW50  containing -801 to + 39 of fur relative to putative
translational start in E.tarda Δfur

This study

pRWfurphoUi pRW50  containing -801 to + 39 of fur relative to putative
translational start in E.tarda phoUi

This study
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pRWesrBΔphoB pRW50  containing -900 to +150 of esrB relative to putative
translational start site in E.tarda ΔphoB

This study

pRWesrBΔfur pRW50  containing -900 to +150 of esrB relative to putative
translational start site in E.tarda Δfur

This study

pRWesrBphoUi pRW50  containing -900 to +150 of esrB relative to putative
translational start site in E.tarda phoUi

This study

pRWesrCΔphoB pRW50  containing -852 to +51 of esrC relative to putative
translational start site  in E.tarda ΔphoB

This study

pRWesrCΔfur pRW50  containing -852 to +51 of esrC relative to putative
translational start site  in E.tarda Δfur

This study

pRWesrCphoUi pRW50  containing-852 to +51of esrC relative to putative
translational start site  in E.tarda phoUi

This study

PVIKphoUΔphoB pVIK112, phoU internal fragment; in-frame transcriptional
fusion in E.tarda ΔphoB

This study

PVIKphoUΔfur pVIK112, phoU internal fragment; in-frame transcriptional
fusion in E.tarda Δfur

This study

PVIKphoUphoUi pVIK112, phoU internal fragment; in-frame transcriptional
fusion in E.tarda phoUi

This study

E. coli

JM109 Km
s
, Col

s
, Cm

s Promega

MC1061 (λpir) thi thr1 leu6 proA2 his4 argE2 lacY1 galK2 ara14 xyl5

supE44 pir

(Rubirés, 1997)

SM10 (λpir) thi thr leu tonA lacY supE recA-RP4-2-Tc-Mu Km
r pir (Rubirés, 1997)

BL21 (DE-3) genotype: F- ompT hsdSB(rB
-mB

-) gal dcm Stratagene

S17-1 (λpir) Tpr Smr recA, thi, pro, hsdR-M+RP4: 2-Tc:Mu: Km Tn7 λpir (Simon, 1983)

pETM-phoBs Full length PhoB Bl-21 cells cloned in pETM This study

Plasmid

pGEM-T Easy Amp
r Promega
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pRE112 pGP704 suicide plasmid, pir dependent, Cm
r
, oriT, oriV, sacB (Edwards, 1998)

pACYC184 Tet
r
, Cm

r    Amersham

pRW50 lacZ reporter vector, Tet
r (Lodge, 1992)

pETM modified pET-32a plasmid Novagen

IV.3 Results

IV.3.1 Identification of two-component regulatory system PhoB-PhoR

Using the genome sequence of Edwardsiella tarda EIB202 (Wang et al, 2009a) and related

bacteria as the template, degenerate primers were designed based on the conserved nucleotide

sequences to identify the phoB and phoR genes of E. tarda PPD130/91. Sequence alignment of

PhoR and PhoB of E. tarda showed a 70% and 84% identity to Yersinia pestis KIM (Deng et

al, 2002b), followed by a 68% and 83% identity to both Salmonella typhimurium LT2

(McClelland et al, 2001b) and Escherichia coli CFT073 (Welch et al, 2002b) respectively. In

addition, the sequence identities of both PhoR and PhoB between E. tarda EIB202 and E.

tarda PPD130/91 are 100 % and 99.0%, respectively (Fig. IV.1 and Fig. IV.3)  The high

sequence identity of PhoR and PhoB between the two different species of E. tarda suggests

similar and conserved functions of the proteins among different strains of E. tarda. In contrast,

particularly for PhoR, the relatively low sequence identity was observed between E. tarda

130/91 and those of E.coli and S. typhimurium, suggesting diverse functions of the sensor

protein PhoR. The predicted secondary structure of PhoR and PhoB is shown in Fig. IV.2 and

Fig. IV.4) respectively.

Ph
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Pho PhoR_ST ---VLERLSWKRLVLELVLCCIPALILSAFFGYLPWFLLAAVTGLLVWHFWNLLRLSWWL
PhoR_EC ---VLERLSWKRLVLELLLCCLPAFILGAFFGYLPWFLLASVTGLLIWHFWNLLRLSWWL
PhoR_YP ---VLERLSWKTLALELALFCLPALLLGAFIGYLPWLLLVSVVAALTWNFYNQLKLSHWL
PhoR_EIB202 ---VLDKLSWKTLLSELLLCCVPALLLGALFGYLPWFLLSALCLLLLWHGWNQLRLSHWL
PhoR_ET130/91      VLTVLDKLSWKTLLSELLLCCVPALLLGALFGYLPWFLLSALCLLLLWHGWNQLRLSHWL
                      **::**** *  ** * *:**::*.*::*****:** ::   * *: :* *:** **

PhoR_ST            WVDRSMTPPPGRGSWEPLLYGLHQMQLRNKKRRRELGNLIKRFRSGAESLPDAVVLTTEE
PhoR_EC            WVDRSMTPPPGRGSWEPLLYGLHQMQLRNKKRRRELGNLIKRFRSGAESLPDAVVLTTEE
PhoR_YP            WLDRSMTPPSGRWSWEPLFYGLYQMQLRNRRRRRELALLIKRFRSGAESLPDAVVITTVD
PhoR_EIB202        WVDRSMTPPSGRGSWEPLFYGLYQMQQRNRRRRRELALLIKRFRSGAESLPDAIVMLTDE
PhoR_ET130/91      WVDRSMTPPSGRGSWEPLFYGLYQMQQRNRRRRRELALLIKRFRSGAESLPDAIVMLTDE
                   *:*******.** *****:***:*** **::*****. ***************:*: * :

PhoR_ST            GGIFWCNGLAQQILGLRWPDDNGQNILNLLRYPEFTQYLKTRDFTRPLHLVLNTGRHLEI
PhoR_EC            GGIFWCNGLAQQILGLRWPEDNGQNILNLLRYPEFTQYLKTRDFSRPLNLVLNTGRHLEI
PhoR_YP            GNIFWCNGLAQQLLGFRWPEDNGQHILNLLRYPEFSQYLQQQTFSRPLTLQLNNGYYVEF
PhoR_EIB202        GNIFWCNHLAQHLLGFRWPEDNGQNIRNLLRYPEFSRYLGDADYARPLTLHLNSGRYMEF
PhoR_ET130/91      GNIFWCNHLAQHLLGFRWPEDNGQNIRNLLRYPEFSRYLGDADYARPLTLHLNSGRYMEF
                   *.***** ***::**:***:****:* ********::**    ::*** * **.* ::*:

PhoR_ST            RVMPYTDKQLLMVARDVTQMHQLEGARRNFFANVSHELRTPLTVLQGYLEMMQEQALEGA
PhoR_EC           RVMPYTHKQLLMVARDVTQMHQLEGARRNFFANVSHELRTPLTVLQGYLEMMDEQPLEGA
PhoR_YP            RVMPYSEGQLLMVARDVTQMRQLEGARRNFFANVSHELRTPLTVLQGYLEMMHDQELAGP
PhoR_EIB202        RLMPYSEGQMLMIARDVTQKRQLEGARRNFFANVSHELRTPLTVLQGYLEMFGDDAMPAP
PhoR_ET130/91      RLMPYSEGQMLMIARDVTQKRQLEGARRNFFANVSHELRTPLTVLQGYLEMFGDDAMPAP
                   *:***:. *:**:****** :******************************: :: : ..

PhoR_ST            TREKALHTMREQTYRMEGLVKQLLTLSKIEAAPALLLNEKVDVPMMLRVVEREAQTLSQQ
PhoR_EC            VREKALHTMREQTQRMEGLVKQLLTLSKIEAAPTHLLNEKVDVPMMLRVVEREAQTLSQK
PhoR_YP            LRDKALGTMQEQTKRMDGLVKQLLTLSRIEAAPNVDLNERVDIPLMLKILQHEVQALSNG
PhoR_EIB202        QREKALLTMQAQAQRMDGLVRQLLVLSRIEAAPDIDLSAVVDVPAMLHMLEREANALSDG
PhoR_ET130/91      QREKALLTMQAQAQRMDGLVRQLLVLSRIEAAPDIDLSAVVDVPAMLHMLEREANALSDG
                    *:*** **: *: **:***:***.**:*****   *.  **:* **:::::*.::**:

PhoR_ST            KHTFTFEVDDSLSVLGNEEQLRSAISNLVYNAVNHTPAGTHITVSWRRVAHGAEFCIQDN
PhoR_EC            KQTFTFEIDNGLKVSGNEDQLRSAISNLVYNAVNHTPEGTHITVRWQRVPHGAEFSVEDN
PhoR_YP            RHEITFRVNDQLKVFGNEDQLRSAVSNLVYNAVNHTPEGTKIEVCWQQTPQGAQFQVSDN
PhoR_EIB202        QHTLRFSIDDGLRVRGNEEQLRSAVSNLVYNAINHTPAGTQIRVCWQRTAQGAYFSVQDN
PhoR_ET130/91      QHTLRFSIDDGLRVRGNEEQLRSAVSNLVYNAINHTPAGTQIRVCWQRTAQGAYFSVQDN

            :: : * ::: * * ***:*****:*******:**** **:* * *::..:** * :.**

PhoR_ST            GPGIAAEHIPRLTERFYRVDKARSRQTGGSGLGLAIVKHALNHHESRLEIDSSPGKGTRF
PhoR_EC            GPGIAPEHIPRLTERFYRVDKARSRQTGGSGLGLAIVKHAVNHHESRLNIESTVGKGTRF
PhoR_YP            GPGIPPEHVPRLTERFYRVDKARSRQTGGSGLGLAIVKHALSHHDARLEVMSEIGLGTRF
PhoR_EIB202        GPGIAQEHLSHLTERFYRVDRSRSSRTGGSGLGLAIVKHALQHHEAQLAIDSALGQGTRF
PhoR_ET130/91      GPGIAQEHLSHLTERFYRVDRSRSSRTGGSGLGLAIVKHALQHHEAQLAIDSALGQGTRF
                   ****. **:.:*********::** :**************:.**:::* : *  * ****

PhoR_ST            SFVLPERLIAKNSD-------
PhoR_EC            SFVIPERLIAKNSD-------
PhoR_YP            IFTLPNRLIVPTVLVENAVKS
PhoR_EIB202        AFTLPSHLVFNGAPSA-----
PhoR_ET130/91      AFTLPSHLVFNGAPSA-----

            *.:*.:*:
Fig. IV.1 Amino acid sequence alignment of PhoR E. tarda 130/91 with related bacterial
species. The (*) indicates identical residues and (:) denotes similar residues.
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Fig. IV.2 Predicted secondary structure of PhoR E. tarda 130/91
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PhoB_ST -----------ARRILVVEDEAPIREMVCFVLEQNGFQPVEAEDYDSAVNKLNEPWPDLI
PhoB_EC ----------MARRILVVEDEVPIREMVCFVLEQNGFQPVEAEDYDSAVNQLNEPWPDLI
PhoB_YP            VTANILAGLMMARRILVVEDEAPIREMVCFVLEQNGYQPLEAEDYDSAVARLSEPFPDLV
PhoB_EIB_202 ----------MSIRILVVEDETPIRDMVSFVLEQNGYQPLEAESYDGALSQLCEPYPDLI
PhoB_ET130/91 ----------MTIRILVVEDETPIRDMVSFVLEQNGYQPLEAESYDGALSQLCEPYPDLI
                              : ********.***:**.*******:**:***.**.*: :* **:***:

PhoB_ST            LLDWMLPGGSGLQFIKHLKREAMTRDIPVVMLTARGEEEDRVRGLETGADDYITKPFSPK
PhoB_EC            LLDWMLPGGSGIQFIKHLKRESMTRDIPVVMLTARGEEEDRVRGLETGADDYITKPFSPK
PhoB_YP            LLDWMLPGGSGIQFIKHMKREALTRDIPVMMLTARGEEEDRVRGLEVGADDYITKPFSPK
PhoB_EIB_202       LLDWMLPGGSGIQLIKQLKREPATREIPVMMLTARGEEEDRVRGLEVGADDYITKPFSPK
PhoB_ET130/91      LLDWMLPGGSGIQLIKQLKREPATREIPVMMLTARGEEEDRVRGLEVGADDYITKPFSPK
                   ***********:*:**::***. **:***:****************.*************

PhoB_ST            ELVARIKAVMRRISPMAVEEVIEMQGLSLDPGSHRVMTGDSPLDMGPTEFKLLHFFMTHP
PhoB_EC            ELVARIKAVMRRISPMAVEEVIEMQGLSLDPTSHRVMAGEEPLEMGPTEFKLLHFFMTHP
PhoB_YP            ELVARIKAVMRRISPMAVEEVIEMQGLSLDPSSHRVMANDQALDMGPTEFKLLHFFMTHP
PhoB_EIB_202 ELVARIKAVMRRISPMALEETINLQGLSLDPVSHRVTAQDDAVEMGPTEFKLLHFFMTHP
PhoB_ET130/91      ELVARIKAVMRRISPMALEETINLQGLSLDPVSHRVTAQDDAVEMGPTEFKLLHFFMTHP
                   *****************:**.*::******* **** : :..::****************

PhoB_ST            ERVYSREQLLNHVWGTNVYVEDRTVDVHIRRLRKALEHSGHDRMVQTVRGTGYRFSTRF
PhoB_EC            ERVYSREQLLNHVWGTNVYVEDRTVDVHIRRLRKALEPGGHDRMVQTVRGTGYRFSTRF
PhoB_YP            ERVYSREQLLNYVWGTNVYVEDRTVDVHIRRLRKALETDGHDKMVQTVRGTGYRFSTRY
PhoB_EIB_202       ERVYSREQLLNHVWGTNVYVEDRTVDVHIRRLRKALEGSGHDRMVQTVRGTGYRFSARF
PhoB_ET130/91      ERVYSREQLLNHVWGTNVYVEDRTVDVHICRLRKALEGSGHDRMVQTVRGTGYRFSARF
                   ***********:***************** ******* .***:*************:*:

Fig. IV.3 Amino acid sequence alignment of PhoB E. tarda 130/91 with related bacterial
species. The (*) indicates identical residues and (:) denotes similar residues.
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Fig. IV.4 Predicted secondary structure of PhoB E. tarda PPD 130/91
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IV.3.2 pstSCAB-phoU operon is polycistronic and induced under low phosphate and low

iron conditions.

Using RT-PCR experiments on RNA isolated from E. tarda PPD130/91, all the five genes

belonging to the pstSCAB-phoU operon were found to be co-transcribed as a single operon. Six

pairs of primers were designed based on the genomic DNA sequence.  Pair A was designed to

amplify region from amino acid residue 200 of ETAE 3537 to residue 50 of PstS; pair B from

residue 39 of PstS to residue 96 of PstC; pair C from residue 2 of PstC to residue 42 of PstA;

pair D from residue 2 of PstA to residue 53 of PstB; pair E from residue 2 of PstB to residue 53

of PhoU; pair F from residue 88 of PhoU to residue 137 of ETAE3543. Except primers A and

E, the rest produced bands of correct size indicating co-transcription of pstS, pstC, pstA, pstB

and phoU (Fig. IV.5). To study the effects of phosphate and Fe2+ concentration on the

expression levels of the polycistronic pstS promoter, strain harboring lacZ fusion genes under

the control of the putative promoter for pstS was created and the ß-galactosidase assay was

conducted at the indicated conditions. The expression of pstS was reduced to 41.6% and 33.3%

in the presence of phosphate and iron, respectively. Maximum suppression of pstS expression

by 83.3% was observed in the presence of both phosphate and iron together (Fig. IV.7). Since

environmental factors such as high iron and high phosphate reduced transcription of pstSCAB-

phoU operon, secretion proteins from the T3SS and T6SS of wild type bacteria was studied in

the presence of  iron and phosphate.
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Fig. IV.5 Genomic organization and co-transciption of pstSCAB-phoU as a single operon.
(A)Genetic organization of pstSCAB-phoU operon. (B) RT-PCR experiments were performed
using RNA isolated from E. tarda PPD130/91 and primers are listed in (Table IV.1). Pair A
was designed to amplify region from amino acid residue 276 of ETAE3537 to residue 75 of
PstS; pair B from residue 37 of PstS to residue 103 of PstC; pair C from residue 2 of PstC to
residue 42 of PstA; pair D from residue 2 of PstA to residue 52 of PstB; pair E from residue 1
of PstB to residue 88 of PhoU; pair F from residue 2 of PhoU to residue 170 of ETAE3543.
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IV.3.3 Environmental factors such as phosphate and Fe2+ concentrations affect the

secretion and expression of T3SS and T6SS proteins in wild type E. tarda PPD130/91

To investigate the effects of phosphate and Fe2+ concentration on the secretion of T3SS and

T6SS proteins, E. tarda wild type bacterial cultures were grown in  DMEM at an ambient

temperature of 30 oC supplemented with 20mM KH2PO4 and /or 20μM FeSO4 as indicated  and

the amount of secreted ECPs were quantified. SDS-PAGE analysis showed that secretion of

both T3SS (EseB, EseC and EseD) and T6SS (EvpC and EvpP) proteins were highly

suppressed in the presence of both phosphate and Fe2+ (ECP= 1.0 ± 0.04 g/ml) (Fig. IV.6).

Maximum secretion of ECP was observed in absence of both phosphate and Fe2+ (ECP=3.00 ±

0.12 g/ml). Presence of either phosphate or Fe2+ also reduced the secretion of proteins where

greater suppressing effect was observed in the presence of Fe2+ in comparison to that of

phosphate (ECP in 20mM KH2PO4=2.25 ± 0.07 g/ml; ECP in 20μM FeSO4 =1.5 ± 0.03

g/ml). In wild type E. tarda, the transcription of esrC was suppressed by 91% in presence of

both phosphate and iron but not esrB based on the LacZ assay. (Fig IV.7). In presence of only

phosphate, at least 50% reduction was observed in the expression of phoB, pstS and phoU,

suggesting that pstSCAB-phoU and phoBR operon are only triggered under phosphate

starvation condition. Almost 40% reduction in expressing of phoB and phoU was also observed

in the presence of iron (Fig. IV.7). This indicates that iron by itself negatively affects phoB as

well as pstSCAB-phoU operon. Both iron and phosphate exert an additive effect on the

secretion of T3SS and T6SS proteins in E. tarda PPD130/91.
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Fig. IV.6. Additive effect of phosphate and iron on the expression and secretion of T3SS
and T6SS proteins in E. tarda PPD 130/91. Silver stained SDS PAGE showing T3SS and
T6SS ECPs secretion (A) and (B) Western blot analysis of TCP showing the expression of
EseB from T3SS; EvpP and EvpC from T6SS by E. tarda PPD130/91 cultured in DMEM in
presence or absence of phosphate and/or iron as indicated. Both the ECP and TCP fractions
were adjusted for equal number of bacterial cells as determined by standard plate count.
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Fig. IV.7. Effect of phosphate and iron on the expression of phoB, phoU, esrB, esrC and fur
in E. tarda PPD 130/91. The ß-galactosidase activities of the reporter genes phoB-LacZ, phoU-
LacZ, esrB-LacZ and esrC-LacZ in E. tarda PPD30/91 were determined in DMEM in presence
or absence of iron and/or phosphate as indicated. The values represent the mean ± SD from one
representative experiment performed with triplicate samples. Equivalent results were obtained at
least in triplicates.
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IV.3.4 PhoB positively regulates the secretion of EvpC by binding to the promoter region

of evpA and functions through EsrC.

A sequence motif [CTGTCATxxxxCTGTCAT] comprising a repeat of two hexanucleotide

sequences separated by five bases has been defined as the high affinity PhoB binding region

named as “Pho box” in which the second half of the box is highly degenerate.  Inspection of

the entire genome sequence of the closely related E. tarda EIB202 with the criteria of

maximum two degeneracy in the second half of the pho box and a minimum promoter

prediction score of 0.5, identified putative PhoB binding sites in the promoter regions of phoB,

pstS and evpA. Electrophoretic mobility shift assay showed that the His-tagged DNA binding

domain (DBD) of PhoB can bind to the 450-bp from the promoter region of evpA. To

investigate a possible contribution of PhoB to the virulence of E. tarda, non-polar deletion

mutant of phoB (ΔphoB) was constructed. The growth and protein secretion of the wild type E.

tarda PPD130/91 and ΔphoB E. tarda were measured at 30oC in presence or absence of

phosphate and/or iron. SDS-PAGE analysis showed that the ΔphoB mutant was deficient in the

secretion of EvpC in spite of having comparable cell density with that of wild type bacteria

(Fig. IV.11). The evpA gene in the type VI cluster (Fig. IV.10) is present upstream of evpC

which is homologous to hemolysin co-regulated protein (Hcp) and valine glycine repeat

protein (VgrG) (Bingle et al, 2008;Filloux et al, 2008;Pukatzki et al, 2009) .
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Fig. IV.8. Genetic organization and co-transcription of phoB/phoR as a single operon.
(A)Genetic organization of phoBR operon. (B). RT-PCR experiments were performed using
RNA isolated from E. tarda PPD130/91 and four pairs of primers were designed based on the
genomic DNA sequence listed in (Table IV.1). Pair A was designed to amplify region from
amino acid residue 270 of SbcD to residue 75 of PhoB; pair B from residue 36 of PhoB to
residue 95 of PhoR; pair C from residue 66 of PhoB to residue 120 of PhoR; pair D from
residue 10 of PhoR to residue 145 of Ppx.
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Fig. IV.9. EMSA of DBD of PhoB binding to the selected promoter regions.
Electrophoretic mobility shift assay of PhoB DBD on a 5’ 6-FAM labeled DNA fragment (-
375 bp, from nt -360 to +15) from the promoter region of evpA. The DNA binding domain of
PhoB directly bound to the promoter region of evpA.
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Fig. IV.10. Genetics organization of the T6SS gene cluster and its flanking ORFs.
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Fig. IV.11. Additive effect of phosphate and iron on the expression and secretion of T3SS
and T6SS proteins in E. tarda ΔphoB. Silver stained SDS PAGE showing T3SS and T6SS
ECPs secretion (A) and (B) Western blot analysis showing the expression of EseB from T3SS;
EvpP and EvpC from T6SS by E. tarda ΔphoB cultured in DMEM in presence or absence of
phosphate and iron as indicated. Both the ECP and TCP fractions were adjusted for equal
number of bacterial cells as determined by standard plate count.
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Fig. IV.12. Effect of phosphate and iron on the expression of phoB, phoU, esrB, esrC and
fur in E. tarda ΔphoB. The ß-galactosidase activities of the reporter genes phoB-LacZ, phoU-
LacZ, esrB-LacZ and esrC-LacZ were determined in E. tarda ΔphoB in DMEM in presence or
absence of iron and/or phosphate as indicated. The values represent the mean ± SD from one
representative experiment performed with triplicate samples. Equivalent results were obtained at
least in triplicates.
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The ΔphoB mutant of E. tarda showed no expression of EvpC. No changes in the secretion of

ECP was observed in presence (ECP=2.25 ± 0.07 g/ml) or absence of phosphate (ECP=2.3 ±

0.10 g/ml). In contrast, ΔphoB still responds to changes in the iron concentration at levels

comparable to the wild type (Fig. IV.11). In the TypeVI gene cluster, genes from evpA to evpO

are regulated under the same promoter. PhoB binding to the promoter of evpA can only

regulate the secretion of EvpC which is present downstream of evpA but not EvpP which is

present upstream of evpA (Fig. IV.10). In ΔphoB, the expression of esrC was suppressed by

41.8% in comparison to wild type. In contrast, no reduction in the expression of esrB in the

ΔphoB mutant bacteria was observed which suggests that PhoB can only work through esrC

but not esrB (Fig. IV.12). In addition, high suppression of phoU-LacZ, pstS-LacZ and phoB-

LacZ were observed confirming PhoB binding to the polycistronic promoter present upstream

of pstS and regulating expression of pstSCAB-phoU operon. ECP profile of ΔphoB did not

show any changes on addition of phosphate, indicating that PhoB/PhoR two component system

is sensing phosphate for regulation of T3SS and T6SS secreted proteins. Transcriptional auto-

regulation is possible in phoBR operon since PhoB binds to its own promoter and RT-PCR

results also suggest that both phoB and phoR are co-transcribed (Fig. IV.8).

IV.3.5 PhoU positively controls T3SS and T6SS through EsrC

Insertional mutant of phoU (phoUi) was created to identify its possible function in the

virulence of E. tarda. The growth and protein secretion profiles of the wild type E. tarda

PPD130/91 and phoUi were measured at 30oC in presence or absence of phosphate and/ or

iron. SDS-PAGE analysis showed that phoUi E. tarda mutant was deficient in the secretion of
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T6SS proteins in E. tarda phoUi. Silver stained SDS PAGE showing T3SS and T6SS ECPs
secretion (A) and (B) Western blot analysis showing the expression of  EseB from T3SS; EvpP
and EvpC from T6SS by E. tarda phoUi cultured in DMEM in presence or absence of
phosphate and iron as indicated. Both the ECP and TCP fractions were adjusted for equal
number of bacterial cells as determined by standard plate count.
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Fig. IV.14. Proteome analysis of E. tarda PPD 130/91 and the E. tarda phoUi mutant. Total
cellular protein (A) wild type; and (B) phoUi mutant fractions in DMEM were separated on
Immobiline DryStrips (pH 3-10) combined with 2D-PAGE analysis (12.5% polyacrylamide).
Gels were silver stained.
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Fig. IV.15. Effect of phosphate and iron on the expression of phoB, phoU, esrB, esrC and
fur in E. tarda phoUi. The ß-galactosidase activities of the reporter genes phoB-LacZ, phoU-
LacZ, esrB-LacZ and esrC-LacZ were determined in E. tarda phoUi in DMEM in presence or
absence of iron and/or phosphate as indicated. The values represent the mean ± SD from one
representative experiment performed with triplicate samples. Equivalent results were obtained at
least in triplicates.
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of T3SS as well as T6SS, proteins, even in the absence of both iron and phosphate (ECP=0.75

± 0.10 g/ml, n=3).  Complete absence of both T3SS and T6SS secreted proteins was found in

the supernatant of mutant bacteria phoUi suggesting a regulatory function of PhoU (Fig.

IV.13). Total cell protein analysis of E. tarda PPD130/91 and phoUi mutant separated on

Immobiline DryStrips (pH 3 to 10) combined with 2-DE analysis (12.5% polyacrilamide)

identified suppression of several protein spots in the phoUi mutant bacteria also suggest

additional regulatory role of PhoU besides phosphate uptake (Fig. IV.14). To identify the mode

of function of PhoU, -galactosidase activities of the reporter genes phoB-LacZ, pstS-LacZ,

phoU-LacZ, esrB-LacZ and esrC-LacZ were determined in DMEM in presence or absence of

iron and phosphate in phoUi mutant background. Mutant phoUi shows 94.5% reduction in the

expression of esrC-LacZ in comparison to the wild type. In contrast, expression of esrB-LacZ

in phoUi remains at similar level as wild type bacteria (Fig. IV.15). Our results suggest that

PhoU exert its function through modulation of esrC but not esrB. In addition, PhoU may not

act as a negative repressor of pho regulon in E. tarda since phoUi shows 41% reduction in the

expression of phoB-LacZ in comparison with the wild type.

IV.3.6 Fur acts as a negative regulator of T3SS and T6SS; binds to evpP promoter and

functions through EsrC.

Recently, ferric uptake regulator (Fur) has been identified as a link between environmental iron

concentration and virulence in E. tarda. Generally, Fur protein binds to a consensus
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Fig. IV.16. Additive effect of phosphate and iron on the expression and secretion of T3SS
and T6SS proteins in E. tarda Δfur. Silver stained SDS PAGE showing T3SS and T6SS
ECPs secretion (A) and (B) Western blot analysis showing the expression of EseB from T3SS;
EvpP and EvpC from T6SS by E. tarda Δfur cultured in DMEM in presence or absence of
phosphate and iron as indicated. Both the ECP and TCP fractions were adjusted for equal
number of bacterial cells as determined by standard plate count.
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sequence (Fur box) mapped on the promoter region of a targeted gene and inhibits the

transcription of the gene. Fur box is identified upstream of evpP which is also regulated by iron

and EsrB. Non-polar deletion mutant of fur (Δfur) was created to identify the role of Fur in

response to E. tarda virulence. The growth and protein secretion profiles of the wild type

PPD130/91 and Δfur were measured at 30oC in presence or absence of phosphate and/or iron.

SDS-PAGE analysis showed that Δfur mutant was prolific in the secretion and expression

T3SS and T6SS proteins in absence of both iron and phosphate (ECP=5.75 ± 0.15 g/ml, n=3).

E. tarda Δfur mutant secreted 70% more ECP in comparison to the wild type bacteria (Fig.

IV.16). Mutant Δfur shows 75% increase in the expression of esrC-LacZ in comparison to the

wild type (Fig. IV.17) In contrast, expression of esrB-LacZ in phoUi remains at similar level as

wild type bacteria (Fig. IV.17). Similar to PhoU, our results suggest that Fur exert its function

through modulation of esrC but not esrB. Higher secretion of type III and typeVI proteins by

the mutant suggests negative regulatory activity of Fur. Interestingly Δfur could no longer

respond to iron suggesting its possible role as an iron sensor.  Although Δfur could not respond

to iron changes but it still responds to phosphate changes suggesting a cross-talk between

pstSCAB-phoU and fur.

IV.4 Discussion:

This study has established how environmental factors such as phosphate and iron can regulate

the expression and secretion of virulence proteins for the bacteria to invade inside host tissues.

In E. tarda, a transposon mutant (306) which has an insertion in a putative membrane protein

was shown to affect the expression of the T3SS. Unlike OmpR-EnvZ in Salmonella species,

this mutant did not affect the expressions of esrA or esrB but suppressed the expression of esrC
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Fig. IV.17. Effect of phosphate and iron on the expression of phoB, phoU, esrB, esrC and
fur in E. tarda Δfur. The ß-galactosidase activities of the reporter genes phoB-LacZ, phoU-
LacZ, esrB-LacZ and esrC-LacZ were determined in E. tarda Δfur in DMEM in presence or
absence of iron and/or phosphate as indicated. The values represent the mean ± SD from one
representative experiment performed with triplicate samples. Equivalent results were obtained at
least in triplicates.

.
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and the T3SS apparatus gene esaC. Interestingly, transposon insertion in pstC also has a

similar effect which inhibited the expression of esrC, suggesting that the PST operon has some

control over the expressions of type III and type VI gene clusters. (Zheng et al, 2005a).

Similarly, in this study we have seen that phoB/phoR as well as pstSCAB-phoU works through

the modulation of esrC but not esrB. Self-regulatory PhoB binds to the polycistronic promoter

of pstSCAB-phoU and positively regulates the transcription of genes involved in high affinity

phosphate transporter system. Inspection of the type III and type VI gene clusters showed

presence of a putative pho box in the promoter region of evpA, which codes for a non-

characterized bacterial T6SS protein. Both iron and phosphate negatively affects the secretion

as well as expression of T3SS and T6SS proteins in an additive manner in which the effect of

iron is more significant than that of phosphate. Fe2+ and phosphate exert an opposite effect on

the expression of genes belonging to two different regulatory cascades namely fur and

pstSCAB-phoU suggesting a negative cross-talk between them. In E. coli, PhoU had no effect

on the uptake of Pi and phoU mutant showed sever growth defect. In E. tarda PPD 130/91,

PhoU behaves as an activator and it regulates both the expression and secretion of T3SS and

T6SS proteins by modulating the expression of esrC. PhoB is positively regulated by PhoU and

the effect of phosphate on the expression of phoB is phoU dependent. Fe2+ can still activate the

expression of phoB in the absence of phoU confirming the additive effect of iron and

phosphate. Similar to PhoB, PhoU has been shown to exert a suppressing effect on the

expression of fur in a phosphate dependent manner. Fur is identified as a suppressor of T3SS

and T6SS proteins by regulating the expression of esrC. Fur behaves as a Fe2+ sensor and

inhibits the expressing levels of phoB, pstS, and phoU genes which are responsible for high

affinity phosphate uptake.
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Fig. IV.18. Model illustrating the phosphate and iron regulation of T3SS and T6SS by the
PhoB-PhoR and Fur system
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Our results shown that inactivation of pstSCAB-phoU operon enhanced the transcription of fur

which in turn suppressed the secretion of T3SS and T6SS proteins making E. tarda highly

avirulent. In E. coli, the transposon inserted at the pstC gene had pleiotropic effect which not

only affected the Pi transport but also reduced bactericidal resistance to serum, production of

polysaccharides and mutant carrying the transposon became avirulent in pigs (Daigle et al,

1995). In Streptomyces lividans, mutants lacking phoP and both phoPR were unable to grow at

low phosphate conditions and the production of extra-cellular alkaline phosphate was also

hindered suggesting PhoP/R involvement in alkaline phosphate regulation. Many secondary

metabolites like siderophores, antibiotics, and pigments were up regulated at low phosphate

conditions which may suggest that PhoP/R play an important role in many cellular functioning

(Sola-Landa et al, 2003).Disruption of fur led to the induction of pstSCAB-phoU operon which

acts as positive regulators and coordinate with esrC in regulating the T3SS and T6SS proteins.

Systemic control of regulation cascade is important for maintaining homeostasis in bacteria. E.

tarda infects many different fish species, such as blue gourami fish and channel catfish.

During edwardsiellosis, high content of organic material in surrounding water leads to high

iron and high phosphate conditions inducing the activity of negative regulator Fur. Fur in turn

preserves the energy in the bacteria by suppressing the secretion of virulence proteins to the

outside environment. Upon being engulfed by fish, bacteria sense rapid decrease of iron and

phosphate concentrations and recognize the presence of host. At the outset, low iron and low

phosphate triggers the positive activators PhoB and PstSCAB-phoU and at the same time

suppresses the negative regulator Fur. As a result, the bacteria become highly secretion

proficient and can exploit the host immune responses by releasing the virulence proteins

ensuring its survival.
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Chapter V. General conclusion and Future direction

V.1 General Conclusion

Cell-to-cell communication in bacteria is an intricate process that relies on the detection and

response to enviornmental stimuli as present within the host body. Often, bacteria use multiple

regulatory cascades to obtain information and respond to the environmental stimuli. In this

study we have used both genomics and proteomics approaches to show the regulation of E.

tarda in response to various environmental conditions such as temperature, Mg2+, antimicrobial

peptides, pH, phosphate and Fe2+. E. tarda shows maximum secretion of virulence proteins

from 23°C to 35°C with severe secretion defect at or below 20°C and at or above 37°C which

represents two distinct non-virulent states of the bacteria. Low Mg2+ concentration induces the

secretion of virulence proteins and acts with temperature in an additive manner. We have

identified PhoQ as the first reported temperature sensor in E. tarda showing significant change

of secondary structure with a temperature shift from 30°C to 37°C. PhoP, by binding to the

promoter region of esrB, positively regulates the type III and type VI secretion system and the

secretion defect at 37°C can be justified from the conformational change of PhoQ sensor

domain at 37°C. We have identified specific Pro and Thr residues in the PhoQ sensor domain

of E. tarda which are responsible for its low melting point. By changing specific amino acid

residues to the corresponding residues of S. typhimurium, we identified Pro 120 and Thr 167 as

the key residues responsible for the lower temperature stability of E. tarda PhoQ.

Complementation of phoQi  with the thermally stable mutants, resulted in a ‘loss of function’

phenotype  except for P77L, which showed constitutive secretion even at 20°C resembling a

temperature blind condition at 20°C. We also identified acidic cluster residues on PhoQ as the

Mg2+ binding site which can stabilize the sensor domain of PhoQ against urea and themal
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denaturation. We also showed that PhoQ of E. tarda is also responsive to acidic  pH and anti-

microbial peptides which act additvely regulating the secretion of T3SS and T6SS proteins.

Based on the TCP profile, 20°C and 37°C represents two distinct states of the bacteria where at

20°C, E. tarda attained a rod-shaped conformation which changed to a coccoid form at 37°C.

At 35°C, E. tarda exhibits an intermediate cocco-bacllius phenotype. We extended our

regulation study by investigating two more environmental factors, phosphate and iron, on the

virulence of E. tarda. Addition of phosphate and iron highly suppressed the expression and

secretion of type III and type VI proteins in an additive manner. We sequenced the two-

component regulatory system PhoB/PhoR and showed binding of PhoB to the polycistronic

promoter and positively regulating high affinity phosphate transport system pstSCAB-phoU.

PhoB also regulates the expression of a T6SS protein, EvpC, by binding to the promoter region

of evpA present upstream of evpC. Fur is an iron sensor which acts as a negative regulator by

supressing the activity of esrC. Addition of iron activates transcription of fur but supresses the

expression of pstSCAB-phoU and phoB. Similarly, addition of phosphate suppresses the

transcriptional activities of pstSCAB-phoU and phoB butactivated the transcription of fur. We

propose a negative cross-talk between the phosphate transport system PstSCAB-phoU and the

iron induced Fur. Our findings support the theory in which E. tarda face low phosphate and

Fe2+ concentrations within the phagosomes inside the host cells enabling it to exert maximim

virulence to survive against host immune responses. Outside the host body, bacteria preserve

energy and reside in a non-virulent state. In this study we have documented enviornmantal

signals from the host which induces the bacteria to become highly lethal and strengthen its

armor against host responses. More work is required to identify and relate new proteins and

signals which are involved in the recognition and cross-talk between pathogens and their hosts.
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This kind of studies can also be extended to other gram negative pathogenic bacteria to identify

the differences in the phenotype between species arising through horizontal gene transfer.

Therefore our future work will focus on the followings:

V.2 Future direction

1. To identify and characterize the functions of protein encoded in the pstSCAB-phoU

operon by systematical deletion of individual genes. This will give important

informations about the genes and their roles in the secretion of type III and type VI

proteins.

2. To study the effect of phosphate and iron on the secretion of virulence proteins in

EPEC. This will facilitate understanding the differences between species belonging to

the same genus.

3. To map the binding domain of EsrB and EsrC within the type III and type VI gene

clusters. As the transcriptional activities of esrB and esrC vary in response to different

environment signals, it will be useful to identify the exact binding sites of both the

regulatory proteins to understand gene specific enviornmental responses.

4. To study the presence of other genes containing the PhoP box, Fur box and Pho box in

their promoter regions which can help in the identification of new proteins involved in
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the cross-regulation cascades. This will fish out novel transcriptional regulators that

respond to specific environmental cues.

5. To study the effect of phosphate and iron on the transcription of specific genes present

within the type III and type VI clusters based on the EsrB and EsrC binding map.

6. To study the effect of various enviornmental signals on the TCP profile of non-polar

deletion mutants of esrB and esrC in a concentration dependent manner.

7. To identify the proteins involved in the morphological changes in E. tarda in response

to temperature. As E. tarda shows drastic changes in phenotype at two extreme

temperatures, two-diemensional PAGE followed by mass spectrometry can be used to

identify proteins expressed by bacteria under different incubation conditions. Deletion

mutants can be generated to identify proteins rendering morphological changes in E.

tarda.

8. To analyze the negative cross-talk between PstSCAB-phoU, PhoB/PhoR and Fur

regulon. GST-pull down assay and yeast two hybrid system can be used to identify

possible interactions between the regulatory proteins.



147

Chapter VI. References

Abdallah AM, Van Pittius NCG, Champion PAD, Cox J, Luirink J, Vandenbroucke-Grauls
CMJE, Appelmelk BJ, Bitter W (2007) Type VII secretion - mycobacteria show the way. Nat
Rev Microbiol 5: 883-891

Abe A, Kenny B, Stein M, Finlay BB (1997) Characterization of two virulence proteins
secreted by rabbit enteropathogenic Escherichia coli, EspA and EspB, whose maximal
expression is sensitive to host body temperature. Infect Immun 65: 3547-3555

Aguirre A, Cabeza ML, Spinelli SV, McClelland M, García Véscovi E, Soncini FC (2006)
PhoP-induced genes within Salmonella pathogenicity island 1. J Bacteriol 188: 6889-6898

Akbar S, Schechter LM, Lostroh CP, Lee CA (2003) AraC/XylS family members, HilD and
HilC, directly activate virulence gene expression independently of HilA in Salmonella
typhimurium. Mol Microbiol 47: 715-728

Anderson DM, Schneewind O (1997) A mRNA signal for the type III secretion of Yop
proteins by Yersinia enterocolitica. Science 278: 1140-1143

Anderson DM, Schneewind O (1999) Yersinia enterocolitica type III secretion: an mRNA
signal that couples translation and secretion of YopQ. Mol Microbiol 31: 1139-1148

Aravind L, Ponting CP (1999) The cytoplasmic helical linker domain of receptor histidine
kinase and methyl-accepting proteins is common to many prokaryotic signalling proteins.
FEMS Microbiol Lett 176: 111-116

Ashford RU, Sargeant PD, Lum GD (1998) Septic arthritis of the knee caused by Edwardsiella
tarda after a catfish puncture wound. Med J Aust 168: 443-444

Atkinson HM, Trust TJ (1980) Hemagglutination properties and adherence ability of
Aeromonas hydrophila. Infect Immun 27: 938-946

Backert S, Churin Y, Meyer TF (2002) Helicobacter pylori type IV secretion, host cell
signalling and vaccine development. Keio J Med 51 Suppl 2: 6-14

Bader MW, Sanowar S, Daley ME, Schneider AR, Cho U, Xu W, Klevit RE, Le Moual H,
Miller SI (2005) Recognition of antimicrobial peptides by a bacterial sensor kinase. Cell 122:
461-472

Baek JH, Kang YJ, Lee SY (2007) Transcript and protein level analyses of the interactions
among PhoB, PhoR, PhoU and CreC in response to phosphate starvation in Escherichia coli.
FEMS Microbiol Lett 277: 254-259



148

Banks AS (1992) A puncture wound complicated by infection with Edwardsiella tarda. J Am
Podiatr Med Assoc 82: 529-531

Baya AM, Romalde JL, Green DE, Navarro RB, Evans J, May EB, Toranzo AE (1997)
Edwardsiellosis in wild striped bass from the Chesapeake Bay. J Wildl Dis 33: 517-525

Behlau I, Miller SI (1993) A PhoP-repressed gene promotes Salmonella typhimurium invasion
of epithelial cells. J Bacteriol 175: 4475-4484

Beier D, Gross R (2006) Regulation of bacterial virulence by two-component systems. Curr
Opin Microbiol 9: 143-152

Bernard CS, Brunet YR, Gueguen E, Cascales E (2010) Nooks and crannies in type VI
secretion regulation. J Bacteriol 192: 3850-3860

Bhat P, Myers RM, Carpenter KP (1967) Edwardsiella tarda in a study of juvenile diarrhoea. J
Hyg (Lond) 65: 293-298

Bingle LE, Bailey CM, Pallen MJ (2008) Type VI secretion: a beginner's guide. Curr Opin
Microbiol 11: 3-8

Bitter W, Houben EN, Bottai D, Brodin P, Brown EJ, Cox JS, Derbyshire K, Fortune SM, Gao
LY, Liu J, Gey van Pittius NC, Pym AS, Rubin EJ, Sherman DR, Cole ST, Brosch R (2009)
Systematic genetic nomenclature for type VII secretion systems. PLoS Pathog 5: e1000507

Bjarnason J, Southward CM, Surette MG (2003) Genomic profiling of iron-responsive genes in
Salmonella enterica serovar typhimurium by high-throughput screening of a random promoter
library. J Bacteriol 185: 4973-4982

Bladergroen MR, Badelt K, Spaink HP (2003) Infection-blocking genes of a symbiotic
Rhizobium leguminosarum strain that are involved in temperature-dependent protein secretion.
Mol Plant Microbe Interact 16: 53-64

Boyer F, Fichant G, Berthod J, Vandenbrouck Y, Attree I (2009) Dissecting the bacterial type
VI secretion system by a genome wide in silico analysis: what can be learned from available
microbial genomic resources? Bmc Genomics 10: 104

Brencic A, Lory S (2009) Determination of the regulon and identification of novel mRNA
targets of Pseudomonas aeruginosa RsmA. Mol Microbiol 72: 612-632

Brencic A, McFarland KA, McManus HR, Castang S, Mogno I, Dove SL, Lory S (2009) The
GacS/GacA signal transduction system of Pseudomonas aeruginosa acts exclusively through its
control over the transcription of the RsmY and RsmZ regulatory small RNAs. Mol Microbiol
73: 434-445



149

Bryson K, McGuffin LJ, Marsden RL, Ward JJ, Sodhi JS, Jones DT (2005) Protein structure
prediction servers at University College London. Nucl Acids Res 33: W36-W38

Buchmeier N, Bossie S, Chen CY, Fang FC, Guiney DG, Libby SJ (1997) SlyA, a
transcriptional regulator of Salmonella typhimurium, is required for resistance to oxidative
stress and is expressed in the intracellular environment of macrophages. Infect Immun 65:
3725-3730

Buckles EL, Wang X, Lockatell CV, Johnson DE, Donnenberg MS (2006) PhoU enhances the
ability of extraintestinal pathogenic Escherichia coli strain CFT073 to colonize the murine
urinary tract. Microbiology 152: 153-160

Cascales E (2008) The type VI secretion toolkit. EMBO Rep 9: 735-741

Cenci P, Cavazzini G, Corradini L (1977) [Microbiological pollution of the environment due to
breeding. I. Enterobacteriaceae due to cattle breeding]. Boll Ist Sieroter Milan 56: 351-361

Chamnongpol S, Cromie M, Groisman EA (2003) Mg2+ sensing by the Mg2+ sensor PhoQ of
Salmonella enterica. J Mol Biol 325: 795-807

Chamnongpol S, Groisman EA (2002) Mg2+ homeostasis and avoidance of metal toxicity. Mol
Microbiol 44: 561-571

Chen JD, Lai SY (1998) PCR for direct detection of Edwardsiella tarda from infected fish and
environmental water by application of the hemolysin gene. Zool Stud 37: 169-176

Chen JD, Lai SY, Huang SL (1996) Molecular cloning, characterization, and sequencing of the
hemolysin gene from Edwardsiella tarda. Arch Microbiol 165: 9-17

Cheung J, Bingman CA, Reyngold M, Hendrickson WA, Waldburger CD (2008) Crystal
structure of a functional dimer of the PhoQ sensor domain. J Biol Chem 283: 13762-13770

Chiang SL, Taylor RK, Koomey M, Mekalanos JJ (1995) Single amino acid substitutions in
the N-terminus of Vibrio cholerae TcpA affect colonization, autoagglutination, and serum
resistance. Mol Microbiol 17: 1133-1142

Cho US, Bader MW, Amaya MF, Daley ME, Klevit RE, Miller SI, Xu W (2006) Metal bridges
between the PhoQ sensor domain and the membrane regulate transmembrane signaling. J Mol
Biol 356: 1193-1206

Clarridge JE, Musher DM, Fainstein V, Wallace RJ, Jr. (1980) Extraintestinal human infection
caused by Edwardsiella tarda. J Clin Microbiol 11: 511-514

Conlin CA, Tan SL, Hu H, Segar T (2001) The apeE gene of Salmonella enterica serovar
Typhimurium is induced by phosphate limitation and regulated by phoBR. J Bacteriol 183:
1784-1786



150

Cook RA, Tappe JP (1985) Chronic enteritis associated with Edwardsiella tarda infection in
Rockhopper penguins. J Am Vet Med Assoc 187: 1219-1220

Coombes BK, Wickham ME, Lowden MJ, Brown NF, Finlay BB (2005) Negative regulation
of Salmonella pathogenicity island 2 is required for contextual control of virulence during
typhoid. Proc Natl Acad Sci U S A 102: 17460-17465

Coy M, Neilands JB (1991) Structural dynamics and functional domains of the fur protein.
Biochemistry 30: 8201-8210

Cybulski LE, Albanesi D, Mansilla MC, Altabe S, Aguilar PS, De Mendoza D (2002)
Mechanism of membrane fluidity optimization: isothermal control of the Bacillus subtilis acyl-
lipid desaturase. Mol Microbiol 45: 1379-1388

Daigle F, Fairbrother JM, Harel J (1995) Identification of a mutation in the pst-phoU operon
that reduces pathogenicity of an Escherichia coli strain causing septicemia in pigs. Infect
Immun 63: 4924-4927

Dalmo RA, Ingebrigtsen K, Bogwald J (1997) Non-specific defence mechanisms in fish, with
particular reference to the reticuloendothelial system (RES). Journal of Fish Diseases 20: 241-
273

Das S, Chaudhuri K (2003) Identification of a unique IAHP (IcmF associated homologous
proteins) cluster in Vibrio cholerae and other proteobacteria through in silico analysis. In Silico
Biol 3: 287-300

Dasgupta N, Lykken GL, Wolfgang MC, Yahr TL (2004) A novel anti-anti-activator
mechanism regulates expression of the Pseudomonas aeruginosa type III secretion system. Mol
Microbiol 53: 297-308

Davis BM, Quinones M, Pratt J, Ding Y, Waldor MK (2005) Characterization of the small
untranslated RNA RyhB and its regulon in Vibrio cholerae. J Bacteriol 187: 4005-4014

Deiwick J, Nikolaus T, Erdogan S, Hensel M (1999) Environmental regulation of Salmonella
pathogenicity island 2 gene expression. Mol Microbiol 31: 1759-1773

Delany I, Rappuoli R, Scarlato V (2004) Fur functions as an activator and as a repressor of
putative virulence genes in Neisseria meningitidis. Mol Microbiol 52: 1081-1090

Deng W, Burland V, Plunkett G, 3rd, Boutin A, Mayhew GF, Liss P, Perna NT, Rose DJ, Mau
B, Zhou S, Schwartz DC, Fetherston JD, Lindler LE, Brubaker RR, Plano GV, Straley SC,
McDonough KA, Nilles ML, Matson JS, Blattner FR, Perry RD (2002a) Genome sequence of
Yersinia pestis KIM. J Bacteriol 184: 4601-4611



151

Deng W, Burland V, Plunkett III G, Boutin A, Mayhew GF, Liss P, Perna NT, Rose DJ, Mau
B, Zhou S, Schwartz DC, Fetherston JD, Lindler LE, Brubaker RR, Plano GV, Straley SC,
McDonough KA, Nilles ML, Matson JS, Blattner FR, Perry RD (2002b) Genome sequence of
Yersinia pestis KIM. J Bacteriol 184: 4601-4611

Deng W, Puente JL, Gruenheid S, Li Y, Vallance BA, Vazquez A, Barba J, Ibarra JA,
O'Donnell P, Metalnikov P, Ashman K, Lee S, Goode D, Pawson T, Finlay BB (2004)
Dissecting virulence: systematic and functional analyses of a pathogenicity island. Proc Natl
Acad Sci U S A 101: 3597-3602

Desenclos JC, Conti L, Junejo S, Klontz KC (1990) A cluster of Edwardsiella tarda infection in
a day-care center in Florida. J Infect Dis 162: 782

Doucleff M, Pelton JG, Lee PS, Nixon BT, Wemmer DE (2007) Structural basis of DNA
recognition by the alternative sigma-factor, sigma54. J Mol Biol 369: 1070-1078

Ebel F, Deibel C, Kresse AU, Guzmán CA, Chakraborty T (1996) Temperature- and medium-
dependent secretion of proteins by shiga toxin-producing Escherichia coli. Infect Immun 64:
4472-4479

Edelman S, Leskela S, Ron E, Apajalahti J, Korhonen TK (2003) In vitro adhesion of an avian
pathogenic Escherichia coli O78 strain to surfaces of the chicken intestinal tract and to ileal
mucus. Vet Microbiol 91: 41-56

Edwards RA, Keller LH, Schifferli DM (1998) Improved allelic exchange vectors and their use
to analyze 987P fimbria gene expression. Gene 207: 149-157

Edwards RA, L. H. Keller, and D. M. Schifferli. (1998) Improved allelic exchange vectors and
their use to analyze 987P fimbria gene expression. gene 207: 149-157

Ellermeier CD, Slauch JM (2003) RtsA and RtsB coordinately regulate expression of the
invasion and flagellar genes in Salmonella enterica serovar Typhimurium. J Bacteriol 185:
5096-5108

Ellermeier JR, Slauch JM (2008) Fur regulates expression of the Salmonella pathogenicity
island 1 type III secretion system through HilD. J Bacteriol 190: 476-486

Elliott SJ, Wainwright LA, McDaniel TK, Jarvis KG, Deng YK, Lai LC, McNamara BP,
Donnenberg MS, Kaper JB (1998) The complete sequence of the locus of enterocyte
effacement (LEE) from enteropathogenic Escherichia coli E2348/69. Mol Microbiol 28: 1-4

Escolar L, Perez-Martin J, de Lorenzo V (1999) Opening the iron box: transcriptional
metalloregulation by the Fur protein. J Bacteriol 181: 6223-6229

Farizo KM, Huang T, Burns DL (2000) Importance of holotoxin assembly in Ptl-mediated
secretion of pertussis toxin from Bordetella pertussis. Infect Immun 68: 4049-4054



152

Feng X, Oropeza R, Kenney LJ (2003a) Dual regulation by phospho-OmpR of ssrA/B gene
expression in Salmonella pathogenicity island 2. Mol Microbiol 48: 1131-1143

Feng X, Oropeza R, Kenney LJ (2003b) Dual regulation by phospho-OmpR of ssrA/B gene
expression in Salmonella pathogenicity island 2. Mol Microbiol 48: 1131-1143

Filloux A, Hachani A, Bleves S (2008) The bacterial type VI secretion machine: yet another
player for protein transport across membranes. Microbiology 154: 1570-1583

Filloux A, Michel G, Bally M (1998) GSP-dependent protein secretion in gram-negative
bacteria: the Xcp system of Pseudomonas aeruginosa. FEMS Microbiol Rev 22: 177-198

Folkesson A, Lofdahl S, Normark S (2002) The Salmonella enterica subspecies I specific
centisome 7 genomic island encodes novel protein families present in bacteria living in close
contact with eukaryotic cells. Res Microbiol 153: 537-545

Forrester DJ, White FH, Woodard JC, Thompson NP (1975) Intussusception in a Florida
manatee. J Wildl Dis 11: 566-568

Francis-Floyd R, Reed P, Bolon B, Estes J, McKinney S (1993) An epizootic of Edwardsiella
tarda in largemouth bass (Micropterus salmoides). J Wildl Dis 29: 334-336

Francis MS, Wolf-Watz H, Forsberg A (2002) Regulation of type III secretion systems. Curr
Opin Microbiol 5: 166-172

Frank DW (1997) The exoenzyme S regulon of Pseudomonas aeruginosa. Mol Microbiol 26:
621-629

Friedberg D, Umanski T, Fang Y, Rosenshine I (1999) Hierarchy in the expression of the locus
of enterocyte effacement genes of enteropathogenic Escherichia coli. Mol Microbiol 34: 941-
952

Friedman YE, O'Brian MR (2004) The ferric uptake regulator (Fur) protein from
Bradyrhizobium japonicum is an iron-responsive transcriptional repressor in vitro. J Biol Chem
279: 32100-32105

Garcia GG, Nandini S, Sarma SS (2004) Effect of cadmium on the population dynamics of
Moina macrocopa and Macrothrix triserialis (Cladocera). Bull Environ Contam Toxicol 72:
717-724

García Véscovi E, Ayala YM, Di Cera E, Groisman EA (1997) Characterization of the
bacterial sensor protein PhoQ. J Biol Chem 272: 1440-1443



153

Garmendia J, Beuzon CR, Ruiz-Albert J, Holden DW (2003) The roles of SsrA-SsrB and
OmpR-EnvZ in the regulation of genes encoding the Salmonella typhimurium SPI-2 type III
secretion system. Microbiology 149: 2385-2396

Gilbert KB, Kim TH, Gupta R, Greenberg EP, Schuster M (2009) Global position analysis of
the Pseudomonas aeruginosa quorum-sensing transcription factor LasR. Mol Microbiol 73:
1072-1085

Gilman RH, Madasamy M, Gan E, Mariappan M, Davis CE, Kyser KA (1971) Edwardsiella
tarda in jungle diarrhoea and a possible association with Entamoeba histolytica. Southeast
Asian J Trop Med Public Health 2: 186-189

Goldberg MD, Johnson M, Hinton JC, Williams PH (2001) Role of the nucleoid-associated
protein Fis in the regulation of virulence properties of enteropathogenic Escherichia coli. Mol
Microbiol 41: 549-559

Goodman AL, Merighi M, Hyodo M, Ventre I, Filloux A, Lory S (2009) Direct interaction
between sensor kinase proteins mediates acute and chronic disease phenotypes in a bacterial
pathogen. Genes Dev 23: 249-259

Grant AJ, Farris M, Alefounder P, Williams PH, Woodward MJ, O'Connor CD (2003) Co-
ordination of pathogenicity island expression by the BipA GTPase in enteropathogenic
Escherichia coli (EPEC). Mol Microbiol 48: 507-521

Gray CG, Cowley SC, Cheung KK, Nano FE (2002) The identification of five genetic loci of
Francisella novicida associated with intracellular growth. FEMS Microbiol Lett 215: 53-56

Grimont PAD, Grimont F, Richard C, Sakazaki R (1980) Edwardsiella-Hoshinae, a New
Species of Enterobacteriaceae. Curr Microbiol 4: 347-351

Groisman EA (2001) The Pleiotropic two-component regulatory system PhoP-PhoQ. J
Bacteriol 183: 1835-1842

Haack KR, Robinson CL, Miller KJ, Fowlkes JW, Mellies JL (2003) Interaction of Ler at the
LEE5 (tir) operon of enteropathogenic Escherichia coli. Infect Immun 71: 384-392

Hacker J, Kaper JB (2000) Pathogenicity islands and the evolution of microbes. Annu Rev
Microbiol 54: 641-679

Haldimann A, Daniels LL, Wanner BL (1998) Use of new methods for construction of tightly
regulated arabinose and rhamnose promoter fusions in studies of the Escherichia coli
phosphate regulon. J Bacteriol 180: 1277-1286

Hall HK, Foster JW (1996) The role of fur in the acid tolerance response of Salmonella
typhimurium is physiologically and genetically separable from its role in iron acquisition. J
Bacteriol 178: 5683-5691



154

Hanahan D (1983) Studies on Transformation of Escherichia-Coli with Plasmids. Journal of
Molecular Biology 166: 557-580

Hantke K (2001) Iron and metal regulation in bacteria. Curr Opin Microbiol 4: 172-177

Hargreaves JA, Tomasso Jr. JR (2004) Environmental biology. In Biology and culture of
channel catfish, Tucker CS, Hargreaves JA (eds), pp 42-43. Amsterdam, The Netherlands:
Elsevier B.V.

Harvie DR, Vilchez S, Steggles JR, Ellar DJ (2005) Bacillus cereus Fur regulates iron
metabolism and is required for full virulence. Microbiology 151: 569-577

Hawke JP, Mcwhorter AC, Steigerwalt AG, Brenner DJ (1981) Edwardsiella-Ictaluri Sp-Nov,
the Causative Agent of Enteric Septicemia of Catfish. Int J Syst Bacteriol 31: 396-400

Heeb S, Kuehne SA, Bycroft M, Crivii S, Allen MD, Haas D, Camara M, Williams P (2006)
Functional analysis of the post-transcriptional regulator RsmA reveals a novel RNA-binding
site. J Mol Biol 355: 1026-1036

Henderson IR, Navarro-Garcia F, Desvaux M, Fernandez RC, Ala'Aldeen D (2004) Type V
protein secretion pathway: the autotransporter story. Microbiol Mol Biol Rev 68: 692-744

Henderson IR, Navarro-Garcia F, Nataro JP (1998) The great escape: structure and function of
the autotransporter proteins. Trends Microbiol 6: 370-378

Hensel M (2000) Salmonella pathogenicity island 2. Mol Microbiol 36: 1015-1023

Hensel M, Shea JE, Waterman SR, Mundy R, Nikolaus T, Banks G, Vazquez-Torres A,
Gleeson C, Fang FC, Holden DW (1998) Genes encoding putative effector proteins of the type
III secretion system of Salmonella pathogenicity island 2 are required for bacterial virulence
and proliferation in macrophages. Mol Microbiol 30: 163-174

Heurlier K, Denervaud V, Pessi G, Reimmann C, Haas D (2003) Negative control of quorum
sensing by RpoN (sigma54) in Pseudomonas aeruginosa PAO1. J Bacteriol 185: 2227-2235

Hirono I, Tange N, Aoki T (1997) Iron-regulated haemolysin gene from Edwardsiella tarda.
Mol Microbiol 24: 851-856

Hommais F, Krin E, Coppee JY, Lacroix C, Yeramian E, Danchin A, Bertin P (2004) GadE
(YhiE): a novel activator involved in the response to acid environment in Escherichia coli.
Microbiology 150: 61-72

Horsburgh MJ, Ingham E, Foster SJ (2001) In Staphylococcus aureus, fur is an interactive
regulator with PerR, contributes to virulence, and Is necessary for oxidative stress resistance
through positive regulation of catalase and iron homeostasis. J Bacteriol 183: 468-475



155

Hoshina T (1962) On a new bacterium, Paracolobactrum anguillimortiferum. Bull Jap Soc Sci
Fish 28: 162-164

Hueck CJ (1998) Type III protein secretion systems in bacterial pathogens of animals and
plants. Microbiol Mol Biol Rev 62: 379-433

Hunger K, Beckering CL, Marahiel MA (2004) Genetic evidence for the temperature-sensing
ability of the membrane domain of the Bacillus subtilis histidine kinase DesK. FEMS
Microbiol Lett 230: 41-46

Ide T, Laarmann S, Greune L, Schillers H, Oberleithner H, Schmidt MA (2001)
Characterization of translocation pores inserted into plasma membranes by type III-secreted
Esp proteins of enteropathogenic Escherichia coli. Cell Microbiol 3: 669-679

Iida T, Wakabayashi H (1993) Resistance of Edwardsiella-Tarda to Opsonophagocytosis of Eel
Neutrophils. Fish Pathol 28: 191-192

Ishikawa T, Rompikuntal PK, Lindmark B, Milton DL, Wai SN (2009) Quorum sensing
regulation of the two hcp alleles in Vibrio cholerae O1 strains. Plos One 4: e6734

Jacobsen I, Gerstenberger J, Gruber AD, Bosse JT, Langford PR, Hennig-Pauka I, Meens J,
Gerlach GF (2005) Deletion of the ferric uptake regulator Fur impairs the in vitro growth and
virulence of Actinobacillus pleuropneumoniae. Infect Immun 73: 3740-3744

Janda JM, Abbott SL (1993) Infections associated with the genus Edwardsiella: the role of
Edwardsiella tarda in human disease. Clin Infect Dis 17: 742-748

Janda JM, Abbott SL, Oshiro LS (1991) Penetration and replication of Edwardsiella spp. in
HEp-2 cells. Infect Immun 59: 154-161

Janda JM, Abott SL (1993) Infections associated with genus Edwardsiella: the role of
Edwardsiella tarda in human disease. Clin Infect Dis 17: 742-748

Johansson J, Mandin P, Renzoni A, Chiaruttini C, Springer M, Cossart P (2002) An RNA
thermosensor controls expression of virulence genes in Listeria monocytogenes. Cell 110: 551-
561

Johnson TL, Abendroth J, Hol WG, Sandkvist M (2006) Type II secretion: from structure to
function. FEMS Microbiol Lett 255: 175-186

Jones DT (1999) Protein secondary structure prediction based on position-specific scoring
matrices. J Mol Biol 292: 195-202

Jordan GW, Hadley WK (1969) Human infection with Edwardsiella tarda. Ann Intern Med 70:
283-288



156

Jyot J, Dasgupta N, Ramphal R (2002) FleQ, the major flagellar gene regulator in
Pseudomonas aeruginosa, binds to enhancer sites located either upstream or atypically
downstream of the RpoN binding site. J Bacteriol 184: 5251-5260

Kaniga K, Bossio JC, Galan JE (1994) The Salmonella typhimurium invasion genes invF and
invG encode homologues of the AraC and PulD family of proteins. Mol Microbiol 13: 555-568

Karavolos MH, Roe AJ, Wilson M, Henderson J, Lee JJ, Gally DL, Khan CM (2005) Type III
secretion of the Salmonella effector protein SopE is mediated via an N-terminal amino acid
signal and not an mRNA sequence. J Bacteriol 187: 1559-1567

Karjalainen TK, Evans DG, Evans DJ, Jr., Graham DY, Lee CH (1991) Iron represses the
expression of CFA/I fimbriae of enterotoxigenic E. coli. Microb Pathog 11: 317-323

Kato A, Tananbe H, Utsumi R (1999) Molecular characterization of the PhoP-PhoQ two-
component system in Escherichia coli K-12: Identification of extracellular Mg2+ responsive
promoters. J Bacteriol 181: 5516-5520

Khajanchi BK, Sha J, Kozlova EV, Erova TE, Suarez G, Sierra JC, Popov VL, Horneman AJ,
Chopra AK (2009) N-acylhomoserine lactones involved in quorum sensing control the type VI
secretion system, biofilm formation, protease production, and in vivo virulence in a clinical
isolate of Aeromonas hydrophila. Microbiology 155: 3518-3531

Kim CC, Falkow S (2004) Delineation of upstream signaling events in the salmonella
pathogenicity island 2 transcriptional activation pathway. J Bacteriol 186: 4694-4704

Kokubo T, Iida T, Wakabayashi H (1990) Production of Siderophore by Edwardsiella-Tarda.
Fish Pathol 25: 237-241

Köster W (2001) ABC transporter-mediated uptake of iron, siderophores, heme and vitamin
B12. Res Microbiol 152: 291-301

Kourany M, Vasquez MA, Saenz R (1977) Edwardsiellosis in man and animals in Panama:
clinical and epidemiological characteristics. Am J Trop Med Hyg 26: 1183-1190

Lamarche MG, Wanner BL, Crepin S, Harel J (2008) The phosphate regulon and bacterial
virulence: a regulatory network connecting phosphate homeostasis and pathogenesis. FEMS
Microbiol Rev 32: 461-473

Lapouge K, Schubert M, Allain FH, Haas D (2008) Gac/Rsm signal transduction pathway of
gamma-proteobacteria: from RNA recognition to regulation of social behaviour. Mol Microbiol
67: 241-253

Laub MT, Goulian M (2007) Specificity in two-component signal transduction pathways. Annu
Rev Genet 41: 121-145



157

Lee AK, Detweiler CS, Falkow S (2000a) OmpR regulates the two-component system SsrA-
SsrB in Salmonella pathogenicity island 2. J Bacteriol 182: 771-781

Lee AK, Detweiler CS, Falkow S (2000b) OmpR regulates the two-component system SsrA-
ssrB in Salmonella pathogenicity island 2. J Bacteriol 182: 771-781

Lesic B, Starkey M, He J, Hazan R, Rahme LG (2009) Quorum sensing differentially regulates
Pseudomonas aeruginosa type VI secretion locus I and homologous loci II and III, which are
required for pathogenesis. Microbiology 155: 2845-2855

Lesley JA, Waldburger CD (2001) Comparison of the Pseudomonas aeruginosa and
Escherichia coli PhoQ sensor domains. J Biol Chem 276: 30827-20833

Letunic I, Doerks T, Bork P (2009) SMART 6: recent updates and new developments. Nucl
Acids Res 37: D229-D232

Li M, Rosenshine I, Tung SL, Wang XH, Friedberg D, Hew CL, Leung KY (2004)
Comparative proteomic analysis of extracellular proteins of enterohemorrhagic and
enteropathogenic Escherichia coli strains and their ihf and ler mutants. Appl Environ Microb
70: 5274-5282

Ling SH, Wang XH, Xie L, Lim TM, Leung KY (2000) Use of green fluorescent protein
(GFP) to study the invasion pathways of Edwardsiella tarda in in vivo and in vitro fish models.
Microbiology 146 ( Pt 1): 7-19

Litwin CM, Calderwood SB (1993) Role of iron in regulation of virulence genes. Clin
Microbiol Rev 6: 137-149

Lloyd SA, Norman M, Rosqvist R, Wolf-Watz H (2001) Yersinia YopE is targeted for type III
secretion by N-terminal, not mRNA, signals. Mol Microbiol 39: 520-531

Lodge J, Fear J, Busby S, Gunasekaran P, Kamini NR (1992) Broad host range plasmids
carrying the Escherichia coli lactose and galactose operons. FEMS Microbiol Lett 95: 271-276

Lodge J, J. Fear, S. Busby, P. Gunasekaran, and N. R. Kamini. (1992) Broad host range
plasmids carrying the Escherichia coli lactose and galactose operons. FEMS Microbiol Lett 95:
271-276

Lostroh CP, Bajaj V, Lee CA (2000) The cis requirements for transcriptional activation by
HilA, a virulence determinant encoded on SPI-1. Mol Microbiol 37: 300-315

Lostroh CP, Lee CA (2001) The HilA box and sequences outside it determine the magnitude of
HilA-dependent activation of P(prgH) from Salmonella pathogenicity island 1. J Bacteriol
183: 4876-4885



158

Lucas RL, Lee CA (2001) Roles of hilC and hilD in regulation of hilA expression in
Salmonella enterica serovar Typhimurium. J Bacteriol 183: 2733-2745

Lucas RL, Lostroh CP, DiRusso CC, Spector MP, Wanner BL, Lee CA (2000) Multiple factors
independently regulate hilA and invasion gene expression in Salmonella enterica serovar
typhimurium. J Bacteriol 182: 1872-1882

Ma AT, McAuley S, Pukatzki S, Mekalanos JJ (2009) Translocation of a Vibrio cholerae type
VI secretion effector requires bacterial endocytosis by host cells. Cell Host Microbe 5: 234-
243

Ma Z, Gong S, Richard H, Tucker DL, Conway T, Foster JW (2003) GadE (YhiE) activates
glutamate decarboxylase-dependent acid resistance in Escherichia coli K-12. Mol Microbiol
49: 1309-1320

Makino K, Amemura M, Kawamoto T, Kimura S, Shinagawa H, Nakata A, Suzuki M (1996)
DNA binding of PhoB and its interaction with RNA polymerase. J Mol Biol 259: 15-26

Marlovits TC, Kubori T, Sukhan A, Thomas DR, Galan JE, Unger VM (2004) Structural
insights into the assembly of the type III secretion needle complex. Science 306: 1040-1042

Marques LRM, Toledo MRF, Silva NP, Magalhaes M, Trabulsi LR (1984) Invasion of Hela-
Cells by Edwardsiella-Tarda. Curr Microbiol 10: 129-132

Martin-Orozco N, Touret N, Zaharik ML, Park E, Kopelman R, Miller S, Finlay BB, Gros P,
Grinstein S (2006) Visualization of vacuolar acidification-induced transcription of genes of
pathogens inside macrophages. Mol Biol Cell 17: 498-510

Mascher T, Helmann JD, Unden G (2006) Stimulus perception in bacterial signal-transducing
histidine kinases. Microbiol Mol Biol Rev 70: 910-938

Mauel MJ, Miller DL, Frazier KS, Hines ME, 2nd (2002) Bacterial pathogens isolated from
cultured bullfrogs (Rana castesbeiana). J Vet Diagn Invest 14: 431-433

Maurelli AT, Blackmon B, Curtiss III R (1984) Temperature-dependent expression of
virulence genes in Shigella species. Infect Immun 43: 195-201

McCarter L, Silverman M (1989) Iron regulation of swarmer cell differentiation of Vibrio
parahaemolyticus. J Bacteriol 171: 731-736

McCaw ML, Lykken GL, Singh PK, Yahr TL (2002) ExsD is a negative regulator of the
Pseudomonas aeruginosa type III secretion regulon. Mol Microbiol 46: 1123-1133

McClelland M, Sanderson KE, Spieth J, Clifton SW, Latreille P, Courtney L, Porwollik S, Ali
J, Dante M, Du F, Hou S, Layman D, Leonard S, Nguyen C, Scott K, Holmes A, Grewal N,
Mulvaney E, Ryan E, Sun H, Florea L, Miller W, Stoneking T, Nhan M, Waterston R, Willson



159

RK (2001a) Complete genome sequence of Salmonella enterica serovar Typhimurium LT2.
Nature 413: 852-856

McClelland M, Sanderson KE, Spieth J, Clifton SW, Latreille P, Courtney L, Porwollik S, Ali
J, Dante M, Du F, Hou S, Layman D, Leonard S, Nguyen C, Scott K, Holmes A, Grewal N,
Mulvaney E, Ryan E, Sun H, Florea L, Miller W, Stoneking T, Nhan M, Waterston R, Wilson
RK (2001b) Complete genome sequence of Salmonella enterica serovar Typhimurium LT2.
Nature 413: 852-856

McDaniel TK, Jarvis KG, Donnenberg MS, Kaper JB (1995) A genetic locus of enterocyte
effacement conserved among diverse enterobacterial pathogens. Proc Natl Acad Sci U S A 92:
1664-1668

Mellies JL, Elliott SJ, Sperandio V, Donnenberg MS, Kaper JB (1999) The Per regulon of
enteropathogenic Escherichia coli : identification of a regulatory cascade and a novel
transcriptional activator, the locus of enterocyte effacement (LEE)-encoded regulator (Ler).
Mol Microbiol 33: 296-306

Mey AR, Craig SA, Payne SM (2005a) Characterization of Vibrio cholerae RyhB: the RyhB
regulon and role of ryhB in biofilm formation. Infect Immun 73: 5706-5719

Mey AR, Wyckoff EE, Kanukurthy V, Fisher CR, Payne SM (2005b) Iron and fur regulation in
Vibrio cholerae and the role of fur in virulence. Infect Immun 73: 8167-8178

Meyer FP, Bullock GL (1973) Edwardsiella tarda, a new pathogen of channel catfish (Ictalurus
punctatus). Appl Microbiol 25: 155-156

Miller S (1972) Experiments in Molecular Genetics,  New York: Cold Spring Harbor
Laboratory Press.

Miller SI (1991) PhoP/PhoQ: macrophage-specific modulators of Salmonella virulence? Mol
Microbiol 5: 2073-2078

Minagawa S, Ogasawara H, Kato A, Yamamoto K, Eguchi Y, Oshima T, Mori H, Ishihama A,
Utsumi R (2003) Identification and molecular characterization of the Mg2+ stimulon of
Escherichia coli. J Bacteriol 185: 3696-3702

Mohanty BR, Sahoo PK (2007) Edwardsiellosis in fish: a brief review. J Biosci 32: 1331-1344

Mok Y-K, de Prat Gay G, Butler PJ, Bycroft M (1995) Equilibrium dissociation and unfolding
of the human papillomavirus strain-16 E2 DNA binding domain. Protein Sci 5: 310-319

Mok Y-K, Elisseeva EL, Davidson AR, Forman-Kay JD (2001) Dramatic stabilization of an
SH3 domain by a single substitution: Roles of the folded and unfolded states. J Mol Biol 307:
913-928



160

Moore MM, Fernandez DL, Thune RL (2002) Cloning and characterization of Edwardsiella
ictaluri proteins expressed and recognized by the channel catfish Ictalurus punctatus immune
response during infection. Dis Aquat Organ 52: 93-107

Mougous JD, Cuff ME, Raunser S, Shen A, Zhou M, Gifford CA, Goodman AL, Joachimiak
G, Ordonez CL, Lory S, Walz T, Joachimiak A, Mekalanos JJ (2006) A virulence locus of
Pseudomonas aeruginosa encodes a protein secretion apparatus. Science 312: 1526-1530

Mudgett MB, Chesnokova O, Dahlbeck D, Clark ET, Rossier O, Bonas U, Staskawicz BJ
(2000) Molecular signals required for type III secretion and translocation of the Xanthomonas
campestris AvrBs2 protein to pepper plants. Proc Natl Acad Sci U S A 97: 13324-13329

Murakami M, Lopez-Garcia B, Braff M, Dorschner RA, Gallo RL (2004) Postsecretory
precessing generates multiple cathelicidins for enhanced topical antimicrobial defense. J
Immunol 172: 3070-3077

Nagel P, Serritella A, Layden TJ (1982) Edwardsiella tarda gastroenteritis associated with a pet
turtle. Gastroenterology 82: 1436-1437

Nelson DL, Kennedy EP (1971) Magnesium transport in Escherichia coli.  Inhibition by
cobaltous ion. J Biol Chem 246: 3042-3049

Niederhoffer EC, Naranjo CM, Bradley KL, Fee JA (1990) Control of Escherichia coli
superoxide dismutase (sodA and sodB) genes by the ferric uptake regulation (fur) locus. J
Bacteriol 172: 1930-1938

Nikaido H (2002) How are the ABC transporters energized? Proc Natl Acad Sci U S A 99:
9609-9610

Nikolaus T, Deiwick J, Rappl C, Freeman JA, Schröder W, Miller S, Hensel M (2001a)
SseBCD proteins are secreted by the type III secretion system of Salmonella pathogenicity
island 2 and function as a translocon. J Bacteriol 183: 6036-6045

Nikolaus T, Deiwick J, Rappl C, Freeman JA, Schroder W, Miller SI, Hensel M (2001b)
SseBCD proteins are secreted by the type III secretion system of Salmonella pathogenicity
island 2 and function as a translocon. J Bacteriol 183: 6036-6045

Occhino DA, Wyckoff EE, Henderson DP, Wrona TJ, Payne SM (1998) Vibrio cholerae iron
transport: haem transport genes are linked to one of two sets of tonB, exbB, exbD genes. Mol
Microbiol 29: 1493-1507

Ochsner UA, Vasil ML (1996) Gene repression by the ferric uptake regulator in Pseudomonas
aeruginosa: cycle selection of iron-regulated genes. Proc Natl Acad Sci U S A 93: 4409-4414



161

Onogawa T, Terayama T, Zen-yoji H, Amano Y, Suzuki K (1976) [Distribution of
Edwardsiella tarda and hydrogen sulfide-producing Escherichia coli in healthy persons].
Kansenshogaku Zasshi 50: 10-17

Osiri M, Tantawichien T, Deesomchock U (1997) Edwardsiella tarda bacteremia and septic
arthritis in a patient with diabetes mellitus. Southeast Asian J Trop Med Public Health 28: 669-
672

Ovartlarnporn B, Chayakul P, Suma S (1986) Edwardsiella tarda infection in Hat Yai Hospital.
J Med Assoc Thai 69: 599-603

Owens DR, Nelson SL, Addison JB (1974) Isolation of Edwardsiella tarda from swine. Appl
Microbiol 27: 703-705

Pallen MJ, Chaudhuri RR, Henderson IR (2003) Genomic analysis of secretion systems. Curr
Opin Microbiol 6: 519-527

Palyada K, Threadgill D, Stintzi A (2004) Iron acquisition and regulation in Campylobacter
jejuni. J Bacteriol 186: 4714-4729

Pappalardo L, Janausch IG, Vijayan V, Zientz E, Junker J, Peti W, Zweckstetter M, Unden G,
Griesinger C (2003) The NMR structure of the sensory domain of the membranous two-
component fumarate sensor (histidine protein kinase) DcuS of Escherichia coli. J Biol Chem
278: 39185-39188

Payne SM (1988) Iron and virulence in the family Enterobacteriaceae. Crit Rev Microbiol 16:
81-111

Pegues DA, Hantman MJ, Behlau I, Miller SI (1995) PhoP/PhoQ transcriptional repression of
Salmonella typhimurium invasion genes: evidence for a role in protein secretion. Mol
Microbiol 17: 169-181

Potvin E, Sanschagrin F, Levesque RC (2008) Sigma factors in Pseudomonas aeruginosa.
FEMS Microbiol Rev 32: 38-55

Prajapati RS, Das M, Sreeramulu S, Sirajuddin M, Srinivasan S, Krishnamurthy V, Ranjani R,
Ramakrishnan C, Varadarajan R (2007) Thermodynamic effects of proline introduction on
protein stability. Proteins 66: 480-491

Prost LR, Daley ME, Bader MW, Klevit RE, Miller SI (2008) The PhoQ histidine kinases of
Salmonella and Pseudomonas spp. are structurally and functionally different: evidence that pH
and antimicrobial peptide sensing contribute to mammalian pathogenesis. Mol Microbiol 69:
503-519

Prost LR, Daley ME, Le Sage V, Bader MW, Le Moual H, Klevit RE, Miller SI (2007a)
Activation of the bacterial sensor kinase PhoQ by acidic pH. Mol Cell 26: 165-174



162

Prost LR, Miller SI (2008a) The Salmonellae PhoQ sensor: mechanisms of detection of
phagosome signals. Cell Microbiol 10: 576-582

Prost LR, Miller SI (2008b) The Salmonellae PhoQ sensor: mechanisms of detection of
phagosome signals. Cell Microbiol 10: 576-582

Prost LR, Sanowar S, Miller SI (2007b) Salmonella sensing of anti-microbial mechanisms to
promote survival within macrophages. Immunol Rev 219: 55-65

Pugsley AP, Francetic O, Possot OM, Sauvonnet N, Hardie KR (1997) Recent progress and
future directions in studies of the main terminal branch of the general secretory pathway in
Gram-negative bacteria--a review. Gene 192: 13-19

Pukatzki S, Ma AT, Revel AT, Sturtevant D, Mekalanos JJ (2007) Type VI secretion system
translocates a phage tail spike-like protein into target cells where it cross-links actin. Proc Natl
Acad Sci U S A 104: 15508-15513

Pukatzki S, Ma AT, Sturtevant D, Krastins B, Sarracino D, Nelson WC, Heidelberg JF,
Mekalanos JJ (2006) Identification of a conserved bacterial protein secretion system in Vibrio
cholerae using the Dictyostelium host model system. Proc Natl Acad Sci U S A 103: 1528-
1533

Pukatzki S, McAuley SB, Miyata ST (2009) The type VI secretion system: translocation of
effectors and effector-domains. Curr Opin Microbiol 12: 11-17

Py B, Chippaux M, Barras F (1993) Mutagenesis of cellulase EGZ for studying the general
protein secretory pathway in Erwinia chrysanthemi. Mol Microbiol 7: 785-793

Quail MA, Jordan P, Grogan JM, Butt JN, Lutz M, Thomson AJ, Andrews SC, Guest JR
(1996) Spectroscopic and voltammetric characterisation of the bacterioferritin-associated
ferredoxin of Escherichia coli. Biochem Biophys Res Commun 229: 635-642

Ramamurthi KS, Schneewind O (2003) Yersinia yopQ mRNA encodes a bipartite type III
secretion signal in the first 15 codons. Mol Microbiol 50: 1189-1198

Rao PS, Yamada Y, Tan YP, Leung KY (2004) Use of proteomics to identify novel virulence
determinants that are required for Edwardsiella tarda pathogenesis. Mol Microbiol 53: 573-586

Reinelt S, Hofmann E, Gerharz T, Bott M, Madden DR (2003) The structure of the periplasmic
ligand-binding domain of the sensor kinase CitA reveals the first extracellular PAS domain. J
Biol Chem 278: 39189-19196

Rietsch A, Vallet-Gely I, Dove SL, Mekalanos JJ (2005) ExsE, a secreted regulator of type III
secretion genes in Pseudomonas aeruginosa. Proc Natl Acad Sci U S A 102: 8006-8011



163

Rodrigue A, Quentin Y, Lazdunski A, Mejean V, Foglino M (2000) Two-component systems
in Pseudomonas aeruginosa: why so many? Trends Microbiol 8: 498-504

Roe AJ, Yull H, Naylor SW, Woodward MJ, Smith DG, Gally DL (2003) Heterogeneous
surface expression of EspA translocon filaments by Escherichia coli O157:H7 is controlled at
the posttranscriptional level. Infect Immun 71: 5900-5909

Rubirés X, F. Saigí, N. Piqué, N. Climent, S. Merino, S. Albertí, J. M. Tomas, and M. Regue
(1997) A gene (wbbL) from Serratia marcescens N28b (O4) complements the rfb-50 mutation
of Escherichia coli K-12 derivatives. J Bacteriol 179: 7581-7586

Ruiz-Sanz J, de Prat Gay G, Otzen DE, Fersht AR (1995) Protein fragments as models for
events in protein folding pathways: Protein engineering analysis of the association of two
complementary fragments of the barley chymotrypsin inhibitor 2 (CI-2). Biochemistry 34:
1695-1701

Ruoff KL, Ferraro MJ (1987) Hydrolytic enzymes of "Streptococcus milleri". J Clin Microbiol
25: 1645-1647

Russel M (1998) Macromolecular assembly and secretion across the bacterial cell envelope:
type II protein secretion systems. J Mol Biol 279: 485-499

S. H. M. Ling XHW, L. Xie, T. M. Lim and K. Y. Leung (2000) Use of green fluorescent
protein (GFP) to track the invasive pathways of Edwardsiella tarda in the in vivo and in vitro
fish models. Microbiology 146: 7-19

Sakai M, Soliman MK, Yoshida T, Kobayashi M (1993) Identification of Pathogenic Fish
Bacteria Using the Api Zym System. Can J Fish Aquat Sci 50: 1137-1141

Salati F, Hamaguchi M, Kusuda R (1987a) Immune-Response of Red-Sea Bream to
Edwardsiella-Tarda Antigens. Fish Pathol 22: 93-98

Salati F, Ikeda Y, Kusuda R (1987b) Effect of Edwardsiella-Tarda Lipopolysaccharide
Immunization on Phagocytosis in the Eel. Nippon Suisan Gakk 53: 201-204

Salati F, Kusuda R (1985) Vaccine Preparations Used for Immunization of Eel Anguilla-
Japonica against Edwardsiella-Tarda Infection. Nippon Suisan Gakk 51: 1233-1237

Salati F, Kusuda R (1986) Immune-Response of Eel to Edwardsiella-Tarda Lipid. Fish Pathol
21: 201-205

Salmond GP, Reeves PJ (1993) Membrane traffic wardens and protein secretion in gram-
negative bacteria. Trends Biochem Sci 18: 7-12



164

Sanchez-SanMartin C, Bustamante VH, Calva E, Puente JL (2001) Transcriptional regulation
of the orf19 gene and the tir-cesT-eae operon of enteropathogenic Escherichia coli. J Bacteriol
183: 2823-2833

Sandkvist M (2001) Biology of type II secretion. Mol Microbiol 40: 271-283

Schaaf S, Bott M (2007) Target genes and DNA-binding sites of the response regulator PhoR
from Corynebacterium glutamicum. J Bacteriol 189: 5002-5011

Schechter LM, Damrauer SM, Lee CA (1999) Two AraC/XylS family members can
independently counteract the effect of repressing sequences upstream of the hilA promoter.
Mol Microbiol 32: 629-642

Schell MA, Ulrich RL, Ribot WJ, Brueggemann EE, Hines HB, Chen D, Lipscomb L, Kim
HS, Mrazek J, Nierman WC, Deshazer D (2007) Type VI secretion is a major virulence
determinant in Burkholderia mallei. Mol Microbiol 64: 1466-1485

Schlieker C, Zentgraf H, Dersch P, Mogk A (2005) ClpV, a unique Hsp100/Clp member of
pathogenic proteobacteria. Biol Chem 386: 1115-1127

Schultz J, Milpetz F, Bork P, Ponting CP (1998) SMART, a simple modular architecture
research tool: Identification of signaling domains. Proc Natl Acad Sci USA 95: 5857-5864

Schurdell MS, Woodbury GM, McCleary WR (2007) Genetic evidence suggests that the
intergenic region between pstA and pstB plays a role in the regulation of rpoS translation
during phosphate limitation. J Bacteriol 189: 1150-1153

Sechter I, Shmilovitz M, Altmann G, Seligmann R, Kretzer B, Braunstein I, Gerichter CB
(1983) Edwardsiella tarda isolated in Israel between 1961 and 1980. J Clin Microbiol 17: 669-
671

Shain H, Homer KA, Beighton D (1996) Degradation and utilisation of chondroitin sulphate by
Streptococcus intermedius. J Med Microbiol 44: 372-380

Shea JE, Hensel M, Gleeson C, Holden DW (1996) Identification of a virulence locus encoding
a second type III secretion system in Salmonella typhimurium. Proc Natl Acad Sci U S A 93:
2593-2597

Sheikh MA, Taylor GL (2009) Crystal structure of the Vibrio cholerae ferric uptake regulator
(Fur) reveals insights into metal co-ordination. Mol Microbiol 72: 1208-1220

Shen DK, Filopon D, Kuhn L, Polack B, Toussaint B (2006) PsrA is a positive transcriptional
regulator of the type III secretion system in Pseudomonas aeruginosa. Infect Immun 74: 1121-
1129



165

Simon R, U. Priefer, and A. Puhler. (1983) A broad host range mobilization system for in vivo
genetic engineering: transposon mutagenesis in Gram-negative bacteria. Bio/Technology.
nature biotechnology 1: 784-791

Sircili MP, Walters M, Trabulsi LR, Sperandio V (2004) Modulation of enteropathogenic
Escherichia coli virulence by quorum sensing. Infect Immun 72: 2329-2337

Skaar EP (2010) The Battle for Iron between Bacterial Pathogens and Their Vertebrate Hosts.
PLOS pathogen 6: 1-4

Slaven EM, Lopez FA, Hart SM, Sanders CV (2001) Myonecrosis caused by Edwardsiella
tarda: a case report and case series of extraintestinal E. tarda infections. Clin Infect Dis 32:
1430-1433

Sola-Landa A, Moura RS, Martin JF (2003) The two-component PhoR-PhoP system controls
both primary metabolism and secondary metabolite biosynthesis in Streptomyces lividans.
Proc Natl Acad Sci U S A 100: 6133-6138

Soncini FC, García Véscovi E, Groisman EA (1995) Transcriptional autoregulation of the
Salmonella typhimurium phoPQ operon. J Bacteriol 177: 4364-4371

Sperandio V, Li CC, Kaper JB (2002) Quorum-sensing Escherichia coli regulator A: a
regulator of the LysR family involved in the regulation of the locus of enterocyte effacement
pathogenicity island in enterohemorrhagic E. coli. Infect Immun 70: 3085-3093

Sperandio V, Mellies JL, Delahay RM, Frankel G, Crawford JA, Nguyen W, Kaper JB (2000)
Activation of enteropathogenic Escherichia coli (EPEC) LEE2 and LEE3 operons by Ler. Mol
Microbiol 38: 781-793

Sperandio V, Torres AG, Jarvis B, Nataro JP, Kaper JB (2003) Bacteria-host communication:
the language of hormones. Proc Natl Acad Sci U S A 100: 8951-8956

Srinivasa Rao PS, Lim TM, Leung KY (2001) Opsonized virulent Edwardsiella tarda strains
are able to adhere to and survive and replicate within fish phagocytes but fail to stimulate
reactive oxygen intermediates. Infect Immun 69: 5689-5697

Srinivasa Rao PS, Lim TM, Leung KY (2003a) Functional genomics approach to the
identification of virulence genes involved in Edwardsiella tarda pathogenesis. Infect Immun 71:
1343-1351

Srinivasa Rao PS, Lim TM, Leung KY (2003b) Functional genomics approach to the
identification of virulence genes involved in Edwardsiella tarda pathogenesis. Infect Immun
71: 1343-1351



166

Srinivasa Rao PS, Yamada Y, Leung KY (2003c) A major catalase (KatB) that is required for
resistance to H2O2 and phagocyte-mediated killing in Edwardsiella tarda. Microbiology 149:
2635-2644

Srinivasa Rao PS, Yamada Y, Tan YP, Leung KY (2004) Use of proteomics to identify novel
virulence determinants that are required for Edwardsiella tarda pathogenesis. Mol Microbiol
53: 573-586

Steed PM, Wanner BL (1993) Use of the rep technique for allele replacement to construct
mutants with deletions of the pstSCAB-phoU operon: evidence of a new role for the PhoU
protein in the phosphate regulon. J Bacteriol 175: 6797-6809

Steffan N. Hoa HDH, Robert M. Hortonb, Jeffrey K. Pullena and Larry R. Pease (1989) Site-
directed mutagenesis by overlap extension using the polymerase chain reaction. . GENE 77:
51-59

Stock AM, Robinson VL, Goudreau PN (2000) Two-component signal transduction. Annu Rev
Biochem 69: 183-215

Stock I, Wiedemann B (2001) Natural antibiotic susceptibilities of Edwardsiella tarda, E.
ictaluri, and E. hoshinae. Antimicrob Agents Chemother 45: 2245-2255

Stojiljkovic I, Baumler AJ, Hantke K (1994) Fur regulon in gram-negative bacteria.
Identification and characterization of new iron-regulated Escherichia coli genes by a fur
titration assay. J Mol Biol 236: 531-545

Suarez G, Sierra JC, Sha J, Wang S, Erova TE, Fadl AA, Foltz SM, Horneman AJ, Chopra AK
(2008) Molecular characterization of a functional type VI secretion system from a clinical
isolate of Aeromonas hydrophila. Microb Pathog 44: 344-361

Sun K, Cheng S, Zhang M, Wang F, Sun L (2008) Cys-92, Cys-95, and the C-terminal 12
residues of the Vibrio harveyi ferric uptake regulator (Fur) are functionally inessential. J
Microbiol 46: 670-680

Suprapto H, Hara T, Nakai T, Muroga K (1996) Purification of a lethal toxin of Edwardsiella
tarda. Fish Pathol 31: 203-207

Swords WE, Cannon BM, Benjamin WH, Jr. (1997) Avirulence of LT2 strains of Salmonella
typhimurium results from a defective rpoS gene. Infect Immun 65: 2451-2453

Tan YP, Lin Q, Wang XH, Joshi S, Hew CL, Leung KY (2002) Comparative proteomic
analysis of extracellular proteins of Edwardsiella tarda. Infect Immun 70: 6475-6480

Tan YP, Tung SL, Rosenshine I, Leung KY (2005a) Role of type III secretion in Edwardsiella
tarda virulence. Microbiology 151: 2301-2313



167

Tan YP, Zheng J, Tung SL, Rosenshine I, Leung KY (2005b) Role of type III secretion in
Edwardsiella tarda virulence. Microbiology 151: 2301-2313

Tardat B, Touati D (1993) Iron and oxygen regulation of Escherichia coli MnSOD expression:
competition between the global regulators Fur and ArcA for binding to DNA. Mol Microbiol 9:
53-63

Tatsuno I, Nagano K, Taguchi K, Rong L, Mori H, Sasakawa C (2003) Increased adherence to
Caco-2 cells caused by disruption of the yhiE and yhiF genes in enterohemorrhagic Escherichia
coli O157:H7. Infect Immun 71: 2598-2606

Taylor BL, Zhulin IB (1999) PAS domains: Internal sensors of oxygen, redox potential, and
light. Microbiol Mol Biol Rev 63: 479-506

Thanassi DG, Hultgren SJ (2000) Multiple pathways allow protein secretion across the
bacterial outer membrane. Curr Opin Cell Biol 12: 420-430

Thune RL, Stanley LA, Cooper RK (1993) Pathogenesis of gram-negative bacterial infections
in warm water fish. Annu Rev Fish Dis 3: 37-68

Tu X, Latifi T, Bougdour A, Gottesman S, Groisman EA (2006) The PhoP/PhoQ two-
component system stabilizes the alternative sigma factor RpoS in Salmonella enterica. Proc
Natl Acad Sci U S A 103: 13503-13508

Tu X, Nisan I, Yona C, Hanski E, Rosenshine I (2003) EspH, a new cytoskeleton-modulating
effector of enterohaemorrhagic and enteropathogenic Escherichia coli. Mol Microbiol 47: 595-
606

Tu XL, Kawai K (1999) Antigenic profile and protective role of a 37 kDa major outer
membrane protein of Edwardsiella tarda. Fish Pathol 34: 59-64

Urbanowski ML, Lykken GL, Yahr TL (2005) A secreted regulatory protein couples
transcription to the secretory activity of the Pseudomonas aeruginosa type III secretion system.
Proc Natl Acad Sci U S A 102: 9930-9935

van Assche J (1991) Edwardsiella tarda infection in a puppy with possible parvovirus
infection. Vet Rec 129: 475-476

Véscovi EG, Soncini FC, Groisman EA (1996) Mg2+ as an extracellular signal: environmental
regulation of Salmonella virulence. Cell 84: 165-174

Vogel JP, Isberg RR (1999) Cell biology of Legionella pneumophila. Curr Opin Microbiol 2:
30-34

Waldburger CD, Sauer RT (1996) Signal detection by the PhoQ sensor-transmitter. J Biol
Chem 271: 26630-26636



168

Waltman WD, Shotts EB (1986) Antimicrobial susceptibility of Edwardsiella tarda from the
United States and Taiwan. Vet Microbiol 12: 277-282

Wang Q, Yang M, Xiao J, Wu H, Wang X, Lv Y, Xu L, Zheng H, Wang S, Zhao G, Liu Q,
Zhang Y (2009a) Genome sequence of the versatile fish pathogen Edwardsiella tarda provides
insights into its adaptation to broad host ranges and intracellular niches. PLoS One 4: e7646

Wang X, Wang Q, Xiao J, Liu Q, Wu H, Xu L, Zhang Y (2009b) Edwardsiella tarda T6SS
component evpP is regulated by esrB and iron, and plays essential roles in the invasion of fish.
Fish Shellfish Immunol 27: 469-477

Wanner BL (1993) Gene regulation by phosphate in enteric bacteria. J Cell Biochem 51: 47-54

Webb DC, Rosenberg H, Cox GB (1992) Mutational analysis of the Escherichia coli
phosphate-specific transport system, a member of the traffic ATPase (or ABC) family of
membrane transporters. A role for proline residues in transmembrane helices. J Biol Chem 267:
24661-24668

Weber B, Hasic M, Chen C, Wai SN, Milton DL (2009) Type VI secretion modulates quorum
sensing and stress response in Vibrio anguillarum. Environ Microbiol 11: 3018-3028

Weiner MP, Anderson, C., Jerpseth, B., Wells, S., Johnson-Browne, B., and Vaillancourt
(1994) Studier pET system vectors and host. Strategies Mo Bio 7: 41-43

Welch RA, Burland V, Plunkett G, 3rd, Redford P, Roesch P, Rasko D, Buckles EL, Liou SR,
Boutin A, Hackett J, Stroud D, Mayhew GF, Rose DJ, Zhou S, Schwartz DC, Perna NT,
Mobley HL, Donnenberg MS, Blattner FR (2002a) Extensive mosaic structure revealed by the
complete genome sequence of uropathogenic Escherichia coli. Proc Natl Acad Sci U S A 99:
17020-17024

Welch RA, Burland V, Plunkett III G, Redford P, Roesch P, Rasko D, Buckles EL, Liou S-R,
Boutin A, Hackett J, Stroud D, Mayhew GF, Rose DJ, Zhou S, Schwartz DC, Perna NT,
Mobley HLT, Donnenberg MS, Blattner FR (2002b) Extensive mosaic structure revealed by
the complete genome sequence of uropathogenic Escherichia coli. Proc Natl Acad Sci USA 99:
17020-17024

Winsor DK, Bloebaum AP, Mathewson JJ (1981) Gram-negative, aerobic, enteric pathogens
among intestinal microflora of wild turkey vultures (Cathartes aura) in west central Texas.
Appl Environ Microbiol 42: 1123-1124

Wong DK, Lee BY, Horwitz MA, Gibson BW (1999) Identification of fur, aconitase, and other
proteins expressed by Mycobacterium tuberculosis under conditions of low and high
concentrations of iron by combined two-dimensional gel electrophoresis and mass
spectrometry. Infect Immun 67: 327-336



169

Wong JD, Miller MA, Janda JM (1989) Surface properties and ultrastructure of Edwardsiella
species. J Clin Microbiol 27: 1797-1801

Wu MS, Shyu RS, Lai MY, Huang GT, Chen DS, Wang TH (1995) A predisposition toward
Edwardsiella tarda bacteremia in individuals with preexisting liver disease. Clin Infect Dis 21:
705-706

Wyatt LE, Nickelson R, 2nd, Vanderzant C (1979) Edwardsiella tarda in freshwater catfish and
their environment. Appl Environ Microbiol 38: 710-714

Wyckoff EE, Schmitt M, Wilks A, Payne SM (2004) HutZ is required for efficient heme
utilization in Vibrio cholerae. J Bacteriol 186: 4142-4151

Xu X, Hensel M (2010) Systematic analysis of the SsrAB virulon of Salmonella enterica.
Infect Immun 78: 49-58

Yahr TL, Goranson J, Frank DW (1996) Exoenzyme S of Pseudomonas aeruginosa is secreted
by a type III pathway. Mol Microbiol 22: 991-1003

Yuan ZC, Zaheer R, Morton R, Finan TM (2006) Genome prediction of PhoB regulated
promoters in Sinorhizobium meliloti and twelve proteobacteria. Nucleic Acids Res 34: 2686-
2697

Zhang L, Chaudhuri RR, Constantinidou C, Hobman JL, Patel MD, Jones AC, Sarti D, Roe AJ,
Vlisidou I, Shaw RK, Falciani F, Stevens MP, Gally DL, Knutton S, Frankel G, Penn CW,
Pallen MJ (2004) Regulators encoded in the Escherichia coli type III secretion system 2 gene
cluster influence expression of genes within the locus for enterocyte effacement in
enterohemorrhagic E. coli O157:H7. Infect Immun 72: 7282-7293

Zheng J, Leung KY (2007) Dissection of a type VI secretion system in Edwardsiella tarda.
Mol Microbiol 66: 1192-1206

Zheng J, Li N, Tan YP, Sivaraman J, Mok YK, Mo ZL, Leung KY (2007) EscC is a chaperone
for the Edwardsiella tarda type III secretion system putative translocon components EseB and
EseD. Microbiology 153: 1953-1962

Zheng J, Tung SL, Leung KY (2005) Regulation of a type III and a putative secretion system
in Edwardsiella tarda by EsrC is under the control of a two-component system, EsrA-EsrB.
Infect Immun 73: 4127-4137



170


