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Abstract

The emergence of verocytotoxigenic or Shiga-like toxin producing 

Escherichia coli (VTEC / STEC) as food borne pathogens has become a worldwide public 

health concern. The most infamous serotype is 0157, and it is the most virulent reported 

strain of enterohaemorrhagic E. coli (EEIEC) to date. This severe infection can lead to 

haemorrhagic colitis (HC), haemolytic uremic syndrome (HUS) and thrombocytopenic 

purpura and can result in fatality. These downstream sequelae of the infection are the 

result of the action of Stx-toxins which have been found to be carried on lambdoid-like 

bacteriophages that have the ability to horizontally transfer toxin genes between E. coli 

strains. Bacteriophages are heterogeneous in nature and have been identified as almost 

modular genetic entities that evolve by recombinational events within the host. This leads 

to gene transfer and gene region swapping events over generations altering both phage and 

host genetic constitution resulting in a very heterogeneous population of lambdoid phages 

carrying Stx genes.

024b, a previously described Stx-encoding bacteriophage, was shown to 

unequivocally infect E. coli via an essential outer membrane protein (Vpr). Vpr is essential 

as it was not possible to interrupt function, and has been identified as being a key 

component in the biogenesis of the outer membrane. This protein is well conserved 

throughout the Enterobacteriaceae and has orthologs in a number of bacterial families. 

Vpr has been identified as being controlled by the bacterial stress response regulon (a 1). A 

reporter gene system demonstrated increased transcription levels of Vpr when the culture 

was grown at 42 0 C and under anaerobiosis, although levels of transcription were 

attenuated under growth in bile salts. Increasing Vpr expression also increases localisation 

at the cell surface which has been quantified by standardising a bacteriophage adsorption



assay. To completely categorise the protein-protein interaction between the bacteriophage 

and host antibodies were used to inhibit adsorption of <t>24B to Vpr (poly-clonal antibody 

made to recombinant Vpr). The ability of 024B to adsorb to its host can be acquired, as the 

vpr gene of E. coli was used to complement a resistant host (Erwinia carotovora sbsp. 

atroseptica). Surface localisation of Vpr has been demonstrated in the K.-12 E. coli strain 

MCI061 using the anti-Vpr antibody by scanning laser confocal microscopy.

The tail of 024B has been shown to have an identical tail spike to Stx-phage 933W, 

the best studied Stx-phage; and they infect their host using the same bacterial receptor. A 

number of wild-type phages derived from environmentally isolated STEC strains were 

determined to have tail spikes similar to 933W using a PCR screening approach.

Induction of a 024B lysogen using norfloxacin has a dramatic effect on the 

morphology of the lysogen during the induction process, inhibiting the ability of cells to 

divide and yielding lysogen cells of up to 20 pm in length. Scanning electron microscopy 

revealed this morphological change and also the increasing presence of bacteriophage in 

the sample.

Lambdoid-like phages are thought to conform to the X immunity model so that 

a prophage blocks subsequent infection by an identical bacteriophage. This has been 

disproved as part of this study as isogenic bacteriophages labelled with separate antibiotic 

resistance markers were shown to infect a single host genome.
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Chapter 1: Introduction

1.1 Bacteriophages

Viruses that can infect bacteria are called bacteriophages or originally 

“bacteria eaters”. Bacteriophages or phages were first identified by Twort (1915) 

and subsequently d’Herelle (1917), who described them as ‘filterable, transmissible 

agents of bacterial lysis’. Elford and Andrews (1932) made the first estimation of 

viral particle size by a filtration method and determined that phage particles were 

between 25 and 100 nm in diameter. From his experiments published in 1934, 

Schlesinger described how phages were composed of mainly protein and nucleic 

acid. Lambda (A,) phage was first isolated and identified by Ester Lederberg (1951) 

and has become the model system for research on temperate phages i.e. bacterial 

viruses that can either enter the lytic or lysogenic life cycle. Hambly and Suttle’s 

review (2005) postulates that there are approximately 10 6 plaque forming units per 

ml (pfu m l" ) on Earth and approximately 10 phage particles in the sea.

Thus far, morphology has been the key factor in characterising and 

categorising phages. Taxonomically, viruses are categorised by their nucleic acid 

content (single or double stranded DNA or RNA), their morphology and bacterial 

host range. Fig 1.1 shows the morphological diversity of viruses that infect bacteria. 

Thus far, Shiga toxin (Stx)-encoding bacteriophages have fallen within one of three 

morphological groups: Siphodoviridae (H19B), Podoviridae (933W)(Plunkett et al., 

1999) and Myoviridae (P27) (Recktenwald et al., 2002). These phage groups are 

commonly called tailed phages as all consist of both an icosahedral capsid and tail. 

The best described of these tailed phages are A, Mu, PI, P2, Tl, T5 and T7 (Casjens, 

2005).
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Non-enveloped Enveloped
Surface view Cross-sectioned
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Fig 1.1 Viruses that infect Bacteria. From H. E. A. Allison (unpublished)
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It has become apparent that characterisation of bacteriophages using phenotypic 

markers such as capsid and tail morphologies is a good approach to initially classify 

bacteriophages. Over the last 20 years, bacteriophages and bacterial sequencing 

projects have started to unravel the diverse genetic nature of bacteriophages and 

therefore the use of an exclusively morphological approach for classification can be 

flawed.

1.2 The Temperate Bacteriophage Life Cycle

Temperate bacteriophages can enter either the lysogenic or lytic pathway 

following infection of a host cell. Fig 1.2 details the lambda bacteriophage life cycle 

which is depicted as the model system for temperate lambdoid-like bacteriophages. 

The phage recognises its surface ligand on the bacteria and adsorbs. The linearised 

phage DNA is injected into the host bacterial cell through the tail of the lambdoid 

phage. A schematic of the linearised X genome is presented in Fig 1.3. The phage 

genome re-circularises at the point of linearisation (cos site) and it is at this point that 

the decision between the lysogenic and lytic life cycles occurs. Lytic life cycle: 

Bacterial host RNA polymerase is subverted, binds four promoters pL, /?RE, pO and 

(Herskowitz and fiagen, 1980) and begins to transcribe the early regulatory 

genes. Transcription from pL  encodes N (anti-termination factor for genes involved 

in lysogeny) and the transcript from pRE encodes cro (Herskowitz and Hagen, 1980, 

Ptashne, 1992). Cro binds operator region O r to prevent premature synthesis of cl 

by sequentially binding domains within the O r (Herskowitz and Hagen, 1980). 

Production of O and P stimulates circularised phage DNA replication at point ori, 

and levels of Q anti-termination protein reach a level that has the ability to modify

3



bacterial cell

host chromosome

ATTACHMENT TO HOST CELL 
AND INJECTION OF LAMBDA DNA

INTEGRATION OF 
LAMBDA DNA INTO 
HOST CHROMOSOME

t__

-----------o.♦ •• •• .*• ♦ • •
__U__ J

1

__L0°-oJ
1

!

\  SYNTHESIS OF VIRAL 
PROTEINS NEEDED FOR 
FORMATION OF

INTEGRATED LAMBDA DNA REPLICATES 
ALONG WITH HOST CHROMOSOME

RAPID REPLICATION OF 
LAMBDA DNA AND ITS 
PACKAGING INTO 
COMPLETE VIRUSES

CELL LYSIS RELEASES 
A LARGE NUMBER OF 
NEW VIRUSES

PROPHAGE PATHWAY LYTIC PATHWAY

Fig 1. 2 Life cycle of Lambdoid-Like Viruses. Modified from Alberts et al., 2003
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Early Genes Late Genes

atti intxis exo bet d i i  N cl ero ell O P Q S R R, Head and Tail genes attR

■ ■ ■ ■ ' O 0 C ^ ^ 3 0 O

()L < PL Or + Pr T re  o r i  Pr cos

Prm Paq

Figure 1.3 Genome orientation of the linearised X genome. The genome has been 

linearised at the att (attachment sites) sites; this is the orientation in which the 

bacteriophage genome would be inserted into the bacterial genome. When the phage 

DNA is being packaged into the head, the circularised dsDNA is nicked at the end site 

(c‘051). The gene annotations are: int -  integrase gene, xis -  excisionase gene, exo and bet

-  involved in phage recombination; cIII -  involved in the stabilisation of ell; N -  

involved in the regulation of the early genes; cl -  X repressor, inhibits lytic life cycle; cro

-  repressor, regulates the lytic life cycle; ell -  regulator of X repressor and integrase 

synthesis; O  and P  -  phage DNA replication proteins; Q  -  involved in regulation of late 

genes; S, R, R2 -  lysis proteins; head genes -  involved in the production of the phage 

capsid; tail genes -  cascade of eleven genes involved in the construction of the tail fibre 

and tail spike. Early promoters and operator regions: Oi + P i _ operator region left and 

promoter left; O r + P R -  operator region right and promoter right; P re and P RM -  early 

promoters. Late gene promoters; Paq, Pr ’ .
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the host RNA polymerase at the Q utilisation site, the implication of which is that 

the downstream termination sequence is ignored and the late genes (including the 

capsid, tail etc) are transcribed (Herskowitz and Hagen, 1980). For lysogeny to 

occur upon infection, pL  and /?RE regulate the transcription of flanking regions 

including ell and cIII, necessary for the production of cl from /?RE and integrase 

from /ñnt. Integrase is needed for the integration of the bacteriophage into the 

bacterial genome at attB. On infection X ensures that cl is not immediately 

produced, cl is transcribed from pRM, but this requires cl for positive regulation of 

itself. The presence of Cro after initial infection blocks cl transcription from pRM; 

cl is thus transcribed from /?RE, which requires the action of ell and cIII. It is for 

these reasons that the decision between the lytic life cycle and lysogeny after 

infection is governed by ell and Cro (Michalowski et al., 2005). Once ell has forced 

lysogenic conversion, cl takes over to regulate lysgoeny (Michalowski et al., 2005).

In lysogenic conversion, ell activates cl from pRE giving a large burst of cl 

which inhibits pL  and pR. ell is very unstable in vivo and is a substrate of the 

bacterial protease FtsH (Shortland et al., 2000). cIII is also a substrate for FtsH 

(Shortland et al., 1997) and probably protects ell by offering an alternative substrate 

for FtsH and therefore lowering the probability of cleavage. Some bacteriophages 

induce the lytic life cycle at higher frequency than others and this may in part be due 

to the relative levels of ell / cIII (Little, 2005). Therefore, if cIII levels are low, 

which can sometimes occur in a low multiplicity of infection (MOI), ell is more 

regularly cleaved. This cleavage means that no cl is produced and thus N, O, P and Q 

are expressed until Cro has reached a level that it saturates O l  and O r , levels of Q 

increase until anti-termination occurs and expression of the late genes is initiated. If 

cIII is high expressed at high levels subsequent to infection, ell stimulates production
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of cl and integrase, cl binding to 0 L inhibits O, P and Q (Herskowitz and Hagen, 

1980). Operator region binding of cl stimulates self transcription from /?RM. cl in 

this situation continues to be made in the absence of ell and cIII (Herskowitz and 

Hagen, 1980).

Once lysogenised, bacteriophage can subsequently be induced into the lytic 

life cycle (Fig 1.3). induction of the lytic life cycle in a lysogen has been linked to 

the E. coli SOS response, where RecA is able to negate factors involved in the 

repression of phage lysis (Neely & Friedman, 1998). In all lambdoid phages detailed 

thus far the cl protein is cleaved by RecA-stimulated auto-proteolysis occurring at an 

Ala-Gly dipeptide sequence. Lambdoid-like phages that encode shiga toxins are 

called Stx-phages, of which 933 W is the most well characterised. Stx-phage 933 W 

differs from any lambdoid phage observed as auto-cleavage occurs at a Leu-Gly 

dipeptide (Koudelka et al., 2004). Livny and Freidman (2004) were able to show 

that Stx-phage lysogens (infected with H19B) are more likely to undergo induction 

to the lytic life cycle than X and proposed that other phage-encoded genes are 

responsible for heightening the sensitivity of the bacterial response to induce lysis.

Some Stx-phages show homology to lambda in the nature of their genome 

orientation and regulation. The well described short tailed Stx-phage, 933W 

(Plunkett et al., 1999), has been shown to have identical orientation of the complete 

lysis/lysogeny regulatory region to X, apart from the third binding site of the left 

operator region (Ol3), which is located within the coding region of the cl gene (Tyler 

et al., 2004; Koudelka et al., 2004). Even though this means that there are only 2 

active binding sites in Ol3, it is still sufficient to effectively repress pL  transcription 

(Tyler et al., 2004; Koudelka et al., 2004). An Stx-phage, isolated from a clinical 

isolate of E. coli 0157:H7 and named ®24b, is used in the experiments next
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(a) Reoressed prophage

NUT NUT
—§ ----  +N ----- - 0 —

-Q

from Waldor and Freidman (2005)

Fig 1.4 Early Regulation of Stx-phage (a) Repressed prophage: transcription that initiates 
the regulatory cascade (shown in (b)) is blocked by Cl repressor binding at the operators 0 L 
and Or . The lightning strike indicates stimulation of the bacterial SOS response to DNA 
damage. Activated RecA facilitates autocleavage of repressor. Transcription from /JRM 
directs synthesis of repressor in the lysogen. In the absence of Q, transcription initiating at 
/Y terminates at the immediate downstream terminator. Cleavage of repressor results in 
release of repression, (b) Induced prophage: the regulatory cascade begins with 
transcription initiating at PL and PR that terminates after synthesis of a short message. This 
early transcription allows expression of N, which acts at the NUT sites in the RNA to modify 

RNA polymerase to a form that transcends terminators. Q, which is then expressed, acting at 
the qut site in the DNA, modifies transcription initiating at I \ ’ to a termination resistant form 
that can transcribe downstream genes that include six and lys as well as most of the genes 
required for production of viable phages. Shown below the schematic, designated by arrows, 
are transcription patterns in the absence and presence of N and Q. Stop signs denotes sites or 
regions that contain transcription terminators.
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described in this thesis, includes only a 1 bp difference from 933W in the region 

between Ol and cro (Sharon Gossage oral communication). Two isogenic forms of 

bacteriophage (® 24b) marked with kanamycin and chloramphenicol resistance genes 

were repeatedly shown to infect a single host, integrating into separate positions in 

the bacterial chromosome (Allison et al., 2002), meaning that ®24b does not 

conform to the X immunity model where a second identical bacteriophage cannot 

lysogenise a single host.

The genetic switching used by lambdoid-like bacteriophages to regulate 

lysogeny or the productive lytic response is complex. New bacteriophages are being 

isolated and characterised where subtle differences are being identified in the way 

that this decision is regulated compared to X model. This has already been described 

with 933W (Tyler et al., 2004, Koudelka et al., 2004). 933W is the first Stx-phage to 

have its immunity region described and characterised in some detail.

1.3 Integration of viable prophage

Lysis can occur when the MOI of the infection is low. There is also a bias 

towards lysogenic infection when the MOI is high enabling an increased frequency 

of lysogeny (Herskowitz and Hagen, 1980). What advantage does integration of a 

viable prophage benefit the bacteriophage and the host?

We are only beginning to understand the function of a wide range of phage- 

encoded proteins. Livny and Freidman (2004) described how H19B (Watarai et al., 

1998) lysogens show increased probability of induction compared to X (section 1.2). 

This may be due to the increased sensitivity of the genetic switch between lysogeny 

and the lytic life cycle when compared to X (Livny and Freidman, 2005). The benefit 

to the phage of this sensitive response and the early induction may be an increase in
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the probability of propagation by out-competing other phage for the next host. This 

early induction results in increased pathogenicity of the bacteria, as the lytic life 

cycle stimulates the production of Stx-toxins.

Bacteriophage genes that have been identified as providing an advantage to 

the lysogen and are well described include the L-encoded Lorn protein, which 

increases bacterial resistance to macrophages (Barondess et al., 1990). Lambda also 

encodes an outer membrane protein, Bor; which has been shown to increase the 

resistance of E. coli to animal serum (Barondess et al., 1995). Genome sequencing 

projects have identified high levels of cryptic phages in all members of the 

Enterobacteriaceae sequenced thus far. Most of these bacteriophage regions are 

inactivated and are thus cryptic prophages unable to make viable virions. When a 

phage becomes unable to excise and propagate due to genetic deletion or mutation, 

this may provide an increased burden on the host to replicate and thus maintain this 

extra prophage DNA (Canchaya et al., 2004). On the other hand, cryptic genes that 

increase viability or cell fitness will be subject to positive selection (Canchaya et al., 

2004). A good example was recently provided by Dziva et al (2004) who identified 

proteins of unknown function, encoded on cryptic prophages CP933X and CP933M 

of E. coli 0 1 57:H7 strain EDL933, that increase gut adhesion of the bacteria in a calf 

intestinal ileal loop model. Mann et al. (2003) described a marine T4-like phage (S- 

PM2) that carries D1 and D2 proteins associated with photosytem II, whose host is a 

photosynthetic cyanobacterium Synechococcus. These phage-encoded D1 and D2 

proteins could help the bacteria to maintain photosynthetic function, possibly 

providing the energy required for the phage lytic life cycle to proceed (Bailey et al., 

2004). T4-phage (RB49) encodes a protein that has the ability to replace the host E. 

coli chaperonin protein GroES, which is involved in protein folding (Ang et al.,

10



2001; Keppel et al., 2002). Another example of the host benefiting from remnant 

bacteriophage genes occurs in Vibrio cholerae. The Tcp pilus, which aids 

colonisation of the gut epithelia shows distinct homology to a bacteriophage-encoded 

gene (Karaolis et al., 1999; Lee, 1999). Other bacterial functionality genes that have 

been postulated to be previously phage borne include the needle-like pilus proteins of 

the type III secretory systems that are used for gut colonisation by enteropathogenic 

E. coli and Salmonella spp. (Ehrbar et al., 2005).

1.4 Bacteriophage genomics.

Over the last five years, bacterial genome sequencing has revealed a large 

amount of phage DNA studding bacterial host chromosomes. Blattner et al. (1997) 

published the sequence of the E. coli K-12 genome (~ 4.6 Mbp). Subsequently, in 

2001, two sequences of E. coli 0157:H7 strains were published: one (Sakai) from a 

large outbreak in Japan (Hayashi et al., 2001), the other from a US outbreak (Pema 

et al., 2001). Table 1.1 identifies the differences in genome size, G + C content, 

predicted ORFs and number of prophage or cryptic prophage related regions in the 4 

sequenced E. coli strains. There is a higher number of phage-related regions in both 

of the Enterohaemorrhagic E. coli (EHEC) compared to E. coli K-12 (Table 1.1) and 

Sakai 0157:H7 strain with approximately twice the number of cryptic phages present 

with respect to E. coli K-12. The difference in genome sizes between E. coli K-12 

and both of the EHEC strains is ~ 1 Mbp, which is made up of both putative phage 

genes and insertion (IS) elements. From the genomes in Table 1.1, it has been 

identified that there is ~ 4 Mbp of colinear core chromosome that is separated by 

strain-specific regions and is responsible for the inter-strain genome size differences
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T able 1.1 Genomic sequence data comparison of sequenced 0157:H7 EHEC 

strains (EDL933 and Sakai) compared to E. coli K-12 (MG 1655) and a 

sequenced Uropathogenic E. coli (UPEC) strain CFT073.

Strain Pathotype Size (bp) G + C 

content

(%)

No. of 

predicted 

ORFs

No. of 

prophage 

related 

regions

Ref

M G  1655 K -1 2 4 ,6 3 9 ,2 2 1 50 .8 4 ,2 9 4 10 B la ttn e r  et 

al., 1997

C F T 0 7 3 U P E C 5 ,2 3 1 ,4 2 8 50 .5 5 ,553 5 W e lc h  et 

al., 2 0 0 2

E D L 9 3 3 E H E C

0 1 5 7 :H 7

5 ,5 2 8 ,4 4 5 50.5 5,361 16 P e m a  et al., 

2001

S akai E H E C

0 1 5 7 :H 7

5 .5 9 4 ,4 7 7 50 .5 5,361 24 H ay a sh i et 

al., 2001

Modified from Dobrindt (2005).
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Table 1.2 List of integrated bacteriophage regions in K-12 E. coli (Blattner et al., 

1997) and both sequenced E. coli 0157:H7 strains EDL933 (Perna et al., 2001) 

and Sakai (Hayashi et al., 2001).

E. coli strain and Length Chromosomal Characteristics

cryptic prophage (bp) insertion site

E  coli K-12

C P 4 -6 3 4 ,3 0 8 thrW C P 4  e le m e n t

D L P 1 2 2 1 ,3 0 2 argU L a m b d o id -lik e

e l 4 15,204 b e tw e e n  icdA an d  mcrA -

R ac 2 3 ,0 6 0 ydaO L a m b d o id -lik e

Q in 16,381 b e tw e e n  b 1543 and L am b d o id -lik e

b l5 8 2

C P 4 -4 4 12,873 B e tw ee n  b  1955 an d  yeeX C P 4  e le m e n t co n ta in s  flu

C P Z -5 5 6 ,7 8 2 B e tw e e n  eutB a n d  entA -

C P 4 -5 7 2 2 ,0 3 0 ssrA CP4 e le m e n t

K p L E l 10,216 argW S am e in te g ra se  as  Sp 16

K p L E 2 40 ,071 leuX P a rtia l in te g ra se  o f  S p L E E 6

E. coli 0 1 5 7 :H 7

E D L 9 3 3 10,586 thrW L am b d o id -lik e

C P 9 3 3 H 12,895 thrW P 4 -lik e  in te g ra te d  in ta n d em

C P -9331 w ith  C P -9 3 3 H

C P -9 3 3 K 3 8 ,5 8 8 b e tw e e n  ybhC a n d  ybhB L am b d o id -lik e

C P -9 3 3 M 4 5 ,2 4 4 serT L am b d o id -lik e

B P -9 3 3 W 6 1 ,6 6 3 wrbA V iab le  L am b d o id -lik e , c a rrie s

stx2 g en e s

C P -9 3 3 N 4 7 ,3 1 5 potB L a m b d o id -lik e , 2  tR N A  loci

C P -9 3 3 C 15 ,227 b e tw e e n  ycfD  an d  phoQ S im ila r  to  S p7  (S a k a i)

C P -9 3 3 X 5 4 ,0 0 0 b e tw e e n  icdA a n d  minE L am b d o id -lik e

C P - 9 3 3 0 8 0 ,8 2 6 yciD L a m b d o id -lik e , 2 tR N A  loci

C P -9 3 3 R 4 9 ,7 9 7 ydaO L a m b d o id -lik e , 2  tR N A  loci

C P -9 3 3 P 5 7 ,9 8 4 b 1582 L a m b d o id -lik e , 3 tR N A  loci

C P -9 3 3 T 2 1 ,1 2 0 leuZ P 2  lik e  p h ag e

C P -9 3 3 U 4 5 ,1 7 7 seril L a m b d o id -lik e , 3 tR N A  loci

C P -9 3 3 V 4 8 ,9 1 6 yehV L am b d o id -lik e , stxl g en e s
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C P -9 3 3 Y 21,681 ssrA L am b d o id -lik e

E. coli 0 1 5 7 :H 7  

(S a k a i)

S p l 10 ,586 thrW L a m b d o id -lik e

S p2 12 ,887 thrW P 4 -lik e  in te g ra te d  in ta n d e m -

Sp3 3 8 ,5 8 6 b e tw e e n  ybhC  an d  ybhB S p l

S p4 4 9 ,6 5 0 serT L am b d o id -lik e

Sp5 6 2 ,7 0 8 wrbA L a m b d o id -lik e , 3 tR N A  loci

S p6 4 8 ,4 2 3 potB L a m b d o id -lik e , s tx  g en e s , 3 

tR N A  loci

S p7 15,463 b e tw e e n  ycfD  a n d  phoQ L a m b d o id -lik e

Sp8 4 6 ,8 9 7 b e tw e e n  icdA an d  minE -

S p9 5 8 ,1 7 5 yciD L a m b d o id -lik e

S p lO 5 1 ,1 1 2 ydaO L am b d o id -lik e , 3 tR N A  loci

S p l  2 4 5 ,7 7 8 b e tw e e n  b  1543 an d  

b 1582

L am b d o id -lik e , 3 tR N A  loci

S p l  2 4 6 ,1 4 2 b e tw e e n  b 1543 an d  

b  1582

L a m b d o id -lik e , 3 tR N A  loc i

S p l  3 2 1 ,1 2 0 leuZ L am b d o id -lik e , in te g ra te d  in 

ta n d e m  w ith  S p l  1 ,3  tR N A  

loci

S p l  4 4 4 ,0 2 9 serU P 2 -lik e

S p l  5 4 7 ,8 7 9 yehV L a m b d o id -lik e , 3 tR N A  loc i

S p l  6 8,551 argW L am b d o id -lik e  stxl

S p l 7 2 4 ,1 9 9 ssrA P 2 2 -lik e

S p l  8 3 8 ,7 5 9 b e tw e e n  E C s 4 9 4 1 and  

E C s4 9 9 9

L am b d o id -lik e

M u -lik e

S p L E l 8 6 ,2 4 9 serX C p 4 -lik e  e le m e n t

S p L E 2 13 ,459 b e tw e e n  b 1955 an d  yeeX C o rre sp o n d s  to  C P 4 -4 4  o f  K -

S pL E 3 2 3 ,4 5 4 pheV 12

S p L E 4 4 3 ,4 5 0 selC -

S p L E 5 10,235 leuX C P 4 -lik e  e le m e n t, co n ta in s

S p L E 6 3 4 ,1 4 8 leuX L E E

In te g ra te d  in  ta n d e m  w ith  

S pL E 5
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and genetic divergence with E. coli (Dobrindt, 2005). Approximately 40 % of the 

differences between the K-12 and 0157:H7 strains are the located on the cryptic plus 

1 viable in EDL933, 933W (Perna et al., 2001) bacteriophage regions (Dobrindt, 

2005). Table 1.2 lists all of the bacteriophage-related genes in E. coli K-12 and the 2 

sequenced E. coli 0157:H7 strains EDL 933 (Perna et al. 2001) and Sakai (Elayashi 

et al., 2001). These data include the size of the putative phage regions and the points 

of integration in the bacterial core chromosome. The data also include phage- 

specific characteristics e.g. lambdoid-like, Mu -like, the number of tRNA genes they 

carry and whether the region is inserted in tandem with another bacteriophage region.

Cryptic bacteriophages are probably the result of mutation either through 

deletion in a functional gene necessary for the lytic life cycle or by mis-integration / 

excision of the phage genome on entry into or exit from the cell. These cryptic genes 

originally from viable bacteriophages, will be selected for in subsequent generations 

if they offer a selective advantage to the host. Alternatively, if the genes do not 

confer a disadvantage there is a possibility that these cryptic prophage genes will 

simply persist.

Bacteriophages, thus far, have been shown to have a distinct mosaic nature in 

the organisation and orientation of their genomes (Casjens, 2005). An example of 

this mosaicism can be observed in bacteriophages P22 and N15; both have some 

genes that are very similar to X, but if their overall genome sequences were compared 

little homology would be registered (Elendrix et al. 2005; Casjens, 2003). The term 

‘novel sequence joints’ has been invoked by Casjens (2005) to describe the points in 

the bacteriophage genome where similarities between two bacteriophages 

immediately stops, thus giving qualitative points of mocaicism. These novel
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Fig 1.5 Qualitative mosaic relationship between the whole genomes of

phage Sf6 and HK620, with their circular genomes opened at the 5'-end of their 

small terminase genes. Above, the arrows denote the major transcripts (thin arrows 

represent early operons; thick arrows represent the late operon), and representative 

functions of both genomes are provided. Black horizontal bars indicate regions of 

sequence similarity, and grey areas between the genomes indicate regions of >95% 

(dark), 90-95% (medium) and 80-90% (light) nucleotide sequence identity. Taken 

from Casjens, 2005.
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sequence joints can be located in a gene, at the end of a complete gene or separating 

gene clusters. Shigella flexneri bacteriophage Sf6 has seven 50 -  150 bp motifs 

where gene swapping between bacteriophage could theoretically occur, although 

such gene shuffling has not actually been demonstrated (Casjens et al., 2004). Fig

1.4 where the genomes of phages FIK620 and Sf6 are compared and high sequence 

identity is increased in certain regions, but overall main functional genes are 

conserved between phage types i.e. the head genes are similar, divergence is first 

seen towards the tail of the phage etc. (Casjens, 2005).

Sequence identity between bacteriophages does not always complete the 

genetic story of bacteriophage genomics, as similarity can be compared at not only 

the gene level, but at the level of protein folding: these have been classified by 

Casjens (2005) as ‘non-recognisable homologues’ (NRH). An example is the capsid 

gene of P22 and HK97, they are divergent at the nucleotide sequence level, but have 

similarities in the protein folding regions (Jiang et al., 2003; Helgstrand et al., 2003).

Levels of recombination between both cryptic and viable phages could be 

extensive as Herold et al., (2004) have shown that on norfloxacin induction of 

bacteriophage 933W from 0157:H7 strain EDL933, identified up-regulation of 85 

genes, of which 55 were related to Stx-phage 933W and CP-933V, was detected by 

micro-array analysis. Twenty-two of the remaining 33 up-regulated genes were 

related to other cryptic bacteriophages; the remaining 11 genes were associated with 

recombination and bacterial stress functions (Herold et al., 2004). The stxA 2 gene 

was shown to be up-regulated 158-fold on induction with norfloxacin (Herold et al., 

2004). Thus Herold et al. (2004) data identifies the level of shiga-toxin up- 

regulation on induction which would concur with increased virulence. It also 

identifies how recombinational events could occur with the increased regulation of
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all these phage genes leading to the evolution of the bacteriophage. There is also a 

possibility, as structural components of all these different bacteriophages are being 

made on induction, that chimeric phage incorporating structural proteins from some 

of the cryptic phages present join to form a viable virion that has the ability to infect 

a host previously inaccessible due to tail spike differences etc. This virion would 

contain the genome of the original viable bacteriophage.

An example of gene acquisition from other phages has been described in a 

number of bacteriophages. Wild type A, has been shown to have acquired side tail 

fibres associated with T4 (Hashemolhosseini et al., 1996). There is a distinct gene 

motif in P22 and a T7-like phage, SP6, in the polysaccharide-binding domains of 

these phages and demonstrates that of the >500 amino acid domain there is 58 % 

protein sequence identity (Dobbins et al., 2004; Scholl et al., 2002). Apart from 

these tail regions, both bacteriophages do not encode any other similar proteins 

(Scholl et al., 2002). This is best explained by these phages having shared the same 

gene pool at some point in their evolution, possibly in a single host cell (Brussow et 

al., 2004).

Stx-phage genomes are larger than these of A, (e.g. ~ 61,670 bp compared to ~ 

48,502 bp respectively) and there are a many genes of unknown function (~ 74 %). 

These genes could contribute to the virulence of the phage and even the lysogenised 

bacteria themselves. The fully sequenced bacteriophages that have been heavily 

studied are still not fully annotated with respect to gene function. These genes may 

have less significance to the phage to central processes such as replication, but may 

play other roles in their survival and evolution. There are also gene products that 

may only affect the biology of the host cell in vivo e.g. E. coli in the gastrointestinal 

tract.
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Subunit domains Recombination assembly

Cre (Flp, XerCD)
Catalytic
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Fig 1.6 Comparison of X integrase to a simpler version of recombinase found in 

the Cre system. The Cre complex when compared to the X integrase shows the 

addition of the core binding site bound tetramer of the arm binding region. This 

diagram shows a schematic of the complex representing the crystal structures of the 

integrase gene identified by Biswas et al. (2005) (From Van Duyne, 2005).
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As discussed in section 1.2 bacteriophages, under the correct conditions, can 

lysogenise their bacterial hosts. Tyrosine recombinases are present in yeast (mu2 

plasmid) and bacterial integrons, and are responsible for catalysing the integration 

and excision of mobile genetic elements (including bacteriophage) into their 

associated target site. The integration of X has been modelled on the Cre and Flp 

recombinase sytems (Chen et al., 2000; Van Duyne, 2001) and has been invaluable 

in unravelling the complex integration of lambda into the E. coli genome (Van 

Duyne et al., 2005). The X integrase, starting from the N terminus, includes an arm

binding site, a core-binding site, and towards the C- terminus, a catalytic site 

depicted in Fig 1.4. This figure also shows schematic differences in the structures 

between the of the Cre / Flp recombinase complex compared to the X integrase 

complex (Van Duyne, 2005). Through crystallography of integration and excision 

intermediates, it was possible to further categorise the integration/excision complex 

of X (Biswas et al., 2005). A tetramer (integrase complex per strand) of the core 

binding and catalytic site is described and is similar to the structure produced in the 

Cre and Flp system (Chen et al., 2000; Azaro and Landy, 2002). The main 

difference is that the X integrase has arm binding sites that bind regulatory DNA 

sequences flanking the regions where the strand exchange takes place {att sites) 

(Figl.5) (Landy, 1989; Azaro and Landy, 2002). Integration Flost Factor (IHF) plays 

the key role in bending the DNA from its recognition site so that flanking regions to 

the site of exchange are held at the arm-binding sites (Rice et al., 1996).

Since the finer points of X integration / excision are now being discovered, 

these observations can only be compared to other lambdoid-like bacteriophages

1.5 Bacteriophage integration into the bacterial host
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1st strand exchange
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Fig 1.7 Integration and excision by the A. integrase. The diagram shows a 

schematic of the integration / excision pathways taken by the A, integrase from the 

crystallography of integration / excision intermediates by Biswas et al., (2005). 

During integration the attB (bacterial integration point) and attP (phage site of 

cleavage and integration) sites are brought together within the core complex and the 

1st exchange of strands occurs to form a Holliday junction intermediate. The 2nd 

strand exchange forms the recombinant attL (left end of the integrated phage 

chromosome) and attR. Excision is thought to work in the opposite orientation. 

Integration Host Factor (IHF), excisionase (Xis) and Fis are involved in bending the 

DNA to bind the arm-binding sites for the subsequent exchange of strands to occur. 

(From Van Duyne, 2005).
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that are currently being studied. Differences may be seen with respect to the 

bacteriophage arm binding or other further nuances that separate phage types. 

Balding et al. (2005) showed the divergent nature of the integrase genes associated 

with lambdoid-like phages (including Stx-phages) outside of the 3 major integrase 

sites previously mentioned. Genetic divergence and distance between these sites 

may alter integration potential or define differences in integration. It has also been 

shown that bacteriophages can hijack bacterial tyrosine recombinases to integrate 

into their bacterial host. Virulent filamentous bacteriophage CTX, which carries the 

cholera toxin, uses the host tyrosine recombinase XerC/D in Vibrio cholerae to 

integrate into the bacterial chromosome as the phage lacks its own integrase gene 

(Mcleod and Waldor, 2004). Eventually, it may be possible to use the functional 

sites of the integrase to determine integration sites on the bacterial chromosome.

The ability of phages to integrate into their bacterial host along with all other 

recombinases are of scientific interest as these ‘integration mediators’ have the 

ability to promote integration into the host genome and therefore provide a means of 

introducing DNA to another host (transduction). There is also interest in phage 

recombinases for introducing DNA into mammalian genomes: it has been found that 

mammalian DNA can undergo integration of DNA using the PI phage Cre system 

via recognition by utilising sequence information other than its native loxP site in the 

mammalian genome (Thyagarajan et al., 2000). This has led to further research on 

the use of more efficient recombinase elements for mammalian chromosome 

integration including bacteriophages phiC31 (Thyagarajan et al., 2001), R4 (Olivares 

et al., 2001) and TP901-1 (Stoll et a l, 2002).
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1.6 Phage Tail Fibres and infection

Bacteriophage tail fibres are responsible for adsorption of the bacteriophage 

to the bacterial cell via a specific epitope on the cell surface. Siphoviridae and 

Podoviridae phages are tailed, but differ in their tail morphology. Siphoviridae and 

Podoviridae tails are non-contractile compared to those of Myoviridae Fig 1.1. Tail 

shape is important, and length has been associated with efficiency of adsorption of 

the phage to its bacterial host ligand; the longer the tail, the greater the adsorption 

potential (Schwartz, 1976). Phage tail fibres can be either single gene products, as in 

some Podoviridae phages such as Stx-phage 933 W, or produced by a cascade of 

genes e.g. long tailed phage such as X (Xu et al., 2004). SEM images of lambda, 

933 W and Mu are presented in Fig. 1.8. The X tail is encoded by 11 genes gpZ, gpU, 

gpV, gpG, gpT, gpH, gpM, gpL, gpK, gpl, gp,J. The X long tail fibre is 

approximately 140 nm in length and is constructed from 32 hexameric protein disks 

encoded by gpV  (Casjens and Hendrix, 1974). The length of the tail fibre is 

determined by gpH  which encodes a tail tape measure protein; this is a large ORF 

(~2 Kbp) that yields a a  helical protein (Xu et a l, 2004). gpH is stored in the 

injection tube of the phage and is ejected into the naïve cell before the phage DNA is 

transferred (Roessner and Ihler, 1984). Tail gene order is highly conserved in the 

long tailed phages i.e. the major tail gene is found upstream of the tape measure gene 

(Xu et al., 2004). The head and tail proteins of X are constructed in different 

amounts due to the efficiency of translation (Sampson et al., 1988); and a 

translational frame shift has been associated with controlling the levels of tail fibre 

proteins produced (Xu et al., 2004). A frame shift (-1) in gpG and gpT gives a gpGT 

protein because of the read-through across both ORFs, and this has been
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Fig 1.8 TEM images of wild type bacteriophage. A + C wild type X 

(Siphodoviridae) and Mu (Myoviridae) respectively

(from:www.biochem.wisc.edu/ inman/emnics/virus.htm). B Image of 

Stx-phage 933 W (Podoviridae) (from Plunkett et al., 1999)
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hypothesised as a possible chaperone protein for the tail fibre assembly (Xu et al., 

2004). This kind of frame shift regulation has also been described in the capsid 

genes of phage T4 where a frame shift (-1) has been identified in the scaffolding 

proteins (Casjens and Hendrix, 1988).

The key stage of phage adsorption is the association between, initially 

side tails of the bacteriophage to their respective receptors, and then the subsequent 

adsorption of tail spike to the bacterial receptor specific for infection. Phages 

obviously benefit from using a protein that is usually exposed to the environment 

during host cell growth and propagation. The X gpJ gene has been associated with 

adsorption of the phage to the host cell outer membrane protein (OMP) as an anti-gpJ 

polyclonal antibody inhibited lambda infection (Wang et al., 1998). The distal end 

of gpJ protein (last 248 amino-acid residues) is responsible for lambda adsorption to 

its bacterial ligand (Wang et al., 2000). LamB, a maltose-binding protein, is the 

surface epitope in E. coli for lambda recognition. This was unequivocally 

established when an anti-LamB polyclonal antibody inhibited infection of the X 

phage (Wang et al., 2000). Environmental factors have been shown to inhibit 

lambda adsorption, such as bile salts. Under these conditions, the bacterial Ag43 

gene (E. coli auto-transporter) would be repressed and it has been shown that this 

gene also has an effect on the bacteriophage adsorbing to its target protein (Gabig et 

al., 2002). The oxyR gene (involved in the bacterial response under oxidative 

conditions) has a similar effect (Gabig et al., 2002). Although the interaction 

between the X tail spike and LamB is well characterised, little is known about other 

lambdoid-like phages and their bacterial surface targets. Dupont et al. (2004) 

identified the OMP responsible for Lactococcus lactis phage infection by using a
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random insertion mutagenesis approach in the host bacteria to identify a trans

membrane protein involved in polysaccharide transport.

1.7 Capsid

The virus capsid has a symmetry which results from the binding of 

symmetrical protein shapes that, on completion, form a closed unit (Casjens, 1985). 

This is constructed from major capsid proteins that are arranged around a protein 

scaffold (Casper and Klug, 1962). The minor capsid gene encodes the head-tail 

connector joining the tail fibre and the capsid together, connecting the 5-fold 

symmetry of the capsid portal vertex with the six fold symmetry of the tail fibre 

(Casjens, 1985). Lurz et al. (2001) identified the head tail connector of phage SPP1 

by EM by visualising phage heads that had not been packaged.

The procapsid, also known as the prehead or prohead, is the empty capsid 

that still contains the preliminary scaffolding, which in X is digested by proteolytic 

cleavage and thus disappears from the protein head. In the case of phage such as 

P22, the scaffolding is cleaved and re-cycled for use in the further creation of capsid 

(King and Casjens, 1974). Lambda (Siphoviridae) has an extra capsid protein gpD 

that binds to the capsid surface several steps after the shell is complete (Sternbergt 

and Weisber, 1977). For the capsid to change from an almost spherical procapsid to 

its mature form requires a maturation step or expansion that is usually triggered by 

DNA packaging (Lee et al., 2004) (see Fig 1.7). The capsid assembly in some 

bacteriophages as previously mentioned e.g. HK022 has been well categorised, this 

is not the case for all lambdoid-like phages.

1.8 Phage DNA Packaging and ejection

26



Bacteriophage DNA is packaged into the viral head when the phage is 

being constructed. The capsid construction has been discussed above as a stimulus 

for packaging of the phage DNA into phage capsid, thus making a mature head. 

Terminases are responsible for cutting the circular phage genome at a specific site; in 

lambda this is the cohesive ends site (cos) and can be located upstream of the capsid 

genes (Fig 1.2). Terminases are involved in the packaging of the linearised phage 

DNA into the capsid (Black et al. 1989). The phage DNA enters the capsid via a 

portal protein, which is initially ‘not passive' for DNA entry (Black, 1989). In T4 

DNA packaging, a conformational change in the portal protein has been associated 

with the stimulus for the packaging event (Hsaio et al., 1977). Phage DNA 

replication can lead to the production of concatamers that can be resolved by the 

terminases (Black, 1989). After the initial packaging cut of the DNA, it is packaged 

in a constant direction along the concatamer (Black, 1989). The terminal cutting in 

the packaging head by the terminase is called the headful cut; in A this a sequence- 

specific cut at the cos site leaving a sticky ended 12 bp 5’ overhang on the mature 

phage DNA (Feiss et al., 1983; Hohn, 1983; Miwa et al., 1983). Bacteriophage 

DNA, when being packaged into the head is thought to store sufficient energy from 

the packaging event that can be used to inject the DNA into the bacterial host. 

Evilevitch et al. (2003) showed that by increasing the external osmotic pressure by 

several tens of atmospheres outside of the capsid inhibited A DNA injection. This 

raises the question how the phage DNA torsion effect is produced? A number of 

potential models have been published to address how phage DNA is held in the 

packaged virion. Electron microscopy of the packaged phage heads of T7 (Cerritelli 

et al., 1997), T4 (Olson et al., 2001) and P22 (Zhang et al., 2000) has shown that the
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expansion cross-linking
in vivo STEPS --------------------------------------- >  --------------- >

Fig 1.9 Diagram of bacteriophage HK97 capsid maturation / expansion (A)

Assembly and processing. HK97 proheads assemble when capsid protein gp5 and protease 

gp4 are coexpressed in E. coli. Prohead I, a transient intermediate, consists of a shell formed 

from 60 hexamers and 12 pentamers of gp5 subunits with ~60 copies of gp4 inside. When 

present, a dodecamer of portal protein gp3 replaces one pentamer. The gp4 protease digests 

the N-terminal 102 residues of each gp5 and itself into fragments that exit from the shell to 

create Prohead II. Prohead II can be induced to expand in vitro at pH 4 (via expansion 

intermediates EI-I, EI-II, etc.) and further mature upon neutralization.(B) The in-vitro pH- 

controlled sequential pathway. In this older model expansion can be induced at low pH, but 

crosslinking does not begin until the entire structure has undergone the transition to Head I, 

identical to Head II, but without crosslinks. (C) The in vitro pH-controlled concurrent 

pathway. In the revised model of expansion, crosslinking begins early in the expansion 

process (from Lee et al., 2004).
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phage DNA takes on a spool-like conformation consistent with the coaxial spool 

model (Richards et al., 1973; Earnshaw and Harrison, 1977). Spakowitz and Wang 

(2005) described an extra 12 0 rotation for every 2 base-pairs that aids packaging of 

the phage head in 029. The model that they designed, including the extra twist by 

the packaging motor, is in agreement with the previous electron microscopy studies. 

The extra twist may also increase the stored pressure required for DNA ejection. It 

has been described that the genomes of X (Virrankoski-Castrodeza et al., 1982) and 

P22 (Casjens, 1989) show super-coiling; for this to occur the head would have to be 

packed in a spooling manner (Spakowitz and Wang, 2005).

1.9 The Pathogenicity of Escherichia coli

Escherichia coli are an important member of the intestinal microflora of 

humans and animals and typically become established in the gut of human infants 

within a few hours after birth, colonising the mucosal layer of the colon. E. coli as a 

commensal bacterium rarely causes symptoms of infection although there have been 

cases of peritonitis in the immuno-compromised patient when the gastrointestinal 

wall had been breached (Kaper et. al., 2004). Certain E. coli types have, through 

evolution, obtained virulence factors that convert commensal strains to pathogenicity 

traits which form 6 pathotypes that clinically affect humans. These are 

enterohaemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), 

enterotoxigenic E. coli (ETEC), enteroaggregative E. coli (EAEC), enteroinvasive E. 

coli (EIEC) and uropathogenic E. coli (UPEC) (Kaper, 2004). Infection by one of 

these pathotypes may yield one of three clinical syndromes; enteric / diarrhoeal 

disease, sepsis or urinary tract infection (UTI) (Kaper, 2004). All of these 

pathotypes mentioned, excluding EIEC, have been classed as ExPEC as they cause
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extraintestinal infection. EIEC is an intracellular pathogen and can replicate both in 

epithelial cells and macrophages (Kaper, 2004). All pathotypes follow the 

sequential mode of infection that other mucosal pathogens follow in that they must 

first colonise, then evade the host defences, propagate and cause damage to the host 

(Kaper, 2004).

1.10 Shiga toxigenic Escherichia coli (STEC) Epidemiology

1.10a Overview of STEC infection - the emergence of a global pathogen.

The emergence of verocytotoxigenic or Shiga-like toxin-producing 

Escherichia coli (VTEC / STEC) as food-borne pathogens has become a worldwide 

public health concern. The most infamous serotype is 0157 and the most virulent 

strain of Enterohaemorrhagic E. coli (EE1EC) described to date (Law, 2000). STEC 

infection can also be classed as an EE1EC infection as symptoms can lead to 

haemorrhagic colitis (HC) manifested as bloody diarrhoea. Elaemolytic ureamic 

syndrome (HUS) and thrombocytopenic purpura are potential fatal complications 

that can also ensue (Dundas et al., 2001) and it is these symptoms that are 

responsible for setting STEC apart from other pathogenic E. coli as a very serious 

pathogen indeed.

The first recorded incidence of E. coli 0157 was in 1982 when the American 

Center for Disease Control (CDC) identified a rare E. coli serotype 0157:H7 that had 

been isolated from contaminated hamburgers (Riley et al., 1983). One year later a 

surveillance system was implemented across England and Wales to monitor the 

incidence of VTEC infection (Willshaw et al., 2001). In the UK VTEC strains 

isolated from human infections are forwarded to the Health Protection Agency,
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laboratories for enteric pathogens (LEP) and subsequent strain typing is reported to 

the CDC (Thomas et al., 1993; 1996).

In 1992, 500 cases of E. coli 0157 infection were reported from a single 

outbreak, subsequently traced to undercooked hamburgers being sold in a US fast 

food outlet (Bell, 1994). As a result of this outbreak the US government ordered 

surveillance of this infection via the CDC and have since reported that STEC 

infection accounts for at least 73,000 cases and 61 deaths per year including an 

estimated 2,100 hospitalisations per year in the U.S, this amounting to medical costs 

of between 250 and 300 million dollars per annum (CDC website 2005: 

http://www.cdc.gov/ncidod/dbmd/diseaseinfo/escherichiacoli g.htm). In England 

and Wales, the incidence of VTEC infection has increased over the last 15 years; e.g. 

reached 1087 cases in 1997 and 1084 in 1999. The increase in incidence of STEC 

infection globally may be due to increased screening and surveillance programs 

alongside advances in laboratory identification methods. In Canada, an exponential 

increase of STEC infection was reported in the 1980’s, which reached a peak of 8.8 

people per 100,000 of the population in 1989 (Sharp, 1990). The incidence of human 

infection between 1982 and 1993 showed that there were 2 to 3 outbreaks of VTEC 

infection per year in the U.S. In England and Wales in the 1995 - 1999 period, 

thirteen incidences of STEC were related to contaminated dairy products, the largest 

of which occurred in North Cumbria where 87 people became infected after drinking 

contaminated milk (Anon, 1999). A similar dairy product-related STEC outbreak 

was also described in May 1997 in which geriatric patients in a Scottish hospital 

became unwell. The incidence of infection occurred across four separate, isolated 

hospital departments and was finally traced to a local dairy that produced cream 

cakes that had been brought to a hospital social event (O’Brien et al., 2001).
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Between 1994 and 1999, 8 outbreaks comprising 51 cases, 25 of which were 

children, were related to visits to petting and other farms that are open to visitors 

(Milne et al, 1999).

On the 22nd November 1996 the largest outbreak ever reported in the UK 

occurred in Lanarkshire, Scotland; 512 cases were reported leading to 22 deaths, 17 

specifically from the outbreak (Cowden 2001). In the same year the largest 

occurance of infection was described in Japan when 7000 people became infected 

from contaminated bean sprouts and 9 children died (Watanabe et al., 1996). The 

most recent outbreak reported in the UK was in September 2005 in South Wales, 

deriving from a local meat supplier, 1 child died. Outbreaks of the infection are 

sporadic, but the low infective dose means that there is usually a large number of 

people involved in each episode.

1.10b Shiga-like toxin (Stx) / Vero toxin (VT)

The Stx toxins are carried by temperate bacteriophages (Stx-phages), the Stx- 

phage encoded toxins are called Shiga toxin 1 (Stxl), also known as VT1 and Shiga 

toxin-2 (Stx2) also known as VT2. In the Stx-phage genome, stxl and stx2 are 

normally located directly after the Q antiterminator site (Datz et al., 1996) (Fig 1.8). 

Stx2 is one thousand times more toxic to renal endothelial cells than Stxl (Louise 

and Obrig, 1995).

Stx are members of the AB holotoxin family in that they are constructed of a 

single A-subunit (32 kDa) surrounded by a pentameric ring of five identical B- 

subunits (Melton-Celsa et al., 1998). The B-subunit is involved in binding the toxin 

to its specific target site and shows affinity for globotriaosyl ceramide (Gb3 ) and
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globotetraosyl ceramide (Gb4 ) (O’Loughlin et al., 2001). Stx show activity against 

different cells/organs depending on the distribution of the target Gb3 / Gb4 receptors 

on the Vero cell surface (African green monkey kidney cells) (O’Loughlin et al., 

2001). Richardson et al (1992) injected a rabbit with Stxl toxin and found 

inflammation in the gastrointestinal tract and central nervous system. In contrast, 

when Stx2 was injected into a mouse it exhibited central nervous system and renal

Q lS C c lS C  W l l l lV J L l l  111 VVJl V t / l l l t / i i t  v/ jT t l i^  ( T v o l i  u C ., l y y i ' j .  O i a I  I jlcio u .L / i l i t j '  tv/ \,iy~

regulate apoptosis of endothelial cells by the inhibition of MC1-1, an apoptotic 

protein (Erwent et al., 2003).

Vero-toxins enter their target cells at the apical membrane by receptor- 

mediated endocytosis and are transported across the cell to exert an effect on protein 

synthesis (Sandvig et al., 1996). The toxin subunit (StX2 B) attaches to its 

glycoprotein receptor and is internalised via a clathrin-coated pit (endosome). At this 

point catalytic cleavage of the Stx2A sub unit occurs by furin in the endosome and at 

the trans-Golgi network, increasing its enzymatic activity (Sandvig et al., 1996). The 

toxin inhibits protein synthesis by restricting the elongation of peptides (Obrig et al., 

1987). Acheson et al. (1998) describe how purified Stxl and Stx2 were added to a 

renal CaCo2A cell layer with no effect; when STEC bacteria were added, the toxins 

were transported across the layer destroying it. This response indicates that toxicity 

may be a culmination of virulence factors that are involved in directing the 

pathogenicity of the toxins (Law, 2000).

Stxl and Stx2 cause an inflammatory response when administered to human 

monocytes stimulating production of TNFa, IL-1(3, IL-6 and IL-8 and very low 

production of IL-10; this cytokine is stimulated by the presence of lipo

polysaccharide (LPS) (Nakagawa et al., 2003). High ratios of inflammatory
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cytokines IL-6 / IL-10 or IL-8 / IL-10 are used clinically as indicators of risk for 

HUS development (Westerholt et al., 2000). Menge (2001) hypothesises that Stxl 

can modulate intestinal inflammation as it binds to the CD77 epitope inhibiting 

proliferation of host lymphocytes. It may also confer an advantage to the bacteria to 

help explain why STEC can survive for long periods of time in the gut (Menge et al., 

2004).

Transportation of Stx2 to target organs may occur in humans via binding to a 

human serum amyloid P component (HuSap). This has been shown to compete for 

binding of Stx2 with a humanised monoclonal antibody TMA-15 that was shown to 

lower the efficacy of Stx2 in a mouse model. HuSap is present in the blood at ~30 -  

45 pg ml"1 (Kimura et al., 2003). O’Brien et al. (1983) compared toxins produced by 

EHEC and Shigella dysenteriae type 1 and found that they showed distinct amino 

acid sequence similarity. Stxl has been shown to be homologous to shiga toxin from 

Shigella dysenteriae with only 1 amino acid difference (Calderwood et al., 1987). 

The variation between Stxl and Stx2 is usually identified in the B-subunit which 

alters binding specificities and toxicity (Melton-Celsa et al., 1998) There are now a 

number of identified variants of the more virulent Stx2 catalogued from Stx sub

variant Stx2a up to Stx2g (Leung et al., 2003). This variation can modulate 

specificity for target receptors e.g. Stx2e has an increased affinity for porcine 

erythrocytes (Matise et al., 2003). Variation between Stxl and Stx2 is also 

significant, as Willshaw (1987) described how specific probes designed for stxl 

failed to bind to stx2 over a 1.4 Kb region.

1.10c Regulation of stx l and stx2 Transcription
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As discussed previously stx genes are located in the late gene region of 

temperate Stx-phages, and from sequence data it is established that they lie in the 

same region of the phage genome, just downstream of the Q antiterminator site (Fig 

1.8). This was confirmed by Unkmeier (2000) while screening 49 STEC strains for 

Stx variation and sequence identity amongst the toxin gene flanking regions. As 

both stxl and stx2 are situated in the prophage or cryptic prophage late genes, they 

are transcribed when the lytic life cycle is induced. Further detail on stimulation of 

Stx production can be found in section 1.2 and Fig 1.3. Fig 1.8 shows an alternative 

to the well described regulation of Stx provided in Fig. 1.3 where transcriptional 

control of Stxl can occur under low environmental levels of iron (Neely and 

Friedman, 1998). Gamage et al. (2003) have shown that the presence of other non

pathogenic gut commensals can lead to the upregulation of Stx production by 1000

fold; this is due to the propagation of the phage in the commensal E. colt population. 

Wagner et al. (1999) showed that levels of toxin production can vary upon induction 

of different lysogens when different bacterial hosts are infected with a single Stx- 

phage.

l.lOd STEC pathogenicity factors

The pathogenicity of STEC is not a single factor; it is an accumulation of a 

range of pathogenicity determinants that combine to give the complete pathogenic 

form. For the STEC to deliver the toxins effectively there must be an intimate 

association of the bacteria to the gut mucosa. Adhesion and other pathogenicity 

factors will be discussed in greater detail in this section. When STEC infection is 

mentioned it is pertinent to directly think of the 0157:H7 serotype, but increased 

detection and characterisation of outbreaks have determined non-0157:H7 serotypes 

that have been associated with STEC infection e.g. Bettelheim (2000) describes the
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Fig 1.10 Transcriptional Regulation of stx

Map and transcription patterns of H-19B phage genome involved in Stxl regulation 

(Neely and Friedman, 1998). Stx production occurs on induction of the lytic life cycle, 

where transcription through Q enables expression of the late genes including stx. Under 

lysogenic regulation, low iron concentrations can stimulate stxl transcription using 

promoter pstxI terminating at tslxi. Gene descriptions and description of regulation can be 

found in section 1.2. From Neely and Friedman (1998).
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most important non-0157 serogroups that have been shown to encode Stx toxins to 

be 026, 0111, 0128 and 0103. A complete list of STEC virulence factors, toxins 

and effector proteins identified can be seen in table 1.3.

Adhesion of STEC to the gut mucosa. STEC must adhere to the gut mucosa once 

it has passed through the stomach, so that it is not removed by the peristaltic flow of 

the gut. STEC virulence plasmid (p0157) was thought to encode a fimbrial adhesin 

that allowed attachment to Henle407 (kidney) cells (Karch et al., 1987), although 

sequencing of a p0157 plasmid by Burland et al., (1997) did not identify a fimbrial 

gene cluster. Flagellin, the main component of flagella, binds to the Toll-like 

receptor 5 (TLR5) on the cell, which stimulates the inflammatory response via 

interleukin 8 (IL-8) (Hayashi et al., 2001). The following adhesins are associated 

with STEC; Paa, ToxB, Efa -  1 / LifA, Long polar fimbrie (LPF), Saa, OmpA and 

their impact is described by Kaper, (2005).

Lipopolysaccharide of E. coll Lipopolysaccharide is not directly linked to 

adhesion, although it can bind to toll-like receptor 4 (TLR4). Bilge et al. (1996) 

identified that LPS-deficient mutants were hyper-adherent to Flep -  2 kidney cells in- 

vitro. It may then be possible that LPS plays a role in masking the adhesins (Law, 

2000) .

LEE Pathogenicity Island, intimate adhesion and the Creation of AE lesions

The locus for enterocyte effacement (LEE) is located on a pathogenicity island (PAI) 

comprising a group of genes that are involved in intimate adherence of pathogens to 

gut epithelial cells (McDaniel and Kaper, 1997). The LEE site is responsible for
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Table 1.3 STEC virulence factors, toxins and effector proteins

F actor T o x in  C lass T  a rg e t A c tiv ity  /  E ffe c t

S higa to x in A B  s u b u n it rR N A D e p u rin a te s  rR N A , in h ib itin g  p ro te in  

sy n th e s is ; in d u c es  a p o p to s is

U rease A B C  su b u n it U re a C le a v e s  u rea se  to  N H 3 an d  C 0 2

EspP A u to tra n sp o r te r S e rin e  p ro te a se ; c le a v e s  c o a g u la tio n  

fa c to r  V.

C if T y p e  III e f fe c to r B lo ck s  m ito s is  in G 2 /M  p h ase ; 

re su lts  in  in a c tiv a tio n  o f  C d k l

EspF T y p e  111 e ffec to r O p en s  t ig h t  ju n c t io n s ,  in d u c e s  

a p o p to s is

E spH T y p e  III e f fe c to r M o d u la te s  f i lo p o d ia  a n d  p e d e s ta l 

fo rm a tio n

M ap T y p e  III e f fe c to r M ito c h o n d r ia D is ru p ts  m ito c h o n d r ia l m e m b ra n e  

p o te n tia l

T ir T y p e  III e f fe c to r N cK N u c lé a t io n  o f  c y to sk e le ta l p ro te in s , 

lo ss  o f  m ic ro v illi ,  G A P - lik e  a c tiv ity

StcE T y p e  II e f fe c to r C 1-e s te ra se  

in h ib ito r  (C l- IN H )

C le a v e s  C l - I N H , d is ru p ts  

c o m p le m e n t c a sc a d e

Ehx R T X  to x in E ry th ro c y te s  /  

ly m p h o c y te s

C e ll ly sis

Efa L y m p h o c y te s In h ib its  ly m p h o c y te  a c tiv a tio n  , 

a d h e s io n
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attachment and effacement (AE) lesions of the gut as microvilli are replaced by 

structures (pedestals) formed out of compact microfilamentous material almost 

engulfing the bacterial cell (McDaniel and Kaper., 1997) (Fig 1.11 & 1.12). The LEE 

sites in both STEC and EPEC strains have the same function in that they aid in the 

intimate adherence of bacteria to gut wall, they are also located in approximately the 

same site in the bacterial genome, although there is an ~8 kbp difference in size. The 

LEE region in STEC strain EDL933 (GenBank accession number AF071034) is 

43,359bp in size which, is larger than in the EPEC comparative strain E2348/69 

which is 35.624bp (Perna et al. 1998). LEE in EPEC, EHEC, PAI-I in UPEC are all 

located 15 bp downstream of the housekeeping gene selC (Hacker and Kaper, 2001).

The formation of pedestals and effacement of the gut brush border is complex 

and has been described in EPEC to involve 12 genes, named espA to espL. This 

array of genes is essential for host signalling (Kenny et al., 1996). Mutant analysis 

of the EPEC LEE region has categorised these 12 genes into 3 groups, allocated with 

respect to their role in the formation of AE lesions (Kenny and Finely, 1995). Group 

1; espA and espB encode bacterial proteins from the bacteria that are transported into 

the host epithelial cell (Kenny and Finley, 1995). Group 2; secretory genes sepA to 

sepJ encode proteins that show a distinct amino acid identity to those of a type III 

secretory system (McDaniel et al., 1997). The secretory genes are essential for the 

transfer of the signalling proteins into the host cell (Jarvis et al., 1995). Group 3; a 

single adhesion gene eae encoding Tir (Frankel et al., 1994).

The bacterial adhesin involved in intimate attachment of STEC to the gut 

cells is intimin (Batchelor et al. 2000). An intimin receptor protein (Tir) (previously 

Hp90) is translocated into host gut cell, phosphorylated and located at the membrane 

forming a hairpin loop structure (Luo et al., 2000). This structure yields a surface
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binding epitope for intimin (Hicks et al., 1998) and the amino and carboxy terminals 

located in the gut cell cytoplasm (Hartland et al., 1999) as a focus point for actin 

polymerisation and cytoskeleton rearrangement (Frankel et al., 1998). Therefore, 

Tir, as well as binding intimin giving the close adherence exploits the actin signalling 

cascades within host cells upon its interaction with intimin (Campellone and Leong, 

2003). Levels of intimin production have been associated with another LEE-encoded 

gene ler which when 0157:H7 strain EDL933 was compared to an isolated single 

base pair mutant of this gene showed lower production of intimin (Ogierman et al., 

2000).

EPEC / EHEC target the heptameric actin-related protein 2 / 3  (Arp 2 

/ 3) pathway which is involved with actin nucleation (Welch et al., 2002). Actin 

nucleating activity of the Arp 2 / 3  complex is stimulated by the Wiskott -  Alderich 

protein (WASP) family (Campellone and Leong, 2003). Wasp proteins in turn are 

activated in EPEC by either rho family GTPases or adaptor proteins (Campellone 

and Leong, 2003). In EPEC, adaptor protein Nek binds to phosphotyrosine, which in 

turn stimulates N-Wasp, which initiates actin polymerisation (Rohatgi et al., 2001). 

Fig 1.13 shows the that difference between and EPEC and EHEC is that actin 

polymerisation is independent of Nek adaptor protein, but not WASP.
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Fig 1.11 Pedestal formation: alteration of the actin cytoskeleton of gut 

mucosal cells during EPEC infection. Transmission electron microscopy of 

cultured intestinal epithelial cells infected with wild type enteropathogenic E. coli 

(EPEC), E. coli K-12 or recombinant clones. Left: E. coli K-12 strain HB101 

containing cloned 35 kb Pathogenicity Island that confers attaching and effacing 

histopathology. Middle: E. coli K-12 strain HB101 without cloned pathogenicity 

island. Right: Wild type EPEC strain E2348/69 showing attaching and effacing 

histopathology (from McDaniel & Kaper, 1997)
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Fig 1.12 Pedestal Formation and actin rearrangement. Actin pedestals of EPEC and 

EHEC. (a) EPEC generates AE lesions on the intestinal epithelium after infection of 

gnotobiotic piglets, (b) Actin pedestals that resemble AE lesions formed in vivo are also 

generated on cultured epithelial (HeLa) cells, (c) The host adaptor protein Nek localises 

to the tips of actin pedestals generated by EPEC. Cultured HeLa cells were infected 

with EPEC and examined by immunofluorescence microscopy. F-actin is shown in red, 

bacterial DNA in blue and the host protein NCK in green. Co-localisation of Nek and 

F-actin beneath bacteria are depicted in yellow, (d) Nek is not recruited to sites of 

EHEC pedestal formation. Cultured HeLa cells were infected with EHEC and examined 

by immunofluorescence microscopy as in (c) (from Kaper, 2004).
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Fig 1.13 Schematic diagram of actin cytoskeleton rearrangement, including 

effectors of EPEC and EHEC colonisation. Diagram shows differences between 

pedestal formation of EPEC and EHEC (from Campellone and Leong, 2003).
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Other genes have been identified in the LEE region that do not contribute in 

the ability of the pathogen to form AE lesions, but do have implications for initial 

piliated adherence of the pathogen to the gut cell. Doughty et al. (2002) identified 

long polar fimbriae genes encoded on LEE (IpJ). Through mutant analysis it was 

found that reduced adherence occurred when compared to the wild type and was thus 

restored by complementation (Doughty et al., 2002).

Plasmid p0157. There is a large F-like virulence plasmid (~92Kb) present in most 

VTEC 0157:H7 strains called p0157 (Burland et al., 1998). Study of p0157 has 

shown high levels of heterogeneity across STEC in both composition and 

arrangement (Schmidt et al., 1999).

p0157-borne Enterohaemolysin. The STEC-enterohaemolysin (Ehx) was the first 

sequence to be determined on the p0157 plasmid and was named thus to distinguish 

it from alpha-haemolysin to which it is related, but not identical (60 % sequence 

identity) (Schmidt et al., 1995, 1996). Secretion of the VTEC-haemolysin seems to 

be defective, as only small zones of haemolysis or a lack of haemolytic activity in the 

supernatant fluids occurs (Schmidt et al., 1996). Production levels of Ehx between 

serotypes vary. For example sero-group 0103 produces the same haemolytic activity 

as alpha-haemolysin with the ehx gene; it is thought that in this case that Ehx is over 

expressed (Schmidt et al., 1999). The Ehx operon is highly conserved and so could 

play a role in survival or confer an advantage upon STEC infection (Law, 2000).

(Campellone and Leong, 2003). EHEC uses a proline-rich protein EspFu an effector

similar to Esp which has the ability to localise or bind N-W ASP so that pedestal

formation can occur (Campellone et al., 2004).
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Schmidt and Karch (1996) described how 16 of 18 strains that were causative of 

HUS carried the ehx gene, compared to 4 of 18 of diarrhoeal related isolates. Low 

oxygen environments have been shown to increase the production of Ehx (Chat et 

al., 1998), which can relate with the conditions E. coli that would encounter in the 

human gastrointestinal tract (Law, 2000). Ehx is not needed for development of 

sequelae such as HC and HUS, so its role in VTEC infection is unclear (Law, 2000).

p0157-borne Catalase-Peroxidase. KatP is an 82 kDa bi-functional catalase- 

peroxidase (Brunder et al., 1996). KatP has been identified in ~ 6 6  % of 0157 

isolates compared to 38 % in non-0157 isolates (Brunder et al., 1996). The enzyme 

accumulates in the periplasm of the cells and may have a role in detoxifying oxidants 

produced by macrophages and neutrophils, aiding the bacterial cells to evade host 

responses (Law et al., 2000). There is no connection between the incidence of katP 

in E. coli isolates and the occurrence of HC and HUS, and it may, therefore, not be 

greatly involved in the virulence of STEC (Law, 2000).

p0157 borne Clostridium difficile-like Toxin. A large open reading frame (ORF 

L7095) on p0157 encodes a 3169 amino acid protein showing similarities to a family 

of toxins called the large clostridial toxins (LCT) (Burland et al., 1998). The toxin 

includes a C-terminal domain which promotes entry into the cell and an N-terminal 

glucosyl-transferase that modifies proteins regulating cell architecture leading to 

disorganisation of the cell cytoskeleton (Law et al., 2000). Similarities between the 

pathology of STEC infection and Clostridium difficile-colitis have been noted 

(Nataro and Kaper, 1998).
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p0157-borne Extracellular Serine Protease (EspP). EspP is an autotransporter 

mediating its own secretion through the outer membrane (Law, 2000). EPEC and 

EHEC have been shown to secrete EspP into culture supernatant (Kaper et al. 1998). 

EspP is a 104 kDa protein that shows similarities to EspC of EPEC which is a 

secreted protein of no designated function is related to a narrow host range serine- 

protease family with ability to target and cleave human coagulation factor V (Law, 

2000). This may influence the blood clotting cascade which would prolong bleeding 

and in turn allow increased haemorrhaging into the gastrointestinal tract (Kaper et 

al, 1998).

A type II secretion pathway was found on 100% of fifty STEC 0157 strains 

encoded by p0157 in Burland’s study (1998), although the identity of proteins 

secreted via this function is unknown in STEC (Law et al., 2000).

Other STEC-related virulence factors. A novel prophage-encoded effector has 

been identified in both EPEC and STEC, named Cif (Marches et al., 2003). Cif is 

translocated into the gut epithelial cell via the type III secretion system encoded by 

LEE (Marches et al., 2003). Cif promotes actin cytoskeleton rearrangement and G2 

cell cycle arrest, and this is identified by inactive phosphorylated Cdkl in the cell 

(Marches et al., 2003). Cif is the first described cyclomodulin translocated through 

the LEE encoded Type III secretion system that is encoded on a prophage and not on 

the LEE PAI.

STEC Acid tolerance. STEC must pass through the acidic environment of the 

stomach if they are to colonise the gut (Law, 2000). E. coli survives these acidic 

conditions by a number of responses. At pH 2.0, an arginine-dependent response
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provides increased protection to STEC strains when compared to commensal E. coll, 

although, when both the commensal and STEC strain responded to the change in pH 

with a glutamate-dependent response results were comparable (Lin et al. 1996). An 

oxidative response that allows survival for over 2 hours at pH < 2.5 is dependent on 

the rpoS regulon (Law, 2000). O’Brien et al. (1997) describes how the ability of 

STEC to withstand acidic conditions varies from serotype to serotype. Studies have 

shown that when 0157:H7 strains have been compared with commensal gut isolates 

no difference was seen with respect to acid tolerance (Foster, 2004). Heat stress has 

been shown to increase the resistance to low pH (Wang and Doyle, 1998), which 

may have implications in the re-heating of contaminated food or cooked meats (Law, 

2000).

l.lOe Animal Reservoir and Seasonality of STEC Shedding.

As our understanding of the STEC animal reservoir and seasonality of STEC 

shedding increases, it is possible to try to implement precautions to lower the 

opportunity for STEC infection to be acquired. STEC has been isolated and 

characterised from a range of livestock, predominantly cattle which is thought to be 

the primary reservoir of STEC. Mature cattle carry STEC, but do not show 

symptoms (Beutin and Muller, 1998). STEC have also been isolated from other 

animals such as sheep (Djordjevic et al., 2004), pigs (Bonardi et al., 2002), deer 

(Keene et al., 1997), greyhound dogs (Staats et al., 2003), seagulls (Morabito et al., 

2001) and even pigeons (Schmidt et al., 2000). There have also been reports that 

fruit flies are able to act as vectors of STEC infection (Janisiewicz et al., 1999). 

STEC has been reported to proliferate in the mouth-parts of house flies and is 

excreted for up to 3 days after (Sasaki et al., 2000).
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Ruminant shedding of STEC has been widely reported and studied (Hancock 

et al., 1997). Bonardi et al., (1999) in Italy and McEvoy et al. (2003) in Ireland in all 

cases showed increased shedding of STEC in the summer months. The study of 

Ogden et al. (2004) in Scotland differed from these other reports because they found 

increased shedding during the summer in their animals that showed high levels of 

shedding, but there was increased prevalence of STEC during the winter months. 

The explanation offered was that cattle are housed in Scotland during the winter and 

had levels of contact that led to increased prevalence of STEC (Ogden et al., 2004).

During the summer months multiplication of STEC in water troughs and 

cattle feed can lead to continuous re-infection of animals (Hancock et al., 2001). It 

has also been observed in slaughter houses that detection of STEC in the summer 

months can rise from an isolation rate of 2.9 % to 17. 9 % (Bonardi et al., 1999). 

This seasonal increase has also been identified by examination of meats products 

(Chapman et al., 2001).

1.11 Aims & Objectives

The aim of the research described in this thesis was to characterise the infection 

of E. coli with an Stx-phage (0 2 4 b) in which the six gene had been interrupted with 

a selectable antibiotic resistance marker. The initial part of the infection process is 

contact between the phage tail spike and the E. coli surface receptor and this was the 

main focus. As the bacterial outer membrane protein Vpr, for which there is 

evidence of a role as a phage receptor, had been previously identified, an important 

aim of this project was to unequivocally establish that the protein was the receptor 

recognised by this short tailed Stx phage. The approach taken comprised the 

following elements:
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• Development of a replicable signature phage adsorption assay to study the 

phage tail-receptor interaction.

• Production of a knock out mutant of the Vpr gene to demonstrate removal of 

sensitivity to d>24B infection.

• Blockage of the epitope of Vpr, responsible for phage binding, using a poly

clonal antibody and detection by confocal microscopy of the localisation of 

Vpr

• Examination of levels of transcription of \p r  when the E. coli growth 

environment was altered using a pvpr:.LacZ reporter gene construct.

• Comparison of the changes in transcription levels to translation and 

localisation by the cell using the phage adsorption assay.

• Compare tail spike genes of wild type Stx phage, to define a region of the tail 

fibre gene associated with phage adsorption.

Although X bacteriophage is very well characterised, this is not true of lambdoid-like 

Stx-phages. The following key events in the life cycle of Stx-phage were also 

studied.

• Integration of the phage into the host genome

• SEM of the lytic life cycle of an induced Stx-phage lysogenised host
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Chapter 2: General Materials and Methods

2.1 Materials

2.1.1 Media, Bacterial strains, Growth and maintenance

All media ingredients were obtained from Biogene except high clarity agar 

used for soft agar overlay (Difco) and MacConkey Agar (Oxoid). All E. coli strains 

were propagated at 37 0  C unless described otherwise either in liquid or on solid 

Luria Bertani media (LB) (Merck). Liquid cultures were incubated in a shaking 

incubator at 200 rpm. Antibiotic supplements (Sigma) were stored at -20 0  C and 

added where appropriate (Table 2.1). All containment level 2 strains were stored in 

50% (v/v) glycerol at -80 0 C; containment level 3 isolates were stored in 100 % 

glycerol at -20 0 C

Table 2.1 Antibiotic supplements

Antibiotic Solvent Stock Cone. Final Cone.

(mg ml"1) (Eg m l'1)

Ampicillin (Amp) H20 1 0 0 1 0 0

Chloramphenicol (Cm) 100 % EtOH 50 50

Kanamycin (Kan) H20 50 50

Norfloxacin (NFLX) h 2o 1 1

Rifampicin (Rif) 100% EtOH 34 300

Streptomycin (Sm) h 2o 50 50
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Wild type STEC isolates were obtained from the University of Liverpool, 

Department of Veterinary Clinical Science, Leahurst. STEC strain EDL933 was 

obtained from the American type culture collection (ATCC) via LGC technologies, 

UK. Phages P27 and 3538::Cat were donated as lysogens in E. coli K-12 strains 

C600 and DH5a respectively by Prof. Herbert Schmidt, University of Dresden, 

Germany. Erwinia carotovora subsp. atroseptica (ECC) was obtained from the 

German culture collection (DSMZ). E. coli strain DM1187 was used as the host for 

all of the bacteriophage enumeration work done in this study, as it contains a 

mutation (recA441) that results in a constant state of proteolytic activation through 

expression of recA, thus directing lysis (see Fig 1.3). E. coli K-12 strain MC1061 

was used as a host for the productions of lysogens. Topo (Invitrogen) E. coli cells 

were used as competent cells for cloning for subsequent nucleotide sequencing. The 

plasmids used in this work include are listed in Table 2.2.

Recombinant DNA polymerase was supplied by MBI Fermentas and proof 

reading DNA polymerase pfx distributed by Invitrogen by Life Technologies. T4 

DNA ligase and restriction enzymes were supplied by NEB. All enzymes were used 

according to the manufacturers’ instructions.

All glassware and aqueous solutions were sterilised by autoclaving at 121 0 C 

for 15 minutes (15 lb in2).

2.1.2 Bacterial Strains
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Table 2.2 Plasmids used in this study

Plasmid Construct Relevant genotypes Study

PUC190R1D bla, lacZa Sergeant, 1998

pYYypr construct using aph3, R6 K Yan Yaxian (un-published

pJP5603 data)

pKT230 aph3, Sm, Su Bagdasarian, 1991

pCR3.1 neo, bla Invitrogen

pKT230::ypr aph3, Sm, Su This study

Key:

bla p-lactamase gene conferring ampicillin resistance to E. coli. 

lacZa Encodes a-peptide of (3-galactosidase

R6 K Origin of Replication of origin that requires bacterial host encodes X-pir 

protein, ack of pir leads to inability to replicate and when used in conjunction 

with an antibiotic selection marker can lead to cell death under the selective 

pressure.

aph3 Confers kanamycin resistance on E. coli 

neo Confers neomycin resistance on E. coli 

Sm Confers streptomycin resistance on E. coli 

Su Confers sulphonamide resistance on E. coli
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2.2.1 Stx-phage constructs

An Stx-phage induced from strain (j)E86654, a clinical isolate of E. coli 

0157:H7 (Colindale Public Health Laboratories, CHPL) expressing the Stx2 toxin, 

had the Stx2A gene inactivated with a kanamycin resistance cassette (aph3) from 

plasmid pUC4K (Pharmacia) (Sergeant, 1998). This phage (<J>24B (Stx2A::aph3)) was 

renamed <j)24B::kan. A second construct was made using the same Stx-phage wild

type including a truncated Stx2A gene and the inclusion of a chloramphenicol acetyl 

transferase gene (cat) from pLysS (Novagen) (Allison et. al., 2003; James, 2002). 

This phage ((j)24e (.Stx2AA::cat)) was named (j)24BA::cat.

Another STX2-phage was obtained from Professor Herbert Schmidt at the 

University of Dresden, Germany. This phage also had the stx2A gene interrupted 

with a cat gene and called (|)3538::cat (Schmidt et al., 1999).

All phage stocks were stored at 4 0  C in LB plus 0.01 M CaCl2 (phage buffer).

2.2.2 Enumeration of recombinant Stx-phages

A ten fold dilution series of lysate (0.05 ml in 0.45 ml) was mixed with mid

exponential growth phase indicator host and incubated at 37 0 C for 25 min. This 

infection mix was then added to 5 ml molten top agar (4 % Difco Agar in LB, 0.01M 

CaCl2), mixed and then plated on to LB agar. The pre-vented plates were left to set 

and then incubated at 37 0 C overnight (James et. al., 2001) and then the plaques 

enumerated.

2.2 Bacteriophage: Propagation and Enumeration
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2.2.3 Propagation of recombinant Stx-phages

To propagate a pure phage stock, a single plaque was picked using a sterile 

Pasteur pipette and re-suspended in phage buffer (0.1 ml). This phage suspension 

was then propagated and titred by plaque assay.

The surface of the resulting semi-confluent lysis plates was scraped and an 

equal volume of phage buffer added. This suspension was stored overnight at 4 0 C 

to enable the phage to dissipate into the buffer, and was then membrane-filtered (0.45 

pm pore size; Sartorious). This step usually yielded approximately 107 - 108 pfu ml' 

'. An indicator host (DM1187) culture (100 ml) was grown to mid-exponential 

growth phase and infected with 1 0  ml of the phage suspension ( 1 0 7 - 1 0 8 pfu ml'1). 

The infected culture was incubated at 37 0  C overnight. When bacterial debris 

became visible, chloroform (0.1 ml) was added for a further 15 min to lyse the 

remaining bacterial cells. The lysate was vacuum-filtered through a manifold (100 

ml, Nalgene) containing a 0.45 pm diameter pore size filter. The phage stock was 

titred by plaque assay and typically yielded 10 - 10 pfu ml" . Phage stock was 

stored at 4 0 C.

2.2.4 Induction of the Lytic Life Cycle.

Induction of Stx-phage by stimulation of the lytic life cycle was achieved by 

exposing mid-exponential growth phase putative lysogen cultures to Norfloxacin (1 

pg ml"1) (Matsushiro, 1999) for 1 h at 37 °C. Recovery of the culture was achieved 

by subculturing (1 ml) into fresh medium (10 ml LB + 0.1 M CaCf) for a further 2 h 

at 37 0 C. The lysate was filtered (0.45 pm) and titred by plaque assay.
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2.2.5 Induction of wild-type Stx-phages from STEC isolates

The Containment level 3 facility in the School of Biological Sciences at the 

University of Liverpool does not contain a PCR machine, therefore a technique was 

developed to yield sufficient phage DNA template to be used for PCR amplification 

in the containment level 2  laboratory.

A 10 ml mid-exponential growth phase culture was subjected to Norfloxacin 

(NFLX) (1 pg ml"1) induction 37 0 C for 1 h. The culture was recovered by sub

culturing (1 ml) into LB + 0.01M CaCh (10 ml) to dilute the NFLX. The bacterial 

cells were recovered at 37 0 for 2 h. A portion of the lysate (50 pi) was serially 

diluted and propagated via plaque assay method described above. The host strain 

used for this infection was Rifampicin-resistant DM1187 (DM1187 R if+) and the 

antibiotic used to inhibit carry over of wild-type STEC strains used for the phage 

induction. The plates were incubated overnight at 37 0 C.

A single plaque was picked and propagated by plaque assay against DM1187 

Rif + using the method described above. A single confluent lysis plate was scraped 

and an equal amount of LB +0.01M CaCl2 added; this was left for approx 4-6 h to 

enable the phage particles to dissipate into the buffer. 1.5 ml of this lysate was then 

incubated at 80 °C for 20 min to kill any bacteria present, and denature the viable 

viral progeny. The tube was then surface-sterilised with 2 % stericol and transferred 

from the containment level 3 suite for the PCR analysis. This protocol was 

optimised using model phage 0 2 4 b lysogenised in M CI061. The maximum levels 

of phage diffusion from the soft agar were found after ~ 6  h incubation. The 80 0 C 

denaturation step was shown to kill both bacteria and the virus such that the 

preparation could not be used to infect E. coli i.e. no plaques were detected by plaque 

assay.
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2.2.6 Lysogenic infection

Lysogenic infection was stimulated by infection assays where the multiplicity 

of infection (MOI) was maintained at 0.1. Variation from this MOI can have an 

influence on the rate that lysogenic infection can occur, low MOIs have been shown 

to increase the possibility of lytic infection (section 1.2). Therefore, using E. coli 

MC1061 at mid-exponential growth phase OD6oo 0.5 (~ 10 8 cfu ml "') cells were 

infected with bacteriophage to give a final amount of phage of 1 0  7 pfu m l i n  the 

infection. Infection mixes were incubated for 25 min and then plated on media using 

the positive selective pressure of the bacteriophage, in this case either kanamycin or 

chloramphenicol depending on the labelled variant of ® 24b used.

2.4 Molecular microbiological techniques.

2.4.1 Polymerase Chain Reaction (PCR)

Two DNA polymerases preparations were used in this study; a recombinant, 

non-proof reading DNA polymerase (Taq) from MBI Fermentas and a recombinant 

DNA polymerase, proof reading enzyme called PLATINUM pfx (Invitrogen), which 

was used for amplification of DNA regions for downstream applications such as 

sequencing and cloning. Both enzymes were used according to manufacturers’ 

guidelines.

The MBI Fermentas DNA polymerase reaction mix contained (per 50 pi 

reaction): Taq (1 unit); primer pair (100 nM each); dNTP mix (100 pM); lx buffer 

(10 raM Tris. HC1 pH 8 .8 , 50 mM KC1, 0.08 % Nonidet P40); MgCl2 (1.5 mM). 

Typical thermal cycling conditions comprised an initial denaturation of 4 min, 94 °C; 

followed by 35 cycles of: denaturation (94 °C, 1 min); annealing (anywhere between 

40 °C - 60 °C according on the Tm of the primers); extension (72 °C, 1 min per 1
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Kbp product). A final extension was also added to ensure completion of amplified 

products (72 °C, 7 min).

PLATINUM pfx DNA polymerase reaction mix contained (per 100 pi 

reaction): Pfx (2.5 units); primer pair (300 nM each); dNTP mix (300 pM); 1 X PCR 

amplification buffer (not described, Invitrogen); MgS04  (1 mM). Cycling 

parameters were similar to those described above except that the elongation temp 

was 6 8  0 C and no final extension was required. All PCR amplifications were 

performed using Applied Biosystems (Applera Corporation) Thermal Cyclers 

(models: 480; GeneAmp PCR system 2400; GeneAmp PCR system 2700) or MJ 

research DNA engines.

All primers used in this study were derived from alignments using NCBI 

database sequences, or sequences determined by studies at the University of 

Liverpool by Sergeant (1998) and Allison et al. (2001). All primer sequence 

parameters, fragment sizes are described in Table 2.3. Templates used for PCR 

analysis were as follows: 1-2 pi of DNA preparations (1-100 ng); 1-2 pi of a 

homogenised colony from a plate incubated overnight in H2 O (50 pi); 2 pi of filtered 

phage lysate ( 1 0  9 pfu m l'1).

57



Table 2.3 Oligonucleotide primers

P rim er S e q u e n c e  5 ’ -  3 ’ T a rg e t gen e T m  t°C t R e fe re n c e

V T T F l-F w d G  T T  G T T  G T T  T C G  G G G  A C G S tx -p h a g e  sh o r t 6 4 .0 T h is  s tu d y
V T T F 2 -F w d G T G  C T G  A A A  G A T  G G T  G C G ta il sp ik e 6 3 .2
V T U T F -R e v T C A  T T C  T C C  T G T  T C T  G C C g en e 58 .8

V T T F 3 -F w d T G C  A G A  G G A  A A G  C T C  G A C In tern a i S tx - 6 1 .9 T h is  s tu d y
V T T F 3 -R e v G C A  G C C  T C T  T C T  G C C  T T T p h ag e  sh o r t ta il 

sp ik e  g en e
62 .3

p V p rL a c Z -F w d T C G  C G A  G C C  A G T  T T T  G C C  G T a i le d  Pvpr 7 0 .9 T h is  s tu d y
p V p rL a c Z -R e v G A A  T C C  G T A  A T C  A T G  G T C  A T C  G T T  A T T  A T G  C o lig o n u c le o tid e s 70 .8

K 1 2 L a c Z -F w d
K 1 2 L a c Z -R e v

A T G  A C C  A T G  A T T  A C G  G A T  T C  
T T  A  T T T  T T G  A C A  C C A  G A C  C

LacZ 5 8 .6
54 .8

T h is  s tu d y

L a c Z in te rn a l 1 -F w d C A T  T A C  G G T  C A A  T C C  G C C In te rn a l 72.1 T h is  s tu d y
L a c Z in te rn a l 1 -R ev T C G  A A C  G C T  G G A  A G G  C G G se q u e n c in g  LacZ 6 3 .9

G p l A F G T T  A C M  G G G  C A R  M G A  G T H  G G Int o f  p h a g e s ; A, 6 4 .0 B a ld in g  et al., (2 0 0 5 )
G p lC R A T G  C C C  G A G  A A G  A Y G  T T G  A G C HK .97, H K 0 2 2 , 

P 4 3 4 ,H 1 9 J
6 5 .0

G p 2 A F G T T  A C T  G G W  C A R  C G K  T T  A  G G Int o f  p h ag e s ; 6 0 .0 B a ld in g  et al., (2 0 0 5 )
G p 2 C R G A T  C A T  C A T  K R T  A W C  G  R T  C G G  T P 2 1 ,e l 4 6 3 .0

G p 3 A F A A C  A T Y  A T C  A A Y  C T K  G A R  T G G  C A Int o f  p h ag e s ; 6 6 .0 B a ld in g  et al., (2 0 0 5 )
G p 3 C R C G A  A C C  A T T  T C G  A T A  G A C  T C C  C A P 2 2 , S T 6 4 T , 

S f ll ,  p h ag e  V , 
D L P 1 2 , q s r

6 4 .0

G p 4 F T Y A  C B C  T R C  C W A  A R A  C H G  A M G  C Int o f  p h ag e s ; 6 6 .0 B a ld in g  el al., (2 0 0 5 ).



Í G p 4 R G A T  A A W  G M C  C A G  C A B  G C A  T A R  G P 2 7 , 9 3 3 W , 
G ifsy -2 , E H 2 9 7 , 

V T 2 -S a

6 5 .0

G p 5 F A A A  MIVTN C G H  A C C  G T S  C C R  A T Int o f  p h ag e s ; 6 1 .0 B a ld in g  et al., (2 0 0 5 )
G p 5 B R T D C  C B C  C R T  T M A  T C A  T R A  A R T  G P 2 , P 186, W P h i, 6 2 .0

F e ls-2
G p 6 F C G A  T R G  T R R  T G G  Y Y T  G T A  Y C T  T Int o f  p h ag es; 64 .0 B a ld in g  et al., (2 0 0 5 )
G p 6 R A R T  C M G  C C C  A C C  A C T  G C A  T C P4, H K 6 2 0 , S f6 6 4 .0
G p 6 A F T G G  R A K  R A M  K T C  G A Y  T T Y  G A W  A A 6 3 .0 B a ld in g  et al., (2 0 0 5 )
G p 6 A R A T G  G W T  R T A  W R Y  C S C  A C G  Y A C  A 6 4 .0

G p 7 A F G S T  G A R  M T Y  C G W  C W K  R S T  G A Int o f  p h a g e s ; 55 .0 B a ld in g  et al., (2 0 0 5 )
G p 7 C R T G C  C C G  A G C  A K C  W T Y  T C A p h i8 0 , G ifsy -1 5 8 .0

G p 8 A F T G C  T T A  T A A  C A C  C C T  G T T  A C G  T A T Int o f  p h ag e s ; P 1 6 4 .0 B a ld in g  et al., (2 0 0 5 )
G p 8 C R C A G  C C A  C C A  G C T  T G C  A T G  A T C 6 8 .0

G p 9 F A A T  G G A  R A T  W K C  Y T A  T Y T  V T G  T G C Int o f  p h ag e s ; 6 1 .0 B a ld in g  et al., (2 0 0 5 )
G p 9 R T C R  T A R  T C T  G A R  A T Y  C C Y  T T B  G C S t6 4 B 6 1 .0

933  W in t5 ’ G C T  G G C  A C G  A T A  A C A  G T G  C P h ag e  933  W  int 64 .5 T h is  s tu d y
933  W in t3 ’ G G C  A C G  G G C  A T T  A A G  G A C g en e 6 5 .4

In te rn a lG p ó F G A C  A T C  T C G  G T T  G G C  A T C In te rn a l 61 .8 T h is  s tu d y
In te rn a lG p ó R C T G  A A T  T C A  T G C  C T G  A A T se q u e n c in g 55 .8

p r im e rs  int ® 2 4 B

2 4 B in tp ro b e -F C T G  G A A  G T A  A T C  C G C  A G G In te rn a l p ro b e 60 .8 T h is  s tu d y
2 4 B in tp ro b e -R A G C  T C T  T T C  G T T  C T T  A G G p rim e rs  int ® 2 4 B 5 3 .6

5 ’ v p rB am H I C G G  GAT C C T  C G C  G A G  C C A  G T T  T T Vpr 7 4 .0 T h is  s tu d y
3 ’ v p rE c o R I C G G  AAT TCG T G G  A G A  A C A  C T T  A C 7 0 .0



3 ’ S tx2A T C T  G T T  C A G  A A A  C G C  T G C S tx  to x in  g en e 58 .0 A lliso n  et al., 20 0 3
5 ’ S tx 2 A T A C  T G T  G C C  T G T  T A C  T G G 6 3 .0

5 ’ K an A A T G T C  G G G  C A A  T C A  G G K an a m y c in  g en e 6 3 .0 A lliso n  et al., 2 0 0 3
3 ’ K an G A A  T C C  G G T  G A G  A A T  G G 6 3 .0

5 ’ C a t A A C T G C  A G  A  A A T  G A G  A C G  T T G  A T C  G G C h lo ra m p h e n ic o l 73 .0 A lliso n  et al., 2 0 0 3
3 ’ C a t A A C  T G C  A G C  C T T  A A A  A A A  A T T  A C G  C C g en e 7 0 .0

5 ’ Q C A C  T G G  C G A  T A  A  A G A  A G G P h a g e  an ti- 6 3 .0 A lliso n  et al., 2 0 0 3
3 ’ Q  c lo n e T C T  T A T  C A T  G A T  A T G  C A G te rm in a tio n  g en e 5 8 .0
5 ’ A T G A T G  T T C  T T A  T G G  T T C  A C C  G 6 3 .0

5 ’ G A P D H A T G  A C T  A T C  A A A  G T A  G G T  A T C E. coll 6 3 .0 Ja m e s , 2 0 0 3
3 ’G A P D H T T A  T T T  G G A  G A T  G T G  A G C  G h o u se k e e p in g 6 3 .0

g e n e s

Emboldened nucleotides denote restriction enzyme recognition site.



2.4.3 Agarose gel electrophoresis.

0.75 % (w/v) agarose (Sigma) mix in lx TAE buffer was heated to 

approximately 50°C. Ethidium bromide (Amersham Life Sciences) was added to a 

concentration of 0.5 ng m l'1, and the mixture poured into a gel-forming tray and 

allowed to set for 30 minutes. The gel was then immersed in a volume of lx TAE 

buffer sufficient to cover the wells and electrodes. DNA samples were mixed with 

5x loading dye (Bioline) and run alongside molecular weight marker Hyperladder I 

(Bioline), X Hind III (MBI Fermentas). The gels were run at 60mA for 1-1.5 hours 

and were viewed under UV transillumination and the presence of DNA recorded 

using a Syngenta imaging system using GeneSnap software.

2.4.4 DNA Sequencing.

DNA sequencing was carried out by the University of Liverpool, School of 

Biological Sciences Sequencing Service using a Beckman-Coulter CEQ2000, and by 

MWG Biotech. The subsequent sequences were extrapolated using BLAST against 

the National Centre for Biotechnology Database (Altschul et al., 1997).

2.4.5 DNA-DNA Hybridisation

The protocol for Southern blotting described by Southern (1975) was used. 

A DIG Nucleic Acid labelling and detection system (Roche) was used following the 

System Users guide for Filter Hybridisation © 1995.

Bacterial genomic DNA was digested using restriction enzymes according to 

manufacturer’s instructions (New England Biosciences (NEB)). The digested 

preparation was separated by agarose gel electrophoresis (0.75 % w/v) at 70 V. cm ' 1 

for 3-4 h. A partial depurination was applied in 0.25 M HC1 (10 min), to increase the
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efficiency of DNA transfer. Denaturation and neutralisation of the restricted DNA 

was achieved according to the guidelines described in the DIG Systems user guide 

(Roche). The DNA was transferred to a nylon membrane (Hybond) by capillary 

transfer using 20 x SSC with 3MM (Whatman) chromatography paper. The capillary 

transfer was allowed to proceed for ~ 16 h. The DNA was then covalently linked to 

the membrane using a DNA cross linking system (302 nm UV irradiation; 1 min).

2.4.6 Digoxigenin (DIG) labelled probes.

Digoxigenin probes were synthesised by integrating a DIG-11-dUTP into the 

PCR reaction and thus the target amplification product. All other parameters in the 

original PCR reaction specific for that target sequence were unaltered (Table 2.3).

Hybridisation of the DIG-labelled probes was achieved by following the 

protocol in ‘The System Users Guide for Filter Hybridisation ©1995’ (Roche). 

Nylon membranes were equilibrated with pre-hybridisation solution (50 % 

formamide) for 2 h at 42 °C. The labelled probes were denatured in a heating block 

at 100 °C for 10 min and then mixed with pre-warmed pre-hybridisation buffer and 

then applied to the membranes. The hybridisation process was left overnight at 42 

°C in a carousel hybridisation oven (Hybaid).

Subsequent to the hybridisation step, the unbound probes were washed from 

the nylon membrane as per the DIG System Users guide for Filter Hybridisation © 

1995 (Roche). The nylon membranes were then equilibrated and placed into 

blocking solution for 1 h.

Detection of the probe was achieved using an antibody conjugated with 

alkaline phosphatase (anti-Digoxigenin-AP (Roche)) that has the ability to react with 

a luminescent substrate (CPD* or CSPD (Roche)); these components were used
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according to the DIG Systems User guide (Roche). The chemiluminescent signal 

was visualised by exposing the membrane to imaging film (Biomax light-1, Kodak). 

The film was then developed, and analysis completed using the GeneGenius 

Biolmaging and Gel documentation System (Syngene).

2.4.7 DNA purification via agarose gel extraction

DNA fragments of interest were excised from agarose electrophoresis gels 

after separation and purified using the QIAquick Spin Gel Extraction Kit as per the 

manufacturer’s instructions (Qiagen).

2.4.8 Plasmid DNA purification

Plasmid DNA (5-10pg) was extracted from small overnight cultures (1-10 

ml) using Qiagen’s Mini and Midi plasmid preparation kits. Large scale plasmid 

DNA preparations were achieved using alkaline lysis and PEG precipitation as 

described by Sambrook et al. (1989).

2.4.9 Endonuclease Restriction Digests

All endonucleases were used according to manufacturer’s instructions (NEB). 

Digest reaction mixes ranged in volumes from 2 0  pi to 400 pi depending on the 

application.

2.4.10 Bacterial chromosomal DNA extraction

Bacterial chromosomal DNA was extracted using a method described by 

Aususbel (1992). 1.5 ml mid-exponential growth phase cells were harvested by

centrifugation, lysed by re-suspending the harvested cells in TE (10 mM Tris-HCl; 1
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mM EDTA; pH 8 ) containing SDS (0.5 % w/v) and proteinase K (100 pg. ml'1) and 

incubated for 1 h at 37 0 C. The cell debris was removed by precipitation using a 

CTAB solution (10 % CTAB (w/v) 0.7 M NaCl) with incubation at 65 0  C (10 min). 

Removal of proteinaceous material and thus purification of DNA was achieved using 

a phenol: chloroform: isoamyl alcohol (25:24:1) extraction and the DNA was 

recovered by ethanol precipitation (Sambrook et al., 1989). Samples were 

resuspended in H2 O (37 0 C) and stored at -  20 0 C.

2.4.11 Transformation of bacterial cells

Preparation of competent E. coli cells was achieved using 2 methods 

depending on the method of transformation. Chemically competent E. coli cells 

were prepared using a method described by Hanahan (1983). The cells were grown 

to mid-exponential growth phase in 20 ml TYM broth (2 % (w/v) Bacto tryptone, 0.5 

% (w/v) yeast extract, 100 mM NaCl, 100 mM MgSC^). This starter culture was 

resuspended in 100 ml TYM and grown until it reached an ODgoo 0.5 - 0.9. This 

culture (100 ml) was re-suspended in 500 ml TYM broth and incubated at 37 °C until 

it reached OD6 0 0  0.6. The culture was then rapidly chilled on ice, the cells harvested 

and washed using ice-cold buffers TfBI (30 mM CH3 COOK, 50 mM MnCl2, 100 

mM CaCl2, 15 % (v/v) glycerol) and TfBII (10 mM Na-MOPS (Sigma) pH 7, 75 mM 

CaCl2, 10 mM KC1, 15 % (v/v) glycerol). Competent cells were pelleted by 

centrifugation and re-suspended in 20 ml of ice cold TfBII and subsequently 

aliquoted (200 pi), frozen in liquid nitrogen and stored at -80 0 C.

Electro-competent E. coli cells for transformation by electroporation were 

prepared according to the method in Sambrook et al., (1989). The cells were made 

competent by a sequence of washing steps of a mid-exponential growth phase culture
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with ice cold H2 O, eventually yielding a 1 0 0 -fold concentration of the original 

culture. The electro-competent method previously described was also used to create 

electro-competent E. carotovora sub species atroseptica, except the ice-cold water 

washes were supplemented with 1 0  % (v/v) glycerol.

Electroporation. Plasmid DNA was transformed into E. coli K-12 strains M CI061 

and DH5a using a Bio-Gene Gene Pulser Electroporation instrument. 0.1 -  1 pg of 

DNA was added to 100 pi of competent cells and the electroporation equipment set 

to 2.5 V (actual), 100 Q resistance, 25 pFD capacitance. Putative transformants were 

recovered by re-suspending in 1 ml of pre-warmed (37 °C) LB, for 1 hr.

Transformation of Erwinia carotovora sbsp. atroseptica (ECC) was achieved 

by charging the Bio-gene Gene-pulsar between 1.25 and 2.5 V (actual), 200 Q 

resistance and 25 pF capacitance. The cells were recovered in 1 ml pre-warmed LB 

(25 0 C) for 1 h, plated on selective media and incubated overnight at 25 0  C. The 

recovered ECC cells (100 pi) were plated on LB containing the appropriate antibiotic 

selection.

Heat shock. Transformation of Plasmid DNA into chemically competent E. coli was 

achieved using the method described by Hanahan (1983). A 100 pi aliquot of 

competent cells was allowed to thaw on ice. Plasmid DNA (0 .1 -1  pg) was added to 

the cells and allowed to incubate for a further 30 min on ice. The cells were heat 

shocked at 37 0 C for 5 min and then placed on ice for a further 5 min. The cells 

were recovered by 10-fold dilution in LB broth and incubation at 37 0  C for 90 min 

on a shaking platform (120 rpm). The recovered cells were plated on LB containing 

the appropriate antibiotic selection.

65



2.5 Bacterial protein Analysis

Bacterial cultures were grown to OD60o 0.55 (10 ml) and the cells harvested 

by centrifugation (2300 x g, 5 min). The cells were then resuspended in 1 ml of ice 

cold PBS (137 mM NaCl, 2.7 mM KC1, 10 mM Na2 H P04, 2 mM KH2 P 0 4). The 

culture was subjected to sonication (13 micron amplitude, 3 x 10 s) placing the 

preparation on ice in between sonication steps. Protease inhibitor cocktail (Sigma) 

was added to enable storage potential of the preparation. The cocktail contains: 

AEBSF (23 mM), to inhibit serine proteases such as trypsin and chymotrypsin; 

EDTA (100 mM), to inhibit metalloproteases; Bestatin (2 mM), to inhibit 

aminopeptidases; Pepstatin A (0.3 mM), to inhibit acid proteases such as pepsin and 

rennin: E64 (0.3 mM), to inhibit cystein proteases such as calpain and papain.

Quantification of the total protein was achieved using the Bradford method 

(Ausabel et al., 1992). A standard curve was prepared using bovine serum albumin 

(BSA) with Bradford’s reagent to give a colorimetric change (A 595).

SDS-Page. SDS-page is one dimensional gel electrophoresis under denaturing 

conditions. All polyacrylamide (30 % acrylamide / 1 % bisacrylamide) gels were 

prepared according to guidelines in the Mini-Protean® 3 handbook (Bio-Rad) using 

the Laemmli (1970). In this study, 6  pg of bacterial total protein was loaded on 

SDS-page gel (7.5 %) and run using the Mini-Protean® 3 gel rig and running tank at 

200V for 40 min. The protein gel was stained using COomassie blue (20 min) and 

destained for approximately 5  h, changing the de-staining buffer ( 1 0  % methanol, 1 0  

% acetic acid in H2 0 ) every two hours.
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Western blotting. Western analysis was used to determine the presence of bacterial 

outer membrane protein Vpr. 0.6 pg of total bacterial protein was loaded on a 7.5 % 

polyacrylamide gel electrophoresed as above. The gels were carefully removed form 

the Mini-Protean® 3 tank and gel rig. Prior to blotting, the PVDF membrane (Roche) 

was soaked in 50 % methanol (3 s), H2 O (2 min) and blotting buffer (20 mM Tris 

base; 150 mM glycine: 20% (v/v) methanol) (10 min). The blotting sandwich was 

arranged on the Electroblotter (Bio-Rad), as follows; 3 pieces of gel sized 3MM 

Whatman paper pre-soaked in blotting buffer; gel sized PVDF membrane; SDS-page 

gel; 3 pieces of pre-soaked 3MM Whatman paper. Excess buffer was wiped from the 

lower Electroblotter. The upper plate was put in place and the Electroblotter leads 

connected. The blotting current needed for efficient transfer can be calculated by; 

surface area of the gel multiplied by 1. 6  mA; for mini-gels as used in this study the 

current needed was 76.8 mA. If multiple gels were to be blotted this required 

compensation by increasing the current. After 1 h, the PVDF was allowed to air dry 

at room temperature for ~ 1 0  min promoting uniform adsorption of proteins and 

stopping incompletely bound proteins from washing away. The blot was then placed 

in 50 % methanol for 30 s and then transferred to H2 O for 15 min. The blot was then 

transferred to blocking solution (5 % dried skimmed milk in 1 x TBST (20mM Tris- 

HC1 (pH 7.6), 150 mM NaCl, 0.05% (v/v) Tween® 20)) for at least lh  at room temp 

or at 4 0 C overnight. The blot was washed in TBST for 5min and then transferred to 

blocking solution containing 1 0  antibody (for example polyclonal antibody anti

rabbit anti-Vpr 1:50,000 dilution of stock sera) under gentle agitation for 2 h at room 

temperature or 4 0 C overnight. The blot was washed twice (10 min) in TBST and 

incubated with the 2 0  antibody (alkaline phosphatase conjugated anti-rabbit IgG 

whole molecule (Sigma) 1:30,000 dilution) 1:30,000 dilution in blocking solution or
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Detection. There are two methods of detection to visualise the western blot, the first 

protocol is chemical development. After equilibrating the membrane in alkaline 

phosphatase buffer as above, the blot was incubated in 1 0  ml of alkaline phosphatase 

buffer with 15 pi of 10 mg m l'' BCIP in dimethyl formamide (DMF). The blot was 

then stored in the dark until the background developed a pink colouration, or, bands 

had stained to the required degree. The reaction was stopped by the addition of 2 ml 

each of 1 M Tris-HCl (pH 7.5) and 0.5 M EDTA (pH8 ).

The second method is a chemilluminescent approach. Detection of 

the blot was achieved by adding a chemilluminescent substrate (CPD* or CSPD 

(Roche)); these components were used as per The DIG Systems User guide (Roche) 

used for detection of Southern hybridisation. The chemi-luminescent signal was 

visualised by exposing the membrane to imaging film (Biomax light-1, Kodak) and 

the film developed according to manufacturers’ guidelines.

2.6 Scanning Electron Microscopy (SEM)

Samples for SEM analysis were prepared by Dr. Caes Veltkamp (School of 

Biological Sciences, The University of Liverpool). Samples were dehydrated by 

adding excess (5 ml) ice cold (- 18 0 C) absolute ethanol to the sample followed by 

incubation at -  18 0 C (1 -  2 h), then transfer to 4 0 C (overnight). As the sample had 

sunk to the bottom of the ethanol it was possible to replace the top 2 -3 ml of ethanol 

to make sure complete dehydration had occurred. It was then incubated at -4 0 C for a 

further 4 h. Samples were dried in carbon dioxide using a Polartron E3000 critical

TBST. The blot was washed twice (10 min) in TBST and equilibrated in alkaline

phosphatase buffer for 5 min.
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point drier, attached to stubs and sputter coated with 60 % gold-palladium in a 

Polaron E5100 coater. The SEM images were produced using a Philips 50IB 

scanning electron microscope at accelerating voltages of 7.2 and 15 kV (Veltkamp et 

al. 1994).

2.7 Laser scanning confocal microscopy

E. coli strain MC1061 cells were grown to ODeoo 0.55, 0.5 ml of the cells were 

washed three times with PBS, and resuspended in 0.5 ml of PBS. To the washed 

cells a 1: 25,000 dilution of the primary anti-Vpr antibody was added to the cells, 

followed by the addition of the secondary antibody (anti-rabbit IgG conjugated with 

Alexafluor 433 (Molecular probes) in a 1 : 25, 000 dilution).

Samples were visualised by Dr. David Spiller, Centre for Cell Imaging, 

University of Liverpool, using a Carl-Zeiss LSM510, laser scanning confocal 

microscope.

2.8 Sequence analysis

Identification. Nucleotide and protein sequences were analysed using the BLAST 

facility of the National Centre for Biotechnology Information (NCBI) bioinformatics 

webpage (Altschul et al. 1997).

Alignment. Protein and nucleotide alignment were achieved using ARB (Ludwig et 

al. 2004) and ClustalX.

Phylogenetic Analysis. Protein sequence alignments derived from both ClustalX 

and ARB were used to infer parsimonius phylogenetic analysis on the bacterial 

receptor for 0 2 4 b infection. Homologues of Vpr were identified by blastp analysis
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of the complete amino acid sequence of the protein. Homologues identifying greater 

than 50 % (Fig 4.2) or 30 % (Appendix 3) amino acid sequence identity were aligned 

using ARB. Parsimony analysis of the alignment was achieved using the protpars 

algorithm of ARB weighted by bootstrapped values derived from 100 analyses.

Parsimony analysis is a good tool as it infers phylogeny by analysing the 

shortest evolutionary distance between the sequence it is analysing, forming nodes 

and clades which form the phylogenetic tree. Parsimonius trees may not always infer 

true phylogeny as the algorithm depicts the least evolutionary distance between 

numbers of amino acid changes between sequences. Bootstrapping using 

parsimonius analyses resamples the alignment to derive alternative analyses, which 

are finally compounded into a consensus cladogram or phylogenetic tree. Frequency 

of occurrence of groups/clades adds weight to each individual node or clade offering 

a figure for this weighting.

Because the parsimony algorithm is based upon identifying amino acid 

differences between the sequences in question, it is possible to analyse sequences of 

different lengths that harbour varying levels of sequence diversity. It is for this 

reason why parsimony analysis was used to form representative cladograms for the 

host recognition proteins of both short and long tailed lambdoid-like bacteriophage. 

933W / X related tail spikes were identified using blastp analysis. The amino acid 

sequences derived were aligned using ARB and parsimony analysis achieved using 

the protpars facility in ARB weighted by bootstrapping of 100 analyses. The 

cladograms that were produced are a representative of the amino acid difference 

between the bacteriophage tail spikes idenitified. These cladograms cannot infer 

phylogeny as they are derived from sequences of different sizes.
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coli

3.1 Introduction

The initiation of the lytic life cycle of lambdoid phages can be achieved by 

stimulating the bacterial SOS response via DNA damage, resulting in auto-cleavage 

of the phage repressor protein and transcription and translation of the phage late 

genes. A range of mutagens can be used to induce the bacterial SOS response, 

including Norfloxacin a member of the quinolone family of anti-microbial 

compounds (Matsushiro et al., 1999), UV irradiation (Lwoff et al., 1950) and 

Mitomycin C (Peterson et al., 1981). High hydrostatic pressure has also been shown 

to induce Stx-phage (Aertsen et al., 2005).

In order for phages to enter the environment, coliphage such as X and Stx- 

phages must traverse both the bacterial cytoplasmic membrane and the mesh-like 

structure of the peptidoglycan layer. Double stranded DNA phages produce 

endolysin, a soluble muralytic enzyme (Young et. al., 2000). These phage-encoded 

endolysins are so named due to their ability to degrade bacterial cell walls. 

Endolysins target the murein layer in the cell wall, either by transportation through 

the inner membrane or by accumulation in the cytoplasm, with access via lesions to 

the inner membrane (Bernhardt et al., 2002).

Figure 3.1 shows how X drives lysis of the cell using this dual enzymatic 

approach and this is much more complex than the method used by ssRNA or small 

DNA (> 6  Kbp) bacteriophage which adopt a single protein strategy e.g. 0X174 

(Microviridae) and MS2 (Leviviridae) (Bernhardt et al., 2002).

Chapter 3: Electron Microscopy of bacteriophage induced from E.
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Figure 3.1 The Holin-Endolysin Lysis System of Bacteriophage X
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The R endolysin accumulates in the cytoplasm and the S holin protein accumulates 

and oligomerises in the membrane. At a genetically programmed point during the 

lytic cycle, the S holin suddenly forms lesions in the inner membrane. These 

disruptions allow the R endolysin to diffuse into the periplasm. Through this lesion 

and the subsequent damage to the murein layer, X proteins Rz and Rzl are able to 

attack the oligopeptide links to the outer membrane, ultimately leading to cell lysis. 

Produced from Bernhardt et al. (2002) and Young et al. (2000).
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The lysogen cell is ruptured to release the mature phage particles in a 

regulated manner as it would not be profitable for the phage to lyse the cell to expose 

partially constructed immature virions (Bernhardt et al., 2002). It is possible that this 

timing is determined by levels of the key components of active holin production. 

The X S holin protein (Sx) actually encodes 2 proteins Sx 105 and Sx 107, via 

translational alterations. Under standard growth conditions, the ratio of SA 105 to SA 

107 is 2:1 respectively. Increase in SA 107 leads to the formation of the 3 domain 

transmembranal protein in (Fig 3.1) which is an active holin protein (Young et al., 

2000).

In this chapter, the lytic burst is visualised and described in relation to the 

growth cycle of the ®24B lysogen of E. coli strain M CI061. Induction of lytic life 

cycle is achieved by adding the antibiotic norfloxacin (see 2.2.4). Briefly, the 

norfloxacin (NFLX) stimulates the bacterial SOS response, which in turn activates 

the auto-proteolytic cleavage of cl and subsequent anti-termination and transcription 

of the late genes (see 1.2). The 0 2 4 B lysogen was grown to OD6oo0.5 (~ 3 x 10 8 cfu 

ml "') before induction, which is equivalent to the mid-exponential growth phase of 

the lysogen culture (Fig 3.1 A)

3.2 Results

Fig 3.2 images a -  d give a representational view of the healthy lysogen cells 

at mid-exponential growth phase. High proportions of the cells are in the process of 

septation and cell division. As the cells are actively dividing, the cell size varies 

between 1 and 2 pm in length.

Fig 3.3 images a - d show lysogen cells that have been exposed to the DNA 

gyrase inhibiting antibiotic NFLX (1 pg m l"'). The cells have deep indentations in
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Fig 3.1A ^>24r Lysogen of E. coli strain MC1061 Growth curve. Lysogen 

cultures were induced when the cell optical density reached ODèoo 0-5, which
O 1

correlates to approximately 3 x 10 lysogen cells ml ” and is located at mid

exponential growth phase of the lysogen growth cycle. Sample data points are the 

mean of duplicate samples.
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] ml of cells was washed twice in ice cold FEO and resuspended finally in 5 

ml of ice cold 200 proof ethanol for critical point drying and SEM imaging.

Figure 3.2 SEM Analysis of fl>24i}::Aca/ MC1061 lysogens harvested at Mid

Exponential Growth Phase 0.55 (OD60o)
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1 ml of cells was washed twice in ice cold H2 O and resuspended finally in 5 

ni of ice-cold 200 proof ethanol for critical pr int drying and SEM imaging.

Figure 3.3 SEM Analysis of 0>2<\w.:b.cat MC1061 lysogen after 1 hr

incubation with Ipg.m l1 NFLX
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1 ml of cells was washed twice in ice cold H2 O and resuspended finally in 5 

ml of ice-cold 200 proof ethanol for critical point drying and SEM imaging.

Figure 3.4 SEM Analysis of <J>24u::Acaf MC1061 lysogen, 15 min after

dilution of NFLX.
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the cell surface (Fig 3.3c and 3.3d) with a dehydrated appearance. The cells varied 

in size, but were often more elongated than the control cells (Fig 3.2), in the absence 

ofNFLX.

Fifteen minutes after the dilution of NFLX, the lysogen cells still had a 

collapsed appearance and were often elongated (Fig 3.4). The lysogen cells observed 

after 30 min of recovery had lost their collapsed appearance, but cell division did not 

appear to be occurring as elongated cells (up to ca 4 pm) only predominated (Fig 3.5 

a -  e).

After 45 min of recovery, some of the lysogen cells were still elongated, but 

there was also some form of off-centre septation at the apices of some cells 

(encircled with white rings in Fig 3.6c).

At time points 60 and 75 min into the recovery period (Fig 3.7a -  b and 3.8a 

respectively), the lysogen cells were still elongated and similar in appearance to the 

cells at the 45 min time point. The effect of norfloxacin, as revealed by electron 

microscopy, therefore appears to be a collapsing of the cell, followed by inhibition of 

cell division. Cells seem elongated, but have recovered a more healthy appearance 

ca 30 -  45 min after recovery by dilution of the NFLX.

After 90 min of recovery it was possible to identify some cells either at the 

beginning or at the end point of phage-mediated lysis. Figure 3.9a shows an 

extremely elongated cell of approx 20 pm in length; Fig 3.9b places that elongated 

cell within the field of view previously used to provide a representation of overall 

cell length. Figure 3.9c is another view showing an elongated cell of ~ 20 pm. 

Figure 3.9d shows an almost flat cell at either the beginning or the end of phage 

mediated lysis. Fig 3.9f shows increased magnification of the lysing cell that can be 

seen in Fig 3.9d and e, showing a phage and intracellular material being externalised.
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Fig 3-9g shows an either off-centre budding effect seen in Fig 3.6c, or possibly the 

initial step in phage-mediated cell lysis.

After 105 minutes of recovery, Fig 3.10 a-e show cells in various stages of 

phage-mediated lysis. Fig. 3.10c shows lysis of a cell where there seems to be a 

large plume-like effect of intracellular matter. In many cells, released phage and 

intracellular material may have been dislodged during the centrifugation and washing 

steps required for SEM preparation.

After 120 min of recovery, Fig 3.11 a and b show more examples of lysing 

cells mixed with what seem to be actively growing and dividing cells, more similar 

to those observed prior to NFLX induction. There also seems to be a lot of small 

particles bound to the cell surfaces; it can be speculated that these may be viral 

particles binding to the cell surface, as at this time point it was possible to recover 3 

x 1 0  8 pfu ml ■' from the sample prior to the absolute ethanol dehydration step.
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1 ml of cells were washed twice in ice-cold H2 O and resuspended finally in 5 

ml of ice-cold 200 proof ethanol for critical point drying and SEM imaging

Figure 3.5 SEM Analysis of <D24B::Acat MC1061 lysogen -  30 min after

dilution of NFLX (recovery period)
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1 ml of cells were washed twice in ice-cold H?0 and resuspended finally in 5 

ml of ice-cold 200 proof ethanol for critical point drying and SEM imaging. White 

rings in Fig 3.6c highlight the occurrence of off-centre septation in some lysogen 

cells.

Figure 3.6 SEM Analysis of <I>24b::\cat MC1061 lysogen -  45 min after

dilution of NFLX (recovery period)
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1 ml of cells were washed twice in ice cold H2 O and resuspended finally in 5 

ml of ice-cold 200 proof ethanol for critical point drying and SEM imaging

Figure 3.7 SEM Analysis of d>24B::Acat MC106T lysogen -  60 min after

dilution of NFLX (recovery period)
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1 ml of cells were washed twice in ice-cold H2 O and resuspended finally in 5 

ml of ice-cold 200 proof ethanol for critical point drying and SEM imaging

Figure 3.8 SEM Analysis of <^2A^::\cat MC1061 lysogen -  75 min after

dilution of NFLX (recovery period)

3.9 SEM Analysis of <f>24B::Ac«f MC1061 Lysogen -  90 min after dilution of 

NFLX (recovery period)

1 ml of cells were washed twice in ice-cold H2 O and resuspended finally in 5 

ml of ice-cold 200 proof ethanol for critical point drying and SEM imaging
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Figure 3.9 contd
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3.10 SEM Analysis of d>24B::Aca/ MC1061 lysogen -  105 min after dilution of

NFLX (recovery period)
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Figure3.11 SEM Analysis of <1>24b::Aea/ MC1061 lysogen -  120 min after

dilution of NFLX (recovery period)
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Figure 3.13 Levels of Stx Toxin production by E. coli under induction using 

norfloxacin
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Time course experiments using EHEC 0157 strain RIMD0509893. Panels: a, toxins 
VT1 and VT2; b, VT1- and VT2-specific DNAs. The VT1 and VT2 toxin DNA 
assay method used is as follows. After induction for 30 min with 1 pg/ml NFLX, 1 
pi aliquot of a culture was spotted onto each of two nitrocellulose filters (Nitroplus 
2000; Micron Separations Inc., Westborough, Mass.) every 30 min. One filter was 
hybridized with fluorescein-labeled fragments containing VT1 gene DNA (100 ng), 
and the other was hybridized with VT2 gene DNA in 10 ml of 6 x SSC (lx  SSC is 
0.15 M NaCl plus 0.015 M sodium citrate)-5 x Denhardt's solution-0.5% sodium 
dodecyl sulfate-4 mM EDTA-100-pg/ml salmon sperm DNA. After being washed in 
0 .5 x SSC at 60°C, the filter was incubated with an anti-fluorescein-alkaline 
phosphatase conjugate and visualized with the fluorescence substrate Atto Phos 
(Amersham Pharmacia Biotech, Ltd., Uppsala, Sweden). The fluorescence signals 
were detected with a Fluorlmager (Molecular Dynamics Inc., Sunnyvale, Calif.). The 
amount of VT1- and VT2-specific DNA was expressed in arbitrary fluorescence 
intensity units as measured at 540 to 560 nm (excitation at 488 nm).

From Matsushiro et al., (1999)
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3.3 Previous SEM image analysis of <I>24b induction

Fig 3.12 shows a series of images of E. coli MCI061 releasing Stx-phages 

and were produced in collaboration with Chloe James (2002) and an undergraduate 

research student (Donna Tagg). They are presented here as they show particularly 

good images of bacteriophages released from E. coli after induction with norfloxacin.

3.4 Discussion

NFLX inhibits the A subunit of DNA gyrase (Hirai et al., 1986) arresting 

DNA synthesis and permitting accumulation of single-stranded DNA, which 

stimulates the RecA-mediated SOS-response (Craig et al., 1980). RecA 

cooperatively binds to single-stranded DNA and then pairs it to a homologous DNA 

complex (Courcelle et al., 2003) ready for the DNA repair process to begin. Fig 3.3 

shows that NFLX treatment has a profound effect on the appearance of cells after 

one hour exposure. The cells appear almost flattened / dehydrated with heavy ridging 

across the cell surface. As the recovery period proceeds elongated cells sometimes 

over 20 pm in length, are common. This inability of the cell to divide upon 

interference with DNA synthesis has been described previously (Mount. 1975). 

During stimulation of the SOS-response, the single-stranded DNA-bound RecA acts 

as a stimulus for the upregulation of over 40 genes (Courcelle et al., 2001) with the 

aim to stabilise the DNA replication fork, repair lesions and carry out translesion 

synthesis. Immature cell division is also prevented (Courcelle et al., 2003). This 

filamentous growth stimulated by DNA-replication arrest was first identified by 

Cohen and Barber (1954) and further characterised by Mount (1975). As the time 

course moves past the 30 min recovery period, the cells begin to recover their normal
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Figure 3.12 Image of phage release from MC1061 by 0 2 4 b

Images 3.2 a - e display a range of cells releasing bacteriophage after 

norfloxacin induction.
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appearance and after ca. 1 2 0  min the cells are approximately the correct size for an 

actively growing E. coli. The titre of free phages increases upon induction with 

NFLX until ca. 120 min when numbers slightly decrease due to adsorption to lysed 

cellular debris (Matsuhiro et al., 1999). Identification of increased bacteriophage 

lysis correlates with the increased levels of Stx toxins detected by of Matsushiro et 

al., (1999) and reproduced in Fig 3.13. Thus, induction by NFLX results in the entry 

of bacteriophages into the lytic life cycle and subsequently increases levels of Stx 

expression, which is as expected due to the location of stx is in the “late gene” region 

of the bacteriophage genome.

The preliminary SEM work of James (2002) suggested that the point of lysis 

was at a distinct position on the cell surface, located in the region of the cell that 

undergoes septation. The SEM data presented here, using the same phage/host 

system, show that lysis can occur at a number of points at the cell surface (Fig 3.12d, 

3.10a, 3.10e). Phage-mediated lysis occurs via the phage-encoded holin proteins, 

which are regulated to lyse the cell to yield maximum viable virion release (section 

3.1). It has not been determined previously if there are specific sites at the cell 

surface where lysis occurs. The point of septation could be a weak point at the cell 

surface where lysis therefore occurs preferentially and then could be the explanation 

for the observations of James (2002). It may be that holin poration events are 

occurring throughout the cell envelope and that the point of lysis is simply the point 

at which the first hole-forming event occurs first.
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4.0 Identification and characterisation of Vpr

4.1 Background: Initial identification of the d>24B Receptor

In a previous study, Sergeant (1998) putatively identified a gene encoding an 

outer membrane protein associated with a short tailed phage, <E24B, infection of E. 

coli using a strategy previously described by Kiino and Rothman-Denes (1989), in 

which introduction of the wild-type gene into the resistant bacterial host restores 

susceptibility to bacteriophage infection. Initially the resistant mutant was isolated 

by subjecting the E. coli K-12 host strain (M CI061) to infection with bacteriophage 

®E8664-Stx2. Subsequent bacterial colonies were mainly lysogens, but some were 

found to be resistant to Stx-phage infection. To confirm that these actually lacked 

the receptor required for Stx-phage infection, Sergeant (1998) then bombarded the 

resistant hosts with a cocktail of Stx-phage comprising <3>E86654-Stxl, OE86654- 

Stx2, 4>E85539-Stx2a, <hE83819-Stxl and 4>D155-Stxl. Phage adsorption assays on 

surviving bacterial colonies confirmed that the target receptor was absent for ®24B to 

adsorb to and thus infect.

Fig 4.1 follows the progression through creation of the ®24B-resistant

M C I 061 to co m p lem en ta tio n  w ith  Sau3A  I p artia lly  restricted  w / ge n o m e carried  on

pUC18/pUC19. Selection for transformants was achieved using the plasmid-borne 

ampicillin resistance marker, and they were then subjected to infection with 

4124b::Kan. Colonies that had grown under the kanamycin and ampicillin selective 

pressure were deemed to be putative lysogens. They were confirmed as lysogens if it 

was possible to induce bacteriophage from them. The lysogens therefore contained 

both the phage and plasmid harbouring the bacterial receptor for <f>24B infection.
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WT MC 1061

I) Isolate a mutant that 
is resitant to Stx-phage 
adsorption

d>-resistant|
MC1061

3) Infect transformants 
with <D24B::Kan

2) Digested wt bacterial chromosome shotgun 
cloned into pUC18/pUC19 and transformed 
into Stx-page resistant mutant

Sau3A I restricted MCI061 
Chromosome

pUCI 8/pUC19 Cloning vectors

►

4) Only cells containing a 
plasmid encoding the outer 
membrane receptor will be 
able to form kanamycin- 
resistant lysogens.

5) The plasmid is harvested and 
the insert identified

Fig 4.1 Identification of <D24B outer membrane receptor by complementation. 1

and 2). The phage-resistant mutant was transformed with a shotgun cloned library 

of the wt genome (MC1061) on cloning vectors pUC18 / pUC19. Transformants 

were selected using pUC vector-borne ampicillin resistance. 3) Transformants were 

subjected to infection with cp24B::Kan. 4) Lysogens were selected on LB with 

ampicillin (100 pg m l _l) and kanamycin (50 pg m l i n c u b a t e d  ~ 18 hr, 37 0  C. 5) 

Vector from ampicillin / kanamycin resistant lysogens was harvested and the insert 

sequenced to identify the gene that restored phage infection sensitivity; this gene was 

designated vpr.
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Two clones (pUC19fl>Rl (4.5 Kb insert) and pUC180R2 (1.6 Kb insert)), 

were identified that conferred phage sensitivity to the O-resistant M CI061. Sub

cloning of pUC190Rl insert digested with Bt I (2.5 Kb) yielded a plasmid 

pUC19d>RlD that fully complemented the (h-resistant mutant. Nucleotide 

sequencing and alignment of this fragment identified an 810 aa protein designated 

Vpr (Verocytotoxin Phage Receptor). This vpr gene is located at minute 4.4 on the 

E. coli chromosome.

4.2 Background: Verocytotoxin Phage Receptor (Vpr)

Subsequent to Sergeant (1998), vpr homologues have been identified in all of 

the Enterobacteriaceae sequenced thus far (James et al., 2002). vpr has been 

identified as an essential gene in E. coli (Gerdes et al., 2003); Dartiganlongue et al. 

(2001) had previously described a viable knockout mutant SR4455 (MC4100 

EcfK::Qkan), through personal correspondence with Dartigalongue revealed that vpr 

had been complemented on a plasmid vector prior to the subsequent knockout of the 

chromosomal copy. Thus vpr is an essential gene for E. coli. Homologues of vpr in 

sequenced E. coli strains have been reported under many different names ecfK 

(Dartigalongue et al., 2001), yaeT  (Blattner et al., 1997). All E. coli genomes 

sequenced thus far reported identical v/?r-encoding genes. A phylogenetic tree (Fig 

4.2) has been derived using parsimony analysis and bootstrapped on a hundred 

analyses. The tree shows how related the orthologues of Vpr are and this can also be 

seen in the protein sequence alignment of Vpr homologues (Appendix 1). In further 

analyses, Vpr orthologues were identified by blastp searching against the Vpr protein 

sequence and all proteins possessing > 50 % protein sequence identity were included 

in both the alignment and phylogenetic tree.
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Fig 4.2 Phylogenetic tree of Vpr homologues possessing > 50 % protein sequence identity as identified by blastp analysis of 

Vpr. The E. coli node shows one protein but represents all E. coli Vpr sequences up to 19/08/05, as all have identical protein 

sequence. The tree was derived by parsimony algorithm with branches bootstrapped from 100 analyses. The tree shows relatedness 

between homologues of Vpr. Scale bar equal to 0.1 % amino acid change. Alignment from amino acid position 18 -  803 of Vpr (785

amino acids aligned).



The protein sequence alignment in Appendix 1 reveals large regions of 

sequence identity between bacterial families that have been sequenced thus far 

(including the Enterobacteriaceae). Vpr has been identified as being part of a

hetero-oligomeric complex with three other proteins, YfgL, YfiO and NlpB, which 

previously had no designated function (Wu et al., 2005). The interaction was 

identified using His-tagged YfiO and NlpB, which, when co-precipitated showed the 

presence of YaeT and YfgL by western analysis (Wu et al., 2005). Vpr (YaeT) has 

been identified as the (3-barrel in this complex which is responsible for lipid transfer 

from the cytoplasmic side of the inner membrane to the OM (Wu et al., 2005; Ruiz et 

al., 2005; Doerrler et al., 2005). YfgL has been identified as an OM lipoprotein that 

is involved in the assembly of OM P-barrels, either through being a non-essential 

part of construction or by regulating associated machineries for the assembly of the 

OM (Ruiz et al., 2005). YfgL and YaeT have been shown to be involved in the 

regulation / production of both LamB, the bacteriophage \  ligand and OmpA (Wu et 

al., 2005) the T-even phage ligand. Through mutation or insertion of an inducible 

promoter for YfgL an effect on the production of all P-barrels proteins was observed 

(Wu et al., 2005), thus underlying the essential role of Vpr in the biogenesis of the 

OM. This essentiality is further corroborated by reports by Gerdes et al. 2003 and 

Wu et al. 2005 and our attempts to make a viable Vpr mutant. An orthologue of Vpr 

(Omp85) has been identified in Neisseria meningitidis. Genevrois et al. (2003) 

showed that by placing the Omp85 gene under the control of an inducible promoter it 

was possible to identify by electron micrograph an accumulation of material in the 

inner membrane. On fractionation this material was found to be composed of 

phospholipids and LPS
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Fig 4.3 Functional Model of o' regulation. Under non-modifying growth 

conditions (I) the anti-sigma factor is held within the periplasm with no effect. 

When environmental conditions alter to stimulate the mis-folding of proteins (II), the 

release of the sigma factor initiates transcription of the rpoE regulon; the sigma 

lactor (ge) is the first gene to be transcribed and subsequently autoregulated by the 

operon. Modified from Missiakis et al. (1998).
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Dartigalongue et al. (2001) identified Vpr (ecfK) as part of a transcriptional 

regulon that is stimulated by misfolding of proteins in the periplasm and named the a 

E regulon. It is a member of the o 7 0 sub family of sigma factors, and a E is the product 

of the rpoE gene (Missiakis et al., 1998). Fig 4.3 shows how the rpoE (aE) regulon 

is stimulated. Environmental changes that would cause the mis-folding of proteins in 

the periplasm inaugurate the release of the a  factor, which in turn initiates 

transcription of this autoregulated regulon. This response can up-regulate the 

production of genes such as vpr. To date, 47 oE-dependent promoters, controlling

expression of ~ 100 genes, have been identified (Onufryk et al., 2005). Most of 

these proteins are involved in production of the cell envelope, including chaperones 

e.g. Skp (skp is found just upstream of vpr)\ (Chen et al., 1996) and proteases that 

target folded and misfolded periplasmic proteins, transporter proteins, as well as 

phospholipid and LPS biosynthesis (Onufryk et al., 2005). Changes in the 

production and localisation of Vpr at the cell surface would increase or decrease the 

chances of phage adsorbing to a host. Using parameters relevant to the mammalian 

gut environment, the levels Vpr production in relation to phage adsorption was 

examined using both a promoter-reporter gene fusion described in section 4.5.3 and 

phage adsorption assays.

4.3 Background: Creation of ypr-knockout mutant using insertional 

mutagenesis by double recombination.

Using a classical molecular genetic approach it was decided that a logical 

step was to knock out the Vpr gene and demonstrate phage resistance. This 

combined with complementation would unequivocally demonstrate that Vpr is the 

ligand required for d>24B adsorption and infection. Initially Sergeant (1998) tried to
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knock out vpr using a pUC18-derived approach in which 1.8 Kb of vpr was 

interrupted on the vector at the Nru I restriction site with aph3 encoding kanamycin 

resistance. Selection for kanamycin-resistant, ampicillin (carried on pUC18 

backbone)-sensitive cells would indicate that a double recombination event had 

occurred. Multiple attempts failed to produce this mutant. James (2002) used both 

single and double homologous recombination approaches to knockout vpr including; 

the transformation of linear DNA, single and double homologuos approaches using 

SacB-mediated suicide vector (pMCS-l-sacRORlC (Sergeant, 1998)), double 

homologous recombination approaches using plasmid shuttle vectors, but the 

approach that was persisted with was a single homologous recombination approach 

using a X-pir suicide vector derived from pJP5603 (pYY::vpr).

Explanations that can be offered to support Sergeant’s findings is that the use 

of a cocktail of Stx-phages has identified a strain containing spontaneous point 

mutation/s in vpr, which not only makes it resistant to 0 24 b, but has no influence on 

essential gene function. It also may be possible that a pleotropic mutation in vpr may 

have an influence on adsorption/infection due to its regulation of another genes 

function.

4.4 Objectives

The aim of the work reported in this chapter is to unequivocally determine 

that Vpr is the receptor required for (D24b infection and to further characterise the 

interaction between this bacteriophage and its respective bacterial ligand. As Vpr is 

also associated with a bacterial stress response (oL; regulon), this research reports on 

how transcription levels of vpr can affect levels of the protein localised at the 

bacterial cell surface under different growth conditions. Immunofluorescence
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confocal microscopy was also used to show that Vpr is localised at the outer 

membrane. Previous research into phage -  bacteria interactions has had the 

advantage that the host receptors were non-essential for bacterial survival. This 

study aims to prove that this essential protein is the bacterial ligand responsible for 

024b infection and determine if this ability can be transferred to naturally resistant 

species. The level of infection of E. coli in the animal gut (in vivo) with Stx 

bacteriophages could be significantly affected by the levels of expression of Vpr. 

Since this gene is now known to be part of the oE regulon responsive to 

environmental conditions, Vpr expression in relation to phage adsorption under 

different conditions was examined.

4.4.1 Adsorption of bacteriophage d>24B

As attempts to knockout vpr using molecular methods were unsuccessful, an 

alternative strategy was required to characterise the interaction between 024B and 

Vpr. An adsorption assay to measure adsorbed bacteriophage would provide data on 

the interaction between the bacteriophages and their bacterial receptor. Previously, 

Sergeant (1998) had used a phage adsorption assay designed by Kilno and Rothman- 

Denes (1989) for bacteriophage N4 adsorption. Briefly, 5 ml of an overnight culture 

of E. coli, concentrated to 1 ml by centrifugation (2300 x g, 5 min) was then 

incubated for 20 min at 37 0 C with 0.1 ml of bacteriophage suspension (~ 10 8 pfu 

m l'1). The infection mix was subjected to centrifugation (16100 x g, 1 min) and the 

unadsorbed phage particles were recovered. These phages were subsequently titred 

by plaque assay from the supernatant following passage through a 0.45 pm filter. 

This method was able to demonstrate adsorption of bacteriophage, but the 

quantitative reproducibility was very poor. Most infection assays, such as plaque
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assay, use bacterial cultures that are in mid-exponential growth phase. The Kilno 

and Rothman-Denes (1989) method used overnight cultures. Stationary phase 

cultures contain much capsular material which may result in localised differences in 

receptor presentation due to an extra-polysaccharide masking effect, thus distorting 

phage adsorption rates. The numbers of cells will have an effect on the amount of 

phage that can adsorb, as the higher absolute amount of receptor results in higher 

numbers of adsorbed bacteriophages. Furthermore, the presence of large numbers of 

cells may lead to the formation of a cellular matrix-like structure that will also lower 

the probability of the phage being able to access the receptor or artificially trap 

phages during centrifugation. The final centrifugation step in the Kilno and Rothman 

(1989) procedure to pellet the adsorbed phage and bacteria is very strong (16100 x 

g). This may dislodge phage particles that are at a reversible point of adsorption (i.e. 

prior to injection of the phage genome into the sensitive bacterial host). Due to the 

doubling time of actively growing E. coli (~ 20 min), the contact time during the 

adsorption step should be less than the doubling time, as an increased number of cells 

may increase the number of available receptors and therefore introduce discrepancies 

to the quantitative adsorption assay. With these parameters in mind, it was possible 

to modify the Kilno and Rothman-Denes (1989) method to yield a more reproducible 

adsorption assay. The protocol developed is presented in Fig 4.4.

Enumeration of bacteriophage adsorbed was ascertained by 

calculating the percentage of phage particles that were adsorbed (%-adsorption) 

using the following calculation:

% -adsorption = ( 1 0 0  / no. of phage in control) x no. of phage in sample)

% adsorption inhibition = 1 0 0  - ( 1 0 0  / no. of phage in control -  no. of phage 1 0 0  % 

adsorption) x no. of phage in sample)
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1.5 ml of cells 
0.55 ODöoo

Cells were 
harvested by 

centrifugation 
2300 x g, 5 

min

Cells were 
resuspended in Control:
0.5 ml of LB + Negative Cells

0 . 0 1M CaCl2
0.5 ml of LB +
0 . 0 1  M CaCl2

Y
To each sample 0.1 ml bacteriophage was 
added (-TO 8 pfu ml '*) and Incubated at 37 0  

C, 15 min.

--------------------------------- 1 ----------------------------------

Cells were pelleted by centrifugation 2300 x 
g for 5 min. The top 0.3 ml was carefully 
removed. Phage in supernatant was titred 
(x5) by plaque assay.

Pig 4.4 Adsorption assay protocol developed and applied to <J>24B and E.

coli cells. Each adsorption assay was performed in triplicate, and each replicate was 

subjected to five plaque assays.

101



antibody.

Previous to this study, antibody was raised in New Zealand white rabbits to 

recombinant-Vpr. As previously mentioned in the introduction, antisera was used to 

inhibit bacteriophage infection of E. coli using antibodies specific to both the \  tail 

spike and its primary E. coli ligand, LamB (the maltose transport protein); (Wang et 

al., 2000). Allison (personal communication) produced a recombinant Vpr protein 

via the Qiagen expression system using vector pQE32 (Fig 4.5). The His-Vpr 

protein was purified by affinity chromatography and eluted under denaturing 

conditions.

The bacteriophage adsorption inhibition assay protocol developed 

here is presented in Fig 4.6. These data in Fig 4.7 demonstrate that by increasing the 

dose of anti-Vpr antibody, it was possible to increasingly mask the epitope that 0 2 4 b 

used to infect E. coli. Furthermore, these data in Fig 4.8 show that the pre-immune 

serum of the rabbit had no influence on phage inhibition. As the polyclonal antibody 

was raised to a denatured protein, it was possible that the antibody would not have 

the ability to inhibit adsorption. Clearly, however, the anti-Vpr antibody has the 

ability to mask the Vpr epitope required for 0 2 4 b adsorption and infection. 

Adsorption is a preferable marker of interaction to infection, as it directly examines 

the protein-protein interaction between the bacteriophage tail spike and the bacterial 

ligand. Adsorption assays are a good tool, although discrepancies between 

individual experiments can be quite high. For example it was found that multiple 

experiments will show the same overall effect, although absolute adsorption

4.4.2 Inhibition of adsorption using a poly-clonal anti-rabbit anti-Vpr
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I)

le a d e r

p e p t id e

l

DNA amplification with 
proofreading Pfx polymerase

vpr (-) leader peptide sequence

Antibody Production in 
New Zealand White Rabbits

pSCHvpr constructed in Qiagen’s 
pQE32

Western blot analysis of anti-Vpr sera.

Panel A) 7.5% SDS-PAGE,

Panel B) western blot using 1:10,000 rabbit anti- 

Vpr and AP-labelled goat anti-rabbit.

Lane 1) Affinity chromatography purified His- 

Vpr eluted under denaturing conditions 

Lane 2) whole cell lysate of w.t. E. coli strain 

MC1061.

Fig 4.5 Production and Validation of Rabbit anti-Vpr antibody

I) Vpr minus its leader peptide was cloned into expression vector pQE32 for

recombinant Vpr production.

II) Panel showing purified His-Vpr and rabbit anti-Vpr recognition of Vpr by SDS-

page and Western analysis.

(Diagram modified from H. E. Allison, personal commimication)
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A) 1.5 ml of exponential 

growth phase cells (~ 0.55 -  

0 . 6  O D 6oo) harvested by 

centrifugation (2300 x g, 5 

min) and resuspended in 1 

ml of LB, 0.1 M CaCb.

B) Rabbit anti-Vpr antibody 

added and allowed to bind 

to its cell surface target at ~ 

18 °C for 5 min.

C) 0.1 ml of bacteriophage 

suspension (~ 1 0 8 pfu ml '' 

added to suspension and 

allowed to adsorb for 15 

min at 37 °C.

D) The cells were pelleted by 

centrifugation (2300 x g, 5 

min), removing adsorbed 

phages from the preparation. 

Remaining unadsorbed 

phage were enumerated by 

plaque assay.
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Fig 4.6 Inhibition of bacteriophage adsorption using a polyclonal rabbit anti-

Vpr antibody.
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Fig 4.7 Inhibition of phage adsorption using rabbit anti-Vpr antibody

A sequential 10-fold increase in the addition of anti-Vpr Ab yields a positive dose 

response determined as percentage inhibition of phage adsorption. Therefore, an 

increase in anti-Vpr yields increased phage recovered resulting from inhibition of 

phage adsorption expressed as a percentage. Samples were assayed in triplicate and 

and subjected to plaques assay 5 times. Error bars: SEM, n = 15.
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inhibition rates may vary by up to 20 %. There are a large number of parameters in 

this experiment and the dynamics of phage binding to the host receptor are likely to 

be complex. In order to limit cell growth cycle differences and ensure that the cell 

numbers were identical for the inhibition assays, bacterial cells were harvested from 

the same culture throughout the experiment.

4.4.3 Restoration of phage adsorption ability to a resistant host

Vpr has an essential function for bacteria grouped within the 

Enterobacteriaceae (see 4.2). This may mean that the use of this outer-membrane 

protein as a target receptor would result in a broad host range for 0 2 4 b, as has 

indeed been demonstrated by James et al. (2001). Homologous Vpr proteins have 

been found in all members of the Enterobacteriaceae sequenced thus far. Vpr 

homologues that have been identified in the Enterobacteriaceae possess a conserved 

nature which may account for the broad host range of 0 2 4 b. The alignments in Fig

4.9 show that Erwinia carotovora sbsp. atroseptica (ECA) has a Vpr with 87 % 

protein sequence identity to that found in E. coli K-12. It was demonstrated that this 

Enterobacteriaceae species was unable to support 0 2 4 b adsorption and thus could 

be used as a host to which phage sensitivity might be conferred by introduction of the 

E. coli Vpr gene. Furthermore, ECA is a plant pathogen that cannot colonise the 

mammalian gut, therefore conferring sensitivity to a Shiga toxin-encoding 

bacteriophage was regarded as a “safe” and ethically uncontentious experiment. 

Adsorption assays using ECA in place of E. coli showed that 0 2 4 b did not adsorb to 

ECA, meaning either that the Vpr orthologue in ECA was masked in some way by 

the cell surface topography or did not contain the epitope required for cD24b
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Fig 4.8 Inhibition of <D24b adsorption using rabbit anti-Vpr antibody and rabbit 

pre-immune sera. Comparison of the percentage inhibition of phage adsorption to 

E. coli K-12 MCI 061 cells treated with both the serum of the pre-immune rabbit and 

the serum of the His-Vpr immunised rabbit. These data show that the pre-immune 

serum does not contribute to inhibition of <1>24b adsorption and the results are 

comparable to E. coli (M CI061) cell suspension to which antiserum has not been 

added. Error bars: SEM, n = 15
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Fig 4.9 Protein sequence alignment of Vpr from E. coli (MC1061) against the Vpr orthologue 

found in Erwinia carotovora sbsp. atroseptica. V p r p ro te in  se q u e n c e s  a n n o ta te d  in a ll s e q u e n c e d  E. 

coli s tra in s  th u s  fa r  a re  id e n tic a l in  E. coli. T h e se  d a ta  sh o w  a  p ro te in  a l ig n m e n t o f  87  %  p ro te in  

sim ila rity  b e tw e e n  V p r  f ro m  E. coli an d  th e  o r th o lo g u e  fo u n d  in E. carotovora sb sp . atroseptica 

(ECA). B la c k  h ig h lig h te d  am in o  ac id s  d e n o te  an  id e n tic a l m a tc h , sh a d e d  a m in o  ac id s  d en o te  am in o  

acid  d if fe re n c e  b e tw e e n  s e q u e n c e s  an d  a  d a sh  id e n tif ie s  an  in se rt io n  o r  d e le tio n  b e tw e e n  seq u en c es .
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adsorption and infection. Manipulation of bacteriophage adsorption sensitivity by 

transferring a cloned gene between species has never been previously described.The 

objective therefore was to introduce E. coli K-12 vpr into ECA to determine whether 

the ability of the phage to adsorb to E. coli could be transferred to the plant pathogen. 

This would provide strong support for the hypothesis that Vpr is the receptor for <E>24b . The vector selected for this experiment was pKT230, a broad host range 

plasmid previously used for general cloning in Gram negative bacteria (Bagdasarian 

etal., 1981), a derivative of RSF1010 (Scholz et al., 1989).

A number of approaches were used to clone vpr into pKT230, the most 

successful of which are presented in Fig 4.10. In the first instance, vpr was excised 

from pUC190RlD with EcoRl, the EcoRl sites on pUC19 are located either side of 

the multiple cloning site which in, pUC190RlD, includes the entire vpr coding 

region. In the second approach vpr was amplified by PCR, using oligonucleotide 

primers (5’ vpr-EcoRl and 3’ vpr-EcoRl, Table 2.1) and the proof-reading DNA 

polymerase pfx (Invitrogen). These oligonucleotide primers are tailed with the target 

restriction site for subsequent EcoRl digestion. For this second approach two 

methods were used to try to optimise increased EcoRl digestion to release the EcoR I 

sticky ended fragment. The PCR product was digested with EcoRl according to 

manufacturer’s guidelines (MBI Fermentas), and the fragment was purified using a 

PCR clean up kit (Qiagen) and ligated into £coi?I-digested pKT230 using T4 DNA 

ligase (MBI Fermentas) according to manufacturers’ guidelines. The blunt-ended vpr 

PCR fragment was also cloned into vector pCR ZeroBlunt (Invitrogen) and 

transformed into E. coli Topo cells (Invitrogen). The plasmid was harvested from 

cells (mid-exponential growth) using a plasmid extraction kit (Qiagen). The
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A m plification o f  vpr  using tailed prim ers

S m B

Hindi 11 (9943) 
Kan r 

Smal (9699) 

XhDl (9423)

M obilisation B 
M obilisation A

EcoR I (11818) 

Pst1 (11715) S m A

P s tl (7773)

Fig 4.10 Molecular approaches for cloning vpr into pKT230. I) vpr was

excised from pUC19d>RlD using pUC19 borne EcoR I restriction sites and cloned 

into £’co/?I-digested pKT230. II) vpr amplified using Wpr-EcoRl forward and 

reverse oligonucleotide primers that include an EcoRI target site for subsequent 

cloning into £co/?I-digested pKT230.
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extracted plasmid was then digested with EcoRl and ligated into £co/?I-digested 

pKT230. Ligation reactions were transformed into Topo E. coli cells (Invitrogen) 

according to manufacturer’s instructions and putative transformants selected on LB 

with kanamycin (50 pg m f1). These were re-plated on LB with kanamycin 50 pg 

ml'1) and screened for presence or absence of recoverable plasmid. Ten ml of culture 

was required for this procedure as the plasmid copy number is low, and the plasmid 

has a size of ~15 Kb.

Plasmid preparations were digested with EcoRl, some of which yielded a ~ 3 

kb fragment. Its identity was confirmed using oligonucleotide primers designed to 

flank the EcoRl site of pKT230 (Fig 4.11). The confirmed PCR (was sequenced) 

with the flanking primers pKT230-sequencing-For & Rev (MWG Biotech). 

Sequence analysis using Blast-n (NCBI) confirmed that the insert was vpr. 

pKT230::vpr was harvested from the Topo E. coli background using the Qiagen 

mini-plasmid DNA extraction kit and transformed into ECA. Putative transformants 

were screened using the plasmid-borne kanamycin resistance (LB + kanamycin, 50 

pg m l '1).

Problems of contamination with E. coli did occur at this point and they 

subsequently out-competed ECA causing problems when selecting for putative 

transformants. These contaminants were identified by SDS-page of total protein 

extracts that readily differentiated between E. coli and ECA (Fig 4.12). It was 

imperative that a protocol was put into action that gave the ability to select between 

E. coli and E. carotovora at a glance. Using selective medium TBX (Tryptone Bile 

X-glucuronide) (Oxoid) it was possible to differentiate between putative clones and 

E. coli contamination. E. coli carries uidA which encodes for beta-D-glucuronidase; 

this enzyme cleaves the chromogen (5-bromo-4-chloro-3indolyl-P-D-glucuronide
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HLI 1 2

p K T 2 3 0 p K T 2 3 0

B

Fig 4.11 Characterisation of pKT230::ypr by PCR analysis. This shows 

that vpr is inserted into the EcoRl site of pKT230. Lane HLI: Hyper Ladder I 

(Bioline), Lane 2: ~ 3 Kb PCR product from oligo-nulceotide primers A (pKT230 -  

sequencing-For) and B (pKT23O-sequencing-Rev), both of which anneal to regions 

flanking the EcoRl restriction sites. Lane 2: ~ 1 Kb PCR product from 

oligonucleotide primers A and C (vprrevlOOO, James, (2002).
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(BCIG)) releasing a coloured chromophore which builds up in the cell and gives the 

colonies a blue/green appearence.

4.4.4 Confirmation of E. carotovora containing pKT230::vpr by SDS-page and 

western analysis

Putative clones were grown to OD 6 0 0  0-55 at 30 0 C for ~ 18 hr. The cultures 

(10 ml) were lysed by sonication and the levels of total cell protein assayed using the 

Bradford reagent (2.5). From previous SDS-page gels and western analysis loading 

levels of total protein had been optimised to 6 pg for SDS-page gels and 0.6 pg for 

western analysis. Fig 4.12 shows how the total protein profile of the clone used for 

further experimentation resembles the wild-type ECA strain. This clone was then 

subjected to western blot analysis using the polyclonal anti-Vpr antibody and 

visualised using a secondary anti-rabbit antibody conjugated to the horseradish 

peroxidase enzyme (anti-Digoxigenin-AP (Roche). Reactive proteins were then 

detected by chemiluminescence using the substrate, CPD* (Roche);(Chapter 2.4.6).

Fig 4.13 indicates that both E. carotovora and E. coli contain the epitope 

needed for the anti-Vpr antibody to bind. This is not surprising as they share 87 % 

protein sequence identity, but binding seems to be less efficient than that seen in E. 

coli, alternatively levels of production of Vpr by ECA are less than those in E. coli 

when equal amounts of total protein from ODgoo 0-55 cells was loaded by western 

analysis. The western blot also shows that E. coli vpr is being transcribed and 

translated in the E. carotovora clone as the Vpr signal from the western analysis is 

substantially greater than the wild-type when equal amounts of protein were loaded.
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_ E.carotovora +
E. carotovora E- coh pKT230::vpr

90KDa —►

Fig 4.12 SDS-page confirmation of E. carotovora transformant. Image 

shows 6  pig of total protein extracted from mid-exponential growth phase cells of E. 

carotovora, E. coli and E. carotovora + pKT230::vpr (OD60o 0.55). Samples were 

run on a 7.5 % acrylamide gel, 200V, 40 min, and stained with Coomassie blue. 

Protein profiles are similar between the ECA wild type and EC A containing the 

pK.T230::vpr construct.
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E .carotovora +
E. carotovora  pK T230::vpr K  coli

Fig 4.13 Western blot analysis of E. carotovora + pKT230::vpr using anti- 

Vpr antibody. Image shows 0.6 pg total protein harvested from mid-exponential 

growth phase cells of E. carotovora, E. coli and EC A + pKT230::vpr (OD6 0 0  0.55). 

The primary antibody used was anti-Vpr, the secondary antibody was anti-rabbit 

whole IgG (whole molecule), conjugated to alkaline phosphatase (Sigma). CPD* 

(Roche) was used as substrate for chemiluminescence and visualised on X-ray 

sensitive fdm (Kodak). The ECA pKT230;;vpr shows increased expression of Vpr 

compared to wild type ECA and E. coli; this may be due to accumulative expression 

of the chromosomal and plasmid copies of vpr. The difference in intensity of the 

bands in the blot seems to show that wild type ECA produced lower levels of Vpr 

than E. coli at this point in the cell growth cycle (OD6 0 0  0.55).
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4.4.5 Does increased expression of Vpr alter adsorption of ®24B

With pKT230::vpr transformed into ECA, levels of Vpr production appear to 

be raised (Fig 4.13). To further characterise the cells ability to regulate Vpr and 

localise it at the cell surface, Topo E. coli (Invitrogen) containing pKT230::vpr clone 

was used in an adsorption assay. Fig 4.14 shows how increasing the level of Vpr in 

vitro increases the level of ®24B adsorption, Vpr was produced by both a 

chromosomal and plasmid borne copy of the gene. Fig 4.14 also shows that 0 24B 

does not adsorb to E. carotovora lacking the vpr-recombinant plasmid.

4.4.6 Adsorption of <1>24b to Erwinia carotovora sbsp. atroseptica containing 

pKT230::ypr

Fig 4.15 shows that by increasing the numbers of ECA cells containing 

pKT230::vpr, it was possible to increase ® 24b adsorption, thus suggesting that the E. 

coli Vpr was being localised at the cell surface. These data use wild type ECA as a 

negative control where there is significantly less reduction in the numbers of free 

bacteriophage with an increase in cell number. This can be attributed to increasing 

cell numbers, leading to increased probability of a filtration effect from a pelleting 

cell matrix action during the centrifugation step of the adsorption assay.

4.4.7 Response of vpr transcription to growth conditions using a reporter gene 

assay.

As discussed in section 4.2, Vpr has been identified as being part of a 

response mechanism in E. coli linked with biogenesis of the outer membrane. The 

aim of this part of the study was to determine whether altering growth conditions, 

linked to environmental conditions in the mammalian gut, would change the
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Fig 4.14 Adsorption assay to compare adsorption of 0 2 4 B to wild-type E. coli 

and E. coli pKT230::v/sr. The free phage particles recovered from the adsorption 

assay illustrate that 0 2 4 b does not adsorb to EGA as there is no difference between 

free phage recovered and the control adsorption assay with no cells. <1)24b adsorbs to 

the pKT230::vjW E. coli transformants at a higher level than <t>24B to wild type Topo 

E. coli. (n)= 9, error bars = SEM.
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Fig 4.15 Adsorption of 3>24b to E. carotovora sbsp. atroseptica containing
o

pKT230::yp/\ In the presence of 1.5 x 10 cells of ECA, there was a 25 % reduction 

in the number of free bacteriophages recovered from the adsorption assay with the

transformant and the wt (P < 0.005). In the presence of 3 x 108 cells, there was a 56 

% reduction in the number of free bacteriophage particles recovered from the

adsorption assay (P < 0.004). In the presence of 5 x 108 cells there was a reduction 

of 67 % in the number of free bacteriophages (P < 0.0007). These data show that by 

increasing the cell number of ECA + pKT230::vpr, the level of free phage particles 

recovered decrease thus showing increased phage adsorption. These data also show 

that this does not occur in phage adsorption assays using the ECA parent strain. 

These data were confirmed in an independent experiment. Sample number (n) =5, 

error bars = SEM.

I

E. carotovora sb sp . atroseptica

E. carotovora sb sp . atroseptica + 
pK T 230 ::vp /-

1

5 x 108 cfu ml '1
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galactosidase reporter gene (Fig 4.16). The activity of Pvpr was determined by the 

((3-galactosidase) cleavage of o-Nitrophenyl-beta-galactopyranoside producing a 

colour change. Promoter activity is directly proportional to the amount of o- 

nitrophenyl produced measured spectrophometrically and expressed in Miller units 

(Miller, 1972). Changes in the level of transcription (Miller units) can be related to 

levels of Vpr production under different growth conditions.

Miller Units =
__________________ OD4 2 0  X 1000____________________

Volume of sample (0.5 ml) X Time (35 min) X OD6oo of Cells

4.4.8 Construction of the pvpr::LacZ fusion

The oligonucleotide primers (Fig 4.16) amplify the promoter region 

containing a 19 bp tail of the first 19 bases of lacZ. It is this tail that makes it 

possible to anneal the lacZ gene onto the promoter in the correct orientation and 

identical reading frame to the E. coli vpr gene. It was possible to create the fusion 

by placing molecular equivalent amounts of both the promoter region and the lacZ 

gene into a PCR reaction using the external oligonucleotide primers (1 and 4, Fig 

4.16 ; 94 0 C denaturation, 5 min, cycle step 1 [15 cycles]; 94 0 C, 2 min; 40 0 C, 1.5 

min; 68 0 C, 4.5 min. Step 2 [35 cylces]: 94 0 C, 2 min; 45 0 C, 1.5 min; 48 0 C 4.5 

min, no final extension). This protocol amplifies any complete fusions between 

promoter region and reporter gene. Fig 4.17 shows the size increase between lacZ 

and the fusion product, an increase of -  150 bp, equivalent to the promoter region. 

Using standardised M l3 primers, it was possible to sequence the gene fusion whilst
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4

1
-► Pvpr lacZ
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4

Fig 4.16 Construction of a vpr promoter reporter gene construct to 

quantify transcriptional regulation of vpr under different conditions.

Oligonucleotide 1 (18 mer), 5’ pvprlacZ anneals 42 bp upstream of -35 site, 

oligonucleotide 2 (31 mer), anneals directly upstream of the vpr atg start codon (12 

bp), the oligonucleotide also contains a tail which will be utilised to anneal to the 

first 19 bp of the lacZ. Oligonucleotides 3 & 4 (K-12 lacZ forward 20-mer and 

reverse 19 mer) amplify the complete (3-galactosidase gene (lacZ) annealing at both 

start and stop codon respectively. Creation of the fusion occurred by amplifying the 

fragment by PCR using oligonucleotides 1 & 4. The design of the oligonucleotide 

primers means that the reporter gene is held in exactly the same orientation that vpr 

would be held in the chromosome. The fusion insert was cloned into pCRZeroBlunt 

(Invitrogen) and transformed into E. coli K-12 strain M CI061.
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1 2

Arrows denote the 
size increase of the 
lacZ gene with the 
addition of the pvpr 
promoter region

Fig 4.17 Confirmation of the pvpr.dacZ fusion. This shows that when the putative 

pvprwlacZ (lane 2) was compared to the p-galactosidase gene PCR amplification 

product (lanel) that there is a shift in size that would denote the attachment of the 

pvpr region. Lane HL1; Hyperladder I

121



cloned into pCRZeroBlunt; sequence analysis confirmed the junction between Pvpr 

and lacZ. The objective of this part of the study was to determine if transcription 

levels change by altering environmental growth conditions, potentially to those 

associated with the mammalian gut environment.

4.4.9 Transcriptional regulation of vpr under discrete environmental growth

conditions.

As previously discussed in section 4.2, Dartigialongue et al. (2001) made a 

similar reporter gene construct to that described here, although the orientation of the 

promoter to the reporter gene was such that the reporter gene was not in the identical 

orientation with respect to the in situ promoter-gene spacing. Using their pvpr 

reporter gene construct {^ec/K: :lacZ) Dartigalongue et al. (2001) reported increased 

levels of transcription at 14 0 C and 42 0 C and so these were repeated along with 

growth at 37 0 C, 37 0 C + 1.5 g 1 ’’ bile salts (Oxoid), 37 0 C anaerobic growth 

(anaerobic gas jar, Oxoid). All incubations under aerobic conditions were performed 

in baffled 200 ml flasks containing 50 ml of LB plus associated supplements shaking 

at ~ 150 rpm. The data in Fig 4.18 show that there is variation in the levels of 

transcription under different growth conditions. The results show that increasing the 

growth temperature of E. coli from 37 0 C to 42 0 C results in a marked increase (>2- 

fold) in the level of transcription of the reporter gene. Under anaerobic growth 

conditions an increased level of transcription greater than the effect of increasing the 

temperature to 42 0 C was observed. Although increased levels of expression were 

observed using pvpr::lacZ at 42 0 C, as reported by Dartigalongue et al. (2001), 

growth at 14 0 C lowered expression (Fig 4.18), which is contrary to this previous
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work. Physiological differences between E. coli strains (here, M CI061 cf. MC4100 

used by Dartigalongue et al., 2001) may be the explanation.

In these experiments all cells were washed twice in PBS before the reporter 

gene assay was performed to control for the inhibitory effect bile salts have on the 

enzymatic action of (3-galactosidase. The addition of bile salts seems to attenuate the 

level of response of the regulation of the promoter. This attenuation can be seen at 

both the 42 0 C and under anaerobic growth conditions. Phage 933 W, the best 

characterised short tailed Stx-phage, which has an identical tail spike to 0 2 4 B (see 

Chapter 5), is reported to infect E. coli through FadL a fatty acid transporter protein 

(Watarai et al. 1998). Watarai et al. (1998) showed that by increasing the osmotic 

stress, in the media, had a limitng effect on phage 933W infection. This concurs 

with the findings in this study as increasing osmolaric stress using bile salts lowers 

the expression of Vpr (Fig 4.18) and thus would lower infection rates. Watarai et al., 

(1998) also inactivated fadL  to produce a host that was resistant to phage infection, 

which could be restored by complementing the gene back into the phage-resistant 

strain. Knocking out a gene and looking for infection is not a true reflection of the 

protein -  protein interaction between the tail spike and the outer membrane receptor; 

this can be only achieved by adsorption to determine if the phage can actually bind 

but not infect. Problems can also occur in mutation analysis, as the fluidity of the 

cell surface may vary, which could lead to the masking of the phage-binding epitope. 

Vpr is integral to the biogenesis of the outer membrane and, as part of its association 

with YfgL (a component of the YaeT outer membrane biogenesis complex), has been 

associated with the regulation of other outer membrane proteins such as LamB and 

OmpA (Wu et al., 2005). For this association between OMPs, is possible that a 

masking effect, due to a change in the fluidity of the OM may explain why Watarai
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et al., (1998) observed phage infection resistance when they inactivated fadL. 

Watarai et al. (1998) were unable to neutralise 933W by adding fractionated FadL 

from a 2 %-Triton treated preparation of the outer membrane, and were still able to 

recover 98 % of 93 3 W present, which could not be explained. This study has 

identified Vpr as the outer membrane receptor for 02 4 B and 933 W as their host 

recognition proteins (tail spike) are identical. Therefore contrary to these findings of 

Watarai et al. (1998) Vpr appears to be the outer membrane protein associated with 

933W and 0 2 4 B infection.

Ruminant animals have a core body temperature of 39 0 C, 2 0 C higher than 

that in humans, also core body temperatures can be raised or lowered at different 

points of the day, increasing by 1.5 0 C in the evening when livestock have been out 

to pasture (Piccione et al., 2003). If these increased temperatures raised the display 

of the bacteriophage ligand on the cell surface in vivo, it could increase the 

probability of phage infection and in a 100 - 150 litre environment such as the bovine 

rumen this could lead to significant increases in phage infectivity and spread of stx 

genes throughout E. coli populations in vivo or in animalia. As vpr is essential and 

regulation can be altered by changing the bacterial growth conditions, this raises the 

question of whether Vpr is being expressed constitutively during the cell growth 

cycle and whether increased regulation of Vpr leads to increased adsorption of 

bacteriophage 0 2 4 B?

4.4.10 Expression of Vpr during the bacterial growth cycle.

If Vpr is constitutively expressed during the bacterial growth cycle and 

localisation and masking effects do not occur, it would mean that the ligand would be 

available for phage infection throughout the growth of the bacterial cell. We know
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that this is not the case and fluidity of the bacterial cell surface can inhibit the phage 

from finding its recognition site. Also in stationary phase of the cell cycle the 

bacteria produce capsular proteins that also may inhibit phage infection. It may also 

be that expression varies throughout the bacterial growth cycle and optimum phage 

infection rates occur at specific points in the cell growth cycle. The data in Fig 4.19 

is a representative data-set of the expression of Vpr by measuring promoter activity 

during the bacterial growth cycle. Fig 4.19 shows initially, that Vpr expression 

increases with growth at both 37° C and 42° C. The difference between the data sets 

(A and B) seen in Fig 4.21 is that at 42 0 C (B) the promoter activity is double that at 

37° C, with the highest activity reaching ~ 300 Miller units per cell in mid

exponential growth phase. The 42° C data set does not cover the complete bacterial 

growth cycle, but it would be expected to follow the same trend as what was 

observed at 37° C growth in that levels of expression would increase through to 

stationary phase and then begin to drop away. Reporter gene assays can also cause 

other problems because P-galactosidase can accumulate in the cell during growth and 

can sometimes artificially indicate levels of expression beyond what is really present. 

Then main observation during these experiments is that expression occurs in the 

same trend, i.e. with growth, but because of the increased regulation due to the a F 

regulon promoter activity is doubled at the 42 0 C temperature.

4.4.11 Adsorption of bacteriophage related to growth of E. coli at 420 C

The data in Fig 4.18 show that by increasing the growth temperature by 5° C 

E. coli can double the transcription levels of vpr. Because of this increase in 

promoter activity the next natural question is whether this increased expression has a 

bearing on Vpr surface localisation, which would give the phage an increased chance
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Fig 4.18 Transcriptional regulation of Pvpr under different bacterial 

growth conditions using a reporter gene assay. M CI061 containing pvpr..lacZ 

construct grown under different conditions. Increasing the growth temperature from 

37 0 C to 42 0 C more than doubled transcription of vpr. Anaerobic growth at 37 0 C 

increased transcription levels even greater than oberved at 42 0 C. Bile salts 

generally attenuated vpr transcription; this can be observed with growth at 37 0 C 

under aerobic / anaerobic conditions (plus bile salts) when compared to their 

untreated counterparts. Lowering the growth temperature to 14 0 C decreased the 

activity pvpr below that observed at 37 0 C, with aerobic conditions. Error bars = 

SEM, n = 9.
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Fig 4.19 Expression of Vpr throughout the E. coli growth cycle. U sin g  th e  pvpr.:lacZ 

re p o r te r  g e n e  c o n s tru c t it  w as  p o s s ib le  to  m e a su re  p ro m o te r  a c tiv ity  th ro u g h o u t th e  c e ll g ro w th  cy c le  

w hen  g ro w n  a t A) 37° C  a n d  B ) 4 2 °  C . A t th e  h ig h e s t p eak , th e re  w as  a lm o s t d o u b le  th e  level o f  p- 

g a lac to s id a se  p ro d u c e d  in  c e lls  g ro w n  a t 4 2  0 C . S a m p le s  a re  m e a n s  o f  d u p lic a te  sam p le s .
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Key: B 1 ml M CI061,37 0 C

0.5 ml MC1061, 37 0 C

0.5 ml MC1061, 42 0 C

Fig 4.20 Adsorption of <I>24b to MC1061 cells grown at 42° C. By decreasing the 

number of cells present it was possible to show increased adsorption of 0 2 4 B to an 

MCI061 cells that had been grown aerobically at 42° C when compared to the same 

OD6 0 0  of MCI 061 cells grown at 37° C. 100 % adsorption was set as the adsorption 

assay data using 1.0 ml of MCI 061 cells, n = 9, error bars = SEM
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of being able to adsorb and infect its host. Growth of the E. coli at 42 0 C was 

chosen over anaerobic growth as temperature was easier to control in the laboratory. 

In this experiment (Fig 4.20), 100 % adsorption was designated as the reduction in 

the number of free bacteriophages when 0.1 ml of phage stock (~ 108 pfu. ml"1) was 

added to 1 ml of M CI061 cells containing the reporter gene construct, grown 

aerobically at 37° C. These data (Fig 4.20), show increased adsorption to E. coli 

grown at 42° C, which correlates to increased transcription of vpr (Fig 4.19). Fig 

4.22 shows that by growing the cells at 42° C phage adsorption is increased by 

almost 2-fold. This correlates with the increase in expression of vpr observed 

between MC1061 grown aerobically at 37 0 C and 42 0 C (Fig 4.18). These data 

suggest with increase in vpr expression there is increased bacteriophage adsorption.

4.5 Laser scanning confocal microscopy to demonstrate localisation of Vpr at 

the cell surface.

Whilst we know now that Vpr is localised at the cell surface the aim of this 

experiment was to further confirm localisation and to try and determine distribution 

across the bacterial cell surface. In brief, E. coli M CI061 cells were grown to mid

exponential growth phase (ODeoo 0.55) and incubated with polyclonal anti-Vpr. The 

culture was then incubated with a secondary anti-rabbit IgG antibody conjugated 

with Alexafluor 433 (Molecular Probes). Initially a FITC-conjugated secondary 

antibody was used and there were distinct problems with background bleaching as 

evidenced by the FITC label diminishing within seconds of excitation. The 

Alexaflour labelled antibody is more stable than the FITC label under excitation and 

has a longer shelf life (4 0 C up to 1 year). Fig 4.21a (I) and 4.21b (I) show 

fluorescent signals at certain positions on the image.
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Fig 4.21a Confirmation of Vpr localisation on the cell surface of E. coli 

MC1061. Cells were labelled using a primary polyclonal rabbit anti-Vpr antibody, 

and the secondary antibody was anti-rabbit IgG conjugated with Alexaflour 433 

(Molecular Probes). Image (I) shows immunofluorescence, image (II) shows the 

image by laser scanning confocal microscopy only and image (III) is an overlay of 

the immunofluorescence and the confocal microscopy image. This shows the 

prescence of immunofluorescent signal in the same areas that the cells occupy.
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Fig 4.21b Confirmation of Vpr localisation on the cell surface of E. coli 

MC1061. Legend as Fig 4.21a. Image (I) shows classical halo ring effect of bound 

secondary antibody indicative of a protein that is located on the cell surface.
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Fig 4.21a (II) and 4.21b (II) show the confocal microscope image, whereas 4.21a 

(III) and 4.23b (III) overlay the fluorescent and microscopy images showing that the 

immunofluorescence corresponds to the position of the bacterial cells. In Fig 4.21, 

the image analysis is concentrated on a single cell, and the immunofluorescence 

produced an almost halo effect which is indicative of the antibody adsorbing to an 

outer membrane protein (personal communication Dr. Dave Spiller). These images 

were very difficult to obtain as visualising an actively growing culture in mid

exponential growth phase was challenging due to the E. coli motility. This motility 

was subdued by placing the sample on a cover slip. Previous studies seem to show 

immunofluorescent detection of proteins that are in large amounts in the cell or 

specifically targeting DNA, such as rearrangements in the cytoskeleton (Fig. 1.12) 

during pedestal formation in EPEC/EHEC infection. Other studies, for example 

Tielker et al. (2005) have studied lectin (LecB) involvement in Pseudomonas 

aeruginosa biofilm formation by fluorescently labelling LecB. No previous study 

could be found with respect to determining distribution of an OMP at the bacterial 

cell surface.

4.6 Conclusions

• The vpr gene is essential and involved in the biogenesis of the E. coli outer 

membrane as it was not possible to inactivate the gene without bacterial cell 

death.

• Vpr is the bacterial ligand responsible for 0 2 4 B adsorption and subsequent 

infection, as demonstrated by:

o Inhibition of phage adsorption using an anti-Vpr polyclonal antibody.
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o Transferring phage adsorption ability to a resistant host (Erwinia 

carotovora sbsp. atroseptica) by complementing the strain with the E. 

coli vpr gene.

o Increasing levels of Vpr production correlates with adsorption of 24B.

• vpr is known to be regulated as part of the a E regulon that is responsive to 

environmental changes. The following were established here;

o Increased Vpr production at 42 0 C and under anaerobic conditions at 

37 °C.

o Vpr levels attenuated when grown in the presence of ox-bile.

• Vpr is localised at the cell surface, as demonstrated by laser scanning 

confocal microscopy.
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Chapter 5 Bacteriophage-encoded factors that influence infection and host

range

5.1 Other factors involved in bacteriophage infection.

In Chapter 4 infection was analysed from a bacterial standpoint, namely the 

identity of the host ligand Vpr in phage binding. 0 2 4 B was used in chapter 4 mostly 

as a tool to monitor the expression of Vpr. Here, the focus is on factors that have a 

bearing on the infection process. Therefore, what do bacteriophages need to infect 

their designated hosts? In basic terms, what is required, the ability to adsorb to the 

cell surface, to inject its genome into the host and, with respect to temperate phage, 

the ability to integrate into the bacterial chromosome and subsequently to excise 

itself to produce viable virions that can infect other cells.

5.2 Tail Fibres

Phage tail fibres are assembled as the product of a single gene or cascade of 

gene products (see section 1.6). In long tailed bacteriophage, such as X, the host 

specificity protein is encoded by a single gene product gpJ, although the construction 

of the tail itself is sequential using a cascade of gene products. These gene products 

not only help form the tail, but act as precursors for the next stage of production and 

assembly (Katsura, 1976). The tail spike or host specificity protein of long and short 

tailed phage must encode for both structure and host specificity. Hagard-Ljundquist 

et al. (1992) identified a high level of similarity at the carboxy-terminal of the 

protein between some phage (Mu, X, P2) and hypothesised that they may therefore 

exhibit a similar host range. Sandmeier (1994) postulates that at some point 

bacteriophage such as X, Mu, PI, P2 and T4 must have inhabited the same gene pool,
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as regions of their tail fibres show distinct similarity in small regions. This theory 

concurs with the general view that genetic exchange occurs between phages in a gene 

pool. Rearrangements have been shown to occur in some phage tail genes where an 

inversion leads to a completely different distal end of the tail protein (Glasgow, 

1989). Sandmeier et al. (1992) identified possible invertible regions in the tail fibre 

gene of bacteriophage P 1 that could explain changes in the tail fibre conformation 

and thus contribute to the evolution of tail fibre diversity.

Originally it was thought that Stx-bacteriophage could only infect rough 

strains of Gram negative bacteria as they were thought not to be able to infect 

through the smooth lipopolysaccharide layer on the outer envelope (Smith et al., 

1983). For this reason it could be speculated that genetic exchange is not as 

prominent in vivo e.g. the gut as originally thought. However, James et al. (2001) 

showed that the bacteriophage used in this study (0 2 4 b) has a broad host range and 

is able to lytically infect both rough and smooth E. coli strains.

So why should we be interested in the tail spikes of toxin-encoding 

bacteriophage? Due to the high level of genetic exchange that could occur within the 

host, genetic recombination, including inversion could extend the host range of Stx 

phage. New host strains may be commensal or pathogenic, or even a different 

bacterial species e.g. within the Enterobacteriaceae. This not only has a bearing on 

phage evolution, but even more so on the evolution of bacteria.

5.3 Characterisation of the <I>24b tail spike

0 2 4 b has been classed as a member of the Podoviridae as it has a small stub

like tail spike, which in some transmission electron microscopy (TEM) images, 

would be hard to identify. A TEM image of 0 2 4 b is presented in Fig 5.1, and it
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100 nm

Figure 5.1 Transmission electron microscope image of <I>24b virion. ~ lx 109

pfu ml '* of <i>24B were used to obtain this image of a single virion by Mr Brian 

Getty, University of Liverpool. The icosahedral capsid and short tail spike are 

clearly visible.
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Figure 5.2 Representative protein cladogram of tail spikes from short and 

long tailed Stx-phage. Host recognition protein genes of different sizes were 

aligned using ClustalX and clades weighted using parsimony analysis in 

bioinformatic software package Phylip, derived from 100 bootstrapped analyses. 

This cladogram cannot be used to infer phylogeny due to the alignment of amino 

acid sequences of different lengths. Clade I includes tail spikes from cryptic 

prophages and viable short tailed phage e.g. 933W, whereas clade II possibly 

contains only cryptic tail spike genes.
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shows a virion with an icosahedral head with a short tail. The bacteriophage tail 

spikes included in this study are generated from a single gene product (e.g. 

lambdoid-like Stx phage 933W (Plunkett et al., 1999)). This differs from lambda 

phage where the construction of the tail fibre results from a cascade of genes in 

which each gene stimulates the production of the next so that the tail is formed in the 

correct manner. The Podoviridae tail spike must encode both the short tail structure 

and the host specificity region of the tail. Short tailed Stx-phages such as 933 W and 

cryptic prophages from E. coli 0157:H7 strains EDL 933 (933W lysogen) (Plunkett 

et al., 1999) were aligned and a cladogram (Fig 5.2) constructed using parsimonius 

analysis using the Phylip bioinformatic software. Nucleotide sequence alignment of 

the fragments was achieved using ClustalX. At this point in time (2001), there were 

limited bacteriophage sequence data, so searches for Stx-phage tail spike genes were 

limited to 933W (Plunkett et al., 1999) lysogen EDL933 and E. coli 0157:H7 (Sakai) 

sequences. These host recognition proteins were aligned along with the tail spikes of 

the archetypal X, lambda like phage HK620 and Stx-phage P27.

For true phylogenetic analysis from gene alignment, regions of an identical 

size are required to correctly infer phylogeny. Due to the heterogeneous nature of 

the tail spikes between long tailed and short tailed phage it is therefore difficult to 

determine the phylogenetic relationship between genes. The cladogram presented in 

Fig 5.2 is therefore more a representation not to show phylogeny, but the sequence 

differences between the tail spike proteins found within sequenced 0157:H7 strains 

EDL933 (Plunkett et al., 1999) and the Sakai strain (Makino et al., 1998) when 

compared to Lambda and Stx-phage P27 (Schmidt et al., 2002). The genetic 

difference between these phages can be initially identified by gene size as Lambda’s 

host recognition gene (~ 3.4 kbp) is significantly larger than that of the short tailed
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Stx phage 933 W (~1.9 kbp). The tail spike genes entered into this alignment are of 

different sizes so cannot be used to infer relationship or evolution of tail spikes. The 

cladogram (Fig 5.2) does not show the true phylogeny between the sequences 

aligned, but enables us to identify and group the tail spikes into two clades to which 

subsequently oligonucleotide primers were designed from the nucleotide sequence 

alignment to distinguish between the two clades. The two clades I and II, seem to 

separate the true cryptic phage tail spikes from those that, if incorporated into a 

viable virion are actually functional, although this would be speculation without 

further characterisation.

5.4 Amplification and nucleotide sequence analysis of 0 2 4 b tail spike

The alignment in Appendix 4 shows that the C terminus of the tail spike 

protein has high levels of amino acid sequence identity. The extent of this 

conservation enabled the design of a single reverse primer that would amplify short 

tail spikes from either clade I or II (figure 5.2). The oligonucleotide primer was 

named 3’-VTUTF (Vero Toxin Ubiquitous Tail Fibre), an 18-mer binding internally 

at the stop codon of the tail spike region. As discussed above clade I and clade II 

could be distinguished by designing primers at the 5’ end of the alignment where 

significant heterogeneity is apparent. These oligonucleotides were detailed as 

VTTF(I) (clade I) and VTTF(II) (clade II) and by using them it was possible to 

amplify a region of approximately 1.9 Kb, using 2 pi of ~ 10 pfu m l ' 024e::Acat 

lysate as template for the PCR (Fig 5.3). PCR amplification used an annealing 

temperature of 55 0 C and extension time of 2 min, using recombinant non-proof 

reading DNA polymerase (MBI Fermentas). Primer pair 5’ VTTF(I) and 3’ VTUTF 

amplified a region of approximately 1.9 Kb from the 0 2 4 b lysate (Fig5.3). The 

amplification was repeated using a proof reading
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Figure 5.3 Agarose gel electrophoresis of PCR amplification of the 

d>24B tail spike using primers 5’ VTTF1 and 3’ VTUTF. Lanes 2 and 4, 1 pi of

~10 9 pfu ml of <3>24b ::Acat and 0 2 4 b ::Akan respectively; Lane 3 and 5, 2 pi of 

~10 9 pfu m l o f  0 2 4 b "Acat and 02 4 b ::Akan respectively; Lane 1 was loaded with 

5 pi of Hyperladder I (Bioline) and lane 6 was loaded with the negative control using 

(2 pi of phage buffer).
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DNA-polymerase {pfx -  Invitrogen) according to the manufacturer’s instructions 

(100 pi reaction). The complete PCR product was loaded on a 0.75 % (w/v) agarose 

gel and electrophoresed at 80 v c m '1. The gel was visualised under short wave ultra

violet light, and the PCR product band at ~ 2 Kb was excised and the DNA extracted 

using the Qiagen mini-prep DNA extraction kit (Qiagen). Fig 5.3 shows 

amplification of putative tail spike gene of 02 4 b in lanes 2 - 5  yielding ~ 2 Kb PCR 

products.

The DNA extracted was ligated into the plasmid vector (~ 10:1 insert to 

vector ratio) as detailed in the Zero-blunt (Invitrogen) user manual. The 

manufacturer’s calculation stipulated the addition of 140 ng of the 2 Kb blunt-ended 

DNA insert to 35 ng of linearised Zeroblunt plasmid (Invitrogen). 2 pi of this 

ligation mixture was transformed into chemically competent E. coli ToplO cells 

(Invitrogen), and incubated overnight on LB agar plus kanamycin (50 pg pi "'). 

Putative clones were cultured to mid-exponential growth phase and plasmid 

extracted using Qiagen mini-prep kit, according to the manufacturer’s instructions. 

The insert was then sequenced from the plasmid using M l3 forward and reverse 

primers provided by the manufacturer (Invitrogen) and sequenced by MWG Biotech. 

The sequences were orientated into the correct reading frames and nested primers 

designed to the initial sequence data so that the complete gene could be sequenced. 

Both primers anneal approximately 500 bp downstream of the start codon (5’ 

VTTF3) of the tail spike and 600 bp upstream of the stop codon (3’ VTTF3), seen in 

table 2. 3. This internal region of the tail spike gene was amplified and yielded a 

PCR product of ~ 800 bp (Fig 5.4). These blunt-ended PCR products was cloned 

into sequencing vector Zeroblunt (Invitrogen) and sequenced using M 13 forward and
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Figure 5.4 PCR amplification of nested region of <J>24b for sequence 

analysis. Oligonulceotide primers 3’ VTTF3 and 5'VTTF3 (Table 2.3) were used to 

amplify, by PCR, the inner region of the 0 24 b tail spike gene (~800 bp) using a 

proof reading enzyme pfic (Invitrogen). Lane 1; hyperladder I, Lane 2: PCR product, 

template 1 pi of <L24b lysate, Lane 3: PCR product, 2 pi of 0 2 4 b lysate.
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reverse primers which anneal either side of the multiple cloning site (Invotrogen). 

Reverse sequences were orientated into the correct reading frame (i.e. reverse 

complemented) and all 4 sequences were aligned by eye to form a consensus 

sequence. The sequence of the 0 24 b tail spike was then blastn searched through the 

NCBI website and found to be identical at the nucleotide level to short tailed Stx- 

phage 933 W host recognition gene (Plunkett et al., 1999). As 0 24B has an identical 

host recognition protein to Stx-phage 93 3 W it would be fair to assume that it would 

be able to infect the same host range. 0 24B has been shown to have a broad host 

range and (James et al., 2001), which may correlate with the host range of 933W. 

This broad host range, due to the host recognition of the phage, seems quite well 

conserved in the short tailed Stx-phage characterised thus far. This could lead to 

transfer of Stx-genes to sensitive bacterial strains, which, when in conjunction with a 

broad host range, could have a significant impact on toxin production during 

infection as demonstrated by Gamage et al. (2003) who showed that non-pathogenic 

bacteria have an influence on toxin production in the gut.

5.5 Further analysis of tail spike gene alignments

The availability of phage gene sequences in general has increased 

dramatically over the past 3-4 years. Now in the almost post-genomic era, increasing 

numbers of bacterial genomes have been sequenced and shown to contain many 

bacteriophage genes of both viable and cryptic phage.

Annotation problems within sequence databases such as Genbank have led to 

difficulties in searching for phage genes using specific gene names. Different 

annotations of tail fibre genes includes “tail gene”, “tail spike”, “putative tail gene”, 

“tail” and “prophage related sequence”. It is often unclear which of these genes are
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for host recognition and which are involved in the construction and assembly of the 

tail fibre itself. Some of the longer tailed Siphoviridae are easier to annotate due to 

the larger number of genes used for construction of the tail, and therefore the correct 

gene can be selected from the bacteriophage genome. Due to the heterogeneous 

nature of the host recognition protein of lambdoid-like phages it was necessary to 

draw 2 phylogenetic trees, separating the long and short tail spike genes from blastp 

search of Genbank, and identifying Stx phage or cryptic phage in STEC strains using 

the Lambda and 933W host recognition protein sequences as blastp entries (Fig 5.4 

and 5.5). Fig 5.5 and 5.6 show phylogenetic analysis of both long- and short-tailed 

host specificity proteins that were determined using the protpars parsimony 

algorithm from bioinformatic software ARB. They cannot be used to infer phylogeny 

due to the variation in sequence lengths caused by the presence of cryptic phage 

genes. The cladograms give an indication of the level of diversity amongst 

sequences that are found when blastp searching for the tail spikes of A, and 933 W. To 

align the tail spike proteins of all members of the Podoviridae or Siphoviridae would 

be difficult and incorrect as each of these families comprise bacteriophage that 

transverse a range of tail morphologies. The blastp search for the host specificity 

proteins of X and 933 W is a partial answer to this problem as they are the best studied 

lambdoid phages that are found in genomes of E. coli 0157:H7 strains characterised 

thus far. To infer the phylogeny of phage tail spike genes a larger sample number 

could make it possible to select a region of the tail spike genes that is conserved. 

Masking or selecting conserved regions would offer a tool to align only the 

conserved regions of the protein. Cryptic phage tail genes appear to heavily 

influence the results of any phage gene search and are important to bolster the 

available data. The disadvantage of using genes identified from cryptic prophage is
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that it is unclear whether the tail spike is functional. All sequences used in Fig 5.5 

and 5.6 contain both a stop and start codons, denoting the open reading frame of the 

tail spike gene. The cladogram in 5.4 shows protein sequences that were identified 

by blastp using the X host recognition protein as the template for the search. The 

dendrogram representing the long tailed (Fig 5.5) shows 2 clades (I and II), clade I 

groups a number of viable phage tail spikes, whereas clade II is possibly all cryptic 

phage genes. The cladogram in Fig 5.6 shows protein sequences that were identified 

by blastp searching the Stx phage 933W host recognition protein. This also can be 

subdivided into two clades which could show the difference between viable and non

viable tail spike genes. Clade I mainly contains phage genes that are located on 

cryptic prophage, whereas clade II identifies the only tail spike genes apart from the 

out-group that have been identified on viable phages.

There are 284 sequenced bacteriophages and partial sequences for many 

more. As more sequence data becomes available we will be able to better understand 

tail spike and definition of conserved and variable regions and their bearing on 

infection.

5.6 PCR Amplification of tail spike genes isolated from phages induced from 

wild-type STEC strains.

From an established study site 23 STEC isolates were offered as part of a 

DEFRA horizontal study of cattle shedding of STEC in a well described study site on 

the Wirral (Robinson et al., 2004)
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2005). Phages were induced using norfloxacin (Section 2.2.4) and propagated in E. 

coli DM1187, the recA mutant (section 2.1.2). The STEC strains were selected as a 

representative of the strains on offer using toxin type, serotype, sampling data to 

choose the representative isolates. Table 5.1 shows that a range of serotypes and 

pathogenicity profiles are represented. Table 5.1 also shows that the only Stx-phage 

that was isolated, using E. coli DM1187 as host, was ODS15. Of the 23 STEC 

strains that were induced using NFLX, phages that could infect DM1187 were 

rEcoRded from 13 strains. From these 13 phages isolated only 1 encoded the Stx 

toxin. The oligonucleotide primers designed to identify and sequence the tail spike 

gene of 0 2 4 b (Table 2.3) were used to screen these induced phages for related tail 

spike genes. Using the outermost primers, 5’ VTTF1 and 3’ VTUTF, it was 

demonstrated that tail spike genes could be amplified for bacteriophages 0DS4, 

0DS5, 0DS6 and 0DS7. The 0DS5 had a tail spike gene that was ~ 400 bp smaller 

than the other tail spike genes identified with this primer pair (Fig 5.7). Whether this 

is actually a viable tail spike gene or a remnant that is harboured by the phage is 

unclear.

As phage genes can have a divergent modular nature, the internal sequencing 

oligonucleotide primers were used to determine if they could identify any other 

regions of the 13 phages that were isolated. Using these primer sets, it was also 

possible to identify sequence divergence by using different combinations of the 

primers e.g. 5’ VTTF1 and internal oligonucleotide primer 3’ VTTF3. The other 10 

bacteriophages that could not be identified as containing tail spike genes related to 

0 2 4 b remained negative although 5’ VTTF -  3’ VTTF3 amplified a region of the tail 

spike of ODS15 to produce a PCR product of expected size (~1.2 kb). This shows
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that even though PCR based approaches are rapid, there is a possibility of missing 

target sequences due to heterogeneity at the oligonucleotide annealing site.

5.7 Immunity and super-infection

Integration of the phage genome into the bacterial chromosome and its 

regulation is described in section 1.2. When bacteriophage X is integrated into its E. 

coli host genome it is held in its integrated state by the presence of cl, the phage lysis 

repressor (Ptashne, 1992). As there are approximately 100 active molecules of this 

repressor present at any one time, they actively bind the regulatory regions of the 

incoming X immediately turning off the genes responsible for lysis (Ptashne, 1992). 

According to the lambda model, the lysogen is thus resistant to infection by another 

genetically identical X phage. There are examples of bacteriophages such as X that 

integrate in tandem into a single site on the bacterial chromosome (Kholodii et al., 

1985). It was previously thought that all lambdoid-like phages conform to this X 

immunity model. Allison et al. (2003) was able to infect single E. coli cells with two 

identical phages (d>24e) marked with two separate antibiotic resistance markers. The 

first requirement was to prove that complete phage genomes were indeed integrated 

into separate insertion sites on the bacterial chromosome, and this is described in 

figure 5.8. Figure 5.8 shows the analysis of both the single and double lysogens 

restricted with EcoRI and AflllL By probing the restricted lysogens with DIG- 

labelled DNA probes for aph3 (Kanamycin resistance gene), cat (chloramphenicol 

acetyl transferase gene), Q and the st%2B genes it was possible to show that 

0 24B::Acat and 024e::Akan are inserted into different positions in the bacterial 

chromosome. In Fig 5.8 the Southern blots A -  D lanes 1, 3 and 5 contain EcoRI 

digested DNA, lanes 2, 4 and 6 contain A fllll restricted DNA. Using these restriction
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patterns and Southern hybridisation analysis, it was possible to determine the 

presence of E. coli that had been infected by 2 isogenic bacteriophages. Southern 

analysis using probes specific for the antibiotic resistance genes carried by the two 

phage show that they each identify their respective integrated hosts. The Southern 

analysis also demonstrates that by blotting with Q and stX2B (C and D) it is possible 

to overlay the blotting pattern of the single infection over the double infection to 

show two distinct phage genome copies integrated into the bacterial chromosome. 

Because the Southern blotting patterns between the single and double infected hosts 

are so different, and as the bands do not overlap, it demonstrates that the phage has 

not integrated in tandem, but has integrated into a different position in the bacterial 

chromosome. The ability of multiple phage infection has been identified in 

Salmonella-specific bacteriophage P22; this has an imml gene region that encodes an 

anti-repressor (Ant) that has the ability to allow infection of a secondary phage 

(Susskind and Botstein. 1975). Apart from the integrase gene, all the genes 

sequenced thus far from 0 2 4 B have shown high levels of sequence identity with Stx 

phage 933W. Communication with Friedman, University of Michigan (personal 

communication) located remnants of the P22 immunity region located in the capsid 

genes of 933W and that 933W was unable to form double lysogens. ®24B DNA has 

been sent to the Wellcome Trust, Sanger Institute for genome sequencing and this 

will determine if ®24B has an intact imml region. So what is the impact of isogenic 

phage being able to infect a single host? With respect to virulence, if the copy 

number of stx present in a single host is increased the level of toxin production 

increases which has serious implications on the sequelae of STEC infection.
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Table 5.1 Characteristics of Wild-type STEC strains used for phage

induction and tail spike gene characterisation

Strain Name CCN eae S tx l Stx2 VLA
no.

0 -

Serotype
Origin Phages

Isolated
Tail Fibre
Regions
Identified

Viable
Phage
encoding
Stx-toxin

DS1 1815 + + I860 Rough Water
DS2 2912 4- 1861 UT Cattle
DS3 3016 4- 1862 015 Cattle
DS4 3171 + + 1863 098 Cattle <T>DS4 4-

DS5 3268 + 1864 0104 Cattle d>DS5 4-

DS6 3311 + + 1865 UT Cattle 0DS6 4-

DS7 3327 + 1866 UT Soil <t>DS7 +
DS8 3328 + 4- 1867 0145 Soil
DS9 3660 + 940 0135 Cattle ct>DS9
DS10 3661 + 4- 1869 046 Cattle
DSU 3788 4- 1870 02 Cattle
DS12 4006 4- 1871 071 Cattle CDDS12
DS13 4007 + 4- 1872 043 Cattle
DS14 4159 + 1874 UT Cattle ODS14
DS15 4228 + 1875 073 Cattle ODS15 4- 4-

DS16 4546 4- 1879 UT Rabbit ODS16
DS17 4672 + + 1882 088 Soil ODS17
DS18 4844 4- 1883 0168 Cattle
DS19 5018 4- 1884 08 Soil 0DS19
DS20 5223 + 949 UT Cattle ODS20
DS21 5573 + + 954 Rough Cattle
DS22 5662 + + 956 084 Cattle
DS23 7267 + 1894 UT Cattle ODS23

CCN = culture collection number

VLA = Veterinary Laboratory Agency number
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2.0 kbp 

1.5 kbp

Fig 5.7 PCR amplification of the tail spike gene of bacteriophages <DDS4 and 

d>DS5 using oligonucleotide primers 5’ VTTF1 and 3’ VTUTF. Lane 1; 

Hyperladder I (Bioline), Lane 2; PCR product using 2 pi of ODS4 phage diffusion 

preparation (see section 2.2.5) as template, Lane 3: negative control, template 10 ng 

of DM1187 genomic DNA, Lane 4; PCR product using 2 pi of d>DS5 phage 

diffusion preparation as template. Image shows ~ 400 bp difference between the 

sizes of tail spike genes of ODS4 and ODS5.
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5.8 Identification of the <I>24b Integrase gene

As d>24B has been shown to have similarity to Stx phage 933W in regions 

such as the tail spike (section 5.3), immunity region (personal communication 

Allison, James and Gossage, unpublished data). Primers specific for the 933W 

integrase gene were designed to determine if they could be used to amplify the 

integrase from <D24B. None of these oligonucleotide primers specific for the 933W 

integrase gene would amplify any product using 0 2 4 B as template. All d>24B genes 

sequenced thus far have shown high levels of sequence identity to 933 W (Allison, 

James Gossage, Smith unpublished data), but this suggests that 0 2 4 B has an 

unrelated integrase gene to 933W. Integrase is a tyrosine recombinase that is 

involved in the site-specific integration of the phage genome into the bacterial 

chromosome (section 1.5). It is not a good marker to use for bacteriophage 

classification due to its heterogeneous nature (Balding et al., 2005). Alignment of 

sequenced short tailed Stx-bacteriophage integrase genes (in 2002) using ClustalX 

made it possible to design primers (5’ 933Wint and 3’ 933Wint, see Table 2.3) to 

amplify the integrase region, based on anticipated similarity to 933W. A more 

accurate approach would have been to create a DIG-labelled DNA probe by PCR 

using from the 933W integrase and probe against 0 2 4 B by Southern hybridisation. 

Unfortunately, at that time propagation of 933 W was not possible due to the 

dismantling and moving of the containment level III facility.

Subsequent PCR amplifications using the 933W-specific integrase primers 

(Table 2.3) failed to yield PCR products from high titre lysate of 0 2 4 B (~ 108 pfu ml 

"') as template. In this period Balding et al., (2005) designed a bank of primers to 

amplify all sequenced bacteriophage integrase genes identified thus far. These 

integrase identification primers (Balding et al., 2005) were designed to amplify the
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conserved regions of the integrase that govern function and thus be able to group 

phage on integrase diversity. Bacterial chromosomal contamination of the phage 

PCR template was negated by the failure to amplify the E. coli house keeping gene 

GAPDH (Table 2.3) (Fig 5.6). The bank of primers yielded a PCR fragment of 

expected size for integrase group 6 (-1300 bp for group 6a and -  250-300 bp for 

group 6b). Oligonucleotides specific for integrase groups 6a and 6b, offer coverage 

of the integrase genes aligned in that group, hence the difference in expected PCR 

product sizes. Amplification of the 0 2 4 B integrase gene using these group-specific 

oligonucleotides and subsequent sequencing, related this Stx-phage integrase to that 

found in bacteriophage HK620 a short tailed A-like phage and the integrase gene 

found in P4 and Shigella flexneri phage Sf6. This is the first Stx-phage to harbour a 

group 6 integrase gene. As more bacteriophage sequence data becomes available, it 

reveals the high level of recombination that occurs between phage to form chimeric 

virions. Therefore, finding an integrase gene that has not been previously identified 

in Stx-phages is not surprising. Current research in this laboratory has shown that 

0 2 4 b may integrate into the same point in the bacterial chromosome that HK620 

integrates into. Conflicting data about grouping of the 0 2 4 B integrase will be only 

clarified on completion of the phage genome sequencing. Characterisation of other 

wild type bacteriophage integrase genes has been found to be troublesome as 

bacterial chromosomal background in the PCR template preparation can hamper the 

true identity of the phage genes in question.
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5.9 In summary

• 0 2 4 b has an identical tail fibre to virulent wild-type Stx phage 933 W.

• There are high levels of tail spike heterogeneity at both nucleotide and 

protein sequence level between phage families, although a conserved carboxy 

terminus has been identified in the short tailed Stx-phage.

• A high level of sequence divergence and difference in tail spike gene sizes 

makes it impossible to infer phylogeny due to low levels of homogeny 

between phage families.

• The levels of phage genes annotated in Genbank are rapidly increasing 

although the quality of annotation can hinder gene searches on the NCBI 

website, and if the tail is part of a multi-gene assembly cascade it becomes 

difficult to determine the host specificity protein.

• Using the primer sets designed to amplify the tail spike of ®24b it was 

possible to identify related tail spikes in 5 phages isolated from 23 

environmentally isolated STEC strains.

• PCR approaches for identifying specific genes from phage is inherently 

difficult due to the level of cryptic phage and cryptic genes being present in 

PCR template preparations.

• Identification by PCR can be problematic as oligonucleotides only anneal to a 

short length of DNA, meaning that significant alterations in this region can 

limit the sensitivity of identification.

• ®24q does not conform to the A immunity model as it is possible to infect a 

single bacterial host with 2 isogenic bacteriophages that have been labelled 

with different antibiotic resistance genes. This has great implications in
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STEC infection as multiple copies of stx can lead to increased production of 

the toxin.

• O24o has an integrase gene that is related to bacteriophages HK620, P4 and 

Sf6, although this will be clarified subsequent to completion of the 0 2 4 b 

genome sequencing. This integrase difference between 0 2 4 b and 933W 

demonstrates that even though other gene loci show high levels of sequence 

identity, modular recombinational events can occur and the identification of a 

completely different integrase gene has been found in 0 2 4 b.
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Figure 5.8 Confirmation of the residence of two complete toxin operons within the double 

lysogen genome. I, Genetic maps showing the location of relevant restriction endonuclease 

sites and areas recognised by the relevant probes: aph3, WOW ; cat, \ |: O; subvt2B,

l i H . The asterisk, *, indicates the position of a Pstl site that was lost following a single 

nucleotide substitution, as confirmed by DNA sequencing. II, Tabulated data of the RFLP 

lengths of the relevant AfllW and £coRI fragments from each isogenic recombinant phage. 

Ill, Southern blots using probes specific to: A, aph3; B, cat; C, Q; D, subvt2B. Tanes 1, 3 

and 5 on blots A-D contain EcoR I-digested DNA and lanes 2, 4 and 6 contain AfllW 

digested DNA. The source of the DNA is E. coli MCI 061 lysogens containing the following 

phage: lanes 1 & 2, 024B::Kan; 3 & 4, <J>24B::Cat; 5 & 6, ®24B::Kan & d>24B::Cat. from 

Allison et al., 2003
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Figure 5.9 Identification of <D24b integrase gene by PCR

Amplification with integrase primer sets for groups 1-9 (Balding et al., 2005) 

to dentify the ®24b integrase gene using bank of integrase specific primers Table 2.3. 

Lane 1 and 14; Hyper Ladder I, Lane 2; group 1, Lane 3; group 2, Lane 4; group 3. 

lane 4; group 4, Lane 5; group 4, lane 6; group 5, lane 7; group 6a, lane 8; group 6b, 

lane 9; group 7, lane 9; group 8, lane 10; group 9, lane 11; GAPDH, lane 12 and 13 

blank. Template for PCR was 2 pi of —10s pfu ml ly s a t e .
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Chapter 6: General Discussion

STEC infection is still a global health concern and incidence remains a 

problem throughout the world. The improved ability to detect and react to an 

incidence of STEC infection seems to have led to a limiting effect on the size of an 

outbreak. For example the Japanese Sakai outbreak recorded 9000 infected patients 

compared to recent outbreaks in South Wales were the infection was limited to 163 

recorded cases. Increased regulations on slaughter, handling and the separation 

storage of raw and cooked meats aim to limit the opportunity for infection. Early 

detection and improved treatment through enhanced understanding of the 

downstream sequelae has led to better treatment of the life threatening symptoms.

Over the last 10 years there has been a re-emergence of the study of phage 

biology. This has been part due to the identification of phage genes studding the 

sequenced bacterial chromosomes. Sequencing of the E. coli K-12 genome (Blattner 

et al., 1997) identified bacteriophage remnants offering a basal level of 

bacteriophage coverage of the bacterial chromosome (5 cryptic prophages). 

Sequencing of the 2 E. coli 0157:H7 (Plunkett et al., 1999; Elayashi et al., 1999) 

strains has identified that this level is probably quite low, as these pathogenic wild 

type strains show an increased level of remnant bacteriophage genes (~ 18 cryptic 

prophages per isolate).

We are only beginning to understand the level of influence bacteriophages, 

whether cryptic or viable, have on the lysogenised host. As discussed above, 

bacteriophage genes have been shown to aid colonisation of both the bovine and 

porcine gut in some STEC isolates (Dziva et al., 2004). These are all nuances that 

are being found amongst different bacteriophages and will constantly change due to 

the ability of these viruses to either accumulate genes from bacteria by
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recombination, or swap a gene or set of genes between phages by the modular 

switching. Most of the phage genes that encode a positive selection advantage for 

the lysogen, have thus far offered a macro effect on the lysogen i.e. have an 

increased ability to colonise the gut. There are still a great proportion of phage genes 

that as yet, have no designated function. This may be that their influence is 

cumulative or that they increase sensitivity of a certain host response in bacteria that 

aid both the phage and bacterial survival in any given environment. It has also been 

shown that Stx may have an effect on the sensitivity of the lysogenic to lytic life 

cycle switch (Livny et al., 2004), which may aid its propagation by inducing and 

reinfecting before a competitive phage. This may be a reason why the stx genes are 

conserved with respect to location in the bacteriophage genome. Stx-toxins do 

increase the pathogenicity of the bacterial host, but must hold some other positive 

selection otherwise their location would probably vary in the late genes of the phage.

As yet, we do not fully understand the stimulus in the environment and in gut 

of humans and animals that drives whole communities to the lytic life cycle. There 

are a number of reasons why this could occur. It is generally thought that changes in 

environmental conditions may have an imposing effect on stimulus of the lytic life 

cycle. It has been shown that the addition of phosphate to a Synechococcus bloom, 

leads to bloom collapse by phage-mediated lysis (Wilson et al., 1998). It may be that 

on induction the amplified production of some phage-encoded proteins may act as a 

global stimulus for the lytic life cycle of the lysogen population.

The model phage 024 b used in this study has a distinct advantage over 

bacteriophage described thus far, as it has been shown to infect through an essential 

outer membrane protein (Vpr). The findings in this study support the evidence that 

this is an essential protein as we were unable to make a complete knockout. Vpr has
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been designated as integral to the biogenesis of the outer membrane, and in the 

transfer of outer membrane proteins to the cell surface (Wu et al., 2005). The data in 

this thesis also concurs with studies that have designated Vpr as regulatable by a host 

response regulon (a ) (Dartigalongue et al., 2001) and that expression can be altered 

by changing certain growth parameters. In this study, we tried to impose a range of 

single environmental changes that simulate key environmental factors in the 

mammalian gut. Anaerobiosis and increasing the growth temperature gave a marked 

increase in the expression of Vpr. Not only was Vpr expressed in higher amounts 

when E. coli was grown at 42 0 C, it was localised at an increased level demonstrated 

by raised phage adsorption. As the bovine core body temp can increase above 40 0 

C in the summer, if there is a higher presence of Vpr on the gut surface this would 

also make it easier for any incoming bacteriophage, with the appropriate tail spike to 

bind and therefore increase lysogen formation or the lytic response.

Gut environmental changes may also play a role in the increase of 0157:H7 

shedding; cattle tend to shed STEC in higher frequencies in the summer months 

(Bonardi et al., 1999; McEvoy et al. 2003). Change in diet, increasing temperature, 

increase in certain gut chemicals under certain feeding regimes may all play a role in 

the variation of the gut environment. If infection rates increase in the summer due to 

increased levels of bacteriophage, this could mean that free bacteriophages are 

responsible for the increased shedding. From animal to animal, there must be gut 

environment differences, some of which result in increased stimulus of the lytic 

response; thus this diversity could differentiate between high and low STEC 

shedders. E. coli 0157:H7 are thought to colonise the rectoanal junction (Naylor et 

al., 2003). Seasonal STEC shedding levels may be due to high amounts of 

bacteriophages that infect and lyse key bacteria that are pivotal in adherence of the
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STEC bacterial community to its preferred colonisation site thus effectively resulting 

in an increased level of STEC shedding.

From sequence analysis of the 0 2 4 B tail spike gene, 100 % amino acid 

sequence identity with the archetypal well characterised Stx2-phage 933W was 

established. Watarai et al. (1998) proposed that bacteriophage 933W infected via the 

outer membrane protein FadL, although neutralisation studies using FadL were 

unable to reduce the numbers of short tailed bacteriophage desorbed or unattached in 

the assay. Deletion o f fadL did have a marked effect on the infection rate of 933W, 

although this may have been due to the fluidity of the cell surface being altered. 

Watarai et al. (1998) also showed that with increasing osmolaric pressure, phage 

infection decreased; this was also identified for ®24B in the reporter gene assays 

when Vpr expression was lowered by the addition of bile salts. From this data it 

would be pertinent to designate Vpr as the bacterial ligand for bacteriophages 0 2 4 B 

and 93 3 W. Vpr and homologue have been identified throughout the 

Enterobacteriaceae which correlates with the findings of James et al. (2001) who 

showed that 0 2 4 B has a relatively broad host range. Even though phage adsorption 

assays are a good tool to characterise the tail spike-bacterial OMP association / 

regulation there is often variation from experiment to experiment. The trend between 

experiments is constant for analysis of differences between cultures, and it may be 

due to slight differences in the stage of growth or physiological state of the indicator 

strain culture.

Producing definite proof that Vpr is the receptor for 0 2 4 B was time 

consuming and labour-intensive. Consequently studies directed at identification of 

the short tail spike gene region responsible for binding the phage to the bacterial
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receptor, and the degree of conservation/heterogeneity amongst these genes, was 

curtailed.

Due to the similarity between 0 2 4 B and 933W, it was initially pertinent to 

think that they had similar integrase genes, although PCR analysis proved that this 

was not true. Casjens (2005) recently reviewed the genomics of tailed phages and 

how classifying phages as related through certain genes is seriously misguided due to 

their modular heterogeneity. The integrase of d>24B was found to be similar to 

phages HK620, P4 and Sf6, although the difficulties with the bacterial chromosomal 

background of sample preparations has meant that the true identity of the 024g 

integrase will only be truly classified once the phage genome is sequenced. This 

still does not explain why it is possible for 02 4 b to integrate into the bacteriophage 

in two separate positions in the bacterial chromosome. Upon induction of these 

double lysogens, it was possible to identify that the primary infecting phage was 

always induced in greater numbers than the secondary infecting phage. Paul Fogg 

(personal communication) is investigating double integration and that it is thought 

that the secondary integration is mediated by an integrase that is located on the 

bacterial chromosome and seems to be constitutively expressed.

In conclusion, the data described in this thesis have further characterised the 

association between 0 2 4 B and E. coli by unequivocally proving that Vpr is the ligand 

required in adsorption of the phage. Vpr, as a member of a bacterial host response, is 

regulatable by stimulating this host response to changes in the bacterial growth 

environment. This protein, when up-regulated, is also localised at the cell surface at 

an increased level and thus shows increased binding of the phage. 0 2 4 B has been 

shown to form double lysogens upon infection, which integrate at different positions 

in the bacterial genome. Bacteriophage <1>24b has many similarities to Stx-phage
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933W in the genes thus far characterised, including the tail spike gene. It has a 

distinct integrase, and it may be that this in conjunction with slight differences in the 

immunity region accounts for the unusual phenomenon of multiple lysogen 

formation.

Characterisation of the immunity region and the genes that may modulate its 

function is ongoing. Identification of both integration sites and identification of the 

phage tail gene epitope that that recognises the binds to the bacterial receptor Vpr 

and identifying the bacterial epitope required for adsorption are the current research 

priorities.
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Appendix 1: Protein Alignment of Vpr against highest ranking blastP proteins
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Appendix 2: ClustalX Alignment of Stx2 -phages integrase Genes
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C o n s e n s u s / 8 0 %  ....................................................................................................................................................................................................................

B A B 34583 . 1 9 3 3  GTGCCCGATACACCGAAAAACAGAAÍGATCGCTGGTGAGTTAAGGGCTTCGGTCTGCTTT 
BP-933W GTGCCCGATACACCGAAAAACAGAAAGATCGCTGGTGAGTTAAGGGCTTCGGTCTGCTTT
V T2 - Sa  GCATCC-ATGCACCATAAACATTGTAGACCATGCTGGCGCTGGAGTGCCCCATCTGTGAT
9 3 3W GCATCC-ATGCACCATAAACATTGTAGACCATGCTGGCGCTGGAGTGCCCCATCTGTGAT
H K 0 2 2   ATGGGAAGACCAAGAAAAAATAAAAAAGATAATGTACTGCCACCGCGGG
C P  9 3  3 M   ATGGGAAGACCAAG^AAAAATAAAAAAGATAATGTACTGCCACCGCGGG
C P 9 3 3 K  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

C P 9 3 3 X  a c c c a a t t t a t a t t g c a a a t t a g a t I a g c g a a c c g g a a a g g t a t a t t g g c a a t a c a a a c a
C P 9 3 3 H  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

C P 9 3 3 I  GTTCCTGTTCGGTCTGGATTCCTATÍCACATGCCTTTAAACGATATGCAGATTCGCCGCG
C P 9 3 3 C  a a a c a g c c t t t c t t a a t g a c g g t g g | a a c c t g a g c g t c a g g c a t t c a a c c a g t g g c c t t t

C o n s e n s u s / 8 0 %  ...................................... s s s s s s t s s s s s t s A s t s s s s s s s s s s t s s s t s s s s s s s s s s s s s s s s s

B A B 3 4  5 8 3 . 1 _ 9 3 3

B P - 9 3 3 W

V T 2 - S a

9 3 3 W

H K 0 2 2

C P 9 3 3 M

C P 9 3 3 K

C P 9 3 3 X

C P 9 3 3 H

C P 9 3 3 I

C P 9 3 3 C

C o n s e n s u s / 8 0 %

GCAATCAGAACAGGAACGTTTGATTATGCCGATCGATTCCCTGACTCACC— TAACCTGA 
GCAATCAGAACAGGAACGTTTGATTATGCCGATCGATTCCCTGACTCACC— TAACCTGA
GCAATAAATGTCGG----- GTTTGCTCCGGAAGATAAAGCCCAGCACGCATAGGTATGGCGT
GCAATAAATGTCGG----- GTTTGCTCCGGAAGATAAAGCCCAGCACGCATAGGTATGGCGT
TTAGATCGAATGGTTACAGTTACGTGTGGAAACCCGA----- AGGAAGTACAAGAAGTATAG
TTAGATCGAATGGTTACAGTTACGTGTGGAAACCCGA------AGGAAGTACAAGAAGTATAG

TCCACTATCCGGTCGTTTTCATAGCTTAGGAACTGATGAGAATGAAGCAAAACAAGTTGC

CTAAGCCTGAAGCTAAAGCCTATACATTTGGAGATGGGCTAGGGTTGTCATTACTTATAG
TAACCTGGTATTTCACTTACAGGGCCGGAACGGGAAGGGGGGCACCACCGGAACGCATTA
s s s s s s s s s s s s s s . . . s s s s s s s s s s s s s s t s s s t s . . . s s s t s s s s s s . . s s s s s s s s

B A B 3 4 5 8 3 . 1 _ 9 3 3

B P - 9 3 3 W

V T 2 - S a

9 3 3 W

H K 0 2 2

C P 9 3 3 M

C P 9 3 3 K

C P 9 3 3 X

C P 9 3 3 H

C P 9 3 3 I

C P 9 3 3 C

C o n s e n s u s / 8 0 %

AG «TATTTGGCCTGGTAAAAAAAGATAT ACC--------------GTCGGTG
Ag| t ATTTGGCCTGGTAAAAAAAGATAt | a CC--------------GTCGGTG/
GA TGATACGCTTTACGGGATCGGATAC CGCTCTTTTTATTGCTG? 
GA.' TGATACGCTTTACGGGATCGGATAC CGCTCTTTTTATTGCTG/
Ge; TAGGAAGAGTGCGGAAA-----------AC AGC--------------- GTAGCT/ '
Gg| t AGGAAGAGTGCGGAAA-----------AC* AGC--------------- GTAGCT /

------------ TGGCA
\C ------------ TGGCA
|TCCCATGTCGCT
|TCCCATGTCGCT
|GTC-------- TGGCA
SGTC-------- TGGCA

t a ^ t g a a g c a a a t a c c a t t a t t g c t g a a Ba a c g t a c c c g a c a a a t a t t a a g c g t - c a a t g  
-----------------------a t g c a c a a a c a c g c c g c  g c g a a c g t c g c g c a g a g aMa c a g g c t c a a t g
AAÍÍCTAATGGAAGCAAGAGTTGGCGGTT CGCTATCGCTATGCCGGC^AAC--------CCAAA
a g § t g g g a a a t t a t c c t g a t c t g a — gc t g a a a t c a g c c a g g g a a a Í^a g c c g c c c a g tg

s t C s s s s s s t s s s s s s s t t s ...................t s C s s s ........................s s s t s s t s A s .................... s s t s s

2 0 1



B A B 3 4 5 8 3 . 1 _ 9 3 3

B P - 9 3 3 W

V T 2 - S a

9 3 3 W

H K 0 2 2

C P 9 3 3 M

C P 9 3 3 K

C P 9 3 3 X

C P 9 3 3 H

C P 9 3 3 I

C P 9 3 3 C

C o n s e n s u s / 8 0 %

CAGAAATGGCTTACTCTGAÎ|AGCA||TGGAAATCGGTAGlAÂCGCCT--------TAAATCGTËA
CAGAAATGGCTTACTCTGa Ì a GCa I t GGAAATCGGTAgI aI c GCCT------ TAAATCGTÌA
CCGATGGAGCTTACCGCGTftGTTAÄTACCCGCC— TTgI gI t TCTTG---- CGAACGAT - T
CCGATGGAGCTTACCGCGTAGTTAÄTACCCGCC— TTG GftTTCTTG------CGAACGAT; T
AAATTATGAACTG— GAAAAAGCAAAACTCCACA-ACA AATGACCG------TAGCTAAA T
AAATTATGAACTG— GAAAAAGCAAAACTCCACA-ACA AATGACCG------TAGCTAAAjT
---------------------------------------------g t g § t a a t t c t g t t a c g | t 1 c a t t c a ------TGGCTTGAiC
AGCGTCTGGAAAGAATGAAÄGGCAGGCGCTCAG— A C A |t | c GGTGA( 5 ) TGGCTTGa I a

GAAAGCAGATCGGATTCTGGCTTCÌACATTTCGCAGGAATGCAACTA----- AGAGACAT A
ATGATCTCGCTTGGTGTTTpCCCAACGATCACCCTTGCCGATGCTC----------GTTCCCGfC
TCGCGCATGGCTG— GCAG§GGGgJ aAAATCCACGTCA|G§GCTTAA( 6 ) CGTACAGGAA
s s t s s s s s t s s s t . . s s s s A s s s t A s t s s s s s s . . s s t T s A s s s s s . . . . s t t s s s t s T s

B A B 3 4 5 8 3 . 1 _ 9 3 3

B P - 9 3 3 W

V T 2 - S a

9 3 3 W

H K 0 2 2

C P 9 3 3 M

C P 9 3 3 K

C P 9 3 3 X

C P 9 3 3 H

C P 9 3 3 I

C P 9 3 3 C

C o n s e n s u s / 8 0 %

TCAATCAGTGA-TGA||AAA1a TG TACCGAGGCTTGGTCCTGGCAGGCTGGCGTCATCGjl 
TCAATCAGTGA-TGAAAAA ATG TACCGAGGCTTGGTCCTGGCAGGCTGGCGTCATCGA 
GCGGACAGAAA-ACAAAAG ¡ GCA TCGTGCAAAATTGTTCTTCCGTACTCGCGTAATTGjjk 
GCGGACAGAAA-ACAAAAG - GCA TCGTGCAAAATTGTTCTTCCGTACTCGCGTAATTGA
GTGGCACATG— TTTA---- 1 g Ga | t CCCCTGCATTTACAGAACTGGCCCCCCGAACCCAÍ
GTGGCACATG— TTt I ---- I g G A 't CCCCTGCATTTACAGAACTGGCCCCCCGAACCCAA
GCTACGAAAA--------AA------ CCT GCCAGCAGAGGAATCAAGCAGAAGACACTTCATAa| |
AATATAATTCTATCCftGGAGGACAGGCTGCAACATAATGAACTAAGACCCAACTCCTATC 
CTGAATCAAAAATTTAT— |C A G  AATGCAGAAAATGACGAACCGGCGTCATGAGGAAAA
GTGATGAAGC— TCGA---- AAACTTGTGGCAGAAGGAAAGAACCCTAGTGAGGTTCGAA|i
g c g t t a a a g c c g g t a | c g g h t g g  GATGCGCTCACCTACTGGCTTGAGTCGTACGCAAAG 
s s t t s s s t s s . . s s s A . . . T s s s C s s s s s s t s s s s s t s s s s s s s t s s s s s t s t s s s s s t A

B A B 3 4 5 8 3 . 1 _ 9 3 3

B P - 9 3 3 W

V T 2 - S a

9 3 3 W

H K 0 2 2

C P 9 3 3 M

C P 9 3 3 K

C P 9 3 3 X

C P 9 3 3 H

C P 9 3 3 I

C P 9 3 3 C

C o n s e n s u s / 8 0 %

t t í c a a a a g Aa g a t c t g c t g t t t a t c a g g a a a g a t t t a c t g a c c g g g g a a a a g g g a a - g c

t t a c a a a a g ä a g a t c t g c t g t t t a t c a g g a a a g a t t t a c t g a c c g g g g a a a a g g g a a - g c

ACA------GTGATCÏGATGCTGCCTGCTAAGACGAGTAAGC— ATCGCCTGGTTTTt S a -G C
ACA------GTGATCTGATGCTGCCTGCTAAGACGAGTAAGC— ATCGCCTGGTTTTTÍA-GT
AAA---------- GATTATCGACAACATCAGAAGGCGTTGCTGATGGTATTCGGAAAAGTGC-TT
AAA---------- GATTATCGACAACATCAGAAGGCGTTGCTGATGGTATTCGGAAAAGTGC-TT
T T § ---------- CATGAGCAAAATTAAAGCAATAAGGAGGGGGC— TGCCTGATGCTCClC-TT
GGC--------AAÄAAGGCAAACCCATCCGTCTTTTCCGTGAGCATTGTGGAATGCAACACCTC
CTGGAAACTCAGGGCAGAAGCATGCAGAAAAAAAGGGAAACCTGTTCCAGAATACACGCC
AG®------GCAÄAAGCTAGCTATGCAAACAGAGTCAGAGAAC-GCCTTCGAAAAGATftGCCA
GAfAACCGCGTGGATTATGCCGCCCTGAAAAAGCGCCTTAATAATCACGTAATACÄGCAC 
s s A ............. s A s s t s s s t s s s s s s s s s t t t t s t s s s s s t s s . s s s s s s s t s t s s s s A s . SS

B A B 3 4 5 8 3 . 1 _ 9 3 3

B P - 9 3 3 W

V T 2 - S a

9 3 3 W

H K 0 2 2

C P 9 3 3 M

C P 9 3 3 K

C P 9 3 3 X

C P 9 3 3 H

C P 9 3 3 I

C P 9 3 3 C

C o n s e n s u s / 8 0 %

iCCAGCACGTCCCGAAAAGGAAi 
iCCAGCACGTCCCGAAAAGGAAi 
VTTGCTGGTGCCAGAAGATGTATj
I t t g c t g g t g c c a g a a g a t g t a t I

VTGTCAAAACTGAGCAGGTAAi 
YTGTCAAAACTGAGCAGGTAAi 

WCACCACAAAAGAAATTGCGGC;
AAGGATATTACCGCACTTGATATTGCC 
AAAACCjÜGCGTCCGTTGCAACGAAGGCTACGCATCTTT 
GAGAGTGGCATCA-ACTTAAATCTGCTAA§TGGTCGGCGGGAT,
a t t g g t g c t a t g c c g c t g g a t a a a t g c g a g c t a c - g g c a c | g g c | g g c c t g t t t t g a

t s s t s s A s s t s s t s s s s s t t s s s s s s s t s A t s s .................. s T s s s T t . s s s t t s C s

C C C A C A G T G A A  T -------------

CCCACAGTGAA T ----------
5TCGGT :;T----------

GCCfGCGTCGGT T ----------
G-GATAAA G----------
iG -G A T A A A  G --------------

C A T A G A  G --------------

¡G C T G T A A A G G C T --------

A A G G C C  T G C --------

[G C A T C A G A ; A T C A T G

B A B 3 4 5 8 3 . 1 _ 9 3 3

B P - 9 3 3 W

V T 2 - S a

9 3 3 W

H K 0 2 2

C P 9 3 3 M

C P 9 3 3 K

C P 9 3 3 X

C P 9 3 3 H

C P 9 3 3 I

C P 9 3 3 C

C o n s e n s u s / 8 0 %

ITTACATGAI
TTACATGACiACAACÄGCCGGAAT 

--TTGGTAGCGTAAAAT 
— TTGGTAGCGTÄAAATi

CAACj|GCCGGAAT-G^TCAGCTTTGC GC— CGAAAACGGÍTA-----
TCAGCTTTGC GC— CGAAAACGGGTA-----

¡CCTATTTTTG« AAAATTTCGT GCACTGTTATCGTGCCAGC 
CCTATTTTTG AAAATTTCGT GCACTGTTATCGTGCCAGC

¡GGGCTTGAG§GCAAG§CCCAGGCAAA CATGAACTGG AAGCCTGAGTCGAGTA-----
— fGGGCTTGAG&GCAAGACCCAGGCAAA CATGAACTGG AAGCCTGAGTCGAGTA-----

[GGGCAAGGCGGCGTCfGCCAAGTTAA^ CAGA— TCAA AC----- TGAGCGATGCA------
,GGTCATAAClGGATGGCGCAAGTC-GfGAGAA— TGGTGT TGATCGACGTC 

t a a g a g c c g c a g a g c g t g Ma t g g a a a a t g c t c g a t a - a g g  ACCAATTATTAAASTG—  
GaI g CGTTTAAG§ACGAc | | t TTTTCCTTA§GTCGGAACAAGGCCTGTGGGAGAGATTAAA 
CCfGGTGGCAAAGCGAACGCCTGTTACTGCCGGATTCTTG TACAGACGTGCAAACAGGC 
. . A s s t s s s s t s A t s t s s A s s s t s s s s . t T s s s t s s s s t s C t s . . s s s t s s s t s G s s . . .
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B A B 3 4 5 8 3 . 1 _ 9 3 3

B P - 9 3 3 W

V T 2 - S a

9 3 3 W

H K 0 2 2

C P 9 3 3 M

C P 9 3 3 K

C P 9 3 3 X

C P 9 3 3 H

C P 9 3 3 I

C P 9 3 3 C

C o n s e n s u s / 8 0 %

TCTGGAfiAAAAACCCGTTTAATTCAATAACACCG— CTGAGGAAATCAAAACCA-GTGCC 
TCTGGAGAAAAACCCGTTTAATTCAATAACACCG— CTGAGGAAATCAAAACCA-GTGCC 
TTTCAGGTCGATATCCTCCCATGCAAGTGCGGCAATTTCACCGTGTCGCATCCCTGTAAA 
TTTCAGGTCGATATCCTCCCATGCAAGTGCGGCAATTTCACCGTGTCGCATCCCTGTAAA
-TACGGGTGGGGAT— ATGAGCGTGGGTATGTGAA-----GAATAACCCATGCAAAGGAGTC
-TACGGGTGGGGAT— ATGAGCGTGGGTATGTGAA-----GAATAACCCATGCAAAGGAGTC
TTCCGAfiAGGCAATAGCTGAAGGCCA-TATAACAACAAACCCGGTCGCTGCCACTCGCGC
t t c a a a | | a a g c a c a a c a c g c a g g a c a - t g t t c c g c c a g g a t t t a a c c c a g c g c a ----- GGC
CCTCAACCAAAGAATAAACGGCTCCGCTGGCTGG--------AGCCCCATGAAGCACAAAGGCT
CCGCTAjgAGCTGCTGAACGTTCTGCGTAAAATTG--------AGAAACGTGGTGCGTTGGAGAA
g c t t a a | t t c t g c c g g a g g c g g c g c t a t g c a a t c a g c a a c g t t c t t g a t g a t a t g a g t g t

s s s s t t G s s t s t s s s s s s s s t s s s s t s s t s t s s t . . . . t t s s s s s s s t s t s s s s . t s t s s

B A B 3 4 5 8 3 . 1 _ 9 3 3

B P - 9 3 3 W

V T 2 - S a

9 3 3 W

H K 0 2 2

C P 9 3 3 M

C P 9 3 3 K

C P 9 3 3 X

C P 9 3 3 H

C P 9 3 3 I

C P 9 3 3 C

C o n s e n s u s / 8 0 %

GG-ATCCACTGACCAGlGATGA-GTTTAGCCGTCTCAT|GiTGC TGCCATCftTCAACipG
g g - a t c c a c t g a c c a g Ag a t g a - g t t t a g c c g t c t c a t | g§ t g c :::"t g c c a t c a t c a a c a g

AACAGCCACTGTCCAgI g GT------- TTTTGGTCTGTTGa Ï !g| îTGG AGGCATCAATGAg|[C
AACAGCCACTGTCCAGÀGGT------- TTTTGGTCTGTTGABgMt Gg Ba GGCATcMa TGAgMc

AGAAAATTCTCTCTTAAAGC------------------ CCGCACTGTS’T|iCATÏACCGATGAACAGTAT
AGAAAATTCTCTCTTAÂAGC------------------ CCGCACTGt | t ||C A T ACCGATGAACAGTAT
AGCAAAATCAGAGGTAÜGGA------------------ GATCAAGAc I t I c Gg B ---------- TGÀCGAATAC
a a c a a a a c a a c c g c g a § a t c g a - g t a a a c c g t c a a a g a . t a t c a  TG--------CCCGAATGG
g a t t g a t g a a t g t c c g g a g c c a — t t a a a g t c t g t t g t | g| a t t t g — c a c t g g c a a c I g

AATGCGCAAAGTGCGGCAGCGTTGCTCCGAAGTGTTTCGCTACG'-AATTGCAjgCGGGTfG 
GGCGGACGTTGGGAAA|AACCGGAT— ATAAGCGAGCG GTCTTAAGCACCA|AGAACTG
t t s t s s s s s s s s s s s t A t t s ........................s s s s t s s t s T s A s s s C s s  . s s s s A s s t t s A s

B A B 3 4 5 8 3 . 1 _ 9 3 3

B P - 9 3 3 W

V T 2 - S a

9 3 3 W

H K 0 2 2

C P 9 3 3 M

C P 9 3 3 K

C P 9 3 3 X

C P 9 3 3 H

C P 9 3 3 I

C P 9 3 3 C

C o n s e n s u s / 8 0 %

AC(
AC(
GGCTAfACTC- 
GGCTA§ACTC- 
GCGGCGA— T- 
GCGGCGA— T- 
CTGAAlATTT- 
CAGGCpA— T- 
GCTTAÀGACG- 
GGCGGAGTACi 
GGCGAfTTAT- 
t s s s s A t . . s

CCTCTGGA AGTGGCTGTTTTTACAGGGA-TGCG--------- ACACGGgGA
■CCTCTGGA ASTGGCTGTTTTTACAGGGA-TGCG--------- ACACGGVGA
*iCTCTGGT|A||TGGAT-CCGGCACTGGT— TTTG----------A T T T C clcA

iCTCTGGTgAlTGGAT-CCGGCACTGGT— TTTG----------A TTTCC|CA
.TGCGGA-a I cAATT------- CCACAGTTA- CGCA----------TTGCAA1GG
.TGCGGA-AiCAATT------- CCACAGTTA-CGCA----------TTGCAA ■ GG

jCAAGCAGi a |-AATCATCACC»TGTTGG-CTCAGA-C-TTGCAA .GG
|t t g a c a g | g t a a g c a g a c g g c | g c c c t a - t t t a a a a t - g c g g g a | g c  

c| c g a a c a t ; a t c a a c c t t g a a t g g c a a c a - a a t a g a - t - a t g c a g c g c  
c c t g c g g  t o a t c t c t c c a g c g c t c t c g a a g t a c a c c a a t c c a a I c a

-  GCAGGCA T|GACAAAAAAAT|iTTCTCCCCCTACTACATCGCGT|AA
A T s s s s s t s C t G s t t s s . s s s s s A s s s s s s . s s s t ...............s s s s t s T s t

B A B 3 4 5 8 3 . 1 _ 9 3 3

B P - 9 3 3 W

V T 2 - S a

9 3 3 W

H K 0 2 2

C P 9 3 3 M

C P 9 3 3 K

C P 9 3 3 X

C P 9 3 3 H

C P 9 3 3 I

C P 9 3 3 C

C o n s e n s u s / 8 0 %

a a t - t g c c g c a c t | g c - a 1 g g g a g g a t a t c g a c c t g a a a g c t g g c a c g a t a a c a g t g c g a

a a t - t g c c g c a c t | g c - a | , g g g a g g a t a t c g a c c t g a a a g c t g g c a c g a t a a c a g t g c g a
G----- CGGTGTTATlGA-AlTAAACGGGTTTTTCTCCAGA------ TACCCGTTTTCGG— CGG
G----- CGGTGTTAT GA-A^TAAACGGGTTTTTCTCCAGA------ TACCCGTTTTCGG— CGG
AGA-TTTCCTATc | c T - gI g CGGCAAGACTCGGTGATGT-------- GCTTGAGTTGAA-ATGG
AGA-TTTCCTATCtC T -g | g CGGCAAGACTCGGTGATGT-------- GCTTGAGTTGAA-ATGG
AAC-TGGCTGTTGiTA-CCGGGCAGCGAGTTGGTGATTT--------ATGCGAAATGAA-GTGG
TAC-TTGCTCTTG€CA-C|GGACAACGTTTAAGCGATAT-------- CTGCAATTTGAA-ATTC
CGGGTGGCATGGAfAAACCCGGAAGAGAGTAAATCAAAC---------- CGCGCAATTGG— CGT
TTTCCCATTCCTAÂAAGC|GATGAGATACCTGATTTTCTAC— GTGCCTTAGAGGGTTAC 
TCCGCCTCCTGAT|GTGT|CGGATGCCGGACGGTAGAAC— T GAGGTTATCGGAGATCAG 
s s s . s s s s s s s s s T s s . s T s t t t s t s s s s s s t s s s s s t s . . . . t s s s t s s s s s t t . . s t s

B A B 3 4 5 8 3 . 1 _ 9 3 3

B P - 9 3 3 W

V T 2 - S a

9 3 3 W

H K 0 2 2

C P 9 3 3 M

C P 9 3 3 K

C P 9 3 3 X

C P 9 3 3 H

C P 9 3 3 I

C P 9 3 3 C

C o n s e n s u s / 8 0 %

c g a a a t t t t a c a a a a a - t a g g t g a t t t t a c g c t a c c Aa a g a c c g a c g c a g g c a c t a a c c g

c g a a a t t t t a c a a a a a - t a g g t g a t t t t a c g c t a c c | a a g a c c g a c g c a g g c a c t a a c c g
CAAAGCTGAACATTC— CGGCTGTTGTTGTCATGTAATAGTTCACTGTGGGTAC------------
CAAAGCTGAACATTC— CGGCTGTTGTTGTCATGTAATAGTTCACTGTGGGTAC------------
CAGGATATTATGGATA-AAGGGATCTACATTGAGCa | a A----- CAAAACCGGCACCAAACA
CAGGATATTATGGATA-AAGGGATCTACATTGAGCAAAA----- CAAAACCGGCACCAAACA
t c t g a t a t c g t a g a t g - g a t a t c t t t a t g t c g a a c a | | a g -----CAAAACAGGCGTAAA-------
TCTGATATCTGGGACG-ACATGTTGCACATTACTCAGGA----- AAAAACCGGTTCAAA------
TGCGCTGAATGATACT- GCATGTCGCGTATTGAAAAiAC--------- AAATCGGTAAT------C-
TCCGGGAGTAAGCTTG-TCCAGATAGCCACGAAATT§jCTGATGATTACG§raTGTGAGAAC
CGAGTGGGATTTTACCGAAATGCTCTGGACCGTGCCGAAAGAACACAGCAAAACGAAGGT
s s s t t s s s s s s t s s s s . s s t s s s s s s s s t s s t s t s s A s t . . . s t s s t s s G G s t s s ...............
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B A B 3 4 5 8 3 . 1 ^ 9 3 3

B P - 9 3 3 W

V T 2 - S a

9 3 3 W

H K 0 2 2

C P 9 3 3 M

C P 9 3 3 K

C P 9 3 3 X

C P 9 3 3 H

C P 9 3 3 I

C P 9 3 3 C

C o n s e n s u s / 8 0 %

GGBt ATACATCTTCTGGCACCAGCAATTGAAGCACJt AAAAACCAGG; GAT— GCTTj

C GGTCAGT
GGlTCTTCCTTTTCGGGACGTGCTGGTTTTCCTGC|TCCCTTTTCCC GGTCAGT.

[CAAGGAATGGTCACCGCGATTACGTACAGCC 
CAAGGAATGGTCACCGCGATTACGTACAGCC 

/TGCCATCCCTACAACATTGCATGTTGATGCTCÏCGGGA— TAT-

CCAGT-TAGCC GAA— ATGTATC 
CCAGT-TAGCC GAA— ATGTATC

VTGAAGi
ACBTGCTATTCCGCTTAACCTGAAATGCGATGCTCHGAATA-TTACCSTTC— GTG. 
-AECACCGTTGGGTATTTGTGTACAAGGAAAGCTGlACCAAACCAGA GGA— ACGC C A A A C C A G A  G G A

I c g a a t t a c g c g c g g c a t t a t g g c a a g a a t t t g a t c t g g ä t a a c g  t a t t t g g g a I a t

GGCAATATTCCGGCCCATACCG-GAAGCAATACTGCCGTTCGTCACG
t t T s t s s s s s s s s s s s s s s s s t s s t s s s t s s s s s s T s s s s s . s s t s s C t t s . . t s t s A s s

B A B 3 4 5 8 3 . 1 _ 9 3 3

B P - 9 3 3 W

V T 2 - S a

9 3 3 W

H K 0 2 2

C P 9 3 3 M

C P 9 3 3 K

C P 9 3 3 X

C P 9 3 3 H

C P 9 3 3 I

C P 9 3 3 C

C o n s e n s u s / 8 0 %

CGTCTTAGCAGG -AGCATCAGA CACT----- GTTCAATTACGCGAGTACSGAAGAACAAT
CGTCTTAGCAGG -AG c I t CAGaI c ACT----- GTTCAATTACGCGfiGTACGGAAGAACAAT
CTTCCTGATAAA -AGCAGATCT CTTTTGTAATCGATGACGCCAGCCTGCCAGGACCAA 
t t t c c t g a t Aa a  a g c a g a t c t  c t t t t g t a a t c g a t g Ac g c c | g c c t <3c c a g g a c c a a

TTCCTGTAc I t g B gAAt I t GTGa I c AAT---------------- ACAÄCCAAAGGCGGGAAAGTCATA
TTCCTGTACÂTG GAATATGTGA '■ CAAT---------------- ACa I c CAa I g GCg| g AAAGTCATA
ACTTGATAa Ì t G AAAGAGATTC|t GGCGG----------AGAAfCCATAATTGCATCTACTCGT
TATATCTCAGTGÏAGGGATGCTG TGTT---------------------AGTAAATATCTÖGTCCATTACC
CGCCAACAGTAAGGAAGATGCGG ATGAC---------------GCA§ACACÌGCCTGGAAAG-CGGC
TCCTGCTGAlAGGATGAfAATGCGTAGG------------------------- CCACATCTTGTGCCCTTATC
AGAACAGGCÄCA GGGTTTATTGCTGGG-------------- GG-AÄGTGAÄACAGGAAACAAGCGT
s s s s s s s t s A s t C . t t s A s t s s s T s s s s ........................... t . s A s s s s A t s s s G s s s s t s s s s s

B A B 3 4 5 8 3 . 1 _ 9 3 3

B P - 9 3 3 W

V T 2 - S a

9 3 3 W

H K 0 2 2

C P 9 3 3 M

C P 9 3 3 K

C P 9 3 3 X

C P 9 3 3 H

C P 9 3 3 I

C P 9 3 3 C

C o n s e n s u s / 8 0 %

t t t g c a c g a g t g c a c t t t t g t t t t c t g t c c g c a a I t - c g t t c g c a a g a a t c § c a § ----- GG
t t t g c a c g a g t g c a c t t t t g t t t t c t g t c c g c a a a t - c g t t c g c a a g a a t c a c a A----- GG
GCCTCGGTAGCATATTTTTCATCACTGATTGATAÄC-GATTTA-AGGCGTTACTÄC-CGA 
GCCTCGGTAGCATATTTTTCATCACTGATTGATAÄC-GATTTA-AGGCGTTACTÄC-CGA 
GCTAAAACGCTGAATAACTGGTGGAATCAGGCTAÁA-CGCGCAGCCGAGCAAAAA--------G
g c t a a a a c g c t g a a t a a c t g g t g g a a t c a g g c t a a a - c g c g c a g c c g a g c a I a a I --------G
c g t g a a c c g c t t t c a t c c g g c a c a g t a t c a a g g t | t - t t t a t g c g c g c a c g a a a 1 g - c a t

GTCACACTACCTCTCAAGCAAACAGAGGAGACCAGG-TGTCTGCAAATACTCTTA— CAA 
GCTGAGACGGGCTGGTATTGATGATTTCAGATTTCA-CGACTTGAGACACACCTGG— GC 
ATCTCAA-GCGGTAGATTTACTCAATG— AACTCÍA-GATCATGACAGGGAÍCTÍT-CGT
g t c g c a g t a c g g c a g a t t a g c g c a t a g g a g g c t a | a t c a c c c t c a c t g g t c | c t § c a t g a

S S S S S t S S t S S S S t S S S S S t s s s t S S S S S S t S S s A s . s t s s s s s t s t s t S s A s s A . . . t s

B A B 3 4  5 8 3 . 1 _ 9 3 3

B P - 9 3 3 W

V T 2 - S a

9 3 3 W

H K 0 2 2

C P 9 3 3 M

C P 9 3 3 K

C P 9 3 3 X

C P 9 3 3 H

C P 9 3 3 I

C P 9 3 3 C

C o n s e n s u s / 8 0 %

CGGGTAMaA— C ÍA  GCGGTAAGCTCCAT GGAGCGACATGGGATT------CAGCAATAAA
CGGGTAÄAA— C I aSGCGGTAAGCTCCAT ; GGAGCGACATGGGATT------cI gCAATAAA
TTTCCa M g C— t I t S a GAGTAAGCCATTt Bt GTGCCA------------G T T ------ Cr CCGACGGT
TTTCCA GC— T T AGAGTAAGCCATTT:| t GTGCCA------------ G T T ------ CACCGACGGT
TTGGCG, CC— G T GGGTGCAATTTTCA|GACATAA------------------------- a I g CCAAGGG
TTGGCG CC —  G T GGGTGCAATTTTCA-GACATAA------------------------- AAGCCAAGGG
CAGGTC ¿TC— C§T;|GAAGGGGATCCGCCTACCTTTC-A------------ C------ GAGTTGCGCA
C G G C TT H a*-— AAAGGCCAGGGAAAAATGTGGCATAAAATGGGAGCAAGG§ACTGCGCC
AAGTTGGCTG— g I t  -AAGCCGGAGT— C C Ig TTGTCA------------------------- GTGTTACAGG
T A T G T T d ----------C AGGGCGGAACGATC GAATAGG-----------------CCAATG§GCGAAGCG
c a t c c g g c g c a c c I t t a c a a c g a t g c t g a a g a t t t a g g c g t g g a t c c t c a c g t c g t g g a

s s s s s s T T s s .  . s T s C t s t s s t t t s s s s s s C t t s s s s t ..........................................s A t s s t s t s s

B A B 3 4 5 8 3 . 1 _ 9 3 3

B P - 9 3 3 W

V T 2 - S a

9 3 3 W

H K 0 2 2

C P 9 3 3 M

C P 9 3 3 K

C P 9 3 3 X

C P 9 3 3 H

C P 9 3 3 I

C P 9 3 3 C

C o n s e n s u s / 8 0 %

a a g a g c g g g t a  CCGATCCCGT. 
AAGAGCGGGTA CCGATCCCGT, 
GA--------

GCGTfTC 
GCGTÁTC

TA CTTTTTTTACGSlGGCCAAATí
GA-------------- TA CTTTTTTTACC GGCCAAAT.
GA
GA- 
GT-

CTCAGATTACGSAG-GC 
CTCAGATTACGfAG-GC GC 

-TTGTC GCAAGACTCTATGA-GAÍkGC 
CACATTTCATGAGCAGCGATCTCTGTCAGAACC

ÏTCACGCCATACCT.
I t c a c g c c a t a c c t .

: t t c a g g t t a g -
¡CTTCAGGTTAG 
|TCGCGACAAA( 
5TCGCGACAAA1

GCGTGCTGGGC
GCGTGCTGGGC
GAGTCAGGGAA
!GAGTCAGGGAA
TTTCAGCGGGC
TTTCAGCGGGC

\TAAGCGATAAGTTfGCTCAACATCT
3TTATATCGGGAACAGGGTCTGGATAC

AA---------------- a | g g g a g g c t g g g 1 g t c t a t c g a a a t g g t t c g t c g a t a | g c t c a c c t t g c
AG----------TATAAATCAAGCCATTÂAGCGT§TTG§GTATGGAGGAAA------AGTCACTGGAC
g c ------------ a g c | t a c a g g c c a c c | g a t g c c a g g a a t g c a g c g a g t t t a § a a t c a t t c c c g

t t ................. S T S SStSSS StSSAtt . SS AS StG SStStSStStS S . tT tSS SSSStStS
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B A B 3 4 5 8 3 . 1 _ 9 3 3

B P - 9 3 3 W

V T 2 - S a

9 3 3 W

H K 0 2 2

C P 9 3 3 M

C P 9 3 3 K

C P 9 3 3 X

C P 9 3 3 H

C P 9 3 3 I

C P 9 3 3 C

C o n s e n s u s / 8 0 %

TTTATCTTC— CO 
TTTATCTTC— CG< 
TCGATCGGC— AT 
TCGATCGGC— AT 
ATAAAACAG— . 
ATAAAACAG— . 
TCTCGGGCA

^G AAAC C-CGACATTTATTGClTCACJ^GATGGGGCA TCCAG
| g  AAAC C-CGACATTTATTGCATCACAGATGGGGCA TCCAG
iT  AAACGTTC-CTGTTCTGATTGCAAAGCÀGACCGAAGC CTTAA
VT AAACGTTC-CTGTTCTGATTGCj 
iT  AGGTGT-T-GATTTACGATCGTi 
■T AGGTGT-T-GATTTACGATCGTj

GCÌGACCGAAGC CTTAA 
.cMa A— AATCA ACCAA 
.CÉAA— AATCA ; ACCAA 

TAAGT GGAC------------A-CCATGGCATCjICAGTàTCGTGATGA AGAGG
GCAAAAGTTGTTAGGT ATAAATCCAGAAAAATGACCGACCGATACAATGATGATCGTGG

r ______  ______________ _____ „ _ j t c c t g a a c c Sa t c g g
a t g g t t t t c g t c a t a c  c t t t c t a c a a t c c t g c a t g a g c a a g g t t t t g a g a g t g  t t g g a  
t t a t c t g g a t g c t a § a  g c a a t g c g c t g g a t a t g t g g a c g g a g c g g t - t a g g g a t a c t g g

s s s s s s s s s . . s s t A s C t s t s . . . s . s s s s s s s t t s s t s A s s t s A s s . s t t s s s C s s s t t

B A B 3 4 5 8 3 . 1 _ 9 3 3

B P - 9 3 3 W

V T 2 - S a

9 3 3 W

H K 0 2 2

C P 9 3 3 M

C P 9 3 3 K

C P 9 3 3 X

C P 9 3 3 H

C P 9 3 3 I

C P 9 3 3 C

C o n s e n s u s / 8 0 %

CGCCAGCATGGTCTACAATGTTTATGGTGC 
CGCCAGCATGGTCTACAATGTTTATGGTGC 
CTCACCAGCGATCTTTCTGTTTTTCGGTGT 
CTCACCAGCGATCTTTCTGTTTTTCGGTGT 
CACTGGATTTGCCGCTCGTGGTTAGCAAGT 
CACTGGATTTGCCGCTCGTGGTTAGCAAGT 
CA-GGGAGTGGGACAAAATTGAAATCAAAT
TA-AAGACTGGATTATCGTAGATATCAAAACAGCATAG----------------------------------------------
TCCCAAATTTGTCCCAGTCAAAAAATAAGGÌAGGTACTAATGATGTGTAA---------------------
TTGAAATCCAGTTGGCTCATGTAGATAAAAfTTCTATTAGGGGGACTTATAACCATGCTC
CGGGAACACATGAAAACGTAACCACGCTACCAGTAGCCAGAAGAAAATAA--------------------
s s s s t t s s s s t s s s s s s s s s s s s t s s t s t s A s .................................................................................................

V T - G G A T G C C T G A G T G C A G - C G T G - A C T C A

V T - G G A T G C C T G A G T G C A G - C G T G - A C T C A

Í T C G G G C A C G C G A A G A T T T T C G C G C A C T C G

S T C G G G C A C G C G A A G A T T T T C G C G C A C T C G
|G----------------------------------------
| g -----------------------------------------------------------

B A B 3 4 5 8 3 . 1 _ 9 3 3

B P - 9 3 3 W

V T 2 - S a

9 3 3 W

H K 0 2 2

C P 9 3 3 M

C P 9 3 3 K

C P 9 3 3 X

C P 9 3 3 H

C P 9 3 3 I

C P 9 3 3 C

C o n s e n s u s / 8 0 %

A G T T G C C A T G T T G A A T A A T G T C C T T A A T G C C C G T G C C C C A G A C G T G C C C C A A A G T G A C C A

A G T T G C C A T G T T G A A T A A T G T C C T T A A T G C C C G T G C C C C A G A C G T G C C C C A A A G T G A C C A

T T T A C C C C T G T A C T T A A A C G T T A T T C G - G A G T T T T C C T C C G T G A T T T T C A A C G C C G G C T G

T T T A C C C C T G T A C T T A A A C G T T A T T C G - G A G T T T T C C T C C G T G A T T T T C A A C G C C G G C T G

A A T A T T T T A G T G G A A G G A A G T C T A T G A - T G G A C T G G T A C A G T A A T T T G A T A T T T G A A A G A

B A B 3 4 5 8 3 . 1 _ 9 3 3

B P - 9 3 3 W

V T 2 - S a

9 3 3 W

H K 0 2 2

C P 9 3 3 M

C P 9 3 3 K

C P 9 3 3 X

C P 9 3 3 H

C P 9 3 3 I

C P 9 3 3 C

C o n s e n s u s / 8 0 %

G G - A G G A T G A A A T A A A - A T T A T A T T T T T C A A A A T G A ---------

G G - A G G A T G A A A T A A A - A T T A T A T T T T T C A A A A T G A ---------

G A T A G G C T G A A T T C G C C A T T G T T C C T C C T G C G T C C A ( 7 ) 

G A T A G G C T G A A T T C G C C A T T G T T C C T C C T G C G T C C A ( 7 )

C T A A A A A G G A G T T A A -

Key: Outlined in 
grey demonstrates 
complete identity
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Appendix3: Phylogenetic tree of Vpr orthologs that have > 30 % amino acid sequence identity, identified by blastp analysis of Vpr.
The tree was derived by parsimony algorithm, with branches bootstrapped from 100 analyses. Scale bar equal to 1 % amino acid change.



Appendix 4 ClustalX Protein Alignment of Long and short tailed lambdoid 
phage

CLUSTAL X (1.81) MULTIPLE SEQUENCE ALIGNMENT
File: A:all sequences availableA.ps Date: Mon May 27 12:37:23 2002
Page 1 of 1

BP933WL 
24BKan 

93 3W 
VT2-SA 
BP933W 

Rurokawa 
CP933V 
CP933R 

4 th Jap a  
VTl-Sa 
CP9330 

2ndJapa 
3rdJapa  
CP933P 
CP933R 

5 th Japa  
HK97 

HK022 
P27_l_ 

LambdaJ 
r u l e r

-IYLDGTALEHADGSQNFSGVTWEFRAG 
- IYLDGTALENADGSQNFSGVTWEFRAG

------------------ MGKGSSKGHIiPRiARRNLRST)OLLSVIDAISEGPIEGPVDGLKSVLLNS!I!PVL0®EGNT|ISGVTVVFRAG
1 .................  10 ....................  2 0 .................... 3 0 ......................4 0 ......................50 ...................... 6 0 .................... 70 .....................  80

MATEKVLKGRKGGSSSSRTPTEQPDDLQSVAKAKILVALGEGEFAGQLTGKD
MAjiDRVLKGRKGGSSSSRTPTEQPDDLQSVAKARILVALGEGEFAGQLTGKD

79
79

71

BP933WL 
24BKaa 

933W 
VT2-SA 
BP933W 

Rurokawa 
CP933V 
CP933R 

4 th Japa  
VTl-Sa 
CP9330 

2ndJapa 
3rdJapa 
CP933P 
CP933R 

5 th Japa  
HK97 

HR022 
P27_l_ 

LambdaJ 
r u l e r

MN

--MN
--MN

-MGM

IPGTENEISVGT
AVRLRLKWPi
a v r l r l k w p :

ElEfTPPEGFESgGS)^VLGTEVRYDfPITRTITSANIDRLRFTFGVQALVETTSKGI|RNPSEVRLLVQI|RNGG-WVTE
....................  9 0 ................. 1 0 0 ...................1 1 0 ...................  1 2 0 ................. 1 3 0 ................... 1 4 0 ................ . 1 5 0 ................... 160

2

2

2

31
159
159

150

BP933WL 
24BRan 

93 3W 
VT2-SA 
BP933W 

Rurokawa 
CP933V 
CP933R 

4 th Japa  
VTl-Sa 
CP9330 

2ndJapa 
3rdJapa  
CP933P 
CP933R 

5 th Japa  
HK97 

HR022 
P27_l_ 

LambdaJ 
r u l e r

MSVVVSGTLRifPDGE----------- AI SGANITLTALTVJjjPDAL
------------------ RSPDGE..............-AISGANITLTALTVSPDAL
MSVVVSGTLRSPDGE----------- AISGANITLTALTvSPDAL
MSVVVSGTLRSPDGE---- AISGANITLTALTvfiPDAL
m s v w s g t l k S p d g e ----------- a i s g a n i t l t a l t v S p d a l
MSVVVSGTLKSPDGE---- AISGANITLTALTVfPDAL
MAVKISGVLKDGTGK- -PVENCTIQLKARRXgXTVVVNiVAgENPDg- -AGR|SM 53

MAVKI
MAVRX
MAVKI
MAVKI
MTVKI
AAVQI
AAVQI
LN jSV
LNISV

IQLKARRNS
IQLKARRXI
IQLKARFNg
IQLKARRN§

GVLRDGTGK------------ PVENC
GVLKDGXGK------------ PVENC
GVLKDGTGK------------ PVENC
GVLKDGTGK------------ PVENC
GVLKDGTGK------------ PVQNC
3VLKDGAGK------------ PIQNC
GVLKDGAGK--------------------------------PIQNC IQLKARRN
GK.TTSGYERSHRIDLPQAGSTWTIFLRKI
GK*TSGYERgHRIDLPQAGS|WTIRLRKI

TVVVNiVA ENPD 
ENPD.TVVVN VA 

.TVVVN VA ENFD 

.TVVVNiVA ENPD 
IVLKARRTKTVVVNfVA^ ENPD 
IQLFARRN§TXVVVN VA ENPD

2  VVVN VA ENPD
P i
3
3DANSA 
S DANSA

KIGDTMMLi
KIGDTMTLI

-AGR
-AGR
-AGR
-AGR
-AGR
-AGR
-AGR

iL L :
ALL YIEFD:

SM
EM
SM
SM
SM
SM
SM

SSQFNG
iSSQFNG

51
53
51
53
51
54
52 

239 
239

229KD ITIKGKfriQYLASVVMG-NLPPRPFNIRMRRMiPBSHDQLQNKTLWSS-YTEIIDVKQCIPlITALVGVQVDSEQFGS
............1 7 0 ................... 1 8 0 ................... 1 9 0 ...................2 0 0 ...................2 1 0 ................... 2 2 0 ................... 2 3 0  ................... 240
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File: A:all sequences availabIeB.ps Date: Mon May 27 12:38:02 2002
Page 1 of 1

CLUSTAL X (1.81) MULTIPLE SEQUENCE ALIGNMENT

BP933WL 
24BKaa 

933W 
VT2-SA 
BP933W 

Kurokawa 
CP933V 
CP933R 

4 th Japa  
VTl-Sa 
CP9330 

2ndJapa 
3rdJapa  
CP933P 
CP933K 

SthJapa  
HK97 

HK022 
P27_l_ 

LambdaJ 
r u l e r

TM®PGEYAVSVTVKGKTAV|G-RVRIEB---------------------------------------------------------------------------------------------------------------- 78
TMDPGEYAVSVTVKGKTAVp-RVRIEG---------------------------------------------------------------------------------------------------------------- 69
TM|P0MAVSVTVRGKTAv B - R V R I E G ---------------------------------------------------------------------------------------------------------------- 78
TM ÌPGS^V SVTVRGRTAv | g -RV RIEG ----------------------------------------------------------------------------------------------------------------  78
TMlpsHAVSVTVRGKTAVlG"RVRIEi----------------------------------------------- 78
TM$P GEYiAVS VTVRGRTAV|G -  RVRX E G----------------------------------------------------------------------------------------------------------------  78

DVEYGQYSVILLVEGFPPSHAGTITV E-m:
AGTITV 
&GTITV 
AGTITV 
AGTITV 
AGTITV 
AGTISV 
AGTISV 
DPE1 
3PE1

FGPGRN9 ____  _____
QQVSRN|HLRGRILQVPSNpPQ|RQlSGItfDGTFRPAYSNMMAWCLWDMLlHPRYGMGRRLGAADVDRWALlVIGQYCB
................. 2 5 0 ................... 2 6 0 ...................2 7 0 ............. . . 2 8 0 ................... 2 9 0 ................... 3 0 0 ...................3 1 0 ...................320

DVE GQYjSVI LLVEGFPPS 
DVE GQYSVILLVEGFPPS 
DVE GQYSVILLVEGFPPS 
DVE GQYSVILLVEGFPPS 
DVE GQYSVILLVEGFPPS 
DVE GQYSVTLLVEGFPPSDVE gqyIsvtllvegfpps
S I P Q I SCEPRGRVIRVPDJ 
S IPQISCEPRGRVIRVPD¡ 
------------MHRIDTLTAVKDK

AFKWAWTDNPAWIFYDLVVSDRFGLGHRLTAÀNTBKWTLYQVAQYCB 
AFRWAWIDNPAWIFYDLVVSDRFGLGHRLTAÀNIDRWTLYQVAQYCB

81
3

79
31
79
81
79 
82
80 

319 
319

24
309

BP933WL 
24BRaa 

933W 
VT2-SA 
BP933W 

Rurokawa 
CP933V 
CP933R 

4 th Japa  
VTl-Sa 
CP9330 

2ndJapa 
3rdJapa  
CP933P 
CP933R 

5 th Jap a  
HR97 

HR022 
P27_l_ 

LambdaJ 
r u l e r

-TESTV!
-TESTVl
-TESTVÍ
-TESTVÌ
-TESTV
-TESTV

VSIPGELLTDFRQIQN
VSIPGELLTDFRQIQK
VSIPGELLTDFRQIQN
VSIPGELLTDFRQIQN
VSIPGELLTDFRQIQN
VSIPGELLTDFRQIQN

VADDLATIRRLHEDTATRNTQ.ATQSR------- ESAAA
VADDLATIRRLNEDTATRNTQÀTQSR------- ESAAA
VADBLATIRRLNEEYATKNTQATQSK------- ESAAA
VADDLATIRRLNEDTATRNTQATQSR------- ESAAA
VADDLATIRRLNECTATRNTQATQSR------- ESAAA
VADDLATIRRLNECTATRNTQATQSR------- ESAAA

143
134
143
143
143
143

-DSQPG L 
-DSQPG 
-DSQPG 
-DSQPG 
-DSQPG _ 
-DSQPG L 
-DSQPG L 
-DSQPG L 
-DSQPG 

MVPDGKGGNGTEPRY C
QMVPDGKGGNGTEPRY C

ÍDFLG-AMSEDDVRP ALRRF LMV- 
ÍDFLG-AMSEDDVRP ALRRF LMV- 
fDFLG-AMSEDDVRP ALRRF LMV- 
ÍDFLG-AMSEDDVRP ALRRF LMV- 
ÍDFLG-AMSEDDVRP ALRRF LMV- 
ÍDFLG-AMSEDDVRP ALRRF LMV- 
ÍDFLG-AMSEDDVRP ALRRF LMV- 
ÍDFLG-AMTEDDARP ALRRF QMV- 
ÍDFLG-AMTEDDARPEALRRF QMV- 
" ~ 1 I QDRNDÁYTVLRDFAAIFRGMTYWGGBQIVALADMPRDVDYSY 

l i  QDRNDAYTVLRDFAÀIFRGMTYWGGDQIVALADMPRDVDYsl

-----GEAET
-----GEAET
- - -G E A E T  
- - -G E A E T  
- - -G E A E T  
- - -G E A E T  
- - -G E A E T  
- - -G E A E T  

- -GEAET
RANVVG------- GRFTY

________ _  _  RANVVG------- fRETY
-NIRTGRLÀTWLN-SAMWDAIQEEICGVIEKAG-------------------------------------------------------------------------IEL

HSVPBGFGG- -T E P R I  YCNAYLTTQRKAWBVLSDFCSAMRCMPVWNGQTLlEFVQiDRPSDKlWTfgNRSNVVMPDDGAPFRY
................. 3 3 0 ...................3 4 0 ...................3 5 0 ...................3 6 0 ...................  3 7 0 ................. 38 0 . . . . . . .  390  . . . . . . .  400

131
53

129
131
129
131
129
132
130 
395 
395

58
387

BP933WL 
24BKan 

933W 
VT2-SA 
BP933W 

Rurokawa 
CP933V 
CP933R 

4 th Japa  
VTl-Sa 
CP9330 

2ndJapa 
3rdJapa  
CP933P 
CP933R 

5 th Jap a  
HK97 

HK022 
P27_l_ 

LambdaJ 
r u l e r

ARSASDSAKTATSRAAEAGQKATDA1
AKSASDSARTATSRAAEAGQRATDAT
RRSASDSAKTATSRAAEAGQRATBAl
ARSASDSAKTATSRAAEAGQKATDAI
a k s a s d Sa k t a t s r a a e a g q r a t d a t
a k s a s d s a k t a t s r a a e a g q r a t | a i

lATRAVTAAGNAEE
lATRAVTAAGNAE?

•AATRAVTAAGNAEE
‘.ATRAVTAAGNAEl
lATRAVTAAGNAES
iATRAVTAAGNAEI

STRAGE|EKAAGADAERAR8 
STRAGEBEKAAGADAEKARj 
STRAGEJ e k AAGADAERAR! 
STRAGESEKAAGADAERARB 
STRAGEÌSEKAAGADAERARQ 
STRAGESEKAAGADAERARE

ARNAGI A 
AKNAGI A 
ARNA3I ÌA 
ARNAGI A 
ARNAGI A 
ARNAGI !A 
ARNAGI !A 
ARNAGI A 
ARNAGI A

5SST|RSR]
I s s t I k t r

QAEES 
QAEES 
QAEES 
QAEES 
QAEES 
QAEES 
QAEENAANADTSAGD
k a e a s a a n a d t s a e B
KAEASAANADTSAE2

ALVSWSDPGNA|A|
a l v s :«s d p g n a | a |

AANADTSAGDASESAR AAESAAAAKQSEXA SSSASAAAQRASE 
AANADTSAGDASESAR AAESAAAAKQSEDA SSSASAAA RASE 
AÀNADTSAGDALESÀR AAESAAAARQSEDA SSSASAAA RASE 
AANADTSAGBAXlsAR AAESAAAAK§
AANADTSAGDASESAR AAESAAAAKQ 
AANADTSAGDASESAR AAESAAAAKQ 

ESAR AAESAAAAKQ 
ESAR AAESAASAKKS f  c iD  i  a t? a a c x u v c

YTTALVSWSDPGNAYADAMEPVF QALVARYGFNQLEM 
YTTALVSWSDPGNAYADAMEPVF QALVARYGFNQLEM 

NREEHDQLYRAILLLVGGAINEEALLIXNNLSDVEDKDEAVENLGLKPTVDKARSAVQRDGDT- 
SFSALKDR|NAV|VNWIDPNNGWETA!mVED!QAIARYGRNVTRMDAFGCiSRG|ABRAGLWLIKlELLETQ|VDFSVG 
.................  4 10 .................  42 0 .................  4 3 0 . . T ____  4 4 0  .................  4 5 0  .................  460  .................  4 7 0  . . . . . . .  4 8 0

AA RASI
RASI
RAS!
RASI
RASI
RASÉ
ANRKGRWGI 

|RQS|ANRRGRWGIL'l t m k d r v v s f d v g :
IL

GL

206
197
206
206
206
206

194
116
192
194
192
194
192
195
193 
475 
475 
121 
467

207
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BP933WL 
24BKan 

93 3W 
VT2-SA 
BP933W 

Kurokawa 
CP933V 
CP933R 

4thJapa  
VTl-Sa 
CP9330 

2ndJapa 
3rdJapa  
CP933P 
CP933R 

5 th Japa  
HR97 

HK022 
P27_l_ 

LambdaJ 
r u l e r

HAEKARLAQEgAG-EILKRA 225 
HAEKARLAQEEAG-EILKRA 216 
HAEKARLAQEEAG-EILRRA 225 
h a e r a r | a q e | a g - e i l r r I  225 
HAERARLAQEgAG-EILRRA 225 
HAEKARLAQEgAG-EILKRA 225

-SAAEAELSRK M  
-SAAEAELSRR 
-SAAEAELSRK 
-SAAEAELSRK 
-SAADAELSRR 
-SAAEAELSRR 
-SATDAELSRR 
-SATDAELSRK 
-SATBAELSKK

| I  QAVNGE SVTVTj 
JlQAVNGESVTVTl 

rGELKIRGVNALRIFNEAF
AEGLRHVPGDVIEICDDD|AGISTGGRVLAVN|QpTLlLDRSIlLPSSGTALISLVDGSGNPVSVEVQSViDGVKVRVS
.................  490  . . . .  . . . 5 0 0 ................. 5 1 0 ...................5 2 0 ...................5 3 0 ...................5 4 0 ................... 5 5 0 ...................560

N I P 0 P G ----------YIIAVADELLSGKVMGGRISAVHGRVIKLDRVADAAPGDRLILHLPSGASQSRj
N IPQ P G ---------- $'lIAVADELLSGKVMGGRISAVNGRVIKLDRVADAAPGDRLILNLPSGASQSR|
-----------------------------------------------------------------------   MTGELEi:

DGNIP
dg :

214
136
212
214
212
214 
212
215 
213 
550 
550 
141 
547

BP933WL 
24BRan 

93 3W 
VT2-SA 
BP933W 

Rurokawa 
CP933V 
CP933R 

4 th Japa  
VTl-Sa 
CP9330 

2ndJapa 
3rdJapa 
CP933P 
CP933K 

5 th Japa  
HR97 

HK022 
P27_l_ 

LambdaJ 
r u l e r

ARRMAENARGPRGPi
ARRMAENARGPRGPi

EARRMAENARGPRGP'
EARRMAENARGPRGP1
e a r r m a e n a r g p r g :

" g p r g :e a r r m a

PKGETGPVGPQGPAGPKGERGDVGASGAVGPAGPRGEKGEQ-
GPKGEIGPVGFQGPAGPKGERGDVOAQGAVGPAGPRGEKGEQ-
g p k g e t g p v g p q g p a g p k g Er g d v g a q g a v g p a g p r g e k g e q  
g p k g e t g p v g p q g p a g p k g e r g d v g a q g a v g p a g p r g e k g e q -
GPKGETGPVGPQGPAGPKGERGDVGAQGAVGPAGPRGEKGEQ-
GPKGETGPVGPQGPAGPKGERGDVGAQGAVGPAGPRGEKGEQ-

RDAi
RDA
r d a !
RDA;
RDA]
RDA
RDA*
RDA!
RDA]

TEKARESAE 
TEKAP.ESAE 
TEKAEESAE 
TEEAP.ESAE 
TEKARESAE 
TEKARESAE 
AEKARESAE 

STEKARESAE 
S T p A R E S A E  

AYSE1PQAEAVWVVE
a y s e I p q a e a v w v v e

S |EC
RVPDGVAEYSVWELKLPTLRgRLFRCVSIRENDDGTYAITAVQjjVPEKEAIVDNGABFDGEQSGTVNGVTPPAVBHlTAE 
................. 5 7 0 ...................5 8 0 . . . . . . . 5 9 0 ...................6 0 0 ...................6 1 0 ................... 62 0 ...................6 3 0 ...................640

[DEL

------------------------------------------------------------ AE,0S;RIAAEEAVH
.................. - ................ - .................................... AEQSRIAAEEAV]
------------------------------------------------------------fEQSSIAAEEAV!
------------------------------------------------------------f.EQSP.IAAEEAVl
.................. - ..................................................... - A ® S R  I AAEEAV]
------------------------------------------------------------AEQSP. I AAEEAV!
------------------------------------------------------------AEQSRIAAEEAV!
.............— ..................................................... - K e q s p . i a a e d a v !
------------------------------------------------------------AEQSPIAAEDAV!

|AQQYRVVSVSDNNDGTFSITGAW|DPDKYARIDTGAIID|RPVSVIPPGN! 
§AQQYRVVSVSDNNDGTFSITGAwjDPDKYARIDTGAII dJ r PVSVIPPGN1

| S P P A B I V I S
| s p p A | i n |

300
291
300
300
300
300

246
168
244
246
244
246
244
247
245 
630 
630 
160 
627

BP933WL
24BRart

933W
VT2-SA
BP933W

Rurokawa
CP933V
CP933R

4 th Jap a
VTl-Sa
CP9330

2ndJapa
3rdJapa
CP933P
CP933R

5 th Jap a
HR97

HK022
P27_l_

LamfadaJ
r u l e r

GERGP0GIPGLRG 
GERGPQGIPGLRG 
GERGPQGIPGLKG 
GERGPQGIPGLKG 
GERGPQGIPGLKG 
GERGPQGIPGLKG

313
304
313
313
313
313

........................R I P - ............................................................................
------------------ Rg p ------------------------------------------------------------
------------------ R I P -------------------------------------- ---------- ----------
---------------- R IP -------------------------------------------------------
............... - - - R I P ...............................................................................---------Rp ------------------------------
- ............... - - R I P ------------------------------------------------------------
........................R I P ...............................................................................-------------- RIP-----------------------------------------------
yPRTSTTSFDVPGIYAGRYLVRVRAIHAAEISSGWGYSEE
VPRTSTTSFDVPGIYAGRYLVRVRAIHAAEISSGWGYSEE

V |A D S G | :--------------------------- ---------- ------------------------------------ YQVLARWD|PKWKS-------------------------------------------------
................. 6 5 0 ...................6 6 0 ...................6 7 0 ................... 6 8 0 ...................6 9 0 ...................7 0 0 ...................7 1 0 ................... 7 2 0

249
171
247
249
247
249
247
250
248 
710 
710 
160 
649

208
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BP933WL --------------------------------------------------------------------------- DTGERGPRGDQGDMGPKGERGBPGGPAGPQGPRGERGEAGPQGPM 358
24BRan --------------------------------------------------   I t GERGPKGDQGDMGPKGEEGDPGGPAGPQGPKGERGEAGPQGPM 349

93 3W ------------     - |TGERGPRGDQGDMGPRGEEGDPGGPAGP§GPRGERGEAGPQGPM 358
VT2-SA --------------------------------------------------------------------------- DTGERGPRGDQGDMGPRGEKGDPGGPAGPQGPRGERGEAGPQGPM 358
BP933W ----------------------------------------------------------------------  |TGERGPKGDQGDMGPKGEKGDPGGPAGP0GPKGERGEAGPQGPM 358

Rurokawa --------------------------------------------------------------------------- BTGERGPKGDQGOMGPKGERGDPGGPAGP§GPKGERGEAGPQGPM 358
CP933V -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------
CP933R - - - --------------------------------------------------------------------------------- -------------------------------- ---------------------------------------------------

4 th Japa  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------
VTl-Sa ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------
CP9330 -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------

2ndJapa -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------
3 rdJapa  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------
CP933P -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------
CP933K ------------------------------------------------------------------------------------------------------------------------------------------------------------------------

5 th Jap a  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------
HK97 KTLTGKVGNPPRPV6FIASENVVF6IELNWGFPAliTDDTLRTEIQYSLpTEDDAMLLADVPYP|RKYQpGLRA6|IFW 

HK022 RTLTGRVGNPPRPVGFIASENVVFGIELNWGFPAKfTDDTLRTEIQYSL|GTEDDAMLLADVPYPiRKYQBXGLRAGaiFW
P27 i -------------------------------------------------------------------------------------------------------------------------------

LambdaJ ------------------------------------------------------------------------------- VSFLLRLTVTADDSSERLVSTART||ETTYRFTlLALGNSRLTV
r u l e r  ................. 7 3 0 ...................7 4 0 ...................7 5 0 ...................7 6 0 ...................7 7 0 ...................7 8 0 ...................7 9 0 ...................800

249
171
247
249
247
249
247
250
248 
790 
790 
160 
692

BP933WL 
24BKan 

93 3W 
VT2-SA 
BP933W 

Rurokawa 
CP933V 
CP933R 

4 th Japa  
VTl-Sa 
CP9330 

ZndJapa 
3rdJapa 
CP933P 
CP933R 

5 th Japa  
HR97 

HR022 
P27_l_ 

LambdaJ 
r u l e r

GARGERGETGPRGEPGPAGPRGERGETGPQGPRGEPGPAGSAANVADATTAQKGIVQLSSATDSDDETRAATPKAVRAAM 
GARGERGETGPRGEPGPAGPRGERGETGPQGPRGEPGPAGSAANVADATTAQKGIVQLSSATDSDDETRAATPRAVRAAM 
GARGERGETGPRGEPGPAGPRGERGETGPQGPRGEPGPAGSAANVADATTAQRGIVQLSSATDSDDETRAATPRAVRAAM 
GARGERGETGPRGEPGPAGPRGERGETGPQGPRGEPGPAGSAARVADATTAQKGIVQLSSATDSDDETKAATPRAVRAAM 
GARGERGETGPRGEPGPAGPRGERGETGPQGPRGEPGPAGSAANVABATTAQRGI VQLSSATDSDDETRAATPRAVRAAM 
GARGERGETGPRGEPGPAGPRGERGETGPQGPRGEPGPAGSAANVADATTAQKGI VQLSSATDSDDETRAATPRAVRAAM

YRAQLVDRiGNESG|IGWVRGQASIDVSDITDVILEDIKGSElFRDLIENAVDSNERIAGMABDIK|ANDELELQApIA 
YRAQLVDRSGNESG^TGWVRGQAS IDVSDITDVILED I R G & E p  RDLIENAVDSNERIAGMA||d I Kj§ANDELELQAQ;EIA

RAVNAWGj|QGDPASVSFRIAAPAAPSRIELTPGYFQITATPliLAV3IDPT:VQFEFWFSERQIAB!IRQVETSgRgLGl!fALYW
................. 8 1 0 ................... 8 2 0 ...................8 3 0 ...................8 4 0 ...................8 5 0 ................... 8 6 0 ...................8 7 0 ...................880

438
429
438
438
438
438

249
171
247
249
247
249
247
250
248 
870 
870 
160 
772

BP933WL 
24BRan 

93 3W 
VT2-SA 
BP933W 

Rurokawa 
CP933V 
CP933R 

4 th Jap a  
VTl-Sa 
CP9330 

2ndJapa 
3rdJapa  
CP933P 
CP933R 

5 th Japa  
HK97 

HR022 
P27_l_ 

LambdaJ 
r u l e r

DVANEARTKAEEAAAGGGVPGPRGDKGDTGPAGPAGPRGDKGERGDTGPVGATGERGPAGDAGPAGPQGPRGDRGERG-- 
DVANEAKTKAEEAAAGGGVPGPRGDKGDTGPAGPAGPRGDKGERGDTGPVGATGERGPAGDAGPAGPQGPRGDRGERG-- 
DVANEARTKAEEAAAGGGVPGPRGDKGDTGPAGPAGPRGDRGERGDTGPVGATGERGPAGDAGPAGPQGPRGDRGERG-- 
DVANEAKTKAEEAAAGGGVPGPKGDRGDTGPAGPAGPRGDRGERGDTGFVGATGERGPAGDAGPAGPQGPRGDRGERG-- 
DVANEAKTKAEEAAAGGGVPGPKGDRGiSTGPAGPAGPRGDRGERGDTGPVGATGERGPAGDAGPAGPQGPEGDRGERG- - 
DVANEAKTKAEEAAAGGGVPGPRGDRG9TGPAGPAGPRGDKGERGDTGPVGATGERGPAGDAGPAGPQGPKGDRGERG--

------------------------------------ VVGPPGPRGEQGPAGPQGPE
.............................................. VVGPPGPRGEQGPAGPQGPR
------------------------------------TVVGPPGPRGEQGPAGPQGPRGDRGERGD'
------------------------------------VVGPPGPRGEXGPAGPQGPRGDRGERGD'
- --------- ----------------------- VVGPPGPROEPGPAGPQGPRGDRGERGD
------------------------------------^VGPPGPRGEPGPAGPQGPRGDRGERGD’
------------------ ----------------- IVVGPPGPRGEPGPAGPQGPRGDRGERGDTGP
------------------------------------¡VVGPPGPRGEPGPAGPQGPRGDRGERGDTGP
------------------------------------ VVGPPGPRGEPGPAGPQGPRGDRGERGDTGP.
r n a q d i g q v q t s v n e l s I t v g d v s s s l s d l e q t v a t a d t a l g q r i d s i s
k n a q d i g q v q t s v n e l s s t v g d v s s s l s d l e q t v a t a d t a l g q r i d s i s

QGENGDIGPLRPFTINLRTGEISMSHKVS' 
ApYLDFFKG Ii a a s i n i k p g h d ^ f y i r s v n t v g k s a f v f a v g r a s d d a ;

.................  8 9 0  .................  9 0 0  . . . . . . .  9 1 0  . ............... 920 . 930

AGPQGPKGDRGERG- 
PAGPQGPKGDRGERG-- 
PAGPQGPRGDRGERG-- 

GPAGPQGPRGDRGERG--
IDGMTGGVRNSAIA I IQGHLAQVAARR1L 
IDGMTGGVKNSAIAI IQHGLAQVATRKS'l 

JVNGALGIGVQNALGGSSIAFGDND-- 
rEgHLGKELLERVELTEDNASRLEEFSREW

. 9 4 0  .................  9 5 0 ................. 9 6 0

516
507
516
516
516
516

310
232
308
310
308
310
308
311
309 
950 
950 
219 
852

----------------------- -----------  -  ■  * - - - * ■
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BP933WL 
24BKan 

933W 
VT2-SA 
BP933W 

Rurokawa 
CP933V 
CP933R 

4 th Japa  
VTl-Sa 
CP9330 

2ndJd pa  
3rdJapa 
CP933P 
CP933R 

5 th Japa  
HK97 

HK022 
P27_l_ 

LambdaJ 
r u l e r

ETGLTGNAGPQGPRGNTGAA
ETGLTGMAGPQGPRGDTGAA
ETGLTGNAGPQGPRGDTGAA
ETGLTGMAGPQGPRGDTGAA
ETGLTGMAGPQGPRGDTGAA
ETGLTGMAGPQGPRGDTGAA

BP933WL
24BKau

933W
VT2-SA
BP933W

Rurokawa
CP933V
CP933R

4th Japa
VTl-Sa
CP9330

2ndJapa
3rdJapa
CP933P
CP933K

5th Jap a
HK97

HR022
P27_l_

LambdaJ
r u l e r

QIR 
lQIR

KGDPGETQIRFRLGPGNIIETN 
KGDPGETQIRFRLGPXXIIEXN: 
KGDPGEIQIRFRLGPGMIIETN 
KGDPC-EXQIRFRLGPGHIIETN: 
KGDPGETQIRFRLGPASIIETN.

GDPGETQIRFRLGPASIIETN: 
RGDPGETQIRFRLGPAS1IETHi 

GDPGETQIRFRLGFA3IIETN 
KGDPGETQIRFRLGFASIIETN 
KGDPGETQIRFRLGPMRIIETN 

GDPGETQI RFRLGPMPIIÉTH: 
NTPSGMQSQVIF1ADPFAVTT 

ENTPSGMQSQVIFLAPSFAVTT 
'NVSGRVIPSD^GNFDARSQTKT 

MEDTEEGKIJQFI.VAANRIAFIDPANGNETPMFVAQGNQIFMNDVFLKRLTÁPTIT 
..............  1 0 5 0  ..............  106 0  ............... 1 0 7 0  ............... 1 0 6 0  ............... 1 0 9 0  ...............

L I F L f f iP - - -
GALITGLTFLDP-----

D GALITGITFLDP-----
DGALITGLTFLDP-----
IGALITGLTFLD P-----
GALITGLTFLDP-----

DGALITGLTFLDP-----
DGALITGLTFLAP-----
DGALITGLTFLAP-----
DGALITGLTFLDP-----

PXÍDGALITGLTFLXP-----
GTDGALITGITFLAP-----
GIDGALITGLXFLAP-----
GTDGALITGLTFLAP-----
GXDGALITGLTFLDP-----
GTDGALITGLTFLDP-----

SVALPFVIQNGOIFIRA SFI  
SVALPFVIQHGQTFIRASF1 

QDVRLGGAIGIGRQGHAP--- 
PPAFSLTPDGKLTAKNADIS 

1 1 0 0 ..............1 1 1 0 ...............1120

BP933WL
24BKan

933W
VT2-SA
BP933W

Rurokawa
CP933V
CP933R

4th Jap a
VTl-Sa
CP9330

2ndJapa
3rdJapa
CP933P
CP933R

5th Jap a
HR97

HR022
P27_l_

LambdaJ
r u l e r

536
527
536
536
536
536

330
252
328
330
328
330
328
331
329 

1030 
1030

238
883

605
596
605
605
605
605

52
399
321
397
399
397
399
397
400
398 

1110 
1110

296
963

632
623
632
632
632
632

79
426
348
424
426
424
426
424
427
425 

1174 
1160

317
1018

210
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BP933WL
24BKan

933W
VT2-SA
BP933W

Rurokawa
CP933V
CP933R

4th Japa
VTl-Sa
CP9330

2ndJapa
3rdJapa
CP933P
CP933R

5 th Jap a
HK97

HK022
P27_l_

LambdaJ
r u l e r

LDEVGSDTGRTGE
LDEVGSDT----
LDEVGSDTGRTGE
LDEVGSDTGRTGE
LDEVGSDTGRTGE

------ ------¡¡DEVGSDTGRTGE----------------------------------- --------------------------------------- lP vgB b q r | g e -------------------------------------------------------------------------------------
------------ ®VGSDTGRTta|------------------------------------------------------
------------ LilVGSnGftSGl------------------------------------------------------
------------ E.|EVGSDTGRi3i-------------------------------------------------------------------------- lB vgP B gr| gI -------------------------------------------------------------------------------------
------------ j®VGSDTGR^GJ------------------------------------------------------
------------ LgfvGHGKflol------------------------------------------------------
----- -------LjDEVGSDTGRTGi------------------------------------------------------......... ................... lSevgsdtgrtg! ----------------------------------------------------------------------------------
------------ LDEVGSDTGRTGE-------- ---------------------------------------------
GTVEAQSFIGDIANMHlGTNVSRisNGLLERVITYTDSSSSGHARIFVCVIAHVRGNGAGTINIHGSEGSSSVQDVERLIM
----------QTISVKDGSNVLRVQVGRLTGVF-----------------------------------------------
------------ VQVL INGVWRNVASL-------------- -------------------------------------
--------- TR!EVTV|DDHPFDRQIVVLPLlFRGSjKRlVSGRTTYSMCy.LKVLMHGAVipGAANEAVQVFgP.IVDMPA
.............. 1 2 1 0 ................ 1 2 2 0 ................ 1 2 3 0 ................ 1 2 4 0 ................ 1 2 5 0 ................ 1 2 6 0 ................ 1 2 7 0 ................ 128 0

645
631
645
645
645
645

92
439
361
437
439
437
439
437
440
438 

1254 
1183

332
1088

BP933WL 
24BRan 

93 3W 
VT2-SA 
BP933W 

Rurokawa 
CP933V 
CP933R 

4 th Japa  
VTl-Sa 
CP9330 

2ndJapa 
3rdJapa  
CP933P 
CP933K 

5 th Jap a  
HK97 

HR022 
P27_l_ 

LambdaJ 
r u l e r

-------------------------------------------------------------------------------------- 645
----------------------------------------------------------------------- 631
-------------------------------------------------------------------------------------- 645
-------------------------------------------------------------------------------------- 645
--------------------------------------------------------------------------------------  645
-------------------------------------------------------------------------------------- 645
----------------------------------------------------------------------------------------------  92
---------------------------------------------------------------------------------------------------------------------------  439
----------------------------------------------------------------------- 361
------------------------------------------------------------ -------------  437
---------------------------------------------------------------------------------------------------------------------------  439
---------------------------------------------------------------------------------------------------------------------------  437
---------------------------------------------------------------------------------------------------------------------------  439
---------------------------------------------------------------------------------------------------------------------------  437
----------------------------------------------------------------------------------------------- 440
----------------------------------------------------------------------------------------------- 438
H$AV VTG P§V§V RITV SA QNN R GA $1SS P T11VgHG S GS F -  - 1296----------------------------------------------------------------------- 1183
----------------------------------------------------------------------------------------------- 332
GRGNVIL|F8L£51RHSADIPPY!FASDVQVMVIRRQALGIS:VV 1132 
............... 1 2 9 0  ............... 1 3 0 0  ............... 131 0 ............... 1 320  . . . .

Key: Shaded bar chart below the alignment details sequence identity at that amino 

acid position.


