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ABSTRACT

Lysogenic bacteriophage carrying virulence determinants have been demonstrated to

be responsible for the pathogenicity of many bacteria.  Bacteriophage, or

components of bacteriophage, have also been successfully used in the treatment of

bacterial infections.  Burkholderia pseudomallei is the causative agent of melioidosis

and has been shown to carry bacteriophage.  The role of bacteriophage in virulence

of B. pseudomallei isolates has not yet been determined, nor have bacteriophage been

examined for their potential in treatment of melioidosis.

A screen for identification of bacterial isolates of interest was developed and 50

isolates were examined.   Thirty-one selected isolates were then examined for

bacteriophage using techniques including; transmission electron microscopy

(T.E.M), mitomycin C assay, UV assay, plaque assay and restriction digestion assay. 

A combination of mitomycin C assay and either plaque assay or restriction digestion

assay were determined to be 96.77% accurate for testing for bacteriophage in

B. pseudomallei isolates.  Five techniques for the concentration of bacteriophage

(commercial Qiagen kit, magnesium hydroxide precipitation, PEG precipitation, zinc

chloride precipitation, ultracentrifugation) were examined and ultracentrifugation

determined to be the best.  Two methods of DNA extraction (commercial nucleobond

AX kit, phenol chloroform extraction)  were compared and a phenol chloroform

extraction was modified for use.  

A bacteriophage amplification system involving inoculation of bacteriophage into a

broth of host B. pseudomallei, followed by lysis, was developed and optimised for

production of lysogenic bacteriophage of B. pseudomallei.  Addition of a 1:1 dose of

bacteriophage to bacteria at an O.D.600nm of 0.1 in 10-100ml of broth resulted in the

production of 1x1011plaque forming units (pfu)/ml of media upon lysis at 7.5 hours

post-inoculation.

Lysogenic bacteriophage extracted from highly virulent B. pseudomallei isolate

NCTC 13178 was given the name BupsM1 and was characterised as being from the
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family Myoviridae with a genome 55.1kb long.  This bacteriophage was then used

for infection assays and molecular analysis to determine whether it played a role in

virulence.  Endolysin of this bacteriophage was also extracted to determine its

potential for use in therapy.

Four B. pseudomallei isolates tested negative for the presence of bacteriophage (#13,

#69, #83, E4) and one isolate of particular interest (NAFC), were infected with

BupsM1.  Bacteriophage infection was found to alter colonial morphology on

Ashdown agar.  Infection assays in a BALB/c mouse model were carried out and no

clear relationship between addition of bacteriophage BupsM1 and virulence was

found.  One experiment with NAFC resulted in greatly increased virulence, but this

could not be repeated.  All other experiments where infection with bacteriophage

was successful resulted in minor upregulation or downregulation of virulence. 

Examination of plaque production of infected and control isolates indicated that

prophage stability may play a role in survival of B. pseudomallei as addition of

bacteriophage from NCTC13178 restored lysogenic stability to NAFC in several 

cases.

Of the expected 55.1kb genome size from BupsM1, 51.3kb was sequenced with

40.9kb of this confirmed as bacteriophage.  The open reading frames were

determined using ORF finder and direct analysis.  These open reading frames were

analysed by BLASTx for putative function and several potential virulence genes

were identified, as were structural, replication and lysogeny genes.  

Possible virulence genes include putative anaerobic dehydrogenase and

oxidoreductase genes.  Putative structural genes included the terminase large subunit,

portal protein, head morphogenesis, tail assembly and tail fibre genes.  Putative

replication and lysogeny genes included transposases, insertion elements and

integrase, an RNA polymerase sigma subunit, DNA cytosine methylase, Holliday

junction resolvase, repressor protein, and a weak match to cro, the gene responsible

for triggering lysis. 



vi

Two genes of interest, the endolysin gene and a possible ADP-ribosyltransferase

gene (a gene often involved in virulence) were not identified by BLASTx analysis. 

Techniques designed to identify genes with limited amino acid homology across

species, such as identification of conserved amino acid pattern, chemo-physical

comparison and phylogenetic tree analysis including bootstrap scoring, were then

used to identify several open reading frames which were possible matches to these

previously unidentified genes. 

The endolysin of BupsM1 was extracted under nine combinations of conditions from

literature , using a natural host system (B. pseudomallei #4).  EDTA was found to aid

lysis, while chloroform was found to have no effect.  Extracts were concentrated

using Centricons™ and both neat and concentrated extracts were tested for their

ability to lyse both killed and live B. pseudomallei #4 in broth and plate format.   

Neither the extracted endolysin nor its concentrate was found to lyse any of the

B. pseudomallei in a form not attributable to live bacteriophage.  Hence endolysin

was determined not to function “from without” against B. pseudomallei.  As such,

this possibility for treatment of B. pseudomallei was eliminated.
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CHAPTER 1

GENERAL INTRODUCTION

Bacteriophage are viruses that infect bacteria (Anon, 1921).  Of those examined by

transmission electron microscopy (T.E.M.), approximately 96% belong to the order

Caudovirales.  These are double stranded DNA viruses consisting of the families

Myoviridae, Syphoviridae and Podoviridae (Maniloff and Ackermann, 1998). 

Bacteriophage play a role in the ecosystems in which they exist, by both controlling

biomass and make-up of bacterial populations by lysis (Fuhrman, 1999; Kilic et al.,

2001) and by altering bacterial genomes and hence characteristics by lysogeny (Boyd,

2004).

Lysis of bacteria by bacteriophage is of interest in the treatment of disease.  

Bacteriophage therapy, whereby cocktails of bacteriophage are used either in

isolation or in combination with antibiotics, has been successfully used in both

human and animal treatment (Smith et al., 1987; Gorski and Weber-Dabrowska,

2005; Jikia et al., 2005).  Bacteriophage proteins, including endolysin, have also been

examined for their use as a treatment for bacterial diseases of humans and plants

(Nelson et al., 2001; Kim et al., 2004).  The use of bacteriophage proteins rather than

whole bacteriophage eliminates the possibility of bacteriophage entering a lysogenic

lifecycle in the bacteria and potentially increasing virulence.

Virulence factors carried on bacteriophage include genes expressing extracellular

toxins, antigenic alteration proteins, effector proteins involved in invasion, enzymes

required for intracellular survival, serum resistance from outer membrane proteins

and adhesins for bacterial host attachment as well as a range of other functions

(Bensing et al., 2001; Boyd and Brussow, 2002).

Burkholderia pseudomallei is a Gram-negative, facultative intracellular bacterium

(Jones et al., 1996) which is the causative agent of melioidosis (Dance, 2000). 

Melioidosis is a potentially lethal disease, with symptoms of infection ranging from

an asymptomatic carrier state to septicaemia resulting in death within 48 hours

(White, 2003).  B. pseudomallei is also considered a potential bioterrorism tool

http://endnote+.cit
http://endnote+.cit
http://endnote+.cit
http://endnote+.cit
http://endnote+.cit
http://endnote+.cit
http://endnote+.cit
http://endnote+.cit
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(Bossi et al., 2004; Cheng et al., 2005a).

Some of the identified virulence factors of B. pseudomallei have homologues in other

bacteria which have been identified as being bacteriophage encoded.  These include

an ADP-ribosylating exotoxin (Mohamed et al., 1989a; Mohamed et al., 1989b) and

putative adhesins  (Holden et al., 2004).  The possibility of bacteriophage

involvement in the virulence must be considered.

Several studies (Leclerc and Sureau, 1956; Denisov and Kapliev, 1991; Denisov and

Kapliev, 1995) have found bacteriophage infecting B. pseudomallei.  Examination of

B. pseudomallei genomes by subtractive hybridisation (DeShazer, 2004) has also

identified the presence of a prophage in a B. pseudomallei isolate.  Where examined

by T.E.M., these bacteriophage were found to belong to the families Myoviridae and

Syphoviridae (Denisov and Kapliev, 1995; DeShazer, 2004).

Only two complete B. pseudomallei bacteriophage genomes have been reported in

GenBank (http://www.ncbi.nlm.nih.gov/) and no experiments regarding either use of

B. pseudomallei bacteriophage in treatment of infection, or virulence assays have

been reported.  

The aims of this research are to examine a library of Burkholderia pseudomallei

isolates at James Cook University for the presence of bacteriophage and to further

examine isolates of interest.  Bacterial isolates of low virulence showing no presence

of bacteriophage will be infected with lysogenic bacteriophage from an isolate of

high virulence.  These infected isolates will be examined to determine whether any

changes in virulence occur.  In addition, sequencing of the bacteriophage genome

used for virulence assay will be carried out and the genome analysed.  This will

broaden our understanding of virulence and add to the limited amount of available

sequence data on B. pseudomallei bacteriophage.  The possibility of using the

endolysin of this bacteriophage to kill B. pseudomallei will also be examined. 

Although lysogenic bacteriophage are not considered to be good candidates for phage

therapy, their component proteins may still be of use. 

http://endnote+.cit
http://endnote+.cit
http://endnote+.cit
http://endnote+.cit
http://endnote+.cit
http://endnote+.cit
http://(http://www.ncbi.nlm.nih.gov/)


3

CHAPTER 2

LITERATURE REVIEW

2.1 The History of Bacteriophage

In 1896 British chemist Ernest Hanbury Hankin discovered that the waters of the

Ganges River could destroy cholera bacteria (Parfitt, 2005), but it was not until 1915

that Frederick Twort first observed what he believed might be viruses that could

infect bacteria (Twort, 1915).   In 1917 Felix d’Herelle independently determined this

and named these viruses bacteriophage, meaning “eaters of bacteria” (Anon, 1921). 

Twort and d’Herelle are generally considered the discoverers of bacteriophage,

though some researchers have queried the independent nature of d’Herelle’s

discovery (Duckworth, 1976). 

Research in subsequent decades continued to examine the nature of these viruses and

they were used as model systems to investigate many wider aspects of virology, such

as viral structure, replication and genetics.  The experiments that determined that

DNA rather than protein was the carrier of genetic information were carried out using

T2 and T4 bacteriophage (Hershey and Chase, 1952).  The first gene mapping was

carried out on the genome of T4 (Benzer, 1955), which was also used as a tool to

demonstrate discontinuous replication of DNA (Okazaki et al., 1968).  Restriction

endonuclease modification systems were first detected using bacteriophage including

8 (Bertani and Weigle, 1953; Nathans and Smith, 1975). Bacteriophage 8 has been

extensively used for a range of objectives, including development of an

understanding of gene regulation (Ptashne et al., 1982) and for use as a vector to

analyse genes from a wide range of other organisms (Morrow, 1979; Sambrook and

Russell, 2001).  In addition, the rapid accumulation of information on bacteriophage

genome sequence has provided insights into the origins of infectious disease as well

as identifying novel biochemical mechanisms (Karam, 2005).

Intensive studies on the therapeutic use of bacteriophage for treatment of infectious

diseases began in 1920 (Mathur et al., 2003).  Following the discovery of penicillin

in 1928 (Bentley, 2005), study into the therapeutic possibilities of bacteriophage was

in essence abandoned in favour of the wider ranging usage of antibiotics (Merril et

http://endnote+.cit
http://endnote+.cit
http://endnote+.cit
http://endnote+.cit
http://endnote+.cit
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al., 1996; Mathur et al., 2003).  Research on bacteriophage therapy remained almost

solely the responsibility of Soviet science (Chanishvili et al., 2001; Verthe et al.,

2004).  The lack of international peer review and a limited number of English

language articles has meant that much of this work was unavailable or ignored in the

west (Sulakvelidze, 2005).

Interest in bacteriophage therapy was rekindled in the west in recent years primarily

due to the advent of antibiotic resistance in bacteria (Mathur et al., 2003; Huff et al.,

2004).  In former Soviet Georgia, bacteriophage therapy is well advanced, with

treatment routinely used (Parfitt, 2005) and much Soviet literature reporting the use

of bacteriophage to treat infection or as a prophylactic existing from the 1930's

onward (Chanishvili et al., 2001).

2.2 Definitions

There are various terms which are used to describe bacteriophage and bacteriophage

behaviours, some of which are used interchangeably.  Lysogens can be defined as

bacteria that harbour prophage.  Bacteriophage are called prophage when the viral

genome is integrated in the bacterial genome.  Bacteriophage that can do this are

defined as temperate or lysogenic.  Superinfection immunity is the resistance to

further infection by a similar or the same bacteriophage conferred by bacteriophage

already infecting the bacteria (Kilic et al., 2001).  Lysogeny can be described as the

perpetuation of prophages as part of the bacterial replicating system (Barksdale and

Arden, 1974).  Pseudolysogeny has been described as a carrier state in which

bacteriophage DNA is not integrated into the host genome, but does not cause

immediate lysis, continuing within the host system through multiple generations, but

not in all colonies (Baess, 1971).  It can be caused by starvation of the host cell,

limiting the ability of the bacteriophage to replicate (Miller and Ripp, 1998). 

Lysogens can be induced to produce lytic viruses (Fuhrman, 1999).  Lysis is the

destruction of the host bacterium to release progeny bacteriophage into the

environment (Young, 1992).  Bacteriophage that do not enter a lysogenic state are

obligatorily lytic or virulent (Madsen et al., 2001). 
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2.3 Geography

Bacteriophage are found in almost all environments on Earth, from the depths of the

ocean to hot springs, and can be isolated from almost any material that will support

bacteria (Dabrowska et al., 2005).  There is evidence that the diversity of

bacteriophage is about an order of magnitude higher than that of bacteria (Weinbauer

and Rassoulzadegan, 2004) which has implications in the classification of

bacteriophage.

2.3.1 Environmental significance

Bacteriophage can have a great effect on both the biomass and the characteristics of

bacteria.  In marine environments, viruses can limit bacterial abundance to several

orders of magnitude below resource limits (Fuhrman, 1999).  The lysis of bacteria by

bacteriophage results in an increase in inorganic nutrients (Fuhrman, 1999) as well as

increasing dissolved organic matter (Paul et al., 2002) and can alter bacterial

ecologies (Wommack and Colwell, 2000).  In one study, the biomass of a

Pseudomonas fluorescens biofilm was reduced by 85% after infection with the lytic

bacteriophage MS1 (Sillankorva et al., 2004).  Examination of the bacterial and

bacteriophage ecology of the human vagina has shown evidence that Lactobacillus

bacteriophage could be a factor in development of bacterial vaginosis (BV), by lysis

of favourable Lactobacillus allowing other less favourable bacteria to multiply.  It

was theorised that transmission of Lactobacillus lysogens was the reason that BV is

associated with sexual transmission (Kilic et al., 2001).

Lysogeny  plays a role in bacterial ecologies with high percentages of bacteria

determined to be lysogens.  Over 40% of marine bacterial isolates carried inducible

temperate bacteriophage (Jiang and Paul, 1998).  Bacteriophage are not, as noted

previously, limited to aquatic environments.  Other screening experiments have

shown 27 of  34 isolates of Salmonella enteritidis (Jacob and Wollman, 1959), 83 of

107 Escherichia coli isolates, 136 of 173 Salmonella enterica isolates and 38 of 68

dairy Streptococcus strains (Casjens, 2003) to be lysogens.  
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The viral genome may carry genetic elements that can, once inserted in the bacterial

genome, provide an advantage to the bacteria.  This horizontal transfer of genetic

information by bacteriophage, also known as transduction, has been recognised as

playing a major role in microbial diversity, the development of niche organisms, and

changes in pathogen-host interactions (Fuhrman, 1999; Miao and Miller, 1999;

Fuhrman and Schwalbach, 2003; Weinbauer and Rassoulzadegan, 2004).  It has been

estimated that marine bacteriophage transduce 1028 base pairs of DNA per year in the

world’s oceans (Paul et al., 2002).  In many cases, bacteriophage have been found to

encode genes which give the bacteria a survival advantage by altering structural

characteristics (Pruzzo et al., 1980; Mirold et al., 2001), resistance to antibiotics

(Paul et al., 2002) or increased virulence (Boyd and Brussow, 2002).  This will be

further covered in detail in Section 2.7; Virulence Factors.

2.4 Taxonomy

The initial classification system for bacteriophage was designed in the 1930's and

was based on different host specificities of various bacteriophage (Nelson, 2004). 

With the advent and use of the electron microscope in the 1940's and 50's,

bacteriophage were classified based on morphotype (Luria et al., 1943).  They have

since been further classified with respect to molecular characteristics as techniques to

identify DNA or RNA type and replication strategies have developed (Ackermann et

al., 1978; Maniloff and Ackermann, 1998).  The current typing system identifies at

least 13 distinct groups of bacteriophage (Maniloff and Ackermann, 1998), including

those infecting Archaea.  These are very diverse structurally and genetically and

those bacteriophage infecting Archaea will not be discussed further.  Of those

bacteriophage examined by electron microscopy, about 96% belong to the order

Caudovirales (Table 2.1).
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Table 2.1 Taxonomy of bacteriophage.  Viruses infecting only Archaea are not
included in this list - taken from the following sources (Ackermann, 1998; Maniloff
and Ackermann, 1998; Dabrowska et al., 2005)
http://www.ncbi.nlm.nih.gov/ICTVdb/ (ICTVdB The Universal Database of the
International Committee on Taxonomy of Viruses) 
Order

(where

assigned)

Family or

Group

Genus Type member Particle

Morphology

Genome

Caudovirales Myoviridae T4-like viruses Enterobacteria phage
T4

contractile
tailed phage 

linear ds
DNA

P1-like viruses Enterobacteria phage
P1

P2-like viruses Enterobacteria phage
P2

Mu-like viruses Enterobacteria phage
Mu

SP01 Bacillus phage SP01

Podoviridae T7-like viruses Enterobacteria phage
T7

short tailed
phage 

linear ds
DNA

M29-like viruses Bacillus phage M29

P22-like viruses Enterobacteria phage
P22

Siphoviridae 8-like viruses Enterobacteria phage
8

non-
contractile 

linear ds
DNA

T1-like viruses Enterobacteria phage
T1

tailed phage

T5-like viruses Enterobacteria phage
T5

c2-like viruses Lactococcus phage
c2

L5 Mycobacterium
phage L5

Cystoviridae Cystovirus Ø6 isometric 3
segments
ds RNA

Inoviridae Inovirus Enterobacteria phage
M13

rod circular ss
DNA

Plectrovirus Acholeplasma phage
MV-L51

Leviviridae Levivirus Enterobacteria phage
MS2 

icosahedral 1 (+)strand
RNA

Allolevirus Enterobacteria phage
Q$

Microviridae Microvirus Enterobacteria phage
ØX174 

icosahedral circular ss
DNA

Spirovirus Spiroplasma phage 4

Bdellomicrovirus Bdellomicrovirus
phage MAC1

Chlamydiamicrovirus Chlamydia phage 1

Plasmaviridae Plasmavirus Acholeplasma phage
L2

pleiomorphic circular ds
DNA

Tectiviridae Tectivirus Enterobacteria phage
PRD1 

icosahedral linear ds
dna

Corticoviridae Corticovirus Alteromonas phage
PM2

icosahedral circular ds
DNA
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The nomenclature of bacteriophage remains confused, with the use of numerals, the

Greek letter M and the Latin letter P frequently used (Ackermann et al., 1978).  There

are also cases of unrelated bacteriophage being assigned similar names due to

dissimilar naming protocols.  For example, a bacteriophage of Pseudomonas

aeruginosa and a bacteriophage of Vibrio cholerae have the names MCTX (Hayashi

et al., 1990) and CTXM (Waldor and Mekalanos, 1996) respectively.  Ackermann

(1978) suggested the use of the first two letters of the genus of the bacterial host,

followed by the first, or first two letters, of the species name, followed by numbers,

Latin capitals and/or Greek letters when naming bacteriophage.

Our current ability to sequence entire genomes and proteomes may, in the future,

result in a new classification system as some bacteriophage which are

morphologically dissimilar are genomically very similar and vice versa (Rohwer and

Edwards, 2002).  In addition, bacteriophage genomes (prophage) are being sequenced

within bacterial genomes, without ever identifying a mature virion (Nelson, 2004). 

However, since it is estimated that we have sampled less than 0.0002% of the global

bacteriophage genomes (Rohwer, 2003), a genomic classification system may be

some distance away.

2.5 Structure of Caudovirales Bacteriophage

As 96% of bacteriophage identified thus far are of the Order Caudovirales (Maniloff

and Ackermann, 1998), further discussion will be restricted to this Order.  The

Caudovirales are tailed viruses,with the name Caudovirales being derived from the

Latin cauda, meaning tail.  These bacteriophage have a head, or capsid, in which

DNA is stored, and a tail.  Variation within this basic structure is one of the

determinants of taxonomic separation (Ackermann, 1998).  

2.5.1 The capsid

The capsid is icosohedral in shape, with rare elongated variations.  It appears smooth

under electron microscopy and ranges in diameter from 34 to 160nm with a majority

at 60nm.  Capsomers (the morphological subunits) are also present (Bradley, 1967;

Ackermann, 2003).  The family Myoviridae are generally larger than both other
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families (Ackermann, 1998).

2.5.2 The tail

The tail is structured of a hollow tube of fixed length and width, built of stacked rows

of subunits and generally has a six-fold symmetry (Ackermann, 1998).  Members of

the family Siphoviridae have long non-contractile, flexible tails, the family

Podoviridae have short variants on this, while the family Myoviridae have long,

rigid, contractile tails (Ackermann et al., 1992).  The family Myoviridae tails consist

of a tail tube surrounded by a sheath, separated from the head by a neck.  They are of

sixfold symmetry, with subunits arranged in helix format.  On contraction, these

subunits slide over each other, forming a short cylinder (Ackermann, 1998).  Tail

lengths can vary widely, but are typically conserved within a species.  A ruler protein

has been identified in some bacteriophage and this acts as a tape-measure around

which tail tube monomers polymerize.  Alterations to the ruler protein will alter the

length of the tail tube (Katsura and Hendrix, 1984).

2.5.3 Other structures

There is a small disk located inside the head at the site of tail attachment which is

known as the connector.  The connector holds the head and tail together and has

functions in head assembly and DNA encapsidation (Ackermann, 1998).  Tailed

bacteriophage can also have base plates, tail spikes and tail fibres, though the number

and shape of these can vary (Ackermann, 1998).  These have various functions in

infection of bacteria and will be described later (2.6.1 Attachment; 2.6.2 Penetration).

2.5.4 Genomic structure

Genomes of Caudovirales consist of  linear double stranded (ds) DNA

(http://www.ncbi.nlm.nih.gov/ICTVdb/ ; ICTVdB The Universal Database of the

International Committee on Taxonomy of Viruses).  They range from 17kb to in

excess of 700kb in length (Ackermann, 2003) with a majority of genomes being

about 50kb (Ackermann, 1998).  Some genomes contain cohesive (cos) sites near

either end allowing circularisation of the genome after infection.  Packaging of DNA

can be either of a single genome, or by a headful mechanism, where the genome is
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continually copied into the capsid until it is full (Streisinger et al., 1967; Ackermann,

1998).   DNA may be concatomeric (head-to-tail repeats of a sequence) or unit length

prior to packaging (Ackermann, 1998) with concatomeric DNA formed from

recombination between linear DNAs or rolling circle replication (Maniloff and

Ackermann, 1998).  Cleavage of concatomeric DNA for packaging can occur at; a)

unique sites resulting in blunt termini or cos ends with packaging starting and

finishing at a cos site, b) pac sites (sequences recognised by terminase complex) to

produce DNA molecules with limited circular permutation and terminal redundancy

(excess coding DNA at the terminal end) and where packaging starts at the pac site

and continues until the head is full or c) random sites to produce circularly permuted,

terminally redundant DNA (Ackermann, 1998; Maniloff and Ackermann, 1998).   

From comparisons of bacteriophage genomes, it is apparent that bacteriophage

genomes have a mosaic nature, with gene order not conserved between species

(Chopin et al., 2001; Hertveldt et al., 2005).  The following observations of gene

order can be made.  Genes with related function generally cluster together, though

non-structural gene order does not follow any general pattern.  Structural genes are

generally separate from other genes and, of these, head genes precede tail genes

(Casjens, 2003).

2.6 Lifecycle

Bacteriophage use several strategies for replication within bacteria and can exist

outside of bacteria for some time, dependant on temperature and levels of organic

matter present (Wommack and Colwell, 2000).  Bacteriophage attach to the cell wall

of bacteria, insert their DNA and then primarily enter either a lytic or lysogenic

lifecycle (Figure 2.1).  Some bacteriophage have been identified as being

obligatorally lytic (or virulent) and will kill the bacterium they have invaded in order

to replicate (Madsen et al., 2001).  Others can enter a lysogenic cycle where the

bacteriophage DNA will be replicated along with bacterial DNA during bacterial

replication.  These bacteriophage can enter the lytic cycle when an appropriate

trigger, such as environmental stressor, is identified (Weinbauer and Suttle, 1996). 

Some bacteriophage have also been identified as being lysogenic in some strains of
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an organism, but lytic in others (Cluzel et al., 1987; Kilic et al., 2001).  Furthermore, 

some bacteriophage can enter either a lytic or lysogenic lifecycle depending on

environmental conditions such as temperature or multiplicity of infection  (Bertani

and Nice, 1954).  Bacteria have also been reported to be polylysogenic, carrying

multiple bacteriophage in their genomes (Groman and Laird, 1977; Denisov and

Kapliev, 1991). 

Figure 2.1 Lytic and lysogenic lifecycle of bacteriophage using bacteriophage 8 as
the example.  Taken from
http://www.accessexcellence.org/RC/VL/GG/bact_Lambda.html, (Alberts et al.,
1998)
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2.6.1 Attachment

Bacteriophage of the Order Caudovirales adsorb to the bacterial cell wall, flagella or

pili (Bradley, 1967) via tail fibres.  These tail fibres absorb to receptors on the cell

surface (Weitz et al., 2005).  Examples of receptors include LamB, used by 8

(Thirion and Hofnung, 1972) and lipopolysaccharide receptors, used by T4 (Leiman

et al., 2004).

Alteration in surface structures can alter sensitivity to bacteriophage.  Some models

of co-evolutionary dynamics (Weitz et al., 2005) suggest that as there are

conformational changes in cell surface receptors on bacteria, there will also be

conformational changes in tail fibres to deal with this.  Other models describe an

imperfect lock-key mechanism where the match is not required to be perfect.  Some

alteration to LamB, the receptor protein for 8 and some other bacteriophage (Charbit

and Hofnung, 1985), can be undertaken without compromising successful attachment

of 8 (Gehring et al., 1987).

The host range for bacteriophage can vary with most bacteriophage infecting certain

species or even strains of bacteria (Rohwer, 2003).  In one study, a range of toxin

encoding bacteriophage extracted from E. coli O157:H7 isolates were found to have

variable E. coli host ranges including non O157 serotype E. coli hosts (Gamage et al.,

2004).  In another study, the HP1/S2 group of Haemophilus influenzae bacteriophage

lysogenised only Rd strains of H. influenzae (Williams et al., 2002).  Host ranges

spanning species are rare, although examples have been reported.  Many

bacteriophage from lactobacilli have a broad host range within the genus

Lactobacillus including the capacity to superinfect these hosts, but some bacterial

strains remained uninfected, implying variation in phage receptor might be

responsible (Kilic et al., 2001; Lu et al., 2003).  Similarly Burkholderia mallei is

sensitive to bacteriophage from Burkholderia pseudomallei (Smith, 1957). 

2.6.2 Penetration

After absorption of tail fibres to the cell wall, the baseplate comes into contact with

the cell surface receptors and, in the case of T4 of the family Myoviridae, 
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experiences a conformational change from hexagon to star configuration that causes

the tail sheath to contract (Crowther et al., 1977; Crawford and Goldberg, 1980). 

This drives the tail tube through the bacterial cell wall and the periplasmic

peptidoglycan layer is digested in a localised manner by a lysozyme domain at its tip

(Leiman et al., 2004).  Subsequently the bacteriophage DNA is released into the cell

through the tube (Leiman et al., 2004).  The families Syphoviridae and Podoviridae

do not have contractile tails (Ackermann, 2003) but do have baseplates and tail fibres

that act in a similar fashion, with at least some bacteriophage having tail fibres

responsible for peptidoglycan digestion for DNA insertion (Vegge et al., 2005). 

Bacteriophage proteins involved with injection have been identified (Bryant and

King, 1984) and structural changes of proteins binding to DNA are believed to be

involved in triggering injection (Ilag et al., 1993).

Once bacteriophage have adsorbed to the cell wall, bacteria have several defences

against bacteriophage infection.  These include blocking DNA from being injected

(Scandella and Arber, 1974), digestion of bacteriophage DNA (Bourniquel and

Bickle, 2002) and cell death to prevent bacteriophage spread (Hazan and Engelberg-

Kulka, 2004).  Bacteriophage can evade DNA targeted defences by techniques

including blocking production of restriction enzymes and methylation or unusual

base substitution of bacteriophage DNA, so restriction enzymes do not recognise

them (Kruger and Bickle, 1983).

2.6.3 Replication: lysis or lysogeny

Once DNA has penetrated the cell wall, bacteriophage will either enter a lytic

replication cycle, in which the bacteriophage is replicated without insertion into the

host chromosome, or a lysogenic cycle.  In a lysogenic cycle the DNA either

maintains itself as a plasmid and replicates autonomously (Rosner, 1972) or

integrates into the chromosome of the bacteria in which case the bacteriophage is

now called a prophage.  A minimum number of genes are expressed to maintain this

state.  Genes which are expressed at this time include those which suppress

replication genes and those which confer superinfection immunity (Clark et al., 1991;

Clapper et al., 2004; Chen et al., 2005).  
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2.6.3.1 Lysis

The lytic cycle can be simply described as follows.  Transcription of RNA, usually by

the hosts’ RNA polymerase, begins almost immediately after DNA enters the cell. 

Only those bacteriophage genes that have promotors recognised by the host are

transcribed.  These are called early genes and are mostly involved with DNA

synthesis.  They include genes encoding DNA polymerase, primase, ligase and

helicase, which aid in the replication of bacteriophage DNA (Snyder and Champness,

1997).  The late genes, which have promoters not recognised by the host RNA

polymerase alone are transcribed next.  These include genes encoding for assembly

of the head and tail (Snyder and Champness, 1997) and genes for lysis of the cell. 

Although there are exceptions (Young, 1992; Bernhardt et al., 2002; Loessner, 2005),

in general there are two phage induced factors that contribute to the lysis of the cell

wall.  Holin forms a hole in the cell membrane to allow the enzyme endolysin access

to the peptidoglycan and the endolysin degrades the cell wall peptidoglycan (Young,

1992; Wang et al., 2000).  This causes osmotic lysis of the bacterial cell and release

of the progeny bacteriophage (Loessner, 2005).  From ten to 500 phages may be

produced per infected bacterium (Wommack and Colwell, 2000).  The entire process,

from penetration of DNA to lysis of the cell takes less than one hour for many

bacteriophage (Ackermann, 1998).  

In reality, the replication of bacteriophage can be more complex than this with

intermediate stages.  Genes can be described as immediate early, early, delayed early,

middle and late, with multiple layers of regulation and timing of replication (Snyder

and Champness, 1997).  Expression of different genes can be regulated by various

specific mechanisms.  One or more gene products synthesised at one stage of

development can turn on synthesis of the next stage, they can also turn off

transcription of the previous stages genes.  Of note, bacteriophage T7 carries a phage

encoded RNA polymerase (Snyder and Champness, 1997).  Once decoded, this RNA

polymerase transcribes the late genes.  The promoters for the late genes are only

recognised by the phage RNA polymerase, ensuring they are not decoded earlier

(Snyder and Champness, 1997).  Phage T4 late genes have also been determined to

have promoters which are not recognised by the host RNA polymerase.  In this case
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however, it was determined that a phage encoded sigma factor was produced (Miller

et al., 2003) which binds to the host RNA polymerase, changing its specificity so that

it will only recognise the bacteriophage promoters.  This second method of

transcriptional control is not uncommon, with many other bacteriophage determined

to transcribe alternate sigma factors.  Phage T4 also has a second level of

transcriptional control of the late genes.  The RNA polymerase will not function

unless the phage DNA is actively replicating, with a protein binding to both the

replication fork and the RNA polymerase as the trigger to activate the RNA

polymerase (Snyder and Champness, 1997; Miller et al., 2003).  This ensures that

structural genes are not expressed without copies of DNA already present.  Neither

T4 nor T7 cyclize, with T7 replicating by producing concatomers by pairing between

complementary ends of DNA and T4 producing concatomers by recombination of

repeated sequences at the DNA ends (Snyder and Champness, 1997).

2.6.3.2 Lysogeny

In lysogeny, the bacteriophage genome is integrated into the bacterial genome and

remains integrated until lysis is triggered.  Therefore, the bacteriophage genome can

be replicated with each replication of the bacterial genome (Kokjohn, 1989). 

Integration usually involves site-specific recombination between short sequences on

the bacterial chromosome and the bacteriophage genome (Cheetham and Katz, 1995). 

Bacteriophage may integrate within a single bacterial attachment site, as is the case

with MCTX of Pseudomonas aeruginosa which binds to the tRNAser gene (Hayashi

et al., 1993) or multiple sites, as is the case with bacteriophage MAV1 of

Mycoplasma arthritidis (Voelker and Dybvig, 1998).  The use of tRNA genes as

insertion sites is common to a diverse range of bacteriophage as tRNA genes are

present in multiple copies in the bacterial genome, providing multiple possible

integration sites (Cheetham and Katz, 1995).  A few temperate phage, such as Mu

have a transposition site and can move from site to site in the bacterial chromosome

(Ackermann, 1998).  They also use replicative transposition to produce multiple

copies of themselves (Summer et al., 2004).
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Environmental factors can trigger conversion from a lysogenic state to a lytic one,

most often by triggering bacterial DNA repair mechanisms, which include the protein

recA.  This cleaves the repressor maintaining the lysogenic state and lysis begins

(Weinbauer and Suttle, 1996).  Reported triggers include ultraviolet  radiation

(Kidambi et al., 1996), mitomycin C (Weinbauer and Suttle, 1996), benzo["]pyrene

diol epoxide (a chemical in cigarette smoke) (Kilic et al., 2001), quinolones (Zhang

et al., 2000) and neutrophil activating products such as hydrogen peroxide (Wagner

et al., 2001).

2.6.4 Molecular replication of bacteriophage 8

The replication of bacteriophage 8 has probably been studied at the molecular level

more than any other bacteriophage.  As it may be lytic or enter a lysogenic state

(Figure 2.1), it is useful as an example to describe the replication of bacteriophage.  It

is a linear, double stranded DNA bacteriophage with 12 base single stranded cos

ends.  These can be paired and joined with DNA ligase to form closed circular DNA

molecules, in which format the DNA replicates (Sambrook and Russell, 2001).

After the DNA has circularised, immediate early transcription is initiated at two

promotors, pL and pR, on either side of the cI (repressor) gene (Ptashne and Gilbert,

1970).  This transcription is mediated by E. coli RNA polymerase and terminates at

the ends of the N and cro genes respectively, though transcription can carry on

through the cro gene to tR2 (Sambrook and Russell, 2001).  The product of N (pN)

encodes an antiterminator protein which  permits host RNA polymerase to read

through the transcriptional terminators tL and tR1 into the delayed early genes cII and

cIII which are necessary for the lytic growth of this bacteriophage (Snyder and

Champness, 1997).  This protein is unstable and requires continuous production to

express the proteins CII and CIII.  Transcription of N is negatively controlled by the

proteins CI and Cro and pN may negatively autoregulate its own translation

(Sambrook and Russell, 2001).

The CII protein is the activator of 8 genes that repress lytic functions and catalyse

integration of the viral DNA into the host chromosome (Sambrook and Russell,

http://endnote+.cit
http://endnote+.cit
http://endnote+.cit
http://endnote+.cit
http://endnote+.cit
http://endnote+.cit
http://endnote+.cit
http://endnote+.cit
http://endnote+.cit
http://endnote+.cit
http://endnote+.cit


17

2001).  The decision between lysogeny and lysis is influenced by the multiplicity of

infection and the nutritional state of the cell.  The higher the multiplicity of infection

and the worse the nutritional state, the higher the frequency of lysogeny (Sambrook

and Russell, 2001). 

The CII protein is constantly degraded by proteases present in the cell.  If levels of

CII protein remain below a threshold level, phage undergoes lytic replication. This is

the sequence of events which occurs in the vast majority of cells which become

infected (Sambrook and Russell, 2001).  The natural rate of degradation of the CII

protein can be enhanced or diminished by several bacterial gene products including

the CIII protein (Oppenheim et al., 2005).  Where the concentration of  CII protein

builds up, transcription of cI is enhanced and intracellular levels of the CI repressor

protein rise. The repressor binds to the oR and oL operators, which prevents

transcription of most phage genes including cro (Oppenheim et al., 2005).  The level

of CI protein is maintained by both positive and negative feedback mechanisms,

since at high concentrations the repressor also binds to the left-hand end of oR and

prevents transcription of cI (Oppenheim et al., 2005).  

Two proteins, the bacteriophage encoded integrase (int), production of which is

triggered by CII protein (Oppenheim et al., 2005) and the host encoded integration

host factor are required for integration of bacteriophage DNA into the host

chromosome.  Int is a type one topoisomerase which cuts and rejoins DNA strands

one at a time.  Int generates a Holliday structure at attP, a ~240bp region of

bacteriophage DNA with a 15bp core which is identical between bacteriophage and

host chromosomes, and attB a 21bp region on the host chromosome.  Once

integrated, the inserted prophage is bracketed by 15bp repeats in different orientation. 

During excision, using the Int and Xis (excisase) proteins, these sites regenerate the

attP and attB sites and single stranded circular bacteriophage DNA is produced

(Sambrook and Russell, 2001).  

The autoregulation of CI protein synthesis keeps the cell in a stable state of lysogeny

(Ptashne et al., 1982).  To trigger lysis from this state, a host cell protein RecA is
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necessary.  Physiological stresses such as exposure of the cell to ultraviolet

irradiation or DNA damaging materials results in the induction of RecA (Kokjohn,

1989).  This protein cleaves the CI repressor protein (Weinbauer and Suttle, 1996).

To prevent the cell re-entering the lysogenic state, cro is transcribed from PR when

the repressor protein is not bound to oR.  The Cro protein also binds to oR, but unlike

the CI protein, which preferentially binds to the right-hand end of oR, the Cro protein

binds preferentially to the left-hand end of oR, preventing the transcription of cI and

enhancing its own transcription in a positive feedback loop (Ptashne et al., 1982).

This locks the phage into a lytic cycle and production of progeny bacteriophage and

lysis of the bacterial cell occurs.

2.7 Virulence Factors

Transduction is the transfer of bacterial genes among bacteria mediated by

bacteriophage (Kokjohn, 1989) and is an important mechanism by which bacteria can

acquire virulence factors (Miller, 2001).  Genes which play a role in bacteriophage

replication (Bensing et al., 2001) or superinfection immunity (Clark et al., 1991;

Normark et al., 2005) can also become bacterial virulence factors and the insertion

position of the bacteriophage can cause phenotypic changes and silence or trigger

gene expression (Coleman et al., 1989).  

Virulence factors which are encoded on bacteriophage can form various functions. 

Those identified to date include genes expressing extracellular toxins, antigenic

alteration proteins, effector proteins involved in invasion, enzymes required for

intracellular survival, serum resistance from outer membrane proteins and adhesins

for bacterial host attachment as well as a range of other functions (Bensing et al.,

2001; Boyd and Brussow, 2002).

Virulence is associated with the presence of bacteriophage in V. cholerae (Waldor

and Mekalanos, 1996; Faruque et al., 1998).  The toxin causing the rice-water stool

of diarrhoeal cholera is encoded from a  lysogenic bacteriophage CTXM, integrated

into the larger of the two V. cholerae chromosomes (Blakely, 2004).  
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Other examples of bacteria which have acquired virulence factors from temperate

bacteriophage include Corynebacterium diphtheriae, in which the diphtheria toxin

gene, tox, is encoded on beta corynephage (Freeman, 1951; Freeman and Morse,

1952; Laird and Groman, 1976b) and Streptococcus pyogenes, in which the type A

streptococcal exotoxin gene, speA, is encoded on bacteriophage T12 (Johnson et al.,

1986; Weeks and Ferretti, 1986).  The ctx gene encoding the cytotoxin of

P. aeruginosa is carried on MCTX (Hayashi et al., 1993).  The shiga toxin produced

by Shigella sonnei is encoded on a bacteriophage, (Strauch et al., 2001).  E. coli can

also express shiga-like toxins (SLT) (Betley et al., 1986).  The genes for these are 

found on a variety of bacteriophage and these toxins are biologically similar but

antigenically different (Scotland et al., 1983; Newland et al., 1985; Strockbine et al.,

1986; Gamage et al., 2004).  In addition, bacteriophage MC3208 and other temperate

bacteriophage have been found to cause expression of enterohemolysin in E. coli

(Beutin et al., 1993).  A single bacteriophage can also cause the expression or

repression of several virulence factors, with serotype F bacteriophage of

Staphylococcus aureus capable of mediating the simultaneous triple-lysogenic

conversion of enterotoxin A (+), staphylokinase (+) and $-lysin(-), with repression of

$-lysin caused by insertional inactivation of chromosomal based genes (Coleman et

al., 1989).

The environment in which bacteria exist can affect the transduction of bacteriophage

and the acquisition of virulence factors, with in vivo factors playing a role in this

(Mel and Mekalanos, 1996).  Shiga toxin encoding bacteriophage have been found to

be produced within the mammalian host intestine.  They are capable of transducing

naive E. coli strains within the gastrointestinal tract (Acheson et al., 1998), the result

of which is to amplify both toxin and bacteriophage production (Gamage et al.,

2003).  Bacteriophage WO has been shown to transfer between strains of Wolbachia

in the same cytoplasmic environment in the arthropod host (Masui et al., 2000;

Bordenstein and Wernegreen, 2004).  While most examples are of lateral transfer

occurring in the digestive tract, bacteriophage have been found to penetrate into

many other environments in the mammalian host.  Orally applied bacteriophage have

been identified in the blood and urinary tract of both humans and mice (Dabrowska et
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al., 2005).  Intraperitoneal injection has also been an effective route for dissemination

in the bloodstream (Merril et al., 1996) although without sensitive bacteria to

replicate the bacteriophage, the immune system can effectively remove bacteriophage

(Dabrowska et al., 2005).

While addition of MAV1 phage to Mycoplasma arthritidis upregulates virulence, one

of the two transcribed bacteriophage genes, vir, instead codes for a lipoprotein

located on the cell membrane.  This is believed to exclude superinfecting phage at the

level of DNA penetration (Clapper et al., 2004).  Temperate bacteriophage Sf6,

which infects Shigella flexneri, encodes a gene oac which corresponds to O-antigen

acetylase and causes a serotype conversion which results in the acquisition of

immunity to superinfection with Sf6 (Clark et al., 1991).  Genes which encode for

such  external factors as cell membrane proteins, whether virulence factors or not,

may be the basis for changes in colonial morphology noted in several cases

(Barksdale and Arden, 1974).  Infection with tox+ bacteriophage causes colonies of

Clostridium novyi to become filamentous and spread in a snowflake like appearance

(Eklund et al., 1976).  Infection with pf4 in P. aeruginosa biofilms results in small

colony variants with increased surface attachment, possibly due to filamentous phage

particles on the surface of the cells (Webb et al., 2004).  Similar small colony

variants have been found with E. coli (Kuo et al., 2000) although in this case, the size

of colony was considered to be attributed to lysis and the presence of non-dividing

cells.

2.8 Uses of Bacteriophage

2.8.1 Industrial uses

Bacteriophage of lactic acid bacteria are a serious problem in the dairy industry as

they occur naturally in milk and can survive the pasteurisation process (Madera et al.,

2004).  In addition, many starter cultures are lysogenic (Kilic et al., 1996).  This is of

relevance as lactic acid bacteria are required for the fermentation of milk, for

production of products such as yoghurt and cheese (Kilic et al., 1996).  Lysis of these

bacteria can seriously damage the fermentation process.  Control of environmental

conditions has been shown to affect the amount of lysis in cultures containing

http://endnote+.cit
http://endnote+.cit
http://endnote+.cit
http://endnote+.cit
http://endnote+.cit
http://endnote+.cit
http://endnote+.cit
http://endnote+.cit
http://endnote+.cit
http://endnote+.cit
http://endnote+.cit


21

lysogens, thus affecting the bacterial load and properties of the dairy product (Lunde

et al., 2005).  Lactic acid bacteria are also required in the fermentation of sauerkraut. 

In this situation a succession of various species at certain times are necessary for

proper fermentation.  Examination of the process has determined that bacteriophage

may play an important role in this succession (Lu et al., 2003). 

 The use of bacteriophage alone or in combination with antibiotics as protection from

disease is also being examined in animal production with work underway with

chickens (Huff et al., 2004) and cattle (Smith et al., 1987b).  A cocktail of three lytic

bacteriophage has been used experimentally to eliminate E. coli O157:H7 from beef

carcases during slaughter (O'Flynn et al., 2004).   

Endolysin, a protein expressed by bacteriophage to lyse bacterial cell walls, has been

recombinantly expressed and used experimentally to kill Erwinia amylovora (Kim et

al., 2004).  This organism is the cause of fire blight, a disease causing economic loss

in fruit orchards around the world.

2.8.2 Phage therapy

Bacteriophage can also be used to treat bacterial infections.  Severe diarrhoea in

calves has been cured with a single dose of bacteriophage.  Disease prevention was

possible by spraying litter with bacteriophage, or keeping calves in uncleaned rooms,

previously housing animals treated with bacteriophage (Smith et al., 1987b). 

Treatment with bacteriophage in combination with antibiotics has been found to

completely eliminate mortality in broiler chickens (Huff et al., 2004).  An in vitro

model of the human intestinal tract has been used to show that bacteriophage

treatment of human intestinal disorders could also be effective (Verthe et al., 2004). 

Recently a preparation of biodegradable polymer impregnated with ciprofloxacin and

a mix of bacteriophage was used to successfully treat three men who had ulcerated

wounds caused by radiation poisoning.  The wounds were infected with antibiotic

resistant Staphylococcus aureus and wound healing prior to this had not succeeded

after one month of antibiotic treatment.  After seven days exposure to the polymer,

S. aureus was eliminated from the wounds, permitting healing to occur (Jikia et al.,
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2005).   The  Institute of Immunology and Experimental Therapy in Poland claims a

success rate of approximately 80% (2000 patients) in treating antibiotic resistant

bacterial infections (Gorski and Weber-Dabrowska, 2005).  Orally administered

bacteriophage has also been shown to reach the peripheral blood and migrate to sites

of infection (Dabrowska et al., 2005). The oral environment can also be treated with

bacteriophage.  Enterobacter faecalis, an infection issue sometimes encountered in

orthodontic treatment, was successfully eliminated using bacteriophage in an in vitro

model (Paisano et al., 2004).  Furthermore, the use of bacteriophage encoded proteins

for treatment of the oral environment has also been proposed and investigated

(Nelson et al., 2001; Hitch et al., 2004).

2.8.3 Diagnostic uses

Bacteriophage can be used to diagnose disease by several methods.  Bacteriophage

capable of infecting and lysing the bacterium of interest are introduced to the

suspected organism.   The presence of the bacterium of interest is identified by either

amplification and lysis resulting in plaques, or detection of a signal in the bacterium

where the bacteriophage has been modified to produce one, for example by carrying a

luciferase gene.  An analysis of bacteriophage tests for the detection of

Mycobacterium tuberculosis determined that they were currently highly specific but

sensitivity was variable and performance was similar to current sputum tests

(Kalantri et al., 2005).  As such, further work would be needed to replace current

testing methods.  Radio-labelled bacteriophage have been suggested for use in

detecting inflammation caused by bacteria as opposed to sterile inflammation

(Rusckowski et al., 2004).  As lytic bacteriophage have shown no evidence of side

effects in humans, but are rapidly removed from the body by the immune system

(Ochs et al., 1971), bacteriophage can be used to examine the effectiveness of the

immune system.  After infection, the presence of bacteriophage and anti-

bacteriophage antibodies is monitored to determine the responsiveness of the

immune system.  The bacteriophage MX174 has been used in this manner with

several immunodeficiency diseases including Acquired Immunodeficiency Syndrome

(AIDS) (Ochs et al., 1971; Fogelman et al., 2000).  
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2.8.4 Research

Bacteriophage have been central to discovery in molecular biology as mentioned

previously (Section 2.1) and have been the source of useful molecular tools such as

T4 DNA ligase (Lehman, 1974; Bernstein, 1981; Karam, 2005).  They are also used

to display proteins on their surface, a technique known as phage display (Russel et

al., 2004).  In this process, filamentous phage are modified to display peptides or

proteins on the capsid proteins.  Proteins that have been displayed include antibody

fragments (Hoogenboom et al., 1991), growth factors (Dubaquie and Lowman,

1999), zinc finger proteins (Rebar and Pabo, 1994) and cocaine receptors (Carrera et

al., 2004), to name a few.  The development of libraries displaying proteins allows

for the identification and selection of genes encoding proteins with binding activities

of interest (Russel et al., 2004) and also potentially for use in medical treatment

(Carrera et al., 2004).  

Bacteriophage coat proteins have been used to package RNA and DNA as positive

controls for use in molecular detection of viruses (Walkerpeach and Pasloske, 2004). 

This had the advantage of stabilising the nucleic acid against degradation by

ribonucleases (RNases) and deoxyribonucleases (DNases).  Other research has

included examination of outer membrane proteins of bacteria in real time as the

bacteria grow and divide.  In this case labelled bacteriophage lambda tails, which

bind to these proteins, were used (Gibbs et al., 2004).  Identification of bacteriophage

of actinomycetes in soil samples has been used to indicate the presence of slow

growing actinomycetes in the soil (Gathogo et al., 2004).

2.9  Burkholderia pseudomallei

Burkholderia pseudomallei is a Gram-negative saprophytic rod and a facultative

intracellular pathogen (Jones et al., 1996).  It is the causative agent of the disease

melioidosis which occurs primarily in tropical and subtropical regions (Dance, 2000). 

Melioidosis has been studied for weaponisation in several countries and

B. pseudomallei is considered a potential bioterrorism tool (Bossi et al., 2004; Cheng

et al., 2005a).
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2.9.1 Initial identification

Human melioidosis was first documented in Rangoon, Burma by Captain Alfred

Whitmore and C.S. Krishnaswami (Whitmore, 1913) from 38 fatal cases, beginning

in 1911.  Symptoms similar to those of glanders, caused by Bacillus mallei, were

identified, so Captain Whitmore named the pathogen Bacillus pseudomallei.

2.9.2 Taxonomy of B. pseudomallei

The initial nomenclature of the organism now known as B. pseudomallei was, as

noted above, Bacillus pseudomallei.  Further nutritional, biochemical and

morphological studies have resulted in name changes to Bacillus whitmori,

Malleomyces pseudomallei, Loefflerella whitmori, Pfiefferella whitmori and

Pseudomonas pseudomallei (Cottew et al., 1952; Kingston, 1971; Smith et al.,

1987a; Dance, 1991).  The current nomenclature was based on genetic studies (Lew

and Desmarchelier, 1993; Gillis et al., 1995).

2.9.3 Geography 

Since 1911, B. pseudomallei has primarily been identified in countries between

latitudes 20° north and 20° south (Dance, 1991).  It has been identified as a common

cause of community-acquired septicaemia and death in northeastern Thailand

(Chaowagul et al., 1989) with a mortality of 68%.  In Australia, B. pseudomallei

infection was first identified in sheep in 1949 near Winton, Queensland (Cottew et

al., 1952), with the first human case of melioidosis being identified in 1950 in

Townsville, Queensland (Rimington, 1962).  The overall mortality for melioidosis in

the Northern Territory of Australia has been calculated at 21% (Currie et al., 2000). 

Cases of melioidosis in countries outside the 20° north and south latitudes have also

been identified and attributed to importation of infected animals (Currie et al., 1994)

and humans (Dance et al., 1999; Peltroche-Llacsahuanga and Haase, 1999; Carlson

and Seppanen, 2000; Karcher et al., 2000; Shrestha et al., 2005).  

2.9.4 Epidemiology

Infection with B. pseudomallei is more common in those who have a close

association with the soil and water, such as rice farmers in Thailand (Chaowagul et
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al., 1989) and during the monsoon season in Australia (Currie et al., 2000).  The

route of infection is inoculation via injuries to the skin or by inhalation or ingestion

(Barnes and Ketheesan, 2005).  The presence of immunosuppressant factors such as

diabetes, renal disorders (Chaowagul et al., 1989), excessive consumption of alcohol,

chronic lung disease and malignancy or corticosteroid use (Currie et al., 2000) have

been associated with melioidosis.  Australian aborigines in endemic regions have a

higher rate of development of melioidosis than the rest of the community (Currie et

al., 2004) probably due to a lifestyle with frequent exposure to soil and surface water. 

In Australia, human serological studies have identified an antibody response to

B. pseudomallei ranging from 5.7% in northern Queensland to 12.8% in the Northern

Territory (Currie et al., 2000).  

2.10 Clinical Presentation of Melioidosis

Symptoms of infection with B. pseudomallei can range from an asymptomatic carrier

state to septicaemia resulting in death within 48 hours (White, 2003).  Because of the

wide range of presentations, it is known as the great mimicker of disease (Yee et al.,

1988) and can be confused with several other disorders.  Most organ systems can be

affected (Table 2.2) and melioidosis is often categorised into acute, subacute and

chronic forms with the possibility of conversion between these forms (Kingston,

1971).  Recrudescence of the disease has been reported months to years after the

initial infection (Desmarchelier et al., 1993; Leelarasamee, 1998; Ngauy et al., 2005)

as has latent infection converting to active forms of the disease (Mackowiak and

Smith, 1978).

2.11 Humoral and Cellular Responses to B. pseudomallei

Exposure to B. pseudomallei may lead to the formation of specific antibodies and the

development of cell-mediated, adaptive immunity in individuals who do not develop

symptoms of melioidosis (Govan and Ketheesan, 2004).  Those who survive

melioidosis have also been shown to have developed a cell mediated, adaptive

immune response (Ketheesan et al., 2002). 
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Table 2.2 Common clinical presentations of melioidosis (from; Leelarasamee and 
Bovornkitti. 1989) 

2.12 Virulence Factors of B. pseudomallei 

Virulence factors of B. pseudor~~allei include a type three secretion system (TTSS) 

(Winstanley et al., 1999), an exotoxin (Mohamed et al., 1989a) and flagella (Chua et 

al., 2003), with potential virulence determinants including surface polysaccharides, 

fimbrae, pili, drug resistance determinants and putative adhesins (Holden et al., 

2004). 

Pathogenicity islands (PIS) are virulence genes found in large contiguous groups and 

TTSSs have been associated with these. TTSSs are made up of a number of proteins 

homologous with components of flagellum-specific export apparatus and are 

involved in delivering virulence factors directly to host cells, with secretion being 

triggered by a pathogen coming in close contact with host cells (Mecsas and Strauss, 
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1996).  A TTSS gene cluster has been identified on B. pseudomallei (Winstanley et

al., 1999) and been found to be typically absent in the avirulent variant

B. thailandensis (Winstanley and Hart, 2000).

Conserved TTSSs are common in bacterial pathogens of plants and animals (Keen et

al., 2000).  Examples of bacteria using TTSSs include Yersinia enterocolitica which

contains a plasmid encoded TTSS (Michiels and Cornelis, 1991),  P. aeruginosa

which translocates several toxins including an ADP- ribosylating exotoxin (ExoS)

(Yahr et al., 1996; Rietsch et al., 2004) and  Salmonella enterica which encodes two

separate TTSSs (SPI1 and SPI2).  SopE is one of the proteins translocated by SPI1

and is found on a prophage distant from the TTSS PI, as are several other effector

proteins.  It has also been suggested that the TTSS was itself acquired through

horizontal gene transfer at some previous time (Mecsas and Strauss, 1996; Yahr et

al., 1996; Hardt et al., 1998; Mirold et al., 1999; Mirold et al., 2001).  It is possible

that some of the virulence factors translocated by the TTSS of B. pseudomallei could

also be bacteriophage encoded.

An exotoxin of B. pseudomallei has been identified to be ADP-ribosylating

(Mohamed et al., 1989a; Mohamed et al., 1989b).  ADP-ribosylating toxins in some

other bacteria such as the diphtheria toxin in Corynebacterium diphtheriae,

mentioned previously (Freeman, 1951; Collier and Kandel, 1971; Laird and Groman,

1976a; Laird and Groman, 1976b), the C3 toxin of Clostridium botulinum (Eklund et

al., 1971; Popoff et al., 1990) and the cholera toxin of Vibrio cholerae (Trepel et al.,

1977; Waldor and Mekalanos, 1996) are known to be bacteriophage mediated. 

Bacteriophage T4 (family Myoviridae) has also been shown to code three ADP-

ribosylating activities (Wilkens et al., 1997; Depping et al., 2005).  It would not be

unusual for the ADP-ribosylating exotoxin of B. pseudomallei to also be

bacteriophage encoded.

In some bacteria, cell surface proteins used for adhesion to host cells have been

identified as being similar to bacteriophage coat and capsid proteins.  In V. cholerae,

it has been reported that the toxin co-regulated pilus which plays a role in host
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colonisation is encoded on the putative cryptic bacteriophage VPIM (Karaolis et al.,

1999).  In Streptococcus mitis, platelet binding is promoted by two large cell surface

proteins encoded on bacteriophage SM1 (Bensing et al., 2001).  As noted previously,

there are several cell surface related potential virulence determinants present in B.

pseudomallei, some of which may be bacteriophage encoded.

2.13 An Isolate of Interest

The NAFC isolate used in this study was developed by serial plating NCTC 13178 on

nutrient agar containing 0.1% ferric citrate in a successful attempt to attenuate

virulence (Ulett et al., 2001).  There was also a distinct alteration in colony

morphology coinciding with attenuation in virulence and an increase in agar pH was

observed.  Ulett et al. (2001) concluded that the attenuation of virulence was

dependant on iron availability, although other isolates tested using this method did

not result in attenuation or changes in colony morphology.  Also, attempts to

upregulate virulence by removal of ferric citrate and by passage through mice were

unsuccessful.  Haemolysin activity, a known virulence factor which can be regulated

by iron (Dai et al., 1992), was shown to be reduced on sheep blood agar (SBA) in the

case of NAFC.  There was no discussion by Ulett et al. (2001) of why the changes

that produced NAFC were not reversible as would be expected when changes were

initiated by regulation of expression.   One hypothesis would be that mutations to a

bacteriophage have caused these changes and addition of unmutated bacteriophage to

the bacteria could restore lost function.

It is possible that during the serial passage on iron rich medium, the removal of

selective pressure to maintain iron regulation meant mutations (for iron regulation) to

the genome were not selected out.  These alterations may have been due to one or

more base mutations (Lawrence and Roth, 1996), resulting in either loss of a

regulatory or structural gene or group of genes.  It should also be noted that some

bacteria contain prophage deletion processes that clear bacteria of non-essential DNA

(Boyd and Brussow, 2002).  Such changes cannot be reversed merely because

selective pressure has recommenced.  Another possibility is that a second

bacteriophage has infected the bacteria and has entered at a site that disrupts iron
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regulation similar to the way serotype F bacteriophage disrupts $-lysin production in

S. aureus (Coleman et al., 1989). 

Also of note, was the striking alteration of colony morphology.  This could also be

caused by mutations which affect colonial morphology.  As has been noted

previously (Eklund et al., 1976; Kuo et al., 2000; Webb et al., 2004), bacteriophage

can affect colony morphology of its host and changes in the bacteriophage could

hence cause further alteration or a loss of the original alteration. 

2.14 Bacteriophage Infection of B. pseudomallei

In 1956, Leclerc and Sureau collected bacteriophage from the waters around Saigon

and Hanoi that were capable of lysing B. pseudomallei, indicating the presence of

B. pseudomallei in the waters (Leclerc and Sureau, 1956).  B. pseudomallei isolates

were found to be variably sensitive to the bacteriophage, which specifically lysed

B. pseudomallei.  In later work (Denisov and Kapliev, 1991; Denisov and Kapliev,

1995), bacteriophage were extracted from B. pseudomallei with the aid of

chloroform.  In these cases, B. pseudomallei isolates were also found to be variably

sensitive to the bacteriophage extracted.  Most B. pseudomallei isolates examined

were found to be lysogens and some were found to be polylysogenic.  That is, they

produced more than one bacteriophage (Denisov and Kapliev, 1991).  The

bacteriophage extracted from B. pseudomallei were found to belong to the

Myoviridae and Syphoviridae families (Denisov and Kapliev, 1995).  Family

Syphoviridae bacteriophage have also been identified in the closely related bacterium

Burkholderia thailandensis (Woods et al., 2002).   Examination of B. pseudomallei

genomes by subtractive hybridisation (DeShazer, 2004) has identified the presence of

a prophage in B. pseudomallei isolate 1026b, which could also be spontaneously

induced and was of the family Syphoviridae.  Complete sequencing of the genome of 

B. pseudomallei K96243 (Holden et al., 2004) identified genomic islands indicative

of horizontal transfer, at least three of which appeared to be prophages.  One of these

(MK96243; also known as genomic island two)  was successfully induced and found

to belong to the family Myoviridae.
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Smith and Cherry (1957) determined that Burkholderia mallei is sensitive to

B. pseudomallei bacteriophage and this has been used by others as a host for

B. pseudomallei bacteriophage (Denisov and Kapliev, 1991; DeShazer, 2004)  and

for identification of B. mallei using bacteriophage (Woods et al., 2002).  The use of

B. mallei in this fashion has risks as it has resulted in laboratory acquired infections

(Srinivasan et al., 2001) producing the life threatening disease glanders.

2.15 Conclusions

In summary, bacteriophage are widespread in many environments on Earth and play

roles in bacterial ecologies and pathogenesis.  They have been used in developing an

understanding of molecular biology, as molecular tools and to treat bacterial diseases. 

The human pathogen B. pseudomallei carries virulence factors which in some other

organisms are encoded on bacteriophage.  Isolates of B. pseudomallei have been

identified as lysogens and bacteriophage may also play a role in virulence in this

organism.  
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CHAPTER 3

GENERAL MATERIALS AND METHODS

3.1 Bacteria

3.1.1 Isolate origins and identification

Bacteria used in this work were sourced from the James Cook University (JCU)

Microbiology bacterial collection and from samples collected in Papua New Guinea

by Dr Jeffrey Warner from Microbiology and Immunology, JCU.  The JCU

Microbiology collection includes isolates collected from local soil, the Department of

Pathology, Townsville General Hospital, and The Menzies School of Health

Research, Royal Darwin Hospital, Darwin.  Identity of the isolates was previously

confirmed by colonial morphology on Ashdown agar and API20NE (bioMerieux, La

Balme, France).

3.1.2 Stock suspensions

Stock suspensions of B. pseudomallei were prepared by inoculating single colonies

from Ashdown agar (appendix 1) into ten ml of brain-heart infusion broth (BHIB) 

(Appendix 1) and incubating at 37°C for 18 hours in an orbital shaker (100rpm;

Orbital Mixer Incubator, Ratek, Australia).  Following incubation, the suspension

was made to 10% glycerol (v/v) and one ml aliquots were frozen at -70°C until used. 

When required, aliquots were thawed at room temperature.

3.1.3 Quantitation of bacteria

Bacterial concentration in suspension was determined using a variation on a Miles-

Misra assay (Miles et al., 1938; Slack and Wheldon, 1978) in which serial ten fold

dilutions of bacterial suspensions in phosphate buffered saline (PBS) (Appendix 1)

were carried out and 20:l of each dilution aliquoted and spread onto sheep blood

agar (SBA) in triplicate (Appendix 1).  The plates were allowed to dry and then

incubated at 37°C for 24-48 hours and colony number in the lowest measurable

dilution recorded.  The following equation was used to determine bacterial

concentration.
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cfu/ml = average colony count × 50 × reciprocal of dilution

for example; an average colony count of 24 colonies at a 10 - 4 dilution would be

1.2 ×107 cfu/ml = 24 × 50 × 104

3.1.4 Production of competent cells

Single colonies of JM109 (Promega, USA) or XL1-Blue MRF (Stratagene, USA)

E. coli from an overnight incubation on Luria-Bertani (LB) agar were inoculated in

2.5ml LB broth and incubated overnight at 37°C with shaking at 130rpm (Sepatech

suprafuge, Heraeus, Germany).  The broth was then added to 250ml LB in a one litre

conical flask and incubated for one to five hours at 37°C with shaking at 130rpm or

until the optical density at 600nm (O.D.600nm) was between 0.4 and 0.6.  The broth

was centrifuged at 4°C for ten minutes at 4500g.  The supernatant was discarded and

the pellet resuspended in 2.5ml of ice cold 0.1M calcium chloride (CaCl2) (Appendix

1).  This was chilled on ice for 30 minutes and the solution centrifuged at 4°C for

five minutes at 4000g.  The supernatant was discarded and the pellet resuspended

again in 2.5ml of ice cold 0.1M CaCl2.  To this, 375µl of 50% glycerol was added

and the solution stirred gently with a pipette prior to dispensing into 200µl aliquots in

screw capped microfuge tubes with o-rings (Quantum Scientific, Australia).  These

were then snap frozen in liquid nitrogen and stored at -80°C until required.  Typically

cells produced by this method had a cloning efficiency of 105 cfu/µg of DNA.

3.2 DNA Preparation

3.2.1 Genomic DNA extraction

All genomic DNA extractions were from fresh overnight broths of bacteria. 

Genomic DNA was extracted using either a commercial kit (Genomic Tip 100/G,

Qiagen), following the kit protocol or extracted based on the method of purification

of DNA from aqueous solutions in Short Protocols in Molecular Biology by Ausubel

(1992).  In detail the latter method is as follows (all media preparations are detailed

in Appendix 1):

The bacteria of interest was streaked on Ashdown agar and incubated at 37°C for two

days.  Five ml of tryptone soya broth (TSB) was inoculated with a single colony and
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incubated with shaking for two days (37°C, 100rpm).  This culture was aliquoted

(1.5ml) into microfuge tubes (Sarstedt; Germany) and pelletted (13000g, two

minutes, Universal 16R centrifuge, Hettich, Germany).  The supernatant was

removed and each pellet resuspended in 567µl of Tris-EDTA (TE) buffer.  Thirty µl

of 10% sodium dodecyl sulphate (SDS) and three µl of 20mg/ml proteinase K

(Sigma) were added and the solution mixed and then incubated (37°C/one hour).  At

this time 100µl of five molar sodium chloride (NaCl) and 80µl CTAB/NaCl solution

were added.  The solution was mixed and incubated for ten minutes at 65°C and then

cooled to room temperature.  Ribonuclease A was then added to a final concentration

of ten µg/ml and the solution incubated for one hour.  After incubation, an equal

volume of chloroform/isoamyl alcohol (24:1) (Sigma) was added and the mixture

vortexed for 30 seconds, followed by centrifugation for five minutes.  The upper

aqueous phase was removed and transferred to a fresh tube with an equal volume of

phenol:chloroform:isoamyl alcohol (25:24:1) added.  This was vortexed and

centrifuged as above and the supernatant removed and transferred to a fresh tube. 

Isopropanol was added (0.6 volumes based on supernatant volume) and the solution

mixed gently before freezing at -70°C for one hour to facilitate precipitation.  The

solution was thawed, centrifuged (10 000g / five minutes) and the supernatant

removed.  The pellet was washed with 70% ethanol (Sigma, Australia) and then with

95% ethanol.  The pellet was dried at 37°C and resuspended in 100µl of TE buffer.

3.2.2 Ethanol precipitation

An alternative to the addition of isopropanol for precipitation of DNA is that of

ethanol precipitation.  This was used when bacteriophage DNA was extracted and

can be described as follows;

One tenth of a volume of sodium acetate (10% solution, pH5.2) was added to the

aqueous solution of DNA (one volume - typically up to 700µl) and the solution was

inverted to mix.  To precipitate the DNA 1.1 volumes of 95% ethanol was added.  

The DNA was pelleted at 20 000g for 30 minutes at 4°C (Sepatech suprafuge,

Heraeus, Germany) and then washed with 70% ethanol and pelleted again (15

minutes, 20 000g, 4°C).  The ethanol was removed and the pellet dried for 30
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minutes in a vacuum drier at 32°C (Centrivap Concentrator; Labconco).  This dried

DNA sample was made up in an appropriate buffer such as sterile distilled water, Tris

buffer or TE buffer and stored at -20°C until required.

3.2.3 Ligation and transformation

3.2.3.1 Preparation of vectors

Plasmid DNA was digested with the desired restriction endonuclease (Promega)

according to manufacturer’s instructions with the exception that the digestion was

scaled up to ten :g of DNA in a total of 100:l of digestion mix and digestion was

carried out for 1.5 hours.  For each ten µg of plasmid DNA digested in a total volume

of 100µl, ten µl of 200mM ethylenediaminetetraacetic acid (EDTA) was added to

stop the restriction endonuclease reaction.  Then 20µl of ten mM tris.HCl pH8.3,

15µl of 10x calf intestinal alkaline phosphatase (CIAP) buffer (Promega) and 6.8µl

of 0.01Units/µl of CIAP (Promega) was added.  This amount of CIAP equates to

sufficient for 6.8 pmol of ends, with the pmol of ends required calculated as shown in 

the following equation.

pmol required = µg of plasmid x 3.03

   size of plasmid in kb

The reaction was digested at 37°C for 30 minutes and a second 6.8µl aliquot of CIAP

was added.  The sample was digested for another 30 minutes at 37°C and

immediately cleaned up using a DNA clean up kit (Wizard® SV Gel and PCR Clean-

Up System) with elution into 100µl of ten mM Tris.HCl or deionised water.  

O.D.260/280nm was determined as per Section 3.2.5 and the sample was stored at -20°C

until required.  Typically 50% of DNA was lost during this method. 

3.2.3.2 Ligation

Ligations of PCR products were carried out using either the pGEM®-T Vector System

(Promega) or  T&A Cloning Vector Kit (RBC, Taiwan) according to the

manufacturer’s instructions.  Ligations of cut DNA with restriction endonuclease

were carried out as described below; 
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The amount, in nanograms, of the insert to be added to 50 or 100ng of restriction cut,

dephosphorylated plasmid was calculated as follows

(ng vector)    x   (kb insert)    x    (insert:vector ratio)  = ng insert

(kb vector)

e.g.     When using 100ng of a 4.5kb plasmid and a 0.7kb insert, with a 3:1 insert to   

vector ratio        

     

                         100 x 0.7 x 3  = 47ng of insert

                  4.5

Ligations were carried out overnight at 4°C in a total volume of 10µl.   T4 DNA

ligase buffer and T4 DNA ligase were sourced from Promega.  Controls were

included to test the quality of the reagents.  An example of ligation ingredients is

shown in Table 3.1.

Table 3.1 Example of ligation experiment, including sample and two controls.  The
Dephosphorylation control tests the efficacy of the dephosphorylation step.  The
insert control tests that the insert will not self ligate and be transformed.  The total
volume of each reaction is ten :l

Sample 3:1
insert to vector
ratio (:l)

Control:
Dephosphorylation
(:l)

Control:
insert
(:l)

plasmid (100ng/:l) 1 1

insert ( 700bp @ 47ng/µl) 1 1

T4 DNA ligase 
(3 Weiss units/:l)

1 1 1

10x Ligase buffer 1 1 1

dd H2O 6 7 7

3.2.3.3 Transformation

After overnight incubation, transformation was carried out with either commercial

competent cells using the manufacturer’s instruction or with in house produced

competent cells (Section 3.1.4).  In the case of in house competent cell use, 2ul of
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ligation mix was added to chilled 500ul thin walled microfuge tubes on ice. 

Competent cells were thawed on ice for about 5 minutes and flicked with a finger to

mix.  One hundred microlitres of cells were added to the chilled ligation mix (two :l)

using a chilled pipette tip, this was flicked to mix, then stored on ice for 20 minutes. 

The tubes were heat shocked for 45-50 seconds at 42oC , then stored on ice for two

minutes.  Three hundred µl of room temperature SOC medium (Appendix 1) was

added and the total volume removed and placed in a 1.5ml microfuge tube with

600µl additional SOC medium.  This was incubated for 1.5hrs at 37oC, with shaking

at 100rpm.  One hundred microlitres of the broth was then plated on LB agar plates

containing 80µg/ml of 5-bromo-4-chloro-3-indolyl-$-D-galactopyranoside (X-Gal)

(Astral; Australia), appropriate antibiotics, according to the plasmid used, and surface

plated with 20µl of 500mM isopropyl-$-D-thiogalactopyranoside (IPTG) (Astral,

Australia).  These were incubated at 37°C overnight then placed at 4°C for one hour

to enhance any blue colouration.  White colonies were selected for the purpose of

growth in LB broth with appropriate antibiotics present and plasmid extraction. 

3.2.4 Plasmid DNA extraction

Plasmids were extracted from fresh overnight broths of bacteria in LB medium

(Appendix 1) containing the relevant antibiotic at the appropriate concentration for

the plasmid in question (Table 3.2).  Plasmid DNA was extracted using one of the

following commercial kits; Wizard® Plus SV Minipreps DNA Purification System

(Promega), FastPlasmid™ Mini (Eppendorf, Germany) or HiYield™ Plasmid Mini

Kit (RBC, Taiwan), in accordance with the manufacturer’s instructions.

Table 3.2 Plasmids used and antibiotic added to agar plates and liquid media   

Plasmid Antibiotic

pBK-CMV (Stratagene, USA ) kanamycin ( LB with 0.5% NaCl - 25µg/ml
                     LB with 1.0% NaCl - 50µg/ml )

pGEM-T (Promega, USA) ampicillin (100µg/ml)

T&A cloning vector (RBC,
Taiwan)

ampicillin (50µg/ml)
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3.2.5 Determination of DNA concentration

The concentration of DNA was determined by absorbance of light at 260nm

(O.D.260nm), using a UV mini 1240 spectrophotometer (Shimadzu, Japan) or

BioPhotometer (Eppendorf, Germany), where one unit of absorbance is equivalent to

a double stranded DNA (dsDNA) concentration of 50:g/ml.  The purity of the

dsDNA was determined by comparison of the O.D.260nm and O.D.280nm, where a result

of 1.8 for O.D.260nm/O.D.280nm is indicative of pure DNA.  Lower readings indicate

protein contamination and higher readings indicate RNA contamination (Sambrook

and Russell, 2001).

3.2.6 Polymerase chain reaction (PCR)

3.2.6.1 General apparatus

All PCR reactions were carried out in either a PTC-100™ (MJ Research Inc.,

Massachusetts, USA) or a Mastercycler® gradient (Eppendorf, Hamburg, Germany)

thermocycler using 200:l thin walled PCR reaction tubes (Pathtec, Australia). 

General reagents used included molecular biology grade water (Sigma, Australia),

5U/µl Taq DNA polymerase (recombinant), 10x PCR Buffer with ammonium

sulphate ((NH4)2SO4) and 25mM magnesium chloride (MgCl2) (MBI Fermentas,

Germany), 10mM PCR nucleotide mix (dNTP) (Promega) and 0.05µmole lyophilised

custom primers (Sigma-Genosys, Australia).  Custom primers were made up to

100pmol/µl (100µM) using the protocol described in Section 3.2.8.

3.2.6.2 PCR reagents

Initial PCR reactions were carried out using a standard set of reagent concentrations

with optimisation of each reaction being done separately.  A master mix was prepared

using reagents in the concentrations shown in Table 3.3, to a final volume of 50:l per

tube. 
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Table 3.3 General reagents used in PCR reactions

Reagent Concentration or Volume

molecular biology grade water to 50:l

Reaction buffer  (10x) 5:l

MgCl2  (25mM) variable (generally 2-3mM)

dNTP  (10mM) 200:M each

Primers  (100pmol/µl) 1:M each

Recombinant Taq DNA polymerase  (5U/µl) 1.5:l

Template DNA 10-30ng

3.2.6.3 Cycling parameters

The cycling parameters used for each PCR reaction varied depending on the melting

temperature (Tm) of the primers being used and the length of the expected amplicon. 

Listed below is a general overview with specific sets of cycling conditions given in

detail in appropriate chapters. 

• Denaturation at 94°C for ten minutes
• 36 cycles of;

1. denaturing at 94°C for one minute
2. annealing of primers at 55 – 60°C  for 45-60 seconds
3. extension at 72°C for 1-3.5 minutes (~1 minute/1000bp of product)

• extension at 72°C for four minutes
• storage at 15°C in the thermocycler until removed and stored at 4°C prior to

further processing.

3.2.7 Agarose gel electrophoresis

PCR products were visualised using agarose gel containing 0.5:g/ml ethidium

bromide.  Gels were between 0.8% and 2% agarose (Progen molecular biology grade

agarose) (W/V) in Tris acetate (TAE) buffer (Appendix 1) depending on the size of

the DNA product.  Smaller products (<1000bp) were run on 2% gels of 100ml

volume (Liberty 1 tank, Fisher Biotec, Australia) at 200V.  Larger products were

visualised using 0.8% agarose gels of 150ml volume (HU13 Tank, Scie-Plas, Crown

Scientific, Australia) at 90V.

Ten :l of PCR product was added to two :l of 6x loading dye (Appendix 1) and

placed into preformed wells in the agarose gels.
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Fluorescent signals from ethidium bromide intercalated in DNA bands under UV

light were visualised and captured using GelDoc 1000 (Biorad, Australia) and

GeneSnap v.4.00.00 (Syngene, Synoptics, England) respectively.  The size of DNA

products was estimated empirically by comparison of migration distances from the

loading well of DNA and molecular weight marker (GeneRuler™ 1kb DNA ladder,

Fermentas, Germany, 1kb DNA Ladder, Promega, Australia or 1kb Plus DNA

Ladder™ , Life Technologies Australia) using GeneTools v.3.00.22 (Syngene,

Synoptics, England).

3.2.8 Primer design

Primers were designed using the program Oligo v.6.65 (Molecular Biology Insights

Inc., USA).  Sequence data was loaded into the program and primers were designed

under high stringency with a length of 18-21 bases.  Primers were selected in

accordance with the noted criteria:

1. False priming site efficiency must be less than 25% of correct priming site

efficiency.

2. There must be no hairpins consisting of three or more base pair stems.

3. Primers must not form strong or 3' terminal duplexes with themselves or each

other.

If primers were to be used for sequencing, sequencing primers rather than compatible 

pairs were selected in the Oligo “search for primers and probes” selection screen.  All

primers (Genosis, Sigma, Australia) were supplied lyophilised in quantities of at least

0.05:mole.  They were reconstituted to a final concentration of 100pmol/:l using

molecular biology grade water before storage at -20°C.  The reconstitution protocol is

described below;

The tube containing lyophilised primer was briefly centrifuged by pulsing.  The

volume of water added was ten fold the nmols of DNA present in the tube.  For

example, 125nmol would have 1250:l of water added.  The nmol information was

provided on the Sigma data sheet.  The water was added and the tube inverted several
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times.  The tube was allowed to stand for two minutes before being pulsed down

briefly.  The inversion, standing and pulsing down was repeated twice.

3.2.9 Sequencing

All sequencing of plasmid inserts was carried out at either James Cook University

(see below), or Macrogen (Korea).  Samples sent to Macrogen were in the form of

plasmids with inserts at a concentration of 50ng/:l or more.  Sequencing at JCU was

done as follows; sequencing PCRs were carried out in a Mastercycler® thermocycler

using 200:l thin walled PCR reaction tubes containing 20:l of of reagents (Table

3.4).  The cycling parameters were 34 cycles of;  95°C for 20 seconds, 50°C for 15

seconds, 60°C for one minute and 20 seconds, followed by storage at 10°C in the

thermocycler until removed and processed for sequencing.

All primers were synthesised by Sigma Aldrich, Australia.  An Amersham

DYEnamic ET Teminator Cycle Sequencing Kit (Amersham Biosciences, NSW,

Australia) was used as described in Table 3.4.  Post PCR clean-up was carried out

using AutoSeq™ G-50 columns (Amersham Biosciences, NSW, Australia) according

to the manufacturer’s instructions.  Reactions were analysed at the Genetic Analysis

Facility (GAF) at James Cook University, Townsville, QLD, Australia, using a

Beckman CEQ 2000 DNA Analysis System or an Amersham Biosciences

MegaBASE 1000.  Sequence data was cleaned and analysed using Sequencher™

(Gene Codes Corporation, Ann Arbor, MI, USA) and any vector or primer sequences

were removed. 
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Table 3.4 Reagents used in sequencing PCR.  Volumes are described for a total
volume of 20:l.  Reagents with an asterix were supplied with the DYEnamic ET
Teminator Cycle Sequencing Kit.  The primer used for the sample mix were for the
primer sites present on the plasmid.   

Reagent Sample mix volumes or
concentrations

Control mix volumes or
concentrations

DYEnamic ET
Teminator master mix

8:l* 8:l*

Primer ~5pmol 4:l control DNA*

DNA 400-600ng plasmid DNA 1:l M13mp8 control DNA*

water to 20:l 7:l

3.3 Experimental Animals

Mice were purchased from the Small Animal Breeding Unit, School of Veterinary

and Biomedical Sciences, JCU, Townsville.  Experimental animals were aged 8-16

weeks and were housed in wire-topped, plastic boxes containing wood shavings as

bedding.  Males and females were used at a ratio as close to 1:1 as possible.  Animals

were maintained in an air-conditioned negative pressure isolation unit, fed protein

enriched pellets and drinking water was provided ad libitum.  Experimental animals

were monitored daily and bedding was changed as required.  Where possible, all

experimental procedures were performed in a class II biological safety cabinet

(Gelman Sciences, Australia).  Bacterial manipulations were performed in the PC3

laboratory of JCU.  Ethics approval for animal experimentation was granted under

the approval numbers A526 and A978.

3.3.1 Determination of ID50

Calculations of 50% endpoints of infectious dose (ID50) of B. pseudomallei isolates in

BALB/c mice were made using the procedure outlined by Ulett (1996) (Appendix 4)

based on the earlier paper by Reed and Meunch (1938). 
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CHAPTER 4

IDENTIFICATION, EXTRACTION AND PROPAGATION OF

BACTERIOPHAGE

4.1 Introduction

Many bacteria are, or can be, infected by bacteriophage.  One study has estimated that

up to 17% of all marine bacteria are infected by bacteriophage, whether lytic

(virulent) or temperate (Suttle, 1994).  Another more recent study showed over 40%

of marine bacterial isolates carried inducible temperate bacteriophage (Jiang and

Paul, 1998).  As bacteriophage are common, they may be playing a large role in the

survival of bacteria.

In many cases, the bacteriophage have been found to encode genes which give the

bacteria a survival advantage or increased virulence (Uchida et al., 1971; Scotland et

al., 1983; Smith et al., 1983; Gertman et al., 1986; Hayashi et al., 1993; Hardt et al.,

1998; Mirold et al., 1999; Mirold et al., 2001; Strauch et al., 2001; Williams et al.,

2002).  Bacteriophage, or proteins produced by them, are being examined for their

use in clinical treatment (Nelson et al., 2001; Schuch et al., 2002) or food processing

(Shearman et al., 1994; de Ruyter et al., 1997; Yoon et al., 2001; Randerson, 2003). 

Bacteriophage of the families Myoviridae and Siphoviridae have been previously

identified in B. pseudomallei (Denisov and Kapliev, 1995) but, with the exception of

a bacteriophage of the family Siphoviridae carried by the related bacterium

Burkholderia thailandensis (Woods et al., 2002), little more has been reported on the

characterisation of bacteriophage from B. pseudomallei.

To examine bacteriophage from B. pseudomallei for both bactericidal and virulent

properties, lysogens must first be identified, the bacteriophage extracted and

concentrated or amplified as required, and the DNA extracted.

Traditional methods of screening and amplifying B. pseudomallei for bacteriophage

(typically spontaneously produced bacteriophage) involve the use of B. mallei as a

sensitive host (Denisov and Kapliev, 1991; Denisov and Kapliev, 1995; Woods et al.,

2002).  Burkholderia mallei is highly infectious to humans, causing a life threatening
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disease (Smith, 1957) and has been known to cause infections via laboratory

contamination (Howe and Miller, 1947; Srinivasan et al., 2001).  As such, alternative

methods of screening for bacteriophage and amplification are desirable.

The earliest identification of bacteriophage infecting B. pseudomallei involved the

plating of water samples potentially carrying bacteriophage onto plates spread with a

typical B. pseudomallei isolate.  This protocol was carried out for several months on

many water samples before plaques were noted.  Numerous passages of the

bacteriophage on this isolate of B. pseudomallei were required before sufficient

amplification occurred to cause confluent lysis on a plate of B. pseudomallei.  In

addition, several isolated bacteriophage showed variation in plaque formation when

tested against other isolates of B. pseudomallei (Leclerc and Sureau, 1956).

The basic method for detecting the presence of bacteriophage involves lysis of a host

or sensitive strain of bacteria leading to a drop in optical density of a broth, or

formation of plaques on a plate (Billing, 1969).  For this to be observed in lysogenic

systems, lysis may need to be triggered, usually by exposure to ultraviolet light or

addition of mitomycin C.  Mitomycin C has strong bactericidal effect against both

Gram positive and Gram negative cells.  It functions by inhibiting DNA synthesis by

reacting covalently with DNA to form cross links between complementary strands

(Ueda and Komano, 1984).  This activates DNA repair mechanisms, including the

RecA protein which cleaves a repressor and induces prophage (bacteriophage

existing as DNA encoded within the bacterial genome) to enter the lytic cycle

(Weinbauer and Suttle, 1996).  Ultraviolet radiation at 254nm (UV-C) damages

DNA.  Similar to the mitomycin C assay, it triggers DNA repair mechanisms such as

RecA (Kidambi et al., 1996) and has previously been used to trigger a lytic

bacteriophage cycle (Loessner et al., 1991; Kidambi et al., 1996; Weinbauer and

Suttle, 1996; Woods et al., 2002).  In these studies, incubation times between

exposure and harvesting of bacteriophage have varied from between 15 minutes to 50

hours (Jacob and Fuerst, 1958; Hooper et al., 1981; Loessner et al., 1991; Weinbauer

and Suttle, 1996). 
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Lysogenic systems typically produce lower levels of bacteriophage than lytic systems

and amplification of yield may be required to aid identification.  While lysogenic

cultures always contain some free bacteriophage produced by spontaneous lysis of an

occasional cell, propagation of large amounts of bacteriophage requires induction

under precise conditions, such as the addition of mitomycin C.  If conditions of this

assay are not ideal for the individual system, yield may not be optimal (Douglas,

1975).  This, combined with the fact that mitomycin C is a highly toxic chemical,

indicates that alternative means of producing bacteriophage are desirable.  It has been

noted that temperate bacteriophage can cause spontaneous plaque formation on host

strains of bacteria.  A system involving infection into a host in which the

bacteriophage spontaneously enters the lytic lifecycle at a greater rate, will result in

higher yields without the use of toxic chemicals.

There are several variations on the method for screening for the presence of

bacteriophage.  These include use of bacterial broth for amplification prior to plating,

as noted above, and plating onto a soft agar overlay of host bacteria, or directly onto

host bacteria without soft agar (Billing, 1969).  These methods can be examined and

optimised to develop an overall system of identification and extraction of

B. pseudomallei bacteriophage, for use in downstream applications.  These

applications include genetic analysis and infection of isolates of B. pseudomallei for

virulence studies.  The described downstream applications require either sufficient

quantities of viable bacteriophage, or purified, unsheared DNA.  This chapter details

the optimisation of methods to produce these objectives.

4.2 Materials and Methods

4.2.1 Identification of bacteriophage-bearing bacteria

4.2.1.1 Isolate selection by cross-spotting

Fifty B. pseudomallei isolates were selected from the JCU collection, including soil

and clinical samples sourced from Australia and Papua New Guinea.  Bacteria were

cultured on an Ashdown agar plate for 48 hours (Appendix 1) and subcultured into

10ml LB medium (Appendix 1), which was incubated at 37°C in an orbital shaker

(100rpm; Ratek Orbital Mixer Incubator) overnight.  A one ml aliquot was removed
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and centrifuged to pellet the bacteria (20 000g for five minutes; Hettich Universal

16R centrifuge, fixed angle rotor 1614; HD Scientific). The supernatants were

collected and used to spot onto plates of isolates as described.  One ml of broth of

each isolate was spread plated on two LB agar plates (Appendix 1) with excess broth

being removed and the plate dried at room temperature for 30 minutes.

Before each use, the applicator was dipped in 70% ethanol and flamed to sterilise it.  

Supernatants were spotted on each plate using a handmade applicator which was

dipped in a microfuge tube holding supernatant, then touched to the plate and held

there for five seconds.  Supernatant which had attached to the surface of the

applicator ran onto the plate and produced a spot.  Twenty-six supernatants could be

spotted on each plate by this method, requiring only two plates of each isolate to test

all other 49 isolates.  Plates were allowed to dry and placed in a 37°C incubator

overnight.  Spot-plate interactions were examined and scored by the following

method; 0 = no clearing, 1 = thinning in region of spot, 2 = complete clearing in

region of spot, 3 = possible plaque, 4 = clearly defined plaques. 

4.2.1.2 Analysis of isolates

Bacterial isolates were screened for the presence of bacteriophage using a mitomycin

C assay (Oakey and Owens, 2000).  In this assay bacteria were cultured on an

Ashdown agar plate for 48 hours and subcultured into 100ml LB medium.  This was

incubated at 37°C in an orbital shaker (100rpm) until an O.D.600nm of approximately

0.2 was reached (Pharmacia LBK Ultrospec3 UV/VIS spectrophotometer).  This

broth was then aliquoted into 10ml solutions (three replicates each for control and

induced sample were included).  Induced samples had mitomycin C (Sigma-Aldrich,

Castle Hill, NSW, Australia) added to a final concentration of 100ng/ml.  When this

concentration proved excessive or insufficient, the dose was altered as appropriate to

between 20ng/ml and 500ng/ml.  The broths were then placed back in the orbital

shaker and O.D.600nm readings were taken at two hour intervals for a period of 14

hours then eight hourly for a total period of 30 hours and the optical data was plotted

(Figure 4.1) .  Cell lysis, as indicated by a relative decrease in O.D.600nm of the

induced sample as compared with the untreated control, was presumptive prophage. 
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Bacteria found to be resistant to mitomycin C as well as bacteria found to contain

inducable prophage by mitomycin C treatment were cultured on Ashdown agar plates

and subcultured into LB broth as above.  These were incubated at 37°C in an orbital

shaker (100rpm) until an O.D.600nm of about 0.2 was reached.  This broth was then

aliquoted into triplicate control and induced samples of ten ml each.  Induced samples

were placed in Petri dishes and exposed to UV-C (Biorad GS Gene linker) for 1, 2.5,

5, 7.5 and 10 minutes.  One minute of UV exposure equated to an exposure of

281mJ.  After this time, samples were transferred back into universal bottles and

reincubated with protection from light.  O.D.600nm readings were taken hourly for

seven hours then three hourly until 17 hours and then again at about 24 hours.  The

optical data was then plotted (Figure 4.2).  Cell lysis, as indicated by a relative

decrease in O.D.600nm of the induced samples as compared with the untreated controls

and was presumptive prophage.

Confirmation of presumptive bacteriophage was carried out after extraction and

concentration of bacteriophage.  Three methods were used for this confirmation:

Observation with T.E.M. (Section 4.2.7).  Observation of plaque forming units

present after aliquoting extracted bacteriophage onto a propagating strain (Section

4.2.2.1).  Lastly, observation of a bacteriophage DNA restriction enzyme digestion

pattern using gel electrophoresis (Section 4.2.3.1).

4.2.2 Extraction of bacteriophage

4.2.2.1 Induction of bacteriophage production

Bacterial broths were grown to an O.D.600nm of approximately 0.2 using conditions as

for the mitomycin C assay (Section 4.2.1).  These samples had mitomycin C added to

a final concentration of between 20ng/ml and 100ng/ml depending on sensitivity of

individual isolates.  These were further incubated until the maximum reduction in

O.D. occurred as previously determined or for 18 hours.  At this time the broths were

centrifuged for ten minutes at 6250g at 4°C (Hettich Universal 16R centrifuge, fixed

angle rotor 1620A; HD Scientific).  The supernatant was decanted and filtered
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through 0.45:m syringe filters (Sarstedt; Germany).  This bacterially sterile solution

(phage filtrate) was then stored at 4°C.

4.2.2.2 Concentration techniques

Five methods were tested for concentration of phage filtrate (Section 4.2.2.1).  In

each method, yield was determined by the quantity and quality of DNA which could

be extracted from the product . 

The first method involved the use of a commercial kit for the extraction of DNA from

Lambda phage (QIAGEN Lambda Mini kit; QIAGEN).  This kit was adapted for use

with phage filtrate by starting the protocol at step two of the kit (Appendix 3).  The

kit was based on polyethylene glycol (PEG) precipitation, sodium dodecyl sulphate

(SDS) lysis and low salt binding of DNA to a resin for washing prior to high salt

elution.  This protocol included DNA extraction.  In the remaining four methods,

DNA extraction was carried out on the product (filtrate concentrate) using a phenol

chloroform extraction method described in Section 4.2.3.

The second method was a standard PEG precipitation method described by

Yamamoto et al. (1970) where 10% (w/v) PEG 6000 was added to phage filtrate and

gently mixed to dissolve.  The solution was then chilled at 4°C for at least one hour

and the precipitated particles pelleted by centrifuging at 12000g for 20 minutes at

4°C (Suprafuge 22; Heraeus Sepatech).  Pellets were resuspended in a minimal

volume of SM buffer, using a gentle washing technique with a transfer pipette

(Sarstedt; Germany).  This final volume was labelled filtrate PEG concentrate and

stored at 4°C prior to quantitation.

The third method was an adaption of a zinc chloride precipitation method described

by Su et al., (1998) in which bacteriophage was precipitated from phage filtrate by

the addition of two molar zinc chloride in a volume of one part zinc chloride to 50

parts phage filtrate.  This was incubated at 37°C for ten minutes and pelleted by

spinning at 4000g for five minutes at 20°C.  Pellets were resuspended in a minimal
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volume of SM buffer, using a gentle washing technique with a transfer pipette

(Sarstedt), labelled filtrate zinc concentrate and stored at 4°C prior to quantitation.

The fourth method was an adaptation of a magnesium hydroxide precipitation

method as originally used by Vilagines et al., (1982) as a second concentration step in

collection of bacteriophage from large volumes of water.  This protocol concentrates

bacteriophage by absorbing negatively charged virions onto a positively charged floc

of magnesium hydroxide at high pH (pH 11.5), concentrating the magnesium and

solubilising it by neutralisation of pH.  A volume of 50mM magnesium hydroxide

(typically 100ml) was precipitated by adjusting the pH to 11.5 with sodium hydroxide

and stirring for ten minutes.  The magnesium hydroxide was pelleted by

centrifugation at 2000g for five minutes at 20°C and the supernatant discarded.  An

equal volume of phage filtrate was adjusted to pH 11.5 with sodium hydroxide and

added to the magnesium hydroxide pellet which was then homogenised and

immediately pelleted again (2000g, five minutes, 20°C).  The pellet was collected,

resuspended in SM buffer to ten percent of the original volume (typically ten ml) and

the pH was adjusted to neutral with hydrochloric acid, taking care not to drop the pH

below seven.  The solution was labelled filtrate magnesium concentrate and stored at

4°C prior to quantitation

The fifth method involved ultracentrifugation of phage filtrate to pellet the

bacteriophage (Oakey and Owens, 2000).  A 100ml volume of phage filtrate was

ultracentrifuged at 200 000g for four hours (Optima L-90K ultracentrifuge, TY 50.2

Ti rotor; Beckman Coulter).  The supernatant was discarded and the pellet was

resuspended in a minimal volume of SM buffer, using a gentle washing technique

with a transfer pipette (Sarstedt; Germany).  The product (filtrate ultraconcentrate)

was stored at 4°C prior to quantitation and further processing.

4.2.2.3 Confirmation by plaque formation 

A range of B. pseudomallei isolates were selected from the JCU collection based on

data collected by cross spotting (4.2.1.1) and grown in LB media overnight at 37°C

with shaking at 100rpm.  One ml of each isolate was spread plated onto an LB plate
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and excess media removed.  The plate was allowed to dry for 30 minutes and a six µl

drop of concentrated extract (as described in Section 4.2.2.2) was spotted onto the

agar.  This drop was allowed to air dry and the plate was incubated overnight at 37°C,

after which the plate was examined for the production of plaques.  Plaque formation

in the area of the drop, with no plaque formation on the rest of the plate, was

considered confirmatory for the presence of bacteriophage.  If complete clearing

occurred, the concentrated extract was serially diluted and tested again to eliminate

the possibility of the presence of bacteriocins in the extract causing clearance.

4.2.3 Bacteriophage DNA extraction

The efficacy of two methods for the extraction of DNA from concentrated

bacteriophage samples were compared.  Firstly, a commercial kit for the extraction of

DNA from lambda phage (Nucleobond AX; Machery Nagel, Germany) was adapted

for use with concentrated bacteriophage samples by eliminating step one of the kit

(Appendix 3).  The kit was based on PEG precipitation, sodium dodecyl sulphate

(SDS) lysis and low salt binding of DNA to a resin for washing prior to high salt

elution.  This was followed by either isopropanol precipitation (kit method) or

ethanol precipitation (Section 3.2.2) and dissolution into 100µl sterile deionised

water (ddH2O).  This product was stored at -20°C.

The second method was a phenol chloroform extraction modified for bacteriophage

DNA as described by Oakey and Owens, (2000).  Modifications to increase yield

included increasing proteinase K concentration and increasing digestion time. Prior to

lysis, filtrate concentrates (PEG, zinc, magnesium and ultraconcentrate), with and

without deoxyribonuclease 1 (DNase 1; Sigma) added to a final concentration of one

:g/ml, were incubated for 30 minutes at 37°C to remove any bacterial genomic DNA. 

The DNase 1 was denatured at 75°C for ten minutes. The filtrate concentrate was

then lysed with addition of EDTA, pH 8 (final concentration 20mM), proteinase K

(final concentration 300µg/ml) and SDS (final concentration 0.5%) and incubated at

56°C for 1.5 hours in a waterbath.  Ribonuclease A was added (final concentration

10µg/ml) and the solution was incubated at room temperature for one hour, then

warmed to 56°C for 15 minutes.  The nucleic acid was purified using a standard
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phenol, phenol/chloroform and a chloroform extraction (Section 3.2.1).  The phenol

was warmed to 56°C before addition to the lysate, mixed by inversion, and incubated

at 56°C for 30 minutes prior to centrifugation.  Centrifugation was carried out at

5000g for ten minutes for each step.  Further concentration was carried out using an

ethanol precipitation (Section 3.2.2).  In both methods, nucleic acid yield was

determined by O.D.260/280nm readings and quality of the DNA was observed by using

agarose gel electrophoresis (0.8% gel, 80V, 80 minutes).

4.2.3.1 Confirmation by restriction digestion

DNA extracted from bacteriophage, (4.2.3), was digested using a standard restriction

digest assay (Sambrook and Russell, 2001) with reference to the usage information 

supplied with the relevant restriction enzymes.  Six enzymes were trialed and

selection of restriction enzyme was made on the observation of clear multiple bands 

on agarose gels.  One :g of bacteriophage DNA, as quantified by spectroscopy at

260nm, was used in each digestion.  Digestion was carried out for 1.5 hours at 37°C. 

The digestion pattern was observed on agarose gel (Genesnap; Syngene) stained with

ethidium bromide (0.5:g/ml) (Figure 4.3). 

4.2.3.2 Comparison of concentration techniques

To determine which of the five concentration methods produced the cleanest and

highest quantity of DNA, a volume of filtrate concentrate (five ml) was concentrated

and the DNA extracted into a final volume of 500µl.  The sole exception to this was

the QIAGEN method where the results were calculated by a factor to standardise the

initial and final volumes used in comparison with other methods.  In all other cases,

DNA was extracted from filtrate concentrate using the phenol chloroform method

and all DNA products were analysed by O.D.260/280nm for yield (ng/µl) and by gel

electrophoresis for purity.

4.2.4 Propagation of bacteriophage

Individual B. pseudomallei isolates which tested negative by using the mitomycin C

method (Section 4.2.1) were screened as a propagating strain for plaque formation

with the selected bacteriophage extracts.  Any isolate which permitted plaque
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formation was further tested by attempting to extract bacteriophage from the isolate

using the method described previously (Section 4.2.2).  These concentrated extracts

were further screened by plaque formation and DNA extraction and digestion

protocols (Section 4.2.3).  Isolates from which the bacteriophage extracts did not

produce plaques on any plate and which, when digested, did not produce DNA

banding on agarose were considered not to be carrying viable prophage.  A

propagating strain (#4) was selected from this group.

4.2.5 Quantitation of bacteriophage

A one ml volume of an overnight broth of the propagating strain was plated onto an

LB plate, excess broth was removed and the plate allowed to air dry for a half hour. 

The bacteriophage solution was titred by serial dilution in SM buffer (Appendix 1)

and six :l aliquots were spotted onto the LB plate.  Dilutions in initial cases were;

neat, 1:2, 1:4, 1:8 and 1:10.  After amplification of phage, dilutions were 10- fold to a

dilution of 10-9.  The six µl aliquots were allowed to air dry and the plate incubated

overnight at 37°C.  Plaques were counted on plates using the lowest dilution which

permitted reliable determination of plaque number and the plaque forming units/ml

(pfu/ml) calculated using the following equation;

plaques x 1000 x dilution =pfu/ml       Where a 1:10 000 dilution would have a 

6                dilution value of 10 000

4.2.6 Amplification and storage of bacteriophage

4.2.6.1 Plate amplification 

Initial amplification of bacteriophage was carried out by spotting serial dilutions of

the concentrated extract onto a lawn of the selected propagating strain and incubating

overnight at 37°C.  Growth from plates showing complete clearing was scraped with

a plastic loop (Sarstedt: Germany), washed with 500µl SM buffer and pipetted off the

plate.  This solution was spun briefly to remove cell debris and the supernatant

collected.  Serial dilutions of 10-1 to 10-9 were carried out and six µl aliquots were

spotted onto a propagation plate.  This protocol was repeated until the yield of phage
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no longer increased.  The resultant amplified bacteriophage was tested by DNA

extraction and digestion to confirm purity of the product.

4.2.6.2 Broth amplification 

The propagation strain was grown at 37°C in ten ml LB broth to an O.D.600nm of 0.1. 

One hundred microlitres of bacteriophage which had been plate amplified to a

concentration of at least 1x106pfu/ml (Section 4.2.6.1) was added and the level of

bacteriophage in the supernatant monitored by repeated removal of 500µl aliquots

which were spun briefly to remove cell debris and titred (Section 4.2.5).  Optimal

harvest time was determined by yield of bacteriophage.

Literature suggests that while maximum yield of bacteriophage from lytic phage

infection is gained from a 1:1 to 10:1 infection rate (pfu:cfu) (Fischetti et al., 1971;

Raina, 1981), in lysogenic systems an infection rate of less than 1:1 is required to

maximise the lytic rather than lysogenic lifecycle (Jacob and Wollman, 1959).  To

test this, a range of inocula were trialed and bacteriophage yield observed.

Harvested bacteriophage was further added to a fresh broth of propagating strain, and

the protocol was repeated until bacteriophage levels reached a level suitable for

further work, ideally causing complete clearing of the broth.  Five ml of the resultant

amplified bacteriophage was tested by DNA extraction (Section 4.2.3) and digestion

(Section 4.2.3.1) to confirm purity of the product.  The rest of the product was stored

at 4°C until required. 

4.2.7 Characterisation of bacteriophage

Classification to the family level was based on morphological characteristics

identified from transmission electron microscopy.  Virus size was also determined

through T.E.M.  A 30µl sample of filtrate ultraconcentrate (Section 4.2.2.2) was

transported on ice to the University of Queensland, Department of Microscopy and

Microanalysis for examination and analysed using a 1% ammonium molybdate stain. 

Images of any bacteriophage present were returned and analysed (see Figure 4.8).
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4.2.7.1 Determination of viral genome size

Genome size was determined by pulse field gel electrophoresis on a Biorad Chef

Mapper XA System using a 1% Tris borate (TBE) gel (M.P. agarose; Roche) in 0.5%

TBE buffer.   The Chef mapper was programmed using the autoalgorithm function,

with a linear program running a range of between 10kb and 150kb (14°C, gradient

6V/cm, included angle 120°, initial.sw.time 47s, final sw. time 12.91s, run time 20

hours).  Whole DNA was added to the gel in 1% agarose plugs.  Thirty µl of DNA

sample consisting of approximately one µg of DNA was added to 30µl of two percent

agarose and allowed to cool in plug moulds (Biorad; Australia).  Gels were stained

for observation under ultraviolet light by insertion into a bath of TBE-ethidium

bromide (600:g/ml) solution for 15 minutes.  Destaining was carried out by rinsing

in 0.5% TBE buffer  and soaking in fresh 0.5% TBE buffer for one hour, followed by

soaking in 0.1mM magnesium sulphate until the orange colour was removed from the

gel (up to one hour). The molecular size of the sample DNA was calculated by

comparision to a molecular weight marker (Chef DNA Size Standard Lambda

Ladder, Biorad; Australia), using molecular sizing software (Genetools; Syngene).

4.3 Results

4.3.1 Identification of bacteria infected with bacteriophage

4.3.1.1 Cross spotting protocol

Fifty isolates were analysed using this protocol (4.2.1.1), raw data was tabulated

(Appendix 2; Collated plaque formation data) and interactions examined.  Negative

controls consisting of only LB media were determined to have no interaction or some

thinning (0 or 1) in each case and all data resulting in these scores was considered to

be a media effect and not the result of bacteriophage or bacteriocin activity.  

Complete clearing (2) was considered to be caused by either bacteriophage or

bacteriocin activity, however no halos indicative of bacteriocin activity were

observed in these cases.  Isolates were scored as possible plaque when pinprick sized

indentations in the lawn were observed but could not be clearly identified as plaques. 

Plaque, possible plaque and complete clearing (4, 3 and 2) were initially grouped as

positive for bacteriophage.  The qualitative judgements required for this assay meant

that data can only be used to develop general impressions of the presence of plaques
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and capacity as hosts.  Several bacterial isolates also spontaneously produced plaques

in the lawn.  These included NCTC13178 and #73.

By this method, all isolates tested appeared to show the presence of bacteriophage

and most isolates were susceptible hosts to a variable range of bacteriophage extracts.

Only two isolates’ supernatants produced possible plaques on over 50% of hosts.  

The supernatant that was indicative for the presence of plaques (score 2,3 or 4) on the

greatest number of isolates was #33 with 34 plates out of 50 showing evidence of

bacteriophage.  Supernatant #30 only showed evidence of bacteriophage activity on

one plate (#26), scoring lowest of all isolates.

The isolate which was the best host for production of plaques was NAFC with a score

of 37 out of 50 spots producing plaques when spotted on NAFC.  The isolate which

was the worst host for production of plaques was #82 with no spots producing

plaques when spotted on #82. 

Thirty isolates from the initial screening of 50 isolates and one clinical isolate (C4)

which had not been available on the day of screening, but was from the same region

as four environmental samples (E1, E2, E3, E4), were selected for further study

(Table 4.1).  To ensure a wide range of isolates were studied, selection criteria

included; isolates which were related to each other in some way, isolates which were

unlikely to produce bacteriophage (scoring 2 or 4<10% of spotting events), isolates

which were high producers of bacteriophage (scoring 2 $ 20% of spotting events),

isolates with a broad host range (scoring 2 or 4 $ 20% of spotting events), isolates

with a relatively narrow host range (scoring 2 or 4 between 10% and 20% of spotting

events) isolates which were broad hosts for bacteriophage (scoring 2, 3, or 4 $ 20%

of occasions by plate) and isolates which were insensitive to bacteriophage (scoring

2, 3, or 4 <10% of occasions by plate).
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While the isolates selected are not an exhaustive grouping of those cross spotted, they

do include isolates from each category.  Some isolates fit into more than one

category, but are only included in one for the purpose of selection.

Table 4.1 Criteria for isolate selection and isolates selected from data collated in
Appendix 2

Criteria for isolates Isolates selected

isolates which are related NCTC 13178 and NAFC*, E1, E2, E3,
E4 and C4**

isolates unlikely to produce
bacteriophage

#11    #30    #83    B. thailandensis   

isolates which are high producers of
bacteriophage

NCTC 13179    #69    #73

isolates which have a broad host range #3     #14    ATCC 23343

isolates with a narrow host range #4    #6    #9    #12

isolates which were broad hosts for
bacteriophage

#2    #5    #7    #8    #10    #19    #29

insensitive to bacteriophage  #13    #18    #82

*NAFC is the isogenic mutant of NCTC 13178 created by G. Ulett (Ulett et al.,
2001).
**E1-E4 and C4 are environmental and clinical isolates respectively collected from a
single geographic location in Papua New Guinea.

4.3.1.2 Mitomycin C assay

Thirty isolates of B. pseudomallei and one isolate of B. thailandensis were analysed

by the mitomycin C assay, (Table 4.2).  An example of a presumptively positive

mitomycin C assay with isolate #7 (Figure 4.1a) and an example of a presumptively

negative mitomycin C assay with isolate C4 (Figure 4.1b) are demonstrated.  Almost

half of the isolates tested (41.9%) were presumptively positive by this assay.  Some

isolates, such as B. thailandensis, required a lower dosage of mitomycin C (20ng/ml)

as they were found to be very sensitive to the mitogen.  In contrast, other isolates did

not appear to be sensitive to mitomycin C at all (#14 and C4) as growth was not

retarded irrespective of the dose added (up to 500ng/ml).
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            a)                                                                  b)

Figure 4.1 Growth curves of a) isolate #7 and b) isolate C4, with and without the
addition of mitomycin C; standard error bars included (three replicate assays).

4.3.1.3 Ultraviolet assay

Isolate C4, which was previously found to be insensitive to the mitomycin C assay

was tested for the presence of bacteriophage using UV light.  A range of exposures

was trialed and while all exposures slowed the growth of the organism, none were

found to cause a reduction in O.D.600nm.  A reduction would be expected in the

presence of bacteriophage undergoing the lytic cycle (Figure 4.2b) .  This lack may

have been due to the absence of any bacteriophage, however the confirmatory plaque

formation assay did indicate the presence of a bacteriophage.  To clarify these

conflicting results isolate NCTC 13178, which was found by mitomycin C assay and

confirmatory assays to carry lysogenic bacteriophage, was tested using the ultraviolet

light method (Figure 4.2a).  This isolate was a highly virulent clinical strain of

B. pseudomallei, collected for the JCU culture collection, characterised and then sent

to the National Collection of Type Cultures (Britain) to have its phenotypical aspects

standardised, after which it was given the code NCTC 13178.  This isolate also

showed no evidence of the presence of bacteriophage using the UV method.  The

exposed samples did not grow at the same rate as the unexposed samples, but this is

not an actual reduction in optical density.  It can be explained by stress to the

bacterial cells causing reduction in growth rather than lysis by bacteriophage.  Several

other isolates were also tested (data not shown) and in each case no evidence of

bacteriophage was found.  It was surmised that either the equipment for UV exposure
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was inadequate to the task, or B. pseudomallei strains tested were not sufficiently

sensitive to this type of stressor.  As the UV exposure did cause stress to the cells,

resulting in lower growth, insufficient UV irradiation due to absorption of UV by the

broth is unlikely.  However, use of a positive control such as a lambda lysogen

known to be sensitive to UV irradiation may have been helpful in clarifying this.  UV

irradiation of broth has also been used successfully for induction of bacteriophage

from B. thailandensis previously (Woods et al., 2002) albeit with a three ml rather

than ten ml broth sample.  Given the insufficient or non-existent phage yield, the UV

method was not used further.

          a)                                                                 b)

Figure 4.2 Growth curves of B. pseudomallei a) isolate NCTC 13178 and b) isolate
C4, given various exposures to ultraviolet light (254nm); standard error bars included
(three replicate assays).
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Table 4.2 Analysis of Burkholderia isolates for the presence of bacteriophage;
presumptive and confirmatory data.  Where a result was borderline or indistinct, data
is indicated by ‘+?’.  

Bacterial 

Isolate

T.E.M.

analysis

Mitomycin C

presumptive

positive

Plaque

formation

assay

DNA

digest

assay

Gold standard

(MitomycinC,

Plaque and DNA

digestion assays

positive)

NCTC  13178 + + + + +

NAFC + + + + +

2 + + + - -

3 - - + -

4 - - - -

5 - +? - -

6 - + - -

7 +? + + + +

8 - - - -

9 - +? - -

10 - + - -

11 - - - -

12 - - - -

13 - - - -

14 - + + -

18 -  + + -

19 -  + - -

29 + + + +

30 - + + -

73 + + + +

82 +? + + +

NCTC  13179 + + + +

C4 + - + - -

ATCC  23343 + - + -

#69 - - - -

#83 - + - -

E1 + + + +

E2 + + + +

E3 + + + +

E4 - + - -

B. tha ilandensis  + +  +  + +
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Table 4.3 Average dimensions of bacteriophage observed by T.E.M.

Bacteriophage width of

head (nm)

standard

deviation

length of tail

(nm)

standard

deviation

number of

images used for

calculation

NCTC  13178 63 4 115 11 21

NAFC 57 7 108 15 12

#2 58 3 123 3 3

#7 58 1 no tails seen 4

C4 48 3 163 12 7

B. thailandensis 57 6 113 15 20

4.3.1.4 T.E.M. analysis

Six isolates were sent to the University of Queensland for T.E.M. imaging.  Multiple

images were used to determine bacteriophage dimensions and standard deviations

calculated based on this (Table 4.3).  NCTC 13178 could not be differentiated from

NAFC, #2 or B. thailandensis based on these measurements.  The images from #7

only contained empty heads, so this is considered a borderline positive in Table 4.2. 

Only C4, which was isolated in Papua New Guinea, shows distinct morphology.  All

samples other than #7 could be clearly identified as Myoviridae (See Appendix 6).

4.3.1.5 Confirmation of bacteriophage by restriction digest

Thirty-one isolates were tested by restriction digest and only one presumptively

positive isolate (#2) was determined to be negative using this assay.  However, there

were several weak positives due to low DNA yields.  Four presumptively negative

isolates (#3, #14, #18, #30), as determined by the mitomycin C assay also showed a

positive result using this method.

Six restriction enzymes were initially trialed to select an appropriate restriction

enzyme for bacteriophage from B. pseudomallei.  These were selected as they were

known to cut lambda phage into between zero and 30 bands.  The restriction enzyme

EcoRV was found to produce the clearest pattern of bands when tested with isolate

NCTC 13178 and used in all subsequent DNA confirmatory tests.  While few

morphological differences were noted by T.E.M. (Appendix 6), the restriction
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patterns observed were found to be different in most digested isolates.  Exceptions to

this were E1 which was identical to E2, NCTC 13179 which was identical to #82 and

NCTC13178 which was identical to NAFC.  Isolates with identical restriction

patterns did not have identical plaque production patterns (Appendix 2).  This

indicates that in most cases, isolates of B. pseudomallei are carrying a population of

heterogeneous bacteriophage.

At least one µg of DNA was required to guarantee visualisation of patterns of bands

from restriction digests.  Any isolate producing low yields of bacteriophage would

also produce low yields of DNA and potential false negatives.  For this reason,

restriction digestions were only carried out on concentrated extracts (filtrate

ultraconcentrates).  The bacterial genome of NCTC 13178 showed no signs of

digestion (Figure 4.3), while the concentrated bacteriophage DNA did.  This

confirmed the protocols for separating bacteriophage from genomic DNA were

effective and that the digested DNA was from bacteriophage.

Figure 4.3 EcoRV digest of 1:g DNA extracts from NCTC 13178 bacterial genome
and bacteriophage isolated from various Burkholderia bacteria.  Lane 1, 7; Progen
Generuler 1kb DNA ladder, lane 2; NCTC 13178 bacterial DNA, lane 3; NCTC
13178 bacteriophage (BupsM1) DNA, lane 4; #29 bacteriophage DNA, lane 5; #82
bacteriophage DNA, lane 6; B. thailandensis bacteriophage DNA
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4.3.1.6 Confirmation by plaque formation 

Of 31 isolates tested, only one (ATCC 23343) which was presumptively positive for 

bacteriophage (mitomycin C assay) failed to produce plaques.  Eleven presumptively

negative isolates (#5, #6, #9, #10, #14, #18, #19, #30, C4, #83, E4) also produced

plaques.

To increase the chances of using a compatible host, multiple hosts were used in each

case (Appendix 2).  Of the samples tested, only one isolate (ATCC 23343), which

was confirmed positive for the presence of bacteriophage by DNA digest, would not

form plaques on any of the hosts utilised.

Plaques were often observed to have a very small diameter and were always less than

one millimetre in diameter.  It should be noted that isolates NCTC 13179 and #82

produced different patterns of plaques, as did E1 and E2 (Appendix 2), indicating

that, according to this protocol, these were heterogeneous bacteriophage.

4.3.1.7 Statistical analysis of assays

While T.E.M. was the gold standard of choice, the cost and accessibility of this assay

were prohibitive.  Instead, a result was considered to be an unconditional positive

(gold standard) when all three regularly used assays (mitomycin C, plaque and

restriction digest) gave a positive result.  Based on this new gold standard, the data

was analysed to determine sensitivity, specificity, positive predictive value (P.P.V.),

negative predictive value (N.P.V.) and accuracy of each assay and combination of

assays (Table 4.4).  When a combination of assays was analysed, the assays were

considered to be positive when every assay was positive and negative when one or

more assays were negative.  Calculations and equations are in Appendix 5. 

Sensitivity and N.P.V. are artificially 100% due to the nature of the gold standard. 

As such, comparison can only be between specificity, accuracy and P.P.V.  In

isolation, the mitomycin C assay was the most specific, accurate and gave the highest

P.P.V.  Over all, any two assays of which the mitomycin C assay was one gave the

best results. 
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Table 4.4 Statistical analysis of result of the results of Table 4.2 based on a gold
standard of three positive assays being taken as positive for bacteriophage.  Data is
recorded as a % .  P.P.V. is positive predictive value, N.P.V. is negative predictive
value.  

sensitivity specificity P.P.V. N.P.V. accuracy

mitomycin C assay 100 90 84.62 100 93.55

plaque assay 100 40 47.83 100 61.29

restriction digest assay 100 75 68.75 100 83.87

mitomycin C and plaque assay 100 95 91.67 100 96.77

mitomycin C and restriction
digest assay

100 95 91.67 100 96.77

plaque and restriction digest
assay

100 85 78.57 100 90.32

mitomycin C, plaque and
restriction digest assay (gold
standard)

100 100 100 100 100

4.3.2 Extraction of bacteriophage

4.3.2.1 Induction of bacteriophage production

B. pseudomallei isolate NCTC 13178 was used for extraction trials.  Phage filtrate

was found (by plaque formation assays) to yield approximately 1x103 pfu/ml.  This

yield of bacteriophage was insufficient for downstream applications such as DNA

extraction and infection and required a further concentration step.  From this point on

this bacteriophage was allocated the name BupsM1.

4.3.2.2 Concentration techniques 

The QIAGEN kit was found to produce the least amount of DNA by O.D.260nm and

purity could not be determined on a gel due to low yield (Figure 4.4). The magnesium

hydroxide method produced the second lowest yield and was also not visible on gel

electrophoresis.  Concentrated bacteriophage produced by the magnesium hydroxide

method was also found to be non-infective by plaque spotting (data not shown),

further indicating that either structural damage had occurred or the presence of

magnesium hydroxide or unfavourable pH levels were affecting the infection process.
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In all other cases, the protocols (Section 4.2.2.2) were found to produce a clean band

of DNA of greater than ten kb and a smear of sheared DNA less than 250 bases in

size.  Both the PEG method and the zinc chloride method produced intermediate

levels of clean DNA. 

The ultracentrifugation method produced the greatest yield of DNA in the ten kb

region and the lowest amount of sheared DNA (Figure 4.4).  This method had the

advantage of not adding any additional reagents which could affect the infectivity of

the bacteriophage hence it was selected for subsequent use. 

Figure 4.4 Comparison of concentration technique as shown by quantity and quality
of DNA extracted from concentrated product.  Lane 1, 7; Generuler 1kb DNA ladder
(Progen), Lanes 2-6 concentrated DNA extracts: lane 2; ultracentrifuged, lane 3; zinc
chloride precipitated, lane 4; PEG precipitated, lane 5; magnesium hydroxide
precipitated, lane 6; QIAGEN kit extraction

Addition and neutralisation of DNase 1 prior to lysis of the bacteriophage capsid, for

the purposes of removing contaminating genomic DNA, did not remove the smeared

band of sheared DNA, but did lower DNA quantity and intensity of the upper band. 

This loss may have been due to mechanical damage caused by the precipitation

methods, permitting entry of DNase 1 into the capsid and destruction of the DNA. 
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The upper clear band was determined to be bacteriophage DNA by restriction digest.  

The restriction enzymes used produced no digestion with host genomic DNA and a

clear band pattern with bacteriophage DNA.

4.3.3 Extraction of bacteriophage DNA

The Nucleobond AX kit was found to be difficult to operate as alteration of pH of the

bacteriophage concentrate to pH 6.3 was required.  As the maximum volume of

culture with this kit was only ten ml, a standard pH probe was not practical so pH

strips (Neutralit pH5-10; Merck) were used to monitor the pH change.  This proved

expensive as each strip could be used once only, and over-acidification was a

problem.  To minimise this problem, prior to resuspension, media used to resuspend

pellets of bacteriophage were changed to appropriate pH and potassium chloride 

conditions.  However, monitoring and adjustment was still required.  As the kit was

designed for extraction directly from a high yield broth, working with concentrated

samples of very low volume required modification in volumes and weights of the

media in the kit.  Measurement of extraction matrix was particularly difficult,

requiring use of a fine analytical balance (four decimal place basic balance;

Sartorius). Yield with this kit was found to be very low and investigation indicated

that DNA was lost in the isopropanol precipitation step.  Use of fresh isopropanol, or

use of an ethanol precipitation step instead, did not increase yield and this method

was discarded as being too problematical. 

The phenol chloroform method was found to give sufficient yield of DNA for

downstream applications such as restriction digestion or cloning.  However, the

quality of the DNA was poor as a large proportion of the DNA consisted of sheared

fragments.  These fragments may have included genomic DNA remaining from

original lysis of the bacterial cells.  Removal of these fragments was carried out by

processing the DNA through a PCR clean up kit (Wizard SV gel and PCR clean up

system; Promega).  The yield of DNA through the kit was typically ten percent of that

before processing.  This protocol had advantages over the Nucleobond AX kit as

adjustements for different volumes of sample were easily made.  To minimise use of

phenol, large volumes of broth containing bacteriophage (phage filtrate or filtrate
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concentrate) could be freeze dried and resuspended in smaller volumes of sterile

distilled water without compromising yield or quality.  This method was found to be

robust and was used for all subsequent DNA extractions. 

4.3.4 Quantitation of bacteriophage

Initial quantitation studies using a soft overlay method of plaque formation were

ineffective as it was not often possible to observe plaques.  Direct plating of plaque

extract onto a lawn of host bacteria permitted the observation of plaques.  These

plaques were less than one millimetre in diameter and slightly turbid. 

4.3.5 Propagation of bacteriophage

4.3.5.1 Selection of a propagation host

The data collected from the plaque assay (Appendix 2) indicated that some

bacteriophage, including NCTC 13178, B. thailandensis and #73, had a wide host 

range.  In addition, some extracts did not indicate the presence of bacteriophage on

any host.  It cannot be concluded that these isolates are negative for the presence of

bacteriophage by this assay alone as it is possible the negative result was due to the

lack of a compatible host being available for testing the extracts.  For the purpose of

this study, confirmation of the absence of bacteriophage requires two or more assays

to indicate that there is no bacteriophage present in the extract and there must be are

no conflicting positive results.  Isolates #4, #8, #11, #12, #13, and #69 were found to

be negative by all assays (Table 4.2).  Isolate #4 was selected as a potential

propagation strain.

4.3.5.2 Selection of bacteriophage for propagation

Initial selection of a bacteriophage for further analysis was based on compatibility

with propagation strain #4, and broad infectivity.  Eight bacteriophage isolates fitted

this selection criteria; bacteriophage extracted from NCTC 13178, #29, #30, #73,

B. thailandensis, E1, E2 and NAFC.  From this selection, the bacteriophage extracted

from NCTC 13178 (BupsM1) was chosen for further work as the bacterial isolate is

highly virulent, is of interest with respect to virulence studies and has been
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extensively characterised at James Cook University (Leakey et al., 1998; Ulett et al.,

2000a; Ulett et al., 2000b; Ulett et al., 2001). 

Bacterial isolate # 4 was infected with concentrated extract BupsM1 and the

mitomycin C assay produced positive results.  These were confirmed by the plaque

assay (on propagation strain #4) and restriction digest.

4.3.6 Amplification and storage of bacteriophage

Initial concentrations of bacteriophage were too low to cause any increase in yield

when inoculated into a broth system as the infection rate was too low.  A plate

system, such as plaque formation, has a lower concentration of host cells, resulting in

a higher infection rate and easier collection of progeny bacteriophage.

4.3.6.1 Plate amplification

Initial trials of standard soft agar overlay as used in previous work (Hayashi et al.,

1990) were not successful in amplifying phage.  Plaques were less than one

millimetre in diameter when using direct bacterial plating and could not be observed

in soft agar.  It was assumed that the depth of the soft agar and the presence of

bacteria in it masked the plaque, thus confounding their harvesting.  For this reason

all subsequent work was carried out using the direct agar plating technique.

Serial plate amplification was carried out and the yields monitored for two weeks. 

The yield increased about one log amplification per cycle.  However, loss of yield

was observed when cell debris was not immediately removed from scraped plaques. 

This loss can be explained by binding of the bacteriophage to cell wall debris.  The

maximum yield obtained was 1x1010pfu/ml in a volume of 500:l.  Further

amplification attempts did not increase yield.  This protocol, while useful in initial

amplification, did not produce a high enough yield for downstream applications and

so broth amplification was attempted.

To confirm only a single type of bacteriophage was amplified, single plaques were

extracted from a plate and processed for four cycles of extraction and plating of

http://endnote+.cit
http://endnote+.cit


67

single plaques.  The pure bacteriophage were processed via DNA extraction and

digestion using EcoRV and the single plaque products were found to produce an

identical band pattern to the mass amplification product, confirming the presence of

only one type of bacteriophage.

4.3.6.2 Broth amplification 

Initial inoculation of bacteriophage from plate amplification into a chilled LB broth

of #4 B. pseudomallei (at O.D.600nm 0.1, equating to 1x108 cfu/ml) was carried out and

yield monitored hourly (Figure 4.5).  The curve demonstrated that the initial

inoculation of bacteriophage (1.29x105 pfu/ml) dropped as bacteriophage infected the

cells, and then rose again as cells begin to lyse.  The first visible evidence of lysis in

the media (clumping of dead cells in strings) occurred at seven hours.

Figure 4.5 Initial broth amplification experiment; yield of free bacteriophage in a
broth of B. pseudomallei over time.  Yield in log scale, standard error bars included
(three replicate assays).
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When 6.7x105 pfu/ml of bacteriophage was inoculated into prewarmed broth,

infection and lysis (as shown by yield of free bacteriophage) can be observed in 80

minutes.  Infection and lysis was shown by a drop in free bacteriophage (infection)

followed by a rise in free bacteriophage (lysis).  On a log scale (Figure 4.6b) this was

difficult to observe.  The inoculating dose was subtracted from Figure 4.6a to aid

visualisation of small fluctuations in phage yield. 

a)

b)

Figure 4.6 Bacteriophage yield up to two hours after inoculation with 6.7x105 pfu/ml
bacteriophage into 10ml of 1x108cfu/ml #4 Burkholderia pseudomallei.  a) linear
scale, b) log scale; standard error bars included (three replicate assays).

To test for the optimal infection dose of BupsM1 in B. pseudomallei #4, a range of

inoculum doses were trialed (Figure 4.7).  Bacteriophage yield was observed at seven

hours, this being the time at which lysis had been seen in initial studies, and 11 hours,
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this being the time at which log increases in yield had ceased in initial studies (Figure

4.5).   Initially the broth contained 1.6x108cfu/ml (#4) B. pseudomallei in ten ml.  At

seven hours, there was a logarithmic increase in yield as the dose increased

logarithmically, up to an infection rate of approximately 1:200 pfu:cfu (inoculating

dose 6.7x106 pfu). After this, while yield increased, it did so non-logarithmically. 

Delaying harvest to eleven hours resulted in increased yields for lower inoculums up

to 6.7x105 pfu (1:2000) after which increases in yield were no longer logarithmic and

were no greater than those harvested at seven hours.

Lysis, as seen by clearing of the media, was observed to have occurred by seven

hours in broths inoculated with 6.7x106 - 109 pfu, with most clearing in the 107 (1:20)

and 108 (1:2) inoculums.  By eleven hours, clearing in these samples had progressed

further, with 107 and 108 still being the most cleared.

Figure 4.7 Bacteriophage yield at seven and eleven hours post-inoculation of a range
of doses of BupsM1 into ten ml of #4 B. pseudomallei at 1.6x108 cfu/ml; standard
error bars included (three replicate assays).
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It was determined that a 1:1 dose of pfu:cfu should be used with harvest carried out

after lysis was observed (about seven hours) as no increase in yield occurred when

the sample was left for a longer period.

Once inoculum size was optimised, a larger volume of broth containing #4

B. pseudomallei was inoculated to produce enough bacteriophage for downstream

applications.  One hundred millilitres of broth at O.D.600nm of 0.1 was inoculated with

a 1:1 dose of BupsM1.  Lysis was seen at 7.5 hours, at which stage the broth was

filtered and bacteriophage levels titred.  The yield, as determined by plaque assay

(Section 4.2.5), was 1x1011pfu/ml.

To ensure purity of product, a sample was tested by DNA restriction digest and

compared to an original sample. The samples produced identical bands.  Repeated

attempts to use higher inoculation ratios in large volumes failed to cause lysis.

4.3.7 Characterisation of bacteriophage

The bacteriophage BupsM1 extracted from NCTC 13178 can be can be classified into

the family Myoviridae based on the presence of an icosohedral head, a neck/collar

region and a sheathed rigid tail (Figure 4.8).  Based on 21 images, the bacteriophage

had 115 ±11nm long tail and a 63±4nm wide icosahedral head. 

 The bacteriophage nucleic acid was confirmed to be double stranded DNA by

restriction digest and digestion with DNase 1.  The DNA was determined to be linear

by digestion with exonuclease (Figure 4.9).  Using Genetools software, on the pulse

field gel of the undigested BupsM1 genome, the genome was determined to be 55142

bases (or 55.1 kb) long (Figure 4.10). 
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Figure 4.8 Transmission Electron Microscopy view of BupsM1

Figure 4.9 Digest of 250ng of BupsM1 DNA for confirmation of nucleotide type using the
following enzymes; lane 2; no digestion (125ng), lane 3; deoxyribonuclease 1 (Sigma), lane
4; ribonuclease A (Sigma), lane 5; Sal1 (Promega), lane 6; Bal31 exonuclease (Promega),
lane 7; S1 nuclease (Promega).  This Figure is a composite of two gels with the left marker
and lanes 1-6 being one gel and the right marker and lanes 7-8 being another gel. 
Backgrounds were merged using Corel™ photo-paint 11.  The marker used (lanes 1, 8) was
Generuler 1kb DNA ladder (Progen).
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Figure 4.10 Pulse field gel of BupsM1 genome; lane 1 Lambda DNA ladder (Biorad,
USA), lane 2 BupsM1 DNA extract

4.4 Discussion

4.4.1 Preliminary screening

Examination of the cross-spotting table (Appendix 2) showed that no two isolates had

the same cross-spotting profile.  This was similar to results reported by Gamage

(2004).  Comparison of grouping of isolates (Table 4.1) with the presence or absence

of bacteriophage (Table 4.2) showed some unexpected differences.  No broad host

range isolates as identified in Table 4.1 met the gold standard, although all isolates

had at least one presumptive assay positive.  Most other results were expected, with

all isolates with narrow host ranges classified negative against the gold standard. 

This indicated that those hosts which appeared to show the presence of bacteriophage

may have been self-lysing, possibly due to stressors applied by addition of LB

medium containing toxic byproducts of growth.  While these would also be present in

the broth of the host, in the position of the spot, extra media is applied and this dose

could be enough to trigger lysis.  Of those isolates selected as unlikely to produce

bacteriophage, all except one were clearly negative for bacteriophage.  The positive

isolate, B. thailandensis, has also been previously determined to be positive for

bacteriophage (Woods et al., 2002).  The variation in results between Table 4.1 and
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Table 4.2 could be due to the possible inconsistences when evaluating the cross

spotting assay by eye.  As such, this method should not be used on its own for

detection of bacteriophage, but is useful as an initial screen to detect isolates of

interest to study further.

One set of isolates of interest are NCTC13178 and NAFC.  NAFC is an isogenic

mutant of NCTC 13178 with a different colonial morphology on Ashdown agar

(Ulett et al., 2001).  These isolates have similar but not identical spotting patterns,

though this variation may be in some part due to observational fluctuations.  In

addition, these isolates have very different characteristics as hosts.  NCTC 13178 was

a poor host (scoring 2, 3 or 4 seven times out of fifty) and NAFC was the broadest

host examined (scoring 2, 3 or 4 thirty-one times out of fifty).  The colonial

morphological differences between these isolates indicates that variation in host

capacity may be due to changes in cell surface structure, making the NAFC isolate

more permissive to bacteriophage.

4.4.2 Methods of detection of lysogens

The first presumptive bacteriophage detection test, mitomycin C, was found for the

most part to be an effective trigger for lysis while UV irradiation was not.  Literature

suggests that the bacteriophage yield using the UV method can be lower than that of

the mitomycin C method (Loessner et al., 1991) and that in some cases bacteriophage

are not UV inducible at all (Calendar, 1970; Barksdale and Arden, 1974).  If yields

were too low, observations using optical density may be too insensitive to detect

lysis.  There is, however, some conflicting work which indicates both methods are

approximately equal in efficiency, but not necessarily on the same isolate (Jiang and

Paul, 1998).  Previous work using strains of B. thailandensis (Woods et al., 2002)

showed variable success with UV induction, with some strains not being inducible,

while others showed a log increase in bacteriophage yield.  It should be noted that

some prophage cannot be induced by mitomycin C or UV-C (Calendar, 1970). 

Therefore even the use of both methods cannot, on their own, eliminate the
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possibility of the bacteria being a lysogen.  This phenomenon was observed in the

examination of isolate C4.

As observed in Table 4.2, not all assays produce the same result.  This can be

explained by the nature of these assays.

The mitomycin C assay is dependant on the triggering of the lytic cycle by the

bacteriophage.  If the production of bacteriophage is low, the growth of the isolate

may outpace its lysis, hence the lysis is not visible as a reduction in optical density. 

The confirmatory assays, however, are carried out on concentrated broth extract and

as such, are more likely to permit the observation of bacteriophage.  It is also possible

for bacteriophage to be produced at low levels during exponential growth without

specific induction (Billing, 1969).  In this case, even if induction by mitomycin C did

not work (Calendar, 1970) it may be possible to identify these spontaneously

produced bacteriophage by one or more of the confirmatory assays.

T.E.M. analysis is considered to be the most sensitive of the assays, as a single

bacteriophage can be observed.  This assay is also the most expensive of the three

assays, with analysis of a single isolate being approximately AU$100.  Due to the

expense, this assay was not used widely in this study.

On occasion, either the plaque formation assay or DNA digest assay produced

negative results when other assays were positive.  One explanation for negative

results in the plaque formation assay is the use of inappropriate host strains.

Multiple Burkholderia isolates have been used previously to screen Burkholderia

bacteriophage (Leclerc and Sureau, 1956; Denisov and Kapliev, 1991).  In all cases,

B. pseudomallei isolates have been found to be variably sensitive to the extracted

bacteriophage as seen in this study.  In each case, the concentrated extract was

spotted onto multiple strains of B. pseudomallei.  In most cases, while some hosts

produced plaques, others did not (Appendix 2), indicating not all B. pseudomallei
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strains are appropriate hosts for all bacteriophage extracted from other

B. pseudomallei strains.  The host range of temperate bacteriophage is determined by

multiple factors.  Bacteriophage require cellular components for replication and so

become specialised to a compatible bacterial species, with identification of this

species by cell surface receptors.  Within a host species, divergent receptors create

barriers to interstrain infection (Williams et al., 2002).  An example of this is the

relationship of the bacteriophage MCTX with its host Pseudomonas aeruginosa

where the bacteriophage requires a particular LPS core structure for infection. 

P. aeruginosa strains have been found to be heterogeneous for this core structure, and

hence the bacteriophage will not infect all strains (Yokota et al., 1994). 

Another complication of the plaque formation assay is that it requires the

bacteriophage to spontaneously enter a lytic cycle in its new host.  Given that the

bacteriophage had to be triggered into undergoing the lytic part of the lifecycle when

originally extracted, it may, on entering most other strains, enter lysogeny.  The

small, slightly turbid nature of the plaques in this study is typical of lysogenic

systems.  Plaques produced from lysogenic bacteria are typically “cloudy” as yield of

spontaneously lysing bacteria is low (Billing, 1969) and this can make them very

difficult to observe, particularly when the plaques are naturally very small.

Alternatively, if the potential host is already a lysogen, the prophage present may

protect the bacteria from superinfection (Jacob and Wollman, 1959) and preclude

entry to the bacteriophage being tested.  Any of these situations would result in a

false negative result. 

Traditionally the host strain used for plaque formation assays with B. pseudomallei

bacteriophage is B. mallei (Denisov and Kapliev, 1991; Denisov and Kapliev, 1995;

Woods et al., 2002).  The advantage of using B. mallei as a host is that it is believed

to be universally sensitive to B. pseudomallei bacteriophage (Denisov and Kapliev,

1991). This bacterium was not used in this assay due to the highly infective nature of

B. mallei and the seriousness of the disease caused in humans (Howe and Miller,

1947; Smith, 1957; Srinivasan et al., 2001).  The increased difficulty of the methods
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used in this study was considered an acceptable trade off for the lower risk of human

infection.

In some cases, the plaque formation assay indicated evidence of bacteriophage when

DNA extraction did not.  Successful DNA digests were dependant on a high yield of

bacteriophage.  If yields of bacteriophage were low, observation would be difficult

and false negatives could be produced.  It was assumed that in some cases there was

insufficient DNA for visualisation, but sufficient bacteriophage for plaque assay. 

This was based on the calculation that only 167 pfu/ml (one pfu from six :l of extract

spotted on a host plate) are needed for visualisation in the plaque assay.  Previous

work has shown that the levels of bacteriophage extracted from spontaneous lysis of

B. pseudomallei can vary dramatically (Denisov and Kapliev, 1991) so it is possible

that the same could be true with induced lysis. 

No test is perfect, therefore a test or combination of tests is set as the gold standard 

(knowing that some isolates will be missed) and then accuracy is measured against

the gold standard.  As a gold standard, any isolate which had three positive assays

was considered to be positive for the presence of bacteriophage.  For the purposes of

identifying a potential bacteriophage-free host, all three assays were required to be

negative.

The definition of the gold standard used to analyse these assays means that statistical

analysis of sensitivity and negative predictive value is meaningless as the conditions

for any result other than 100% cannot be met.  However, specificity, P.P.V., and

accuracy can be used to select the best assay or group of assays for the purposes of

identifying bacteria containing bacteriophage.  In each case, the level of specificity,

P.P.V. and accuracy were correlated, with low specificity matching low P.P.V. and

low accuracy and vice versa.  The low specificity of the plaque assay is

understandable as bacteriocins or antibiotics present in the extract could potentially

be mistaken for plaques, or hide the presence of bacteriophage.  Plaques were also

typically small and cloudy and sometimes difficult to differentiate.  The restriction
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digests were an improvement with respect to specificity, but still not acceptable in

isolation.  The mitomycin C assay was highly specific and addition of either plaque

or restriction digest assay improved the specificity to 95%, the positive predictive

value to 91.67% and the accuracy to 96.77%.  Either of these combinations would be

acceptable for further work.

4.4.3 Concentration methods

Of the concentration protocols trialed, only ultracentrifugation was found to produce

viable bacteriophage from which relatively clean, high molecular weight DNA could

be extracted.  The bacteriophage was shown to be sensitive to mechanical damage

caused in concentration.  Structural damage to the bacteriophage caused a loss of

viability and also permitted the destruction of the DNA in the presence of DNase 1. 

This could explain the low yields using the commercial QIAGEN kit as it has both

PEG precipitation and DNase 1 steps.  Ultracentrifugation, in which the

bacteriophage is pelleted by gravity, was shown to be superior to methods involving

the addition of reagents for precipitation in this work.

Ultracentrifugation was also preferred as the reagents used in other methods have the

potential for interfering with downstream applications.  It has been shown that the

ability of bacteriophage to attach to the host can be strongly affected by the ionic

composition of the adsorption media (Hayes, 1964).  This may have played a role in 

the low infectivity in several of the methods.  With respect to the magnesium floc

method, Vilagines et al., (1982) has indicated that virions are non-infective when

magnesium floc is formed in situ, but not when preformed, as was the case here. 

However, this previous work was carried out using polio virus and bacteriophage

may be more sensitive to this protocol.  Previous work found the PEG method to be

destructive to bacteriophage in the family Myoviridae (Oakey and Owens, 2000)

indicating that this is not an acceptable method when infection with the concentrate is

required.
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Extraction of bacteriophage DNA using a kit was found to result in low yields, with

isopropanol concentration steps being insufficient.  This kit was also difficult to

handle and a phenol precipitation was trialed.  The phenol precipitation resulted in

good DNA yields when DNase 1 was not used.  DNase 1 was used to eliminate any

bacterial DNA present prior to extraction of bacteriophage DNA from its capsid. 

DNase 1 lowered yields dramatically, probably due to damage to the DNA when

mechanical damage to the bacteriophage permitted entry of the DNase 1 to the

capsid.  In a study by Strauch et al. (2001), low DNA yields were not noted using kits

involving DNase 1.  However, this bacteriophage was produced in high concentration

and a low percent yield of DNA may not have been considered relevant.  Similarly, in

studies using phenol extraction with a DNase 1 step (Silhavey et al., 1984;

Ogunseitan et al., 1992), sufficient bacteriophage DNA was extracted.  Addition of

DNase 1 prior to plaque assay with a bacteriophage (family Myoviridae) from

Salmonella typhimurium (Mirold et al., 1999) had no effect on titre, indicating DNase

1 did not enter the capsid in that case.  This may mean that in the case of BupsM1 

there was excessive mechanical damage, due either to rough handling or an unusual

level of fragility of the bacteriophage structure. 

Previously, the prime use for restriction digestion of bacteriophage DNA has been for

restriction mapping of the bacteriophage genome (Strauch et al., 2001).  However,

restriction digest patterns have also been used to differentiate between bacteriophage

(Ogunseitan et al., 1992).  Closely related bacteriophage, one being a mutant derived

from the other, can be differentiated using this technique (Gertman et al., 1986). 

Restriction digestion could also be used to determine whether infection was

successful and whether any contamination with another bacteriophage had occurred. 

This can be a problem when serial amplification is undertaken (Billing, 1969).  A

variety of restriction enzymes have been used with the selection of enzyme dependant

on the frequency of cut sites in each case.  EcoRV has previously been used with the

MCTX bacteriophage from Pseudomonas aeruginosa and in that situation, cut the

genome into six fragments (Hayashi et al., 1993).  When bacteriophage from NCTC
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13178 were cut with this enzyme, eight segments, six between one kb and ten kb and

two greater than ten kb were produced.

Only those isolates that tested negative for bacteriophage by all assays were

considered as potential hosts for bacteriophage quantification and amplification.  As

the first potential host tested (#4) was successful, the other candidates were not

examined further.  The low number of potential hosts indicates that infection of

B. pseudomallei with bacteriophage is commonplace.  Previous studies have shown

high infection rates of B. pseudomallei with bacteriophage (Denisov and Kapliev,

1991; Denisov and Kapliev, 1995), with one study indicating a 91% infection rate of

35 isolates (Manzeniuk et al., 1994).  It is expected that if further isolates where

tested, more potential hosts would be identified, but the percentage of suitable hosts

would remain low.

4.4.4 Increasing titre

The high titre amplification of a temperate bacteriophage can be problematical, as a

proportion of those cells infected will lysogenise rather than lyse (Billing, 1969).  To

minimise this, conditions for lysis must be optimal.  The choice of host, inoculating

dose of bacteriophage and other physiological conditions can affect whether lysis or

lysogeny will occur (Jacob and Wollman, 1959).  In this study, one host was found to

be suitable, resulting in the #4(BupsM1) system.  The fact that an inducer such as

mitomycin C was not required to trigger mass lysis in this host-phage system

indicates that the system is not as lysogenically stable as the original system from

which the bacteriophage was extracted.  Under certain conditions, complete lysis was

possible, resulting in high bacteriophage yields.

In addition to the mitomycin C assay, there are other methods of induction in

lysogenic systems.  Bacteriophage lambda production can be controlled by

temperature changes (Young, 1992), CS112 production from group A streptococci

can be induced with a soluble product, SPIF, released by pharyngeal cells (Broudy et

al., 2001) and the stress of entering the stationary phase after logarithmic growth can
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also trigger bacteriophage production.  The latter type of induction may have played a

role in the production of bacteriophage in this study, with low levels of production

and infection occurring until an appropriate cell density was reached and mass lysis

was triggered.  This could explain the delay period between infection and complete

lysis.  It should be noted that this mass lysis does not occur when the original strain

from which the bacteriophage is isolated is inoculated to high cell densities. 

In lytic systems, inoculation with a ratio of 1:1 to 10:1 pfu:cfu has been shown to

result in the greatest yield of bacteriophage.  This is not the case in lysogenic systems. 

When the multiplicity of infection is small, 1:1 or less, most of the infected bacteria

lyse.  As the multiplicity of infection increases, the proportion of infected cells which

lysogenise also increases (Boyd, 1953; Lieb, 1953), indicating that in some way the

infecting particles can cooperate to establish lysogeny.  In this study, when a low

inoculum was used, analysis of free bacteriophage in supernatant in the first two

hours showed low yields (Figure 4.5).  Lower yields may occur in the early stages due

to continual infection and lysis cycles in the broth, until yield is sufficient to cause

visible lysis.  It may be related to physiological conditions in the broth, with

increasing growth and dropping levels of nutrition triggering lysis more frequently.

As inoculation dose rose to one pfu/cfu, yield also rose, and as inoculation rose

further, there was either little increase, or slight drop in yield. Slight variations in

yield between experiments may be due to some physiological factor caused by

different volumes in different containers, which itself affected the lysis:lysogeny

ratio.

In the #4(BupsM1) system, the inoculating dose was optimised for maximum yield,

but optimisation of physiological conditions was limited.  One of the conditions that

can alter the lyis:lysogeny ratio is temperature, with lower temperatures causing a

swing towards lysogenesis (Bertani and Nice, 1954) and delaying bacteriophage

reproduction  (Fischetti et al., 1971).  This is not a universal effect, with P2 phage not

affected by temperature alterations.  In the current study, inoculation at low

temperatures (4°C) followed by incubation at 37°C resulted in lysis being delayed
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relative to inoculation at 37°C.  This delay may have been caused by an initial tilt in

the balance towards lysogeny.  However, after an increase in temperature, lysis

proceeded, indicating that any lysogeny was not highly stable.  Other physiological

conditions, such as bacterial nutrition levels can also effect the ability of bacteria to

produce bacteriophage.  Previously, under starvation conditions, bacteriophage

production could not be induced (Jacob and Wollman, 1959).  Enrichment of nutrient

conditions may be of use to further optimise conditions in this study.

Once infected, lysis in a temperate system generally takes longer than with a lytic (or

virulent) bacteriophage (Jacob and Wollman, 1959).  In lysogenic systems, harvesting

of bacteriophage typically takes place between two and six hours post-induction

(Billing, 1969; Kidambi et al., 1996; Williams et al., 2002a), though lysis times of

less than one hour have been recorded (Ptashne et al., 1982; Young, 1992). 

Bacteriophage are generally collected from lysogenic systems around two hours after

induction (Billing, 1969; Kidambi et al., 1996; Williams et al., 2002a) while lytic

bacteriophage can reproduce and lyse the bacterial host in under one hour (Douglas,

1975; Ackermann, 1998).  In the #4(BupsM1) system, at a dose of one pfu/cfu, lysis

took seven hours.  This is rather long, even for a temperate system, however no

specific induction was undertaken.  The broth used in this experiment was chilled,

and cold temperatures are known to slow bacteriophage replication as noted above. 

However, the media was warmed to 37°C within 15 minutes so lysis should only be

delayed by that amount of time unless the cold temperature causes the bacteria to

enter lag phase, in which case recovery could be longer. There may be some

lysogenisation occurring, followed by induction of lysis by a physiological factor

such as cell density.  An alternate explanation may be that several cycles of lysis may

be occurring, with released bacteriophage infecting previously uninfected cells.  At

infection rates of less than one pfu/cfu, this can explain the increasing bacteriophage

yield observed over time (Figure 4.5). 

Of the six bacteriophage extracts which were analysed by T.E.M., five were found to

belong to the family Myoviridae and one (#7) could not be classified.  Previous work
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with spontaneously lytic bacteriophage from B. pseudomallei have found family

Myoviridae or Siphoviridae or, in some cases, both types present in the same

bacterial isolate (Denisov and Kapliev, 1995; Woods et al., 2002).  It is likely that if

enough of the bacteriophage extracted in this study were analysed by T.E.M.,

bacteriophage of the family Siphoviridae would also be found.

4.4.5 Characterisation of the bacteriophage

Pulse field gel electrophoresis (PFGE) has been used to determine the size of

bacterial genomes, by restriction digestion and addition of the sizes of the fragments

(Ratnaningsih et al., 1990).  This fragmentation is necessary to linearise the genome

and limit the length of any individual fragment of DNA such that the lengths are

measurable by gel electrophoresis. The creation of very small fragments along with

those in the right size range for measurement may result in underestimation of

genome size.  Similarly, bacteriophage have been sized using restriction digestion

and analysis via standard gel electrophoresis (Yoon et al., 2001).  Bacteriophage are

typically already in an ideal size range for PFGE and as such, as long as they are

shown to be linear, can be directly sized on PFGE without digestion.  PFGE provides

an effective means to size bacteriophage genomes without potential underestimation

of size brought about by loss of small fragments.  The genome of BupsM1 was found

to be 55.1kb by this method.

Bacteriophage double stranded DNA genomes are typically greater than 20kb in

length (Bernhardt et al., 2002).  Temperate bacteriophage in the family Myoviridae

often have genomes smaller than that of BupsM1.  For example; HP2; 31.5kb

(Williams et al., 2002a), VHML; 43.2kb (Oakey et al., 2002), MCTX; 35.5kb

(Hayashi et al., 1990), sfV 37.1kb (Allison et al., 2002), EJ-1; 42kb (Diaz et al.,

1992).  There are also bacteriophage with larger genomes ; M7888; 63.4kb (Strauch

et al., 2001).  As such, it is evident that bacteriophage BupsM1 fits within the

expected genomic size range of the family Myoviridae. 
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4.4.6 Conclusion

The methods described above have been used to examine isolates of B. pseudomallei

for the presence of bacteriophage and determine a gold standard for this purpose. 

Methods for extraction and amplification of bacteriophage from B. pseudomallei as

well as DNA extraction from bacteriophage were optimised.   Extraction and

purification of a bacteriophage from B. pseudomallei NCTC 13178 was carried out

and it was characterised as a member of the family Myoviridae by T.E.M., and

analysis of the nucleic acid structure.
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CHAPTER 5

INFECTION OF LOW VIRULENCE ISOLATES OF Burkholderia

pseudomallei WITH BACTERIOPHAGE EXTRACTED FROM HIGH

VIRULENCE ISOLATES

5.1 Introduction

Horizontal gene transfer is an important method by which bacteria alter their genetic

information and increase their fitness (Miao and Miller, 1999).  This has implications

for developing new strains with epidemic potential (Faruque et al., 1998).  Horizontal

gene transfer can occur by several means with conjugation, transformation and

transduction being the most common of these (Miller, 1998).  Conjugation is the

transfer of DNA from one live bacterium to another via a pilus or chemical signalling

drawing the bacteria together.  Transformation is the uptake of free DNA, in the form

of plasmids or DNA released from dead bacteria closely related to the bacteria that

take it up.  In transduction, bacteriophage pick up genetic material from one bacterial

cell and deposit it in another.  Bacteriophage are capable of transferring whole

plasmids and pieces of chromosomes between hosts (Miller, 1998; Weinbauer and

Rassoulzadegan, 2004).

One limit to the transfer of genetic information by transduction is the existence of

superinfection immunity.  This form of resistance to infection with bacteriophage is

caused by temperate bacteriophage already present in the bacteria stopping further

infection and lysis by similar or the same bacteriophage (Bertani, 1971).  There are

multiple mechanisms for superinfection immunity (McGrath et al., 2002).  O-antigen

modification can alter the polysaccharide backbone structure in the cell wall, thus

changing receptor structure such that bacteriophage can no longer attach to the cell

wall (Allison et al., 2002).  A repressor mediated lambdoid immunity mechanism

exists which prevents transcription of lytic genes (Strauch et al., 2004) and a

transcription termination mechanism, by which expression of genes involved in the

lytic cycle is inhibited by RNA-RNA interactions, has also been identified (Allison et

al., 2002).  The presence or absence of superinfection immunity is one of the
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methods by which researchers have analysed and grouped bacteriophage (Wagner et

al., 1999; Strauch et al., 2004).

When in the lysogenic part of their lifecycle, the temperate bacteriophage genome is

inserted into the host chromosome.  Insertion may be to a single site on the bacterial

chromosome or to any one of a number of sites (Casjens, 2003).  A common site of

bacteriophage insertion into bacterial chromosome are the tRNA genes on the

bacterial chromosome (Cheetham and Katz, 1995). As these are present in multiple

copies, they can provide multiple potential integration sites.  Once inserted, genes on

the bacteriophage can be expressed, conferring new metabolic traits on the host. The

process of altering properties of host bacterial cell on establishment of lysogeny is

known as phage conversion. (Acheson et al., 1998).  This can increase the fitness of

the host in its environment and thus aid survival of the bacteriophage (Miao and

Miller, 1999).  This has particular relevance in the field of emerging infectious

diseases.  Enterohaemorrhagic E. coli (EHEC) is believed to have arisen from an

enteropathogenic E.coli progenitor (EPEC) which acquired prophage encoded Shiga-

like toxins, thus becoming a new pathogen that expressed both sets of traits (Whittam

et al., 1993).

During replication in the bacterial cell, bacteriophage DNA is copied from the

bacterial chromosome for insertion into the progeny bacteriophage capsid.  If

bacterial chromosomal information is mistakenly copied, it can be transferred to the

next bacteria infected by the progeny bacteriophage.  In many cases, where virulence

genes are carried on bacteriophage, they are located near the bacteriophage

attachment site and integrase gene, indicating they have been acquired by

transduction (Cheetham and Katz, 1995).

Virulence factors which are encoded on bacteriophage can form various functions. 

Those identified so far include genes expressing extracellular toxins, antigenic

alteration proteins, effector proteins involved in invasion, enzymes required for

intracellular survival, serum resistance from outer membrane proteins and adhesins
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for bacterial host attachment as well as a range of other functions (Bensing et al.,

2001; Boyd and Brussow, 2002).

Several bacterial - bacteriophage systems have been analysed in which bacteriophage

extracted from a virulent strain of bacteria can be inserted into a strain of lower

virulence and can cause an upregulation of virulence.  Bacteriophage VHML (Oakey

and Owens, 2000), extracted from a virulent strain of Vibrio harveyi and transferred

to a strain of lower virulence, was shown to upregulate virulence in salmon species,

Artemia (Austin et al., 2003) and Penaeus monodon (Munro et al., 2003).  It also

caused enhanced haemolytic activity on trout blood agar plates and sheep blood agar

plates and proteins excreted from converted Vibrio harveyi were identified as

exotoxins by monoclonal antibody assays.  Sequencing of the VHML genome also

identified a putative transcriptional regulator, N6-Dam, a methyltransferase which

may activate or repress host genes (Oakey et al., 2002).

Many experiments to determine whether bacteriophage can infect uninfected strains

of bacteria have been carried out in vitro, mimicking transduction in the environment.

However, it is also possible for factors in a mammalian host to be necessary for

successful transduction to occur (Mel and Mekalanos, 1996).  It has been determined

that infectious V. cholerae in vivo assays cause significant enrichment of toxigenic

V. cholerae (Baselski et al., 1979) and that the bacteriophage present in toxigenic

V. cholerae, CTXM, can be produced from lysogens present in the intestine (Lazar

and Waldor, 1998).  The diarrhoea caused by the toxin present on this bacteriophage

can aid in dissemination of V. cholerae and hence, survival.  In colonisation of the

small intestine by V. cholerae, there is evidence that bacterial expression of toxin co-

regulated pili (TCP) is triggered by host environmental signals and that these TCP are

the receptor for CTXM, the bacteriophage encoding the cholera toxin.  In vivo

lysogenic conversion of an El Tor strain occurs 105-106 times more efficiently than

in vitro conversion (Waldor and Mekalanos, 1996).
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Of interest in this study is the effect of infection of isolates of B. pseudomallei with

bacteriophage extracted from other isolates of B. pseudomallei.  B. pseudomallei is a

human pathogen with a broad virulence range (Ulett et al., 2001).  The genome of

strain K96243 of B. pseudomallei has been sequenced and determined to consist of

two circular replicons (European Molecular Biology Laboratory accession numbers

BX571965 and BX571966) of 4.07Mb (chromosome 1) and 3.17 Mb (chromosome

2).  Analysis of these chromosomes indicates the presence of multiple, recently

acquired genetic islands (GIs) with at least three appearing to be prophages.  In

addition, comparison of GIs with other strains indicated their presence to be highly

variable between strains (Holden et al., 2004).

Many virulence factors of B. pseudomallei have been identified, including a type

three secretion system (TTSS) (Winstanley et al., 1999), an exotoxin (Mohamed et

al., 1989a) and flagella (Chua et al., 2003), with potential virulence determinants

including surface polysaccharides, fimbrae, pili, drug resistance determinants and

putative adhesins (Holden et al., 2004).

Given the range of toxins and other virulence determinants found on bacteriophage,

and the presence of some of these virulence determinants in B. pseudomallei, it is

possible that lysogenic bacteriophage carried on B. pseudomallei of high virulence

may be harbouring some bacterial virulence determinants.  Isolates of low virulence

may be lacking such genes.  If so, insertion of bacteriophage from an isolate of high

virulence to one of low virulence may cause upregulation of virulence, as has been

observed in other bacterial systems.

The aim of this chapter is to examine whether bacteriophage extracted from bacterial

isolates of high virulence, as determined in the Balb/C mouse model (Leakey et al.,

1998), can infect isolates of lower virulence and alter physiological factors including

virulence. 
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Isolates of interest include the highly virulent isolate NCTC 13178 and its isogenic

mutant of low virulence NAFC.  While previous work (Section 4.3.1.5) has shown

that NAFC still contains a bacteriophage with an identical restriction endonuclease

cutting pattern and should therefore display superinfection immunity to the

bacteriophage BupsM1 isolated from NCTC 13178, cross spotting patterns of the two

isolates are very different.  It is possible that the process of producing NAFC has

caused a change in the prophage which is not identifiable by restriction digest assay. 

It is also possible that superinfection immunity, as well as virulence, may have been

lost.

Other B. pseudomallei isolates, which have been found by all methods tested (Table

4.1) to be negative for inducable bacteriophage, will also be examined with respect to

infection with BupsM1.  If attenuation of virulence in NAFC is not caused by

alterations to its bacteriophage, addition of BupsM1 is unlikely to increase virulence. 

However BupsM1 may still carry virulence genes and examining other bacterial

isolates not already carrying a copy of this genome could determine this.  It will also

be possible to determine successful insertion of the BupsM1 genome into bacteria not

already containing a copy of the genome.  One other bacteriophage extracted from a

bacterial isolate of high virulence will also be examined.  As bacteriophage M7 has a

different restriction digest pattern to BupsM1, successful insertion into NAFC will be

detectible and this bacteriophage can be used as a control for the experiment.

5.2 Materials and Methods

5.2.1 Infection with bacteriophage

Parent bacteria were cultured on Ashdown agar for 48 hours and a single colony

inoculated into LB broth.  The broth was incubated at 37°C in an orbital shaker at

100rpm until an O.D.600nm of approximately 0.1 was reached.  The broth was then

spiked with bacteriophage previously extracted (from donor bacteria) at a dose of

100:l of bacteriophage solution (at about 5x109 pfu/ml) per 100ml of broth.  The

spiked broth (offspring bacteria) was incubated overnight at 37°C in an orbital shaker

at 100rpm and a sample was stored in 10% glycerol (v/v) and frozen.  A loop of the
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broth was also plated on sheep blood agar (SBA) and Ashdown agar, incubated at

37°C and observed at 24 hour intervals.

A sample of bacteriophage was tested in each case for contamination with bacteria by

spiking ten :l of sample into ten ml of sterile LB media and incubating at 37°C with

shaking at 100rpm for 48 hours.  Bacteriophage was considered uncontaminated with

bacteria if no opacity was observed in the media after this time.

5.2.2 Colony morphology

Donor, parent and offspring bacteria, as described above, were examined and

compared.  A loop of bacterial broth was cultured on Ashdown agar, incubated at

37°C and examined after three to five days.  Colonial morphology was observed and

described.  Photographic comparison was undertaken using either 35mm film or

digital photography.

5.2.3 Selection of offspring bacteria

Two methods of selection for inoculation in mice were tested.  In the first method,

those colonies of offspring bacteria which did not show similar morphology on

Ashdown agar to the parent line they were created from, were preferentially selected. 

They were then inoculated into ten ml LB broth in parallel with a colony of parent

bacteria.  These were incubated at overnight 37°C with shaking at 100rpm.  A one ml

aliquot of the offspring bacteria in 10% glycerol (v/v) was frozen at -70°C. 

Confirmation of infection was determined by extraction of bacteriophage from the

offspring sample (Section 4.2.2.1), followed by DNA extraction and restriction digest

assay (Sections 4.2.3 and 4.2.3.1).  The bacteriophage was considered to be present

when the restriction digest pattern included the bands which were present when the

donor bacteriophage was digested.

In the second method, broth spiked with bacteriophage the previous day was used

directly for mouse ID50 assays (Section 5.2.4) without an intermediate step involving

growth on agar and selection of a single colony.
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5.2.4 Mouse ID50 assay

Using the first method (Section 5.2.3), bacteria were cultured on Ashdown agar for

48 hours and a single colony inoculated into ten ml LB broth (unless noted otherwise

in Figure 5.1).  The broth was incubated at 37°C in an orbital shaker at 100rpm until

an O.D.600nm of approximately 0.2 was reached.  In both methods, ten fold serial

dilutions were then carried out and the bacteria in these dilutions was quantified

using a Miles-Misra assay (Section 3.1.3).  Five replicates of 200:l each of the serial

suspensions were injected into Balb/C mice via the tail vein.  A range of dilutions

were selected, dependant on the ID50 of the parent bacteria and the ID50 of the donor

bacteria.  Mice were examined at least twice daily for seven days for evidence of

illness and moribund mice were removed and euthanased.  At the end of seven days,

surviving mice were also euthanased.  Autopsies were carried out to examine spleens

and observations were recorded.  The ID50 was determined using the protocol

described in Section 3.3.1 and Appendix 4.

Passaging of isolates was carried out by homogenising spleens extracted from

moribund mice in a stomacher (Stomacher Lab Blender 80; Townson and Mercer,

Australia) in five ml PBS.  The homogenate was either used directly for a second ID50

assay or plated on Ashdown agar and a resultant colony inoculated into LB as per

Section 5.2.3.

Five isolates of B. pseudomallei (NAFC, E4, #69, #83, #13) were infected with

bacteriophage from B. pseudomallei sources.  All isolates were infected with BupsM1

(from NCTC 13178) and isolates NAFC, #13, #69 and #83 were infected with M7

(from #7).  Four of the isolates were selected as being negative for the presence of

bacteriophage using the gold standard designed in Chapter 4.  In addition to this,

three of these (E4, #69, #83) had an ID50 of greater than 1x104 cfu in the Balb/C

mouse model.  Isolate #13 had an ID50 just below 104 cfu (3.8x103 cfu).  The fifth

isolate (NAFC), determined to be positive for bacteriophage in Chapter 4, was the

low virulence isotype of NCTC 13178.  The bacteriophage EcoRV digest pattern was

determined to be similar to that of the bacteriophage of NCTC 13178 (Section
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4.3.1.5).  This isolate was used to determine whether the loss of virulence could be

restored by addition of additional bacteriophage extracted from the donor isolate.

Flow charts of the experiments undertaken can be seen in Figure 5.1.  Each infection

of bacteriophage was given a letter (A-H) as an identifier and any assay carried out

was given a subcode, eg., A.1, A.1.1, A.2.  BupsM1 is described as M1 for brevity. 

Each separate infection of bacteria with bacteriophage is highlighted in blue.  Each

isolate for which an ID50 was determined is noted and highlighted in yellow.  One

assay (Assay C.1) used bacteriophage concentrated by the magnesium hydroxide

assay (4.2.2.2) instead of the standard ultracentrifugation method (4.2.2.1). 

Infection with bacteriophage was presumed to have occurred if colony morphology of

the offspring bacteria changed from that of the parent isolate.  Confirmation was

carried out by identification of restriction digest pattern of the bacteriophage where

possible.
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5.2.5 Plaque observation on lawns

Bacteria were cultured on Ashdown agar for 48 to 72 hours and a single colony

inoculated into LB broth.  The broth was incubated overnight at 37°C in an orbital

shaker at 100rpm.  To eliminate the possibility that plaques were present but difficult

to see due to low bacterial growth, volumes of overnight broths added to top agar and

volumes of top agar used were varied.  One hundred (Group 3) to two hundred

microlitres (Group 2) of broth was added to ten ml of molten soft top agar, with or

without addition of mitomycin C to a concentration of 100mg/ml and then poured

over LB agar pre-warmed to 37°C.  Alternately, broth was incubated to an O.D.600nm

of 0.5 and 200:l was added to five ml of molten soft top agar, prior to pouring over

pre-warmed LB agar (Group1).  Group one and two plaque tests used broths

inoculated from 48 hour old Ashdown colonies.  Group three plaque tests used broths

inoculated from 72 hour Ashdown colonies.  In each case the agar plates were

allowed to solidify and then inverted and incubated at 37°C overnight.  Plates were

then examined for the presence of plaques.

5.3 Results

5.3.1 Infectious dose assays

Photographic plates of colony morphology of bacterial isolates from which

bacteriophage was extracted for these assays (donor isolates) demonstrate both

isolates as being rough and flat with rugose to umbonate edges (Figure 5.2). 

Photographic plates of an example of colony morphology of a donor, parent and

offspring bacteria are in Figure 5.3.  In this example, clear changes in colony

morphology were observed with offspring bacteria more closely resembling the donor

isolate than the parent isolate.  Plates of other colonial morphology can be found in

Appendix 7.  In most experiments, plating broth to which bacteriophage had been

added resulted in at least some colonies retaining parental morphology.  Colonies

which showed morphology that was altered from that of the parent were selected and

sub-plated for the images in Appendix 7.  Colony morphology is described in Table

5.1.  This table also contains results of infectious dose experiments where these were

carried out. 
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Figure 5.2 Ashdown plates of donor Burkholderia isolates.  Plates contain from left
to right; NCTC 13178, and isolate #7 after five days of incubation at 37°C on
Ashdown agar.  Donor isolate morphology can be described as follows; 
B. pseudomallei NCTC 13178: five to ten mm, flat, rhizoid to radially striated with a
lobate edge, dull, rough, purple.  B. pseudomallei #7: seven mm, flat, rhizoid,
umbonate, dull, rough, purple   

Figure 5.3 Example of colony morphologies of donor, uninfected parent and
offspring bacteria on Ashdown agar.   Plates from left to right are; Donor: NCTC
13178, Parent: NAFC, Offspring: NAFC-BupsM1 after five days incubation at 37°C
on Ashdown agar
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Table 5.1 Results of virulence assays including ID50 data in mice for both parent
isolates and offspring isolates, as well as observations of colonial morphology and
restriction digest  results.  The ID50 of the donor isolates for these assays were; 
NCTC 13178 (BupsM1) 9 colony forming units (cfu), #7 (M7) 40 cfu (Ulett et al.,
2001).
Assay Isolate Level of

confirmation of

infection reached

ID50  (cfu) Colonial morphology on

Ashdown agar after five days

incubation

A.1 NAFC NAFC/BupsM1 digest
pattern detected

2.5x104 3-10mm, convex, entire, glistening,
smooth mucoid, lilac

A.1 NAFC+
BupsM1

BupsM1 digest pattern
detected

8.2x101 4-10mm, flat, undulate to entire,
rhizoid, glistening, rough, lilac

A.1.1 103 spleen
homogenate

BupsM1 digest pattern
detected

 1.7x104

(NAFC control
A.3 2.5x104)

similar to assay A.1 NAFC+BupsM1

A.1.2 101 spleen
homogenate

BupsM1 digest pattern
detected

1.0x106

(NAFC control
A.3 2.5x104)

similar to assay A.1 NAFC+BupsM1

A.2 NAFC NAFC/BupsM1 digest
pattern detected

2.2x104 similar to assay A.1 NAFC

A.2 NAFC+
BupsM1

BupsM1 digest pattern
detected 

1.6x105 4-6mm flat to convex, entire, glistening,
smooth, mucoid, purple (darker and
flatter than NAFC)

A.2.1 NAFC NAFC/BupsM1 digest
pattern detected

1.8x105 similar to assay A.1 NAFC

A.2.1 NAFC+
BupsM1

BupsM1 digest pattern
detected

2.5x106 similar to assay A.1 NAFC+BupsM1

A.3 NAFC NAFC/BupsM1 digest
pattern detected

2.5x104 similar to assay A.1 NAFC

A.3 NAFC+
BupsM1

BupsM1 digest pattern
detected

4.1x104 similar to assay A.1 NAFC+BupsM1

A.4 NAFC+
BupsM1

BupsM1 digest pattern
detected

3.6x105

(NAFC control
A.2.1  1.8x105)

similar to assay A.1 NAFC+BupsM1

B.1 NAFC NAFCBupsM1 digest
pattern detected

6.5x105 similar to assay A.1 NAFC

B.1 NAFC+
BupsM1

BupsM1 digest pattern
detected

5.5x105 similar to assay A.1 NAFC+BupsM1

C.1.1 NAFC+
BupsM1

BupsM1 digest pattern
detected

4x104

1.3x105

(NAFC control
A.2.1  1.8x105)

2-7mm, convex, entire, glistening,
smooth, mucoid, purple

C.1.2 NAFC+
BupsM1

no digest pattern
detected

2.3x106 
(NAFC control
A.2.1  1.8x105)

similar to assay A.1 NAFC

D.1 NAFC+ M7 BupsM1 digest pattern
detected, M7 digest
pattern not detected

not done similar to assay A.1 NAFC

E.1 #13 no digest pattern
detected

3.8x103 5mm, flat, undulate, rhizoid, dull,
rough, purple

E.1 #13+ BupsM1 no digest pattern
detected

1.7x104 10-12mm, flat, rhizoid, undulate to
lobate, dull, rough, purple

E.2 #13+ M7 no digest pattern
detected

not done similar to assay E.1 #13

F.1 #83 no digest pattern
detected

1.68x104 3-4mm, flat, entire, rhizoid, dull, rough,
purple

F.1 #83+ BupsM1 BupsM1 digest pattern
detected

7.9x103 4-5mm, flat, entire, rhizoid, dull, rough,
purple
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F.2 #83+ M7 no digest pattern
detected

not done similar to assay F.1 #83 

G.1 #69 no digest pattern
detected

1.96x104 - 8x104 3-5mm, flat, rhizoid, entire, dull, rough,
purple

G.1 #69+ BupsM1 BupsM1 digest pattern
detected

1.3x104 3-5mm, flat – thinner than parent it was
created from, rhizoid, undulate, dull,
rough, translucent lilac

G.2 #69+ M7 M7 digest pattern
detected

7.4x104 5-7mm, flat –thinner than parent it was
created from, rhizoid, undulate, dull,
rough, purple

H.1 E4 no digest pattern
detected

2.17x106 5mm, convex, entire, glistening, smooth
mucoid, lilac

H.1 E4+ BupsM1 no digest pattern
detected

1.2x106 6mm, convex, undulate, glistening,
smooth mucoid, lilac 

Across all NAFC experiments, the NAFC ID50 varied from 2.2x104 (assay A.2) to

6.5x105 (assay B.1) cfu.  The average NAFC ID50 from five assays was 1.8x105 cfu

with a standard error of 1.2x105 cfu.  Based on the variability in NAFC ID50s,

possibly caused by variability in batches of mice, standard error cannot be used to

determine significant alterations in virulence.  Instead, an alteration in virulence from

NAFC control to NAFC+BupsM1 experiment was considered to be significant if it

exceeded one log in value.

The initial trial infecting NAFC with BupsM1 resulted in an upregulation of virulence

(Table 5.1, assay A.1) with the ID50 of the offspring (8.2x101 cfu) approaching that of

the donor isolate (9 cfu).

Two moribund mice from assay A.1, one at 101 cfu dose (NAFC+BupsM1) and the

other at 103 cfu dose, were autopsied and their spleens extracted.  At extraction, the

spleens were enlarged with one mm diameter white pustules and two mm diameter

dark discolourations.  After five days on Ashdown agar, colonies extracted from the

spleen of the mouse dosed at 103 cfu were three mm diameter, shiny, low convex,

purple colonies with some flattening.  Plates from the mouse spleen dosed at 101 cfu

displayed a mixed morphology; some were shiny, smooth, 15-20 mm diameter

colonies and others were 15mm diameter, flat, rhizoid colonies.  The homogenates
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were frozen at -80°C.  Passaging homogenates, using colonies plated on Ashdown

agar, resulted in ID50s similar (Table 5.1, assay A.1.1, 103 spleen; 1.7x104) to those of

the uninfected parent NAFC (2.5x104; using NAFC from assay A.3 which was done

in conjunction) and two logs higher (assay A.1.2, 101 spleen; 1x106).

The other assays carried out from the first infection experiment after a variety of 

further steps were undertaken (assays A.2, A.3 and A.4; 1.6x105, 4.1x104, 3.6x105

respectively) did not show an increase in virulence as was seen in the initial assay. 

Three spleens were extracted from the surviving mice from the direct inoculation

method (assay A.2). These were processed for passage and no increase in virulence

occurred during passage.  It was noted that the ID50 increased to 2.5x106 cfu (assay

A.2.1).

Fresh infections of NAFC with BupsM1 were carried out and single three day old

colonies from Ashdown agar were selected (assays B.1 and C.1).  In all cases, no

increase in virulence was observed.  It should be noted that assay C.1 was carried out

using bacteriophage concentrated using a magnesium protocol (4.2.2.2 magnesium

hydroxide precipitation) rather than  ultracentrifugation (4.2.2.2 ultracentrifugation). 

The ID50s of the offspring bacteria in this case spanned more than one log in value. 

These assays were done in conjunction with assay A.2.1 and the only

NAFC+BupsM1 ID50 which was more than one log different to NAFC (1.8x105) in

this case was C.1.2, showing a slight loss of virulence (2.3x106).

Alternate Burkholderia isolates were also infected with BupsM1.  In each case, no

significant upregulation of virulence was recorded.  ID50s were carried out directly on

overnight infected broths in an attempt to select for virulent offspring bacteria.  One

other bacteriophage (M7) was also used to infect Burkholderia isolates.  One ID50 was

carried out (assay G.2; #69+M7) directly on overnight broth and no alteration of

virulence from that of the parent was observed.
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Several assays did not show the presence of bacteriophage via restriction digest but

did show an alteration in offspring colony morphology.  In these cases, virulence

assays were carried out with no increases in virulence noted.  Where no change in

morphology was noted and restriction digest assay did not confirm the presence of

bacteriophage, no virulence assay was carried out to limit the use of mice (Assays

D.1, E.2 and F.2).

5.3.2 Lawns

Previously, spontaneous plaque formation was observed with some Burkholderia

pseudomallei isolates (Section 4.3.1).  Several isolates, including donor, parent and

offspring bacteria, were further examined for plaque formation using the soft top agar

technique.  This was done to determine whether the offspring bacteria spontaneously

entered the lytic part of the lifecycle (Table 5.2).  Addition of mitomycin C was

carried out in some cases to attempt to stimulate lysis.

Assays for plaque formation were done in three batches at three different times using

three different bacteria to agar ratios.  Group one showed no spontaneous plaque

formation after 200:l of low density bacterial broth was added to 5ml of agar.  In

both groups two and three, isolate NCTC 13178 did not produce plaques, even with

addition of mitomycin C.  This is the isolate from which bacteriophage was extracted

for all of the offspring assays in this experiment.  Also, in both groups two and three,

NAFC produced plaques irrespective of addition of mitomycin C.  Once

bacteriophage from NCTC 13178 had been added to NAFC plaques were generally

not observed, with the exception of one plaque in group two from an isolate of

NAFC+BupsM1 selected from Assay B.1 (Table 5.1) and multiple plaques present

from an isolate of NAFC+BupsM1 selected from Assay A.1 (Table 5.1) in group

three.
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Table 5.2 Results of production of plaques in soft top agar.  Plaque production is
indicated with ‘y’. No plaque production is indicated with ‘n’.  In the case of single
or very low level plaque production, the number of the plaques is also presented. 
“+MitC” represents addition of mitomycin C at 100mg/ml.  “-MitC” represents no
addition of mitomycin C.  Results are grouped with respect to top agar conditions
used.

group isolate Origin of infected isolate

- Assay number from

table 5.1

plaques Top agar conditions

1 NCTC  13178 n 200:l  of O.D.600 0.5 in 5ml

0.7% agar

1 NAFC n 200:l  of O.D.600 0.5 in 5ml

0.7% agar

1 NAFC+

BupsM1

A.1 n 200:l  of O.D.600 0.5 in 5ml

0.7% agar

-Mitc          +Mitc

2 NCTC  13178 n                      n 200:l of overnight broth +

10ml 0.7% agar

2 NAFC y                      y 200:l of overnight broth +

10ml 0.7% agar

2 NAFC+

BupsM1

A.1 n                      n 200:l of overnight broth +

10ml 0.7% agar

2 NAFC+

BupsM1

B.1 y(1)                 n 200:l of overnight broth +

10ml 0.7% agar

3 NCTC  13178 n                      n 100:l of overnight broth +

10ml 0.7% agar

3 NAFC y                      y 100:l of overnight broth +

10ml 0.7% agar

3 NAFC+

BupsM1

A.1 y                      y 100:l of overnight broth +

10ml 0.7% agar

3 NAFC+

BupsM1

B.1 n                      n 100:l of overnight broth +

10ml 0.7% agar

3 NAFC+

BupsM1

B.1 (with uninfected

parent morphology)

n                      n 100:l of overnight broth +

10ml 0.7% agar

5.4 Discussion

The aim of this chapter was to examine whether bacteriophage extracted from

bacterial isolates of high virulence could infect isolates of lower virulence and alter

physiological factors including virulence. 

The presence of a bacteriophage in NAFC, with the same restriction cutting pattern as

that of BupsM1, prevented confirmation of infection by restriction digest assay when

NAFC was exposed to BupsM1.  However, when BupsM1 was added to NAFC and

the broth plated, the morphology of the majority of colonies changed to a flatter,
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undulate, rhizoid, rough form indicating some effect of the bacteriophage on the

bacteria.  One possibility is that the bacteriophage is causing lysis of sensitive

bacteria, which are in the majority.  This would permit only the rare phage resistant

mutants (which have are likely to have a different gross morphology) to predominate. 

The altered morphology was similar between colonies and experiments indicating, if

it was a mutant, it was clonal.  Newly cloned organisms should have identical

virulence properties with very narrow variation in an assay (Table 5.1).  This was not

the result in the case of NAFC+BupsM1 virulence experiments, so this is unlikely to

be the cause.

In addition, alkalisation of the agar was also noted, although it did not appear to be as

extreme as in the case of NAFC.  Colony morphology more closely matched the

ancestral NCTC 13178.  Serial sub-plating resulted in no reversal in colony

morphology to that of NAFC.  NAFC+BupsM1 colonies were not identical to the

NCTC 13178 in appearance.  This would be expected if the only change between the

donor and parent were the alteration of a bacteriophage, which was repaired by

replacement of that bacteriophage at the same insertion site on the chromosome.

Other lysogenic bacteriophage, including P2 (Barreiro and Haggard-Ljungquist,

1992) and bacteriophage Mu (Hsu and Davidson, 1972), have been shown to have

multiple insertion sites and this may be the case here.  Changes in colony morphology

after infection with bacteriophage have been observed in various systems including

pf4 infection in biofilms of P. aeruginosa (Webb et al., 2004), tox+ infection in

Clostridium novyi (Eklund et al., 1976) and small colony variants in E. coli (Kuo et

al., 2000).  Some of these changes have been attributed to lysis of the colonies. 

Colony lysis may be playing a role in NAFC+BupsM1 in the case of infections where

virulence was slightly lower than the virulence of NAFC (A.1.2, A.2.1, C.1.b).  If the

lysogenisation is less stable than in the original NCTC 13178 due to position of

insertion or interaction with the bacteriophage already present, lysis could occur and

bacterial growth would be retarded.  Studies with insertion of P2 into strains of

E. coli has determined that when a cryptic bacteriophage is present at the preferred
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attachment site, P2 inserts at another attachment site (Barreiro and Haggard-

Ljungquist, 1992) and when two P2 bacteriophage are inserted in tandem, the

insertion is unstable and leads to frequent excision of the bacteriophage and lysis

(Bertani, 1971).  This loss of virulence is of interest for therapeutic use of

bacteriophage to treat Burkholderia infections.  However, the possibility of an

increase in virulence would have to be eliminated for such a path to be worth

pursuing.

If superinfection immunity mechanisms exist on BupsM1, it should not be able to

infect NAFC as the bacteriophage already present in the genome should make it

immune to similar or identical bacteriophage.  However, cross spotting experiments

(Chapter 4.3.1) showed variation in the spotting profiles of NCTC 13178 and NAFC. 

Addition of bacteriophage extracts to these bacteria resulted in few cases of plaque

production with NCTC13178 (7/50), but a large number of cases of plaque

production with NAFC (31/50) .  This may be due to a greater variety of

bacteriophage being able to infect NAFC, due to changes in cell wall structure or loss

of some other superinfection immunity mechanism.  Alternatively, it may be due to

addition of bacteriophage extracts stimulating conversion of BupsM1 to a lytic

lifecycle with NAFC.  As plaques were not examined at the molecular level, this

second possibility could be neither confirmed nor ruled out.

While it was often possible to alter colonial morphology by addition of

bacteriophage, only one assay resulted in a significant increase of virulence (A.1). 

One possible reason for this is a requirement for the bacteriophage to insert at a

particular site to increase virulence, possibly by insertionally inactivating a bacterial

gene.  Three assays (A.1.2, A.2.1, C.1.b) resulted in slightly lower virulence which

adds evidence to the possibility of insertion position playing a role in the interaction

of bacteriophage and bacteria.  Insertion at different sites on the genome by

bacteriophage Mu in E.coli has produced dissimilar phenotypes caused by gene

inactivation at different insertion sites (Taylor, 1963; Hsu and Davidson, 1972) and

these changes could affect the fitness and virulence of the bacteria. 
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Since repeating the NAFC experiment (assays B.1, C.1) did not result in the same

increases as those of A.1 and cultures saved from this experiment did not cause

increases in virulence (assays A.1.1, A.1.2, A.2, A.2.1, A.3), it cannot be definitively

stated that BupsM1 increases virulence, only that there may be a link between

virulence and the bacteriophage.

To examine whether BupsM1 was able to increase virulence in isolates of

B. pseudomallei which did not show evidence of an inducible bacteriophage, several

isolates of B. pseudomallei were infected.  Colony morphology changes were noted

and in the case of #69+BupsM1 (assay G.1) the changes were considered similar to

changes noted with NAFC+BupsM1, in that colonies appeared thinner.  However, in

no case did an increase in virulence occur.  Direct infection with overnight broths

was trialed as some experiments have shown an in vivo effect with enrichment of

virulent isolates (Baselski et al., 1979; Waldor and Mekalanos, 1996), but in this case

no enrichment of any virulent offspring occurred.

The alternate possibility is that BupsM1 does not encode virulence factors. 

Bacteriophage P1 confers no virulence changes on its host (Yarmolinsky, 2004) and

this may also be the case here.  A more definitive answer would require the analysis

of BupsM1 at the genetic level, with comparison to bacteriophage genes of known

function present in other bacteriophage.

A second bacteriophage extracted from another isolate of high virulence (M7,

extracted from #7) was used for infection studies.  The only experiment in which M7

was successfully  inserted (Assay G.2), did not show alterations in virulence.  This

was not examined further as confirmation of insertion with this bacteriophage was

unsuccessful in most cases. 

Plaque forming assays were carried out on NCTC 13178, NAFC and selected isolates

of NAFC+BupsM1 to glean some indication of the level of stability of the prophage. 

These assays indicated that the bacteriophage extracted from NCTC 13178 was
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capable of stable lysogeny.  Addition of mitomycin C did not cause enough lysis to

be visible as plaques irrespective of the bacteria to agar ratio.  As group two and three

assays did in some cases produce plaques, it is reasonable to assume that plaques

were present but difficult to see due to low bacterial growth in group one.  As such,

groups two and three only will be discussed.  The first observation of note was that

the addition of mitomycin C prior to plating did not appear to cause any changes in

plaque production in agar. 

Of most interest in this assay was the production of plaques on NAFC and not on

NAFC+BupsM1 in group two.  As NAFC is an isogenic mutant of NCTC 13178, it

would be expected that if no plaques were seen in NCTC 13178, then no plaques

would be seen in NAFC.  The presence of plaques in NAFC could indicate several

things.  Firstly, the bacteriophage in NAFC mutated such that it was less stable in a

lysogenic lifecycle than it was in NCTC 13178.  Secondly, the plaques were due to a

second bacteriophage which infected NAFC or finally, a second bacteriophage

already existed which the bacteriophage in NCTC 13178 holds in a stable lysogenic

state and a mutation in BupsM1 in NAFC altered this.  During bacteriophage and

DNA extraction and digestion of NAFC, no bands indicative of a second

bacteriophage were found.

Evidence to support the first theory can be seen in test two (Table 5.2) with the loss

of plaque production in NAFC+BupsM1 which had been reinfected with

bacteriophage extracted from NCTC 13178 (assay A.1).  If reinsertion of a fully

functional bacteriophage occurs, that bacteriophage may produce enough of the

relative gene products to retain lysogenic stability for both bacteriophage.  The single

plaque produced by NAFC+BupsM1 from assay B.1 in group two indicates that

reinfection with bacteriophage may not always be sufficient to block plaque

production.

In contrast, in group three (Table 5.2), NAFC+BupsM1 from assay A.1 was found to

produce plaques.  The only differences between group two and three assays were the
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broth to agar ratio and the age of the isolate from which the broth was made.  The

broth in group three was inoculated from an isolate plated for 24 hours longer than

the isolate used for the group two broth.  The extra day on Ashdown agar may have

provided an extra stress triggering lysis in this case.  This extra day of stress did not

cause lysis in NCTC 13178, nor in NAFC+BupsM1 from assay B.1.  This could be

explained by differences in insertion into the chromosome.  As noted previously,

some bacteriophage are capable of insertion into multiple sites in the bacterial

chromosome, with bacteriophage P2 able to integrate into at least ten sites on E. coli

(Barreiro and Haggard-Ljungquist, 1992) and bacteriophage Mu having a very large

number of insertion sites (Hsu and Davidson, 1972; Manna et al., 2004).  If the

insertion site in the current study differs from one experiment to the other and from

the original insertion point, this could result in phenotypic changes as have been

noted with bacteriophage Mu (Taylor, 1963; Hsu and Davidson, 1972).  In addition

the bacterial response to stress may also differ.  It has been shown that bacteriophage

insertion can inactivate chromosomal genes, such as is the case with the inactivation

of $-lysin in S. aureus (Coleman et al., 1989) and this may cause variation in the

bacterial response to environmental cues. 

The pattern of presence or absence of plaques may hint at possible interactions at the

molecular level.  However, to definitively determine whether insertion sites are

playing a role in either virulence, as suggested above, or playing a role in stability of

the offspring, the site of insertion would need to be determined.  Prior to this, the

bacteriophage would need to be sequenced to select DNA sequences to use for

identification of the insertion region.

In conclusion, it is likely that BupsM1 from NCTC13178 successfully inserts into

NAFC as there are permanent colonial morphology changes.  It is possible that

BupsM1 carries virulence genes as one experiment showed an upregulation of

virulence.  However, as this was not repeatable, and no increase in virulence of other

isolates occurred, it is more likely that BupsM1 causes phenotypic changes in the

bacterial host due to insertion site.  This phenotypical change may in some cases
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cause virulence changes, both increasing and decreasing.  Variable lysis of cells may

also play a role in virulence, with slower growth of bacteria a side effect of less stable

bacteriophage.

Plaque forming assays (Table 5.2) indicated that while the bacteriophage in NAFC

was less stable than that of NCTC13178, addition of BupsM1 from NCTC 13178

improved stability.  It is possible that a gene such as cII, which at high levels

represses the lytic cycle, has been damaged in the NAFC bacteriophage.  Addition of

functioning cII produced by BupsM1 would repress lysis of both bacteriophage. 

Alternatively, the cI gene encoding the repressor, CI, may be damaged in such a way

that lysis is not as strongly repressed.  In both scenarios, lysis of cells containing

damaged as well as functional bacteriophage would occur more quickly than lysis of

cells containing only functional bacteriophage, as was seen in test three.
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CHAPTER 6

SEQUENCING OF BACTERIOPHAGE BupsM1

6.1 Introduction

The ability to identify prophage sequences in bacterial genomes is helpful in

understanding the variation of individuals in a species and can aid in analysis of the

evolution of both bacteriophage and their hosts (Casjens, 2003; Benson et al., 2004). 

It can also aid in understanding bacteriophage-host interactions and potentially allow

us to improve our strategies for curing diseases (Uetz et al., 2004).  These

interactions can include imparting new genetic attributes to the host, including

virulence factors.  As discussed earlier, there are many examples of bacteriophage

encoding toxins and other factors which may give the bacterial host an environmental

advantage and may increase virulence (Beutin et al., 1993; Rubin et al., 1998;

Bensing et al., 2001; Boyd and Brussow, 2002).

Bacteriophage proteins such as endolysin, which can be used to break down bacterial

cell walls (Boizet et al., 1990), are being examined for possible therapeutic use. 

Identifying the genes producing these proteins and being able to recombinantly

produce these proteins has potential benefits for health in a post antibiotic world. 

Already, loads of group B streptococci in the oropharynx and vagina of mice have

been lowered using cloned lysin (Cheng et al., 2005b).  Similarly, lysin produced

from the bacteriophage of Bacillus anthracis has been shown to have specific

bacteriolytic activity against B. anthacis, both in vitro and in vivo (Schuch et al.,

2002). 

Genetic modifications made to bacteriophage are being used to target particular

treatments.  Lysis deficient bacteriophage have been used experimentally to treat both

murine peritonitis (Matsuda et al., 2005) and Pseudomonas aeruginosa infections

(Hagens et al., 2004) with minimal production of endotoxin, hence minimising

inflammation and increasing survival rates. 
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Understanding of bacteriophage sequence has also been of value in manipulation of

the bacteriophage for use as a research tool.  Bacteriophage 8 is the most well known

bacteriophage which has been used as a tool in molecular work (Sambrook and

Russell, 2001).  Knowing the genetic structure of this bacteriophage and being able to

alter it to suit the purpose of the researcher has allowed for great flexibility. 

Typically, bacteriophage vectors are capable of insertions of DNA much larger than

can be carried by plasmids.  Whole genomes can be inserted (genomic DNA libraries)

and expressed (expression libraries).  More recently, genetically modified

bacteriophage expressing antibodies on their surface have been used to block the

effect of cocaine by acting as receptors for the cocaine (Carrera et al., 2004; Nutt and

Lingford-Hughes, 2004).  Bacteriophage are of particular interest in this regard as

they can cross the blood brain barrier and mop up cocaine in areas of the body where

traditional medications have difficulty reaching.  In a similar fashion, bacteriophage

displaying antibodies to amyloid plaques present in the brains of  Alzheimer’s disease

patients, have been examined in mice as a probe for the purpose of early

identification of the disease (Frenkel and Solomon, 2002). 

Analysis of bacteriophage genomic information has been undertaken using different

tools, depending on the desired outcome.  DeShazer (2004) used subtractive

hybridization to identify a prophage in one strain of B. pseudomallei that was not

present in another strain and from this information, a bacteriophage was extracted

and the DNA analysed.  Anne et al. (1984; 1985) extracted bacteriophage and

purified the DNA, prior to carrying out restriction digest mapping and sequencing of

bacteriophage VWB from Streptomyces, for the purpose of developing a cloning

vehicle from the bacteriophage.  This second method of extracting and purifying

bacteriophage DNA is commonly carried out when the presence of an inducable

bacteriophage has previously been confirmed.  Typically, once DNA has been

extracted, multiple restriction endonucleases are tested to select those which cut the

bacteriophage into fragments of manageable size.  As well as being used to calculate

expected genomic size, these can be cloned into plasmids and sequenced using

universal primers.  Sequences can then be joined up, either by primer walking,
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shotgun PCR matching of sequences, BLAST searching to determine expected

position and orientation relative to other sequences prior to selective PCR, or by

multiple restriction endonuclease sequence generation and overlapping of the

sequences generated.  Often a combination of these methods is applied (Anne et al.,

1985; Oakey et al., 2002; Braid et al., 2004; Summer et al., 2004; Kwan et al., 2005;

Van Dessel et al., 2005).

Several potential problems with restriction endonuclease cutting exist.  Methylation

of DNA, where present, can protect the DNA from being cut with restriction

endonucleases, resulting in slow or partial digestion (Anne et al., 1984).  In addition,

selection of restriction enzymes for digestion of DNA, such that resultant band sizes

are appropriate for cloning work, is dependant on the bacteriophage.  This may

require many restriction endonucleases being trialed before one is selected (Anne et

al., 1984; Oakey et al., 2002).   

Initial analysis of DNA is commonly carried out using an ORF finder and a BLASTp

search to compare potential genes (Oakey et al., 2002; Braid et al., 2004; Summer et

al., 2004; Kwan et al., 2005; Van Dessel et al., 2005).  Nucleic acid sequences

exhibit much larger sequence heterogeneity compared to their encoded protein

sequences due to redundancy of the genetic code, so use of amino acid coding when

comparing and aligning sequences is desirable to remove a level of this heterogeneity

(Stocsits et al., 2005).  Heterogeneity can also exist when a protein can perform the

same task and have the same chemo-physical properties but otherwise have very

different amino acid coding.  Several mono-ADP-ribosyltransferases (ADP-RTs) that

act as toxins, such as exotoxin A of P. aeruginosa, diphtheria toxin of

Corynebacterium diphtheriae and cholera toxin of V. cholerae have conserved amino

acid coding with regions of dissimilar amino acids between conserved residues

(Wozniak et al., 1988).  These long regions of dissimilar amino acids resist any

automated alignment.  This means identification of genes across species can be

problematic without already having some idea of what gene you are looking at.  It is

relevant to note that ADP-RT toxins have been found encoded on bacteriophage in

http://endnote+.cit
http://endnote+.cit
http://endnote+.cit
http://endnote+.cit
http://endnote+.cit
http://endnote+.cit


110

some organisms (Greenfield et al., 1983; Popoff et al., 1990; Waldor and Mekalanos,

1996) and that B. pseudomallei has been recorded as producing an ADP-RT toxin

(Mohamed et al., 1989b).  

In order to understand how BupsM1 interacts with its host, it is useful to determine

the possible proteins encoded on the bacteriophage.  From this, identification of any

toxin genes or transcriptional regulator genes can be done.  Sequencing of the

BupsM1 genome is an effective way of determining potential proteins and identifying

their  relevance with respect to virulence.  Since previous work (Chapter 4) has

identified BupsM1 as belonging to the family Myoviridae, structural genes and others

similar to those already identified in other Myoviridae bacteriophage can be

anticipated.  Similar gene order is likely, with phage genomes typically showing gene

clustering according to function (Casjens, 2003).  Remaining open reading frames

can be examined with respect to similarities to reported toxin genes or transcriptional

regulator genes.  Chemo-physical comparison can be undertaken where unknown

genes are of a correct size for feasible toxin genes of known amino acid diversity.  

6.2 Materials and Methods

6.2.1 Bacteriophage isolation and DNA extraction

6.2.1.1 Production of DNA for restriction digestion

Bacteriophage BupsM1 was isolated and amplified as per Section 4.2.2 using

B. pseudomallei #4 as the propagating strain.  One hundred millilitre volumes of

broth grown to an O.D.600nm of 0.1 (or about 1x108cfu/ml) was used and 1x109pfu of

bacteriophage was added.  Filtered, amplified solutions of BupsM1 were concentrated

by ultracentrifugation as per Section 4.2.2.2.  The pellet was resuspended in 500ul of

SM buffer modified to contain 0.4M potassium chloride at a pH of 6.3 (Appendix 1). 

Any DNA not bound inside capsid was removed by binding to activated extraction

matrix (Nucleobond AX kit; Machery-Nagel, Düren, Germany) as follows.  Five

hundred :l of buffer L1 (Nucleobond AX kit; Machery-Nagel, Düren, Germany) was

added to 0.05g of extraction matrix.  This was gently inverted for five minutes at

room temperature using an end over end mixer (Laboratory suspension mixer,

http://endnote+.cit
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Clements Pty. Ltd, NSW, Australia) to activate the matrix.  The solution was then

centrifuged at 5000g for five minutes at room temperature.  The supernatant was

discarded and the bacteriophage sample added.  This was mixed by gentle inversion

for 20 minutes and then centrifuged at 5000g for five minutes at room temperature. 

The supernatant was removed without any carry over of matrix and kept for DNA

extraction.

DNA extraction was performed as per Section 4.2.3 without DNase 1 addition. 

Sheared DNA was removed by processing the sample through a gel clean up or PCR

clean up kit (Perfectprep® Gel Cleanup kit, Eppendorf, Hamburg, Germany;

QIAquick® PCR Purification kit, Qiagen, Germany; HiYield Gel/PCR DNA

Fragments Extraction Kit, Real Biotech Corp., Taiwan, ROC.; Wizard® SV Gel and

PCR Clean-Up System, Promega, Madison, USA) to a final volume of 300:l.  

6.2.2 Sequence determination

6.2.2.1 Restriction digestion and cloning

Restriction endonucleases (Promega, Madison, USA) were selected to include four,

six and eight base cutters and to be compatible with pBK-CMV (Stratagene, USA). 

Each restriction endonuclease was tested for suitability using one :g of BupsM1

DNA according to suppliers’ instructions.  Restriction enzymes were determined to

be suitable if bands of digestion fragments of between 600 and 3000 base pairs were

produced on a gel.

Digestion fragments of between 600 and 3000 base pairs were excised from the gel

using clean scalpel blades.  DNA fragments were removed from the agarose slices

using DNA gel extraction kits (Perfectprep® Gel Cleanup kit; HiYield Gel/PCR DNA

Fragments Extraction Kit; Wizard® SV Gel and PCR Clean-Up System) according to

the kit’s instructions.  DNA was eluted into deionised water (ddH2O), O.D.260/280nm

was determined as per Section 3.2.5 and the sample was stored at -20°C until

required.
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The same restriction endonuclease was used to cut pBKCMV according to suppliers’

instructions and the ends dephosphorylated (Section 3.2.3.1).  Fragments were ligated

into the dephosphorylated plasmid and transformed into chemically competent E. coli

cells as per Sections 3.2.3.2 and 3.2.3.3.

Presumptive transformants were selected on the basis of blue-white screening, with

white colonies indicative of an insert present in the plasmid.  Up to three presumptive

transformants from each ligation were further cultured overnight for plasmid

extractions (Section 3.2.4).  The presence of an insert was confirmed by taking 500ng

of plasmid, linearising it by making a single cut using a restriction enzyme present in

the plasmid multi-cloning site (other than the restriction endonuclease used to digest

the bacteriophage DNA) and examining the size of the linear product using gel

electrophoresis (Section 3.2.7).  Alternately, the presence of an insert was confirmed

by carrying out a PCR using universal primers present on the plasmid, a general PCR

mix (Table 3.3) and the PCR program designed for sequencing (Section 3.2.9).  The

size of the product was then examined using gel electrophoresis.

Plasmids with confirmed inserts were either sent to Macrogen (Korea) for sequencing

or processed at James Cook University.  At James Cook University, plasmids were

sequenced using a sequencing PCR program (Section 3.2.9) with plasmid sequencing

primers (Table 6.1), and Amersham DYEnamic ET Teminator Cycle Sequencing Kit

(Amersham Biosciences, NSW, Australia).  All oligonucleotides were synthesised by

Sigma Aldrich, Australia.  Reactions were analysed at the Genetic Analysis Facility

(GAF) at James Cook University, Townsville, QLD, Australia, using a Beckman

CEQ 2000 DNA Analysis System or an Amersham Biosciences MegaBASE 1000 .  

In all cases, data was examined using Sequencher™ software (Gene Codes

Corporation, Ann Arbor, MI, USA) and any vector and primer sequence was

removed.  Fragment sequences were aligned and overlapped where possible using

Sequencher™, to form a number of contiguous data sets (contigs).  Where sequenced
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inserts were too long to produce a single contig with one sequencing event, primer

walking was carried out to join sequences together.  

Primer walking involved the creation of oligonucelotide primers internally on the

insert, directed towards the unknown central region of the insert.  This was done

using DNA sequence already determined as a template and carrying out sequencing

using the new primers.  Oligonucleotide primers were designed using Oligo v 6.65

(Section 3.2.8).  Further rounds of primer walking were carried out until a single

contig of each insert sequenced was achieved.

Table 6.1 Primers used for sequencing inserts in plasmids.  Primer sequence is shown
in 5' to 3' direction.  Some primer names are the same between brands but have
different sequence structure  

Plasmid name and Brand Primer
name

Primer sequence

pBK-CMV 
(Stratagene; USA)

BK reverse
M13 (-20)

ACAGGAAACAGCTATGACCTTG
GTAAAACGACGGCCAGT

pBK-CMV T7
T3

GTAATACGACTCACTATAGGGC
ATTAACCCTCACTAAAGGGA

pGEM-T (Promega, USA) T7
SP6

TAATACGACTCACTATAGGG
TATTTAGGTGACACTATAG

pGEM-T (Promega, USA) M13F
M13R

GTTTTCCCAGTCACGAC
CAGGAAACAGCTATGAC

T&A cloning Vector (Real
Biotech Corp., Taiwan,

ROC)

M13F
M13R

TTTCCCAGTCACGAC
TCACACAGGAAACAGCTATGAC

6.2.2.2 Primer directed approach

Oligonucleotide primers were designed to amplify out from both ends of all contigs. 

Primers were designed with similar melting temperatures using the primer design

component of Oligo v6.65.  All combinations of primers, with the exception of those

produced at either end of a single contig, were tested using conventional PCR

conditions (Section 3.2.4.3).  PCR mixes were developed in plate format using the

CAS1200 liquid handling robot (Corbett Robotics, Qld, Australia) and products were
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visualised using gel electrophoresis.  PCRs which resulted in either single strong

bands of <1500 bases (or a strong band of <1500 bases as well as one or more faint

bands) were run on gel electrophoresis and the strong band cut out and cleaned using

a gel clean up kit (Perfectprep® Gel Cleanup kit, Eppendorf, Hamburg, Germany;

HiYield Gel/PCR DNA Fragments Extraction Kit, Real Biotech Corp., Taiwan,

ROC.; Wizard® SV Gel and PCR Clean-Up System, Promega, Madison, USA).  PCR

products were ligated into pGEM-T (Promega) or yT&A (Yeastern Biotech, Taiwan)

using the supplier's recommended protocol.  Plasmids were transformed and

confirmed for insert as noted earlier (Section 6.2.2.1).  Plasmids with confirmed

inserts were sequenced using plasmid universal primers (Section 6.2.2.1).  Fragment

sequences were aligned and overlapped where possible to existing contigs using

Sequencher™.  All sequence data was subjected to a BLASTx (translated sequence

vs. protein database) search of the GenBank database.

To estimate position and orientation of large contigs and fragments along the

genome, long range PCR was applied to combinations of primers using whole DNA

from BupsM1 as a PCR template.  Instead of standard Taq polymerase, platinum pfx

(Invitrogen, Australia) was used according to supplier’s instructions.  Two reaction

cycle conditions were examined,  long product conditions, to amplify extremely long

products and five kb conditions, to amplify products up to five kb.  In both cases

primers were designed to have a melting temperature of above 70°C and were RP1

purified.

1.  Long product conditions

• Denaturation at 94°C for five minutes

• 15 cycles of;

1. denaturing at 94°C for 30 seconds

2. annealing and extension of primers at 72°C  for 25 minutes

• 15 cycles of;

1. denaturing at 94°C for 30 seconds

2. annealing and extension of primers at 72°C  for 25 minutes plus 15

seconds per cycle
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• one cycle of;

1. denaturing at 94°C for 30 seconds

2. annealing and extension of primers at 72°C  for 40 minutes

• storage at 4°C in the thermocycler until removed and stored at 4°C prior to

further processing.

2.  Five kb product conditions

• Denaturation at 94°C for five minutes

• 30 cycles of;

1. denaturing at 94°C for 30 seconds

2. annealing and extension of primers at 72°C  for three minutes

• one cycle of;

1. denaturing at 94°C for 30 seconds

2. annealing and extension of primers at 72°C  for ten minutes

• storage at 15°C in the thermocycler until removed and stored at 4°C prior to

further processing

Products were visualised using 0.8% agarose gel electrophoresis.  Products which

exceeded the minimum expected size were cut out and either directly sequenced

using the primers used in the PCR or cloned into a T-vector after A-tailing. 

Sequence fragments which matched the ends of the contigs from which the primers

were designed were considered proof that the PCR product would join the two

contigs tested, as well as confirmation of the orientation and size of gap between the

two contigs.

A-tailing was carried out by making up the following reaction mix to 75µl in a thin

walled 500µl PCR tube and heating the reaction to 72°C for ten minutes (Ray

Layton, JCU, pers. com.).   The reaction was then cooled to 15°C and cleaned by use

of a PCR cleanup kit (HiYield Gel/PCR DNA Fragments Extraction Kit, Real

Biotech Corp., Taiwan, ROC). 
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Reaction mix
PCR product (after gel extraction)

1 x reaction buffer (Promega)

50µM dATP (Promega)

2.5mM MgCl2 (Promega)

0.05 units/µl Taq polymerase (Promega)

The linking of contigs using PCR continued until sufficiently large contigs for open

reading frame (ORF) analysis were obtained.  At least two replicates of each base

were determined, through either overlapping of contigs or replicate testing of

fragments.  Where ambiguities occurred in duplicate sequences, at least one more

reaction was undertaken to determine the most likely correct base.

6.2.3 Open reading frame (ORF) analysis

Nucleotide sequence data for BupsM1 was analysed for open reading frames (ORFs)

and putative genes using NCBI ORF Finder

(http://www.ncbi.nlm.nih.gov/gorf/gorf.html) with bacterial coding selected in

parallel with a BLASTx of GenBank.  Results of the ORF Finder analysis were

applied to a BLASTp (protein sequence vs. protein database search) of GenBank to

assign a hypothetical role or function and thus form a putative gene map of the

BupsM1 genome.  This was compared to the results of the BLASTx to identify any

likely start/stop codon errors.  The resultant putative genes were isolated and applied

to a final BLASTx to confirm putative identification, E value and % identity. 

Where no match or a hypothetical match of unknown origin was detected, ORF 

nucleotide sequence was translated into amino acid sequence using BCM Search

Launcher: Six Frame Translation of Sequence

(http://searchlauncher.bcm.tmc.edu/seq-util/Options/sixframe.html).  Where the

product size of ORF was reasonably similar to the product of interest, the correct

frame amino acid sequence was then examined for the existence of expected amino

acid order or chemo-physical properties to match to either ADP-RT or endolysin.  

http://(http://www.ncbi.nlm.nih.gov/gorf/gorf.html)
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Analysis of ORFs for presence of an endolysin was carried out using ClustalX (1.8)

(ftp://ftp-igbmc.u-strasbg.fr/pub/ClustalX/) to align amino acid translations of ORF

sequences and GeneDoc v.2.6.002 to visualise chemo-physical relatedness of aligned

sequences.  Multiple ORF alignments were carried out, the poorest matches removed

and new alignments carried out until only the most likely matches remained. 

Alignments were also visualised using NJplot

(http://pbil.univ-lyon1.fr/software/njplot.html) (Perriere and Gouy, 1996) with

bootstrap values included (number of bootstrap trials = 1000).

Analysis of amino acid translations of ORFs for the presence of conserved amino

acid residues indicative of ADP-RTs was carried out by examining all ORFs in

ClustalX for expected amino acid residues and examination of the spacing between

residues.  Two amino acid patterns were used as a template to look for

ADP-ribosylating activity in the ORFs.  The first was histidine or arginine...105 to

130 amino acids...glutamic acid...one amino acid...glutamic acid (H/R...105 to

130aa...E...1aa...E), with a hydrophobic and or aromatic region 50-75aa downstream

of the H/R.  This was based on the identification of the conserved regions of group

one ADP-RTs (Takada et al., 1995).  The second was the pattern R...50aa to

120aa...E...1aa...E with the conserved region serine-threonine-serine (STS) in the 50

to 120aa variable region.  This was based on the conserved active sites of group four

ADP-RTs reported by Barth et al (1998).  Patterns were searched for using a string

search in ClustalX by recording all amino acids fitting the necessary matches and

comparing spacing between these with spacing of the exotoxins.  All ORFs were

examined as some possible ADP-ribosylating activity has previously been recorded

in genes already putatively identified to have a function (Oakey et al., 2005).

6.3 Results

6.3.1 Effectiveness of DNA preparation methods

6.3.1.1 DNA extraction and cleanup

All kits used for the cleanup of DNA from bacteriophage extraction were found to

produce a similar quality and quantity of DNA.  The yield of DNA after cleanup

http://(http://pbil.univ-lyon1.fr/software/njplot.html)
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where DNase 1 was not used was approximately one quarter the initial yield.  Most

of the DNA lost was due to removal of sheared, low molecular weight DNA.  One

hundred millilitres of bacteriophage broth typically produced a final concentration of

about 100:g/ml DNA or a total of 30:g of DNA.  Comparison on a gel showed little

difference before and after cleanup in the intensity of the high molecular weight

band.  Where DNase 1 was used (Section 4.2.3), the final yield was considerably

lowered, to about three :g of DNA from 100ml of bacteriophage broth.  This was 

probably due to fragile neck structures allowing some entry of DNase 1 to the capsid. 

This amount was insufficient for restriction digestion for the purpose of sequencing

of bands.

6.3.1.2 Restriction digestion

Eighteen restriction endonucleases, including two combinations of multiple

restriction endonucleases were tested for suitability (Table 6.2).  Of these, only three

were determined to be suitable, EcoRV+SmaI, SalI and PstI.  All four base cutting

restriction endonucleases caused complete digestion of the bacteriophage DNA.  

Table 6.2 Grouping of restriction endonucleases by cutting pattern.  Non-cutters are
those which produced only one high molecular weight band by gel electrophoresis. 
Poor cutters produced few or no bands within the desired size range of 600bp to
3000bp, but may produce several bands above this size range.  Good cutters
produced five or more bands within the required size range.  Complete cutters caused
complete digestion of DNA.  Information in brackets beside the name of the
restriction endonuclease describes whether it is an unusual (U), four (4), six (6), or
eight (8) base cutter and whether it cuts a blunt end (B). 

Non Cutters Poor cutters Good Cutters Complete
Cutters

BglII(6)
DraI(6,B)
XbaI(6)

EcoRI(6)
SpeI(6)

EcoRV (6,B)
SmaI(6,B)

NotI(8)
KpnI(6)
SfiI(U)

BamHI(6)
EcoRV(6,B)+SfiI(U)

PstI (6)
SalI(6)

EcoRV(6,B)+SmaI(6,B)

Sau3A I(4)
HaeIII(4,B)

HpaII(4)
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6.3.1.3 Gel extraction

The quantity of DNA in a band was calculated using a marker containing quantitative

bands (GeneRuler™ 1Kb DNA Ladder, Fermentas, USA) and Genetools software

(Gentools v.3.00.22, Synoptics, England).  All gel extraction kits trialed were similar

in efficiency with a final yield of about 50% of the DNA being extracted.  Yield was

increased slightly when elution buffer or water used for elution was warmed to 50°C

prior to addition to column and was allowed to sit for one minute in the column prior

to elution.

6.3.1.4 Ligation and cloning of extracted restriction fragments

Restriction endonucleases that produced blunt ends were examined first due to the

flexibility of ligation into any blunt end cut plasmid.  Only one restriction fragment

of seven was successfully ligated into pBK-CMV using this method in spite of

addition of ten units of T4 DNA ligase to the ligation mix (Section 3.2.3).  Fifteen

fragments produced using SalI (Figure 6.1) were successfully ligated into pBK-CMV

which had been cut with SalI and dephosphorylated.  Sequencing of multiple clones

identified some bands fragments as consisting of multiple fragments of the

bacteriophage genome.
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Figure 6.1 Gel of SalI digest of bacteriophage BupsM1.  Lane 1; 1kb plus DNA
ladder (Invitrogen, USA), Lane 2; SalI digested BupsM1.  Bands which were cut out
and sequenced are numbered 2-16.

6.3.1.5 Primer directed approaches 

Shotgun sequencing of BupsM1, using combinations of primers designed from either

end of all contigs, mainly resulted in the extension of single contigs or the production

of new contigs.  These new contigs did not match previously designed contigs due to

some level of non-specific binding.  Long amplification primers were designed from

the two longest contigs produced from sequencing cloned restriction.  These were

trialed in all combinations using both the long amplification PCR and the five kb

PCR.  In each combination, multiple bands were produced, some of these bands were

similar in both PCR protocols, while others were unique.  Only one combination of

primers produced a bright band which was large enough to be the specific product, 

with the size of this bright band differing in each PCR.  In each case the band was

excised and sequenced.  Both bands were found to be specific to and extend one
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contig, but not match to the other.  The five kb PCR produced a longer product (3000

bp) and was used for further attempts to combine contigs.  

Few of the attempts to join contigs resulted in expected contigs being joined.

However, the length of the products meant even non-specific products produced

useful lengths of DNA and several contigs were combined after non-specific

products were produced.  All primers designed to extend contigs 7 and P1 produced

only non-specific binding, unrelated to these contigs.  As specific products could not

be guaranteed, combination of all contigs into a single genome was delayed and there

was not sufficient time or funding to complete the genome during the period of the

experiment.  As such, the ORFs of all contigs are separately listed in Table 6.3. 

Contig nomenclature varies as labelling was altered for different batches of

restriction fragment and primer directed sequencing, as well as alteration when

contigs were combined.

6.3.2 Analysis of ORFs

Those contigs with putative ORFs relating to DNA replication are recorded first

(Table 6.3), followed by those encoding putative structural genes.  The expected

order of the structural genes of a myovirus are as follows; 

Terminase-portal-protease-scaffold-majorheadshell(coat) protein - head/tail joining

proteins-tail shaft protein-tapemeasure protein-tail tip/baseplate proteins-tailfibre

(Casjens, 2003).

Analysis of ORFs often resulted in strong matches to putative genes on contigs of

B. vietnamiensis bacterial genome, which is still incomplete at the time of writing. 

Closer examination of these ORFs showed that some of them were matches to

putative bacteriophage genes in the B. vietnamiensis genome and all contigs carrying

http://endnote+.cit
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these ORFs also carried putative bacteriophage genes based on BLASTx matches. 

This indicated that these strong matches were likely to be to a prophage in the

B. vietnamiensis bacterial genome.  Where matches for different bacteriophage

contigs had hits to different areas of the same B. vietnamiensis contig, these contigs

were recorded in Table 6.3 in the same order.  In cases where multiple ORFs on the

bacteriophage contig matched to ORFs on a B. vietnamiensis contig, it was observed

that the direction and order of the genes also matched.  Furthermore, two pairs of

contigs (A and B) and (D and U) that matched to a single B. vietnamenis contig were

later combined via primer directed sequencing, confirming direction and order of

contigs (AB), (DU).  A visual representation of other not yet combined matches to

B. vietnamiensis contigs is displayed in Figure 6.2.

Figure 6.2 Representation of probable contig direction and order based on ORF
matches to B. vietnamiensis contigs.  B. vietnamiensis contigs are represented by blue
arrows with the contig name above, BupsM1 contigs are represented by black arrows
with the contig name below.  Images are not to scale.
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Several contigs were difficult to interpret.  Contigs 7 and P1 may have been bacterial

contamination as they could not be extended using subsequent bacteriophage DNA

extracts.  Contig I carried a kanamycin resistance gene identical to that found in

many plasmids and may have been PCR contamination from a plasmid not used in

this study.  Other contigs, primarily consisting of one or two partial ORFs matching

strongly to bacterial genomes and not matching to B. vietnamiensis contigs, were

considered to be suspect non-phage contigs until such time as they can confirmed by

completion of sequencing of the genome.  Contigs 7, P1, I, 11RFsmF, S, L, DX, 2FR

and Dr-15b3F are suspected non-phage.  They are placed at the end of Table 6.3

below a dividing line (shaded row).  Their ORF analysis has been included.   Where

included in data analysis they are described as suspect contigs or suspect ORFs.

The partial ORFs at the end of contigs were included (Table 6.3) where a strong

match to part of gene was found and the match was logical, i.e. where the match was

to the appropriate end of the gene.  Where two contigs have partial ORFs at their

ends matching either end of a gene, these contigs are placed next to each other in the

appropriate order.  A visual representation of these partial matches is displayed in

Figure 6.3.  All other contigs follow in no particular order.  Suspect ORFs as noted in

the preceding paragraph are not included in Figure 6.3.



124

A

B

Figure 6.3 Representation of probable unsequenced bases based on ORF matches to
genes recorded in GenBank using BLASTx.  Genbank genes are represented by blue
lines with base pair length below, BupsM1 contigs are represented by black lines
with name above.  The position of relevant ORFs are represented by vertical aqua
lines and base pair length of ORFs is noted under contig.  Calculated range of
unsequenced genome in base pairs is noted above bracket. Figure 6.3A consists of all
contigs which have matches to genes which also match another contig.  Figure 6.3B
displays all contigs with single gene matches at their ends.  E value and % identity
are recorded in Table 6.3.  Images not to scale.



125

Table 6.3 Putative open reading frames (ORFs) identified in contigs of the BupsM1 genome.  E value and % identity information gathered from
BLASTx analysis after position was confirmed using ORF finder, BLASTx analysis of entire contigs and examination of the contig sequence in
Sequencher™.  ORFs with ‘*’ have nearest protein sequence identified by BLASTp as BLASTx did not produce a hit.  Nucleotide length (bp:
base pairs) includes stop codon.   Amino acid length (aa) does not.  Where partial ORFs at ends of two contigs match to either end of the same
gene, these were placed sequentially and ORFs are highlighted in grey.  Contig order is based on relative order of matches to B. vietnamiensis
contigs and expected order of structural ORFs.  All contigs where this is not relevant are placed in no particular order below these.  Suspect
contigs are listed at the end of the table, below the greyed out row.

Contig
name

and size

Open
reading
frames

Position Length
bp aa

Nearest protein sequences on GenBank (identified by BLASTx) E-value
(Identity %)

C
5846bp

C1 complement  
4-306

303     100 ZP_00425300.1: hypothetical protein Bcep1808DRAFT_2309
Burkholderia vietnamiensis G4.  99 aa

1e-43
83%

C2 complement
382-591

210     69 EAO09455.1:  Transaldolase subfamily Nocardioides sp. JS614. 
446 aa

0.13
36%

C3 complement
683-1024

342     113 no match

C4 1008-1538 531     176 NP_945073.1: gp42 Bacteriophage phi1026b.  142 aa 3e-50
74%

C5 1535-1792 258     85 NP_945072.1: gp41 Bacteriophage phi1026b.  85 aa 4e-41
96%

C6 1785-2027 243     80 NP_945071.1: gp40 Bacteriophage phi1026b.  80 aa 6e-28
73%



Table 6.3 continued

Contig
name

and size

Open
reading
frames

Position Length
bp aa

Nearest protein sequences on GenBank (identified by BLASTx) E-value
(Identity %)

C7 2017-2598 582     193 ZP_00494949.1: COG0568: DNA-directed RNA polymerase,
sigma subunit (sigma70/sigma32)        Burkholderia pseudomallei
Pasteur.  70 aa 

6e-19
94%

C8 2595-2897 303     100 ZP_00425300.1: hypothetical protein Bcep1808DRAFT_2309
Burkholderia vietnamiensis G4.  99 aa

1e-43
83%

C9 3017-3229 213     70 ZP_00427889.1: hypothetical protein Bcep1808DRAFT_7740
Burkholderia vietnamiensis G4.  110 aa

1e-12
57%

C10  3190-3414 225     74 YP_164266.1 hypothetical protein F116p02 Pseudomonas
aeruginosa phage F116.  160 aa

6e-5
41%

C11 3436-3744 309     102 no match

C12 3737-3862 126     41 ZP_00425302.1: hypothetical protein Bcep1808DRAFT_2311
Burkholderia vietnamiensis G4.  87 aa

5e-14
94%

C13 3859-4098 240     79 NP_569248.1: hypothetical protein HCM1.24c Salmonella enterica
subsp. enterica  106 aa

0.015
32%

C14 complement
4139-4375

237     78 ZP_00461461.1: hypothetical protein Bcen2424DRAFT_4619
Burkholderia cenocepacia  HI2424.  72 aa

2e-4
43%

1
26



Table 6.3 continued

Contig
name

and size

Open
reading
frames

Position Length
bp aa

Nearest protein sequences on GenBank (identified by BLASTx) E-value
(Identity %)

C15 complement
4425-4634

210     69 AAR23187.1:  gp36 Bacteriophage phi1026b.  69 aa 2e-15
52%

C16 complement
4673-4861

189      62 no match

C17 complement
4858-4944

87     29 no match

C18 4943-5179 237     78 no match

C19 5176-5556 381     126 YP_164270.1: hypothetical protein F116p06 Pseudomonas
aeruginosa phage F116.  213 aa

5e-14
37%

C20 5553-post 294+   98+   ZP_00279444.1: COG4422: Bacteriophage protein gp37
Burkholderia fungorum LB400.  303 aa

3e-34
67%

AB
13865bp

AB1a 57-122 66      21 no match

AB1b 129-248 120     39 no match

AB1ca 339-657 319     106 no match

12
7



Table 6.3 continued

Contig
name

and size

Open
reading
frames

Position Length
bp aa

Nearest protein sequences on GenBank (identified by BLASTx) E-value
(Identity %)

AB1c complement
707-805

99 32 no match

AB1d complement
847-906

60     19 no match

AB1e complement
891-972

81     26 no match

AB2 970-1269 300     99 YP_355356.1: gp21 Burkholderia cepacia phage Bcep176.  110aa 2e-7
42%

AB3 complement
1196-1552

357     118 NP_536409.1: putative repressor protein Bacteriophage phiE125. 
130aa

3e-6
47%

AB4 1628-1939 312     103 YP_006380.1: Cro Salmonella typhimurium bacteriophage ST104. 
71aa

0.12
54%

AB5 2056-2430 375     124 ZP_00425226.1: hypothetical protein Bcep1808DRAFT_2235
Burkholderia vietnamiensis G4.  123aa

3e-58
87%

AB6 2427-2651 225     74 ZP_00425225.1: hypothetical protein Bcep1808DRAFT_2234
Burkholderia vietnamiensis G4.  74aa

6e-26
88%
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Contig
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Open
reading
frames

Position Length
bp aa

Nearest protein sequences on GenBank (identified by BLASTx) E-value
(Identity %)

AB6a 2605-2850 246     81 no match

AB7* 2869-3159 291     96 ZP_00493053.1: hypothetical protein BpseP_01003527
Burkholderia pseudomallei  Pasteur.  68aa

3e-4
40%

AB8 3135-4025 891     296 ZP_00425396.1: hypothetical protein Bcep1808DRAFT_2819
Burkholderia vietnamiensis G4.  221aa

3e-8
36%

AB9 4067-5158 1092     363 NP_536413.1: putative DNA cytosine methylase Bacteriophage
phiE125.  378aa

0.0
95%

AB10 5266-6117 852     283 NP_536414.1: putative PAPS reductase/sulfotransferase
Bacteriophage phiE125 gp57.  332 aa

9e-86 
56%

AB11 6114-6722 609     202 ZP_00623574.1: hypothetical protein NhamDRAFT_3513
Nitrobacter hamburgensis   X14.  318 aa

3e-25
51%

AB12 complement
6703-7962

1260     419 Domain I:  ABA50693.1:  hypothetical protein
BURPS1710b_1799 Burkholderia pseudomallei. 621aa
 (Fits in 106-550aa -complementary)

1.6    
28%
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Contig
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and size
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reading
frames

Position Length
bp aa

Nearest protein sequences on GenBank (identified by BLASTx) E-value
(Identity %)

Domain II:  CAE49823.1: Putative DNA-binding protein
Corynebacterium diphtheriae.  238aa
(595-783bp of AB12)

2.6
38%

AB12a 7961-8047 87     28 no match

AB13 8044-8514 471     156 ZP_00425222: Endodeoxyribonuclease RusA Burkholderia
vietnamiensis G4.  158 aa

2e-57
81%

AB14 8559-8852 294     97 ZP_00425221:   hypothetical protein Bcep1808DRAFT_2230
Burkholderia vietnamiensis G4.  109 aa

4e-17
60%

AB15 8849-9559 711     236 YP_355337: gp2 Burkholderia cepacia phage Bcep176.  196 aa 4e-79
74%

AB16 complement
9546-9821

276     91 CAC 90909: hypothetical phage protein Yersinia pestis CO92.  
91 aa

1e-7
34%

AB16a complement
9827-9910

84     27 no match

AB17 9909-10574 666    221 CAC90914: hypothetical phage protein Yersinia pestis CO92.  
211 aa  (Or possible transposase)

3e-59
55%
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Position Length
bp aa

Nearest protein sequences on GenBank (identified by BLASTx) E-value
(Identity %)

AB18 10525-11073 549     182 CAC90915: hypothetical phage protein Yersinia pestis CO92.  
149 aa

5e-26
50%

AB19 11075-12670 1596    531 AAT37736: gp33 TerL Burkholderia cenocepacia phage
BcepB1A.  532 aa

5e-153
51%

AB20 12666-post 1200+ 405+ AAP49949.1: putative portal protein Enterobacteria phage T1. 
427 aa

2e-12
23%

E E1 5-427 423     140 ZP_00425217.1: Phage putative head morphogenesis protein, SPP1
gp7 Burkholderia vietnamiensis G4.  251 aa

5e-67
97%

2306bp E2 429-722 294     97 ZP_00350984.1: COG0243 Anaerobic dehydrogenases, typically
selenocysteine-containing Ralstonia eutropha JMP134.  120 aa

2e-14
41%

Elow 643-951 309     103 no match

E3 955-1476 522     173 NP_284620.1: hypothetical protein NMA1913 Neisseria
meningitidis Z2491.  197 aa

1e-14
31%

E4 complement
1423-1553

130     43 no match
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bp aa

Nearest protein sequences on GenBank (identified by BLASTx) E-value
(Identity %)

E5 1622-post 685+ 228+ ZP_00425216.1: conserved hypothetical protein Burkholderia
vietnamiensis G4.  485 aa  fits in gene at 1-228aa (10-684bp of E5)

1e-100
89%

R
227bp

R1 pre-213 213+    71+ ZP_00425216.1: conserved hypothetical protein Burkholderia
vietnamiensis G4.  485 aa   fits in gene at 416-485aa (end of gene)

2e-30
94%

Q
376bp

Q1 5-post 372+ 123+ ZP_00710967.1:  COG5525: Bacteriophage tail assembly protein
Escherichia coli B171.  641 aa

2e-54
99%

O
435bp

O1 all 435 bases 435+   145+ NP_852772.1: hypothetical protein Aaphi23p45 Bacteriophage
Aaphi23.  284 aa

1e-6
31%

DU
4870bp

DU1 pre-777 777+  258+ ZP_00500901.1: COG3464: Transposase and inactivated
derivatives Burkholderia pseudomallei S13.  386 aa

2e-129
100%

DU2 862-1215 354     117 ZP_00168251.1: COG3573: Predicted oxidoreductase  Ralstonia
eutropha JMP134.  116 aa

1e-33
76%

DU3 1212-2390 1182    393 ZP_00724345.1: COG3299: Uncharacterized homolog of phage
Mu protein gp47 Escherichia coli F11. 399 aa

7e-96
48%

DU4 2393-3055 663     220 ZP_00426840.1: putative bacteriophage protein  Burkholderia
vietnamiensis G4.  220 aa

7e-108
87%

1
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and size

Open
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bp aa

Nearest protein sequences on GenBank (identified by BLASTx) E-value
(Identity %)

DU5 3116-4537 1422   473 Domain I:  NP_805636.1: putative bacteriophage tail protein 
Salmonella enterica subsp. enterica serovar Typhi Ty2.  503 aa 

2e-11
(53%)

Domain III:  AAS47891.1:  gp52 Burkholderia cenocepacia phage
BcepMu.  785 aa    

2e-79
48%

DU6 4547-4729 183     60 ZP_00827773.1: hypothetical protein YfreA_01003992 Yersinia
frederiksenii ATCC 33641.  60 aa

4e-6
37%

DU7 4770-post 100+   33+ no match

V
2618bp

V1 pre-265 265+   88+ YP_296580.1: hypothetical protein Reut_A2374 Ralstonia
eutropha JMP134. 579 aa

5e-19
65%

V2 243-842 600     199 no match

V2.5 972-1412 441    146 YP_296576.1: hypothetical protein Reut_A2370 Ralstonia
eutropha JMP134. 164 aa

4e-54
68%

V3 1418-1612 195     64 ZP_00490831.1: hypothetical protein Bpse6_01000298
Burkholderia pseudomallei 668.  61 aa

2e-6
38%

1
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bp aa

Nearest protein sequences on GenBank (identified by BLASTx) E-value
(Identity %)

V4 1599-post 1017+ 338+ ZP_00494945.1: COG0270: Site-specific DNA methylase
Burkholderia pseudomallei Pasteur.  646 aa 
(fits in gene at 19-313aa)

0.0
97%

W
862bp

W1 pre-429 429+ 143+ ZP_00494945.1: COG0270: Site-specific DNA methylase
Burkholderia pseudomallei Pasteur.  646 aa 
(fits in gene at 458-570aa)

2e-74
96%

W2* 442-post 421+    140+ YP_111061.1: hypothetical bacteriophage protein Burkholderia
pseudomallei K96243.  413 aa

0.13
33%

H
1502bp

H1 pre-721 721+    240+ ZP_00986362.1:  COG4834: Uncharacterized protein conserved in
bacteria Burkholderia dolosa AUO158.  363 aa

1e-118
92%

H2 723-1190 468     155 ZP_00427731.1:  hypothetical protein Bcep1808DRAFT_0012
Burkholderia vietnamiensis G4.  155 aa

3e-32
83%

H3 1254-post 249+   82+ ZP_00427730.1: putative bacteriophage protein Burkholderia
vietnamiensis G4.  127 aa

8e-19
92%

G
1568bp

G1 pre-130 130+   43+ ZP_00427730.1:  putative bacteriophage protein Burkholderia
vietnamiensis G4.  127 aa

4e-16
97%

134
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Nearest protein sequences on GenBank (identified by BLASTx) E-value
(Identity %)

G2 159-638 480     159 ZP_00168238.1: COG0034: Glutamine
phosphoribosylpyrophosphate amidotransferase Ralstonia eutropha
JMP134.  159 aa

2e-53
89%

G3 670-933 264     87 no match

G4 1018-1389 372     123 ZP_00427746.1: putative bacteriophage protein Burkholderia
vietnamiensis G4.  123 aa

2e-63
94%

G5 1394-post 174+     57+ ZP_00427745.1 putative bacteriophage protein Burkholderia
vietnamiensis G4.  192 aa       (fits in at 1-58aa of gene)

7e-11
93%

T
177bp

T All 177bp -
part of gene

177+     ZP_00427745.1:  putative bacteriophage protein Burkholderia
vietnamiensis G4.  192 aa       (fits in at 100aa-152aa)

1e-25
96%

K
1231bp

K1 pre-877 877+   292+ YP_331533.1: gp30 Burkholderia pseudomallei 1710b.  406 aa 5e-153
98%

K1a 899-973 75     25 no match

K2 970-1074 105     34 AAR31204.1: unknown Burkholderia pseudomallei.  34 aa 5e-12
100%

K3 1034-post 198+   65+ ZP_00496820.1:  COG3514: Uncharacterized protein conserved in
bacteria Burkholderia pseudomallei S13.  90 aa

2e-20
98%135
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Nearest protein sequences on GenBank (identified by BLASTx) E-value
(Identity %)

F
2071bp

F1 complement
pre-328

328+ 109+ no match

F2 complement
354-542

189     62 no match

F3 483-776 294     97 YP_355373.1: gp38 Burkholderia cepacia phage Bcep176. 91 aa 5e-6
37%

F4 complement
957-1154

198     65 no match

F5 1378-1554 177     58 YP_355376.1: gp41 Burkholderia cepacia phage Bcep176.  71 aa 0.02
44%

F6 1551-1700 150     49 ZP_00490837.1: hypothetical protein Bpse6_01000304
Burkholderia pseudomallei 668. 51 aa

7e-6
60%

F7 1697-1840 144     47 no match

F8 complement
1815-post

257+   85+ no match
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(Identity %)

J
1366bp

J1 pre-1223 1218+ 384+ ZP_00501774.1: COG0046: Phosphoribosylformylglycinamidine
(FGAM) synthase, synthetase domain Burkholderia pseudomallei
S13.  1356 aa

0.0
100%

J2 1228-post 139+   46+ ZP_00437794.1: COG3153: Predicted acetyltransferase
Burkholderia mallei 10399.  177 aa

0.81
100%

Px
434bp

Px1 pre-167 167+   54+ AAN16057.1: ORF182 Pseudomonas stutzeri.  181 aa 1.1
38%

Px2 complement
224-376

153     50 AAR23202.1: gp51 Bacteriophage phi1026b.  50 aa 4e-17
84%

N
493bp

N1 pre-70 70+     23+ no match

N2 69-371 303     100 CAH39632.1: transposase Burkholderia pseudomallei K96243. 
100 aa

8e-38
100%

N3 380-post 114+    38+ CAH39631.1: putative IS element protein Burkholderia
pseudomallei K96243.  286 aa

5e-14
97%

SUSPECT CONTIGS BELOW THIS LINE
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Nearest protein sequences on GenBank (identified by BLASTx) E-value
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7
1772bp

7-1 complement
pre-544

544+ 180+ ZP_00890775.1| COG0075: Serine-pyruvate
aminotransferase/archaeal aspartate aminotransferase Burkholderia
pseudomallei 1106a.  404 aa   (fits 1-171aa of gene)

2e-82
100%

7-2 527-880 354     117 AAU49590.1: hypothetical protein BMA2048 Burkholderia mallei
ATCC 23344.  117 aa

5e-32
98%

7-3-a complement
909-968

60    29 no match

7-3 979-1236 258     85 XP_521221.1: PREDICTED: similar to eukaryotic translation
initiation factor 4B Pan troglodytes.  354 aa
(91-234bp of 7-3  fits 154-200aa of gene)

2.4
39%

7-4 complement
1311-1421

111     36 no match

7-5 complement
1442-post

331+   109+ YP_109329.1: putative LysR-family transcriptional regulator
Burkholderia  pseudomallei K96243 aka COG0583.  326 aa   
(fits 1-110aa of gene)

2e-54
100%

P1
1201bp

P1-1 pre-544 544+   181+ ABA47516.1: hypothetical protein BURPS1710b_2381
Burkholderia pseudomallei 1710b.  630 aa

3e-88
100%
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139

P1-2 complement
498-848

351   116 YP_333775.1: 50S ribosomal protein L31 Burkholderia
pseudomallei 1710b.  Also COG0254.  116 aa

2e-43
100%

P1-3 complement
976-post

225+ 74+ ZP_00478729.1: COG3228: Uncharacterized protein conserved in
bacteria Burkholderia pseudomallei 1710a.   281 aa

4e-37
100%

I
1390bp

I1 complement
49-282

177    58 no match

I2 345-1154 810     269 ABB04083.1: KanR Shuttle vector pMQ61.  269 aa 4e-159
100%

11RF-
smF

1053bp

RF1 pre-664 664+ 221+ EAO07842.1:  hypothetical protein NocaDRAFT_3156
Nocardioides sp. JS614.  310 aa

1.6
25%

RF2 658-768 111      36 no match

RF3 805-post 249+   83+ YP_432251.1: predicted phosphoesterases, related to the Icc
protein Hahella chejuensis KCTC 2396.  252 aa

7.1
49%

 S
219bp

S1 whole contig 219+    73+ NP_921778.1: putative gypsy-type retrotransposon Oryza sativa
japonica cultivar-group.  1995 aa  13-219bp  matches 780-848 aa

8e-10
46%
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140

L
816bp

L1 pre-135 135+   44+ BAA82345.1: ORF1 TT virus.  53 aa 1.5
43%

L2 200-307 108     35 No match

L3 338-post 479+   159+ ZP_00168213.2: COG1674: DNA segregation ATPase
FtsK/SpoIIIE and related proteins Ralstonia eutropha JMP134. 
292 aa                                 (fits 8-166aa of gene)

5e-47
54%

DX
968bp

DX1 pre-409 409+   136+ ZP_00168213.2: COG1674: DNA segregation ATPase
FtsK/SpoIIIE and related proteins Ralstonia eutropha JMP134. 
292 aa                                 (fits 162-285aa of gene)

3e-38
59%

DX2 406-post 563+ 188+ ZP_00168212.2: COG1196: Chromosome segregation ATPases
Ralstonia eutropha JMP134.  579 aa          (fits 1-131aa of gene)

1e-49
57%

2FR
1689bp

2FR1 complement
pre-1071

1071+ 357+ ZP_00497647.1: COG0719: ABC-type transport system involved
in Fe-S cluster assembly, permease component Burkholderia
pseudomallei S13.  488 aa 1071-1 matches to 1-358 of gene

0.0
98%

2FR
middle

1156-1587 432     143 no match
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141

2FR2 1550-post 141+      46+ ZP_00475477.1: COG3213: Uncharacterized protein involved in
response to NO Burkholderia pseudomallei 1710a.  380 aa  
(Fits  last 46aa of gene)

5e-21
100%

Dr-
15b3F
1279bp

DR-1 all 1279
bases

1279+  426+ 
 

ZP_00479442.1: COG3210: Large exoproteins involved in heme
utilization or adhesion Burkholderia pseudomallei 1710a.  3049 aa

1e-129
99%
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6.3.3. Examination of contigs

As the genome of BupsM1 was not completely sequenced, multiple contigs remain. 

In some cases, a partial ORF at the end of one contig will match to one end of a gene

and a partial ORF at the end of a second contig will match to the other end of the

same gene (Figure 6.3A, Table 6.3).  Extrapolation of this data can give a good 

indication of the likely number of base pairs of DNA that would exist between

contigs where contig ends match the same gene.  If the unsequenced regions between

these contigs is identical to the reported gene to which the partial ORFs match, the

combined unsequenced regions between contigs with matching ends is 1183 bp. 

An extrapolation can also be carried out for those contigs with partial ORFs at their

ends where there is not a second contig that matches to the same gene.  The number

of extra bases extrapolated from this data, not including suspect contigs, is 13657 bp. 

The total number of sequenced bases recorded in Table 6.3, not including suspect

contigs, is 40913 bp.  Addition of the sequenced and calculated bases results in

55753 bp.  The previously determined size of the genome (Section 4.3.7) is

55142 bp., 611 bases less than the size calculated by sequencing and gene

extrapolation.

6.3.3.1 Structural genes

Putative structural genes were found on contigs AB, E, Q and DU.  These include 

AB19: TerL (terminase large subunit), AB20: portal protein, E1: partial ORF -  head

morphogenesis, Q: partial ORF - tail assembly, DU5: tail fibre (Figure 6.4).  The

contig order from AB to DU is AB, E, R, Q, O, DU (Table 6.3).  Contigs R and O

consist of partial ORFs which match to hypothetical undescribed genes.  These were

placed in this order as AB-R has strong matches to a single B. vietnamiensis contig

(Figure 6.2) as do contigs O-DU.  Logically, the unsequenced regions and some or

all of the hypothetical unidentified ORFs between AB19 and DU5 encode those

structural genes not identified above. 
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Figure 6.4 Image of BupsM1 for purpose of matching putative structural genes to
relevant structures.  Putative genes responsible for structural development are shown. 
Image shows from left to right; a probable portion of bacterial cell wall, tail fibres,
uncontracted sheath, neck and capsid.  DNA remains in capsid as shown by
uncontracted state of sheath and pale colouration of capsid.  After DNA release, the
capsid would be observed as a dark hexagon.  Putative genes are as follows.  Tail
fibres; ORF DU5, tail assembly; ORF Q1, head morphogenesis; ORF E1, portal
protein; ORF AB20, terminase large subunit; ORF AB19 

6.3.3.1.1 Putative tail fibres

The putative tail fibre genes have partial matches to different genes (Figure 6.5). 

There appear to be three domains in ORF DU5, domain I (1-219 bp, 73 aa) correlates

to the first 73 aa of a 503 aa putative tail fibre in the S. enterica genome (53%

match) and a 348 aa hypothetical protein in R. eutropha (71% match) respectively. 

Domain II (220-267 bp, 16 aa) consists of a unique region, while domain III (268-

1419 bp, 384 aa) correlates to the right hand portion of gp52 of B. cenocepacia

phage BcepMu (785 aa, 47% match), a P2 gpH tail fiber protein.  Domain III has a

slightly shorter correlation (268-1320 bp, 350 aa) to the right hand portion of 

COG3210 (471 aa, 34% match), a large exoprotein involved with either adhesion or

haeme utilization in B. pseudomallei.
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Figure 6.5 Alignment of putative tail fibre gene ORF DU5 (in red) to genes found in
GenBank.  Genes matching to Domain I of DU5 are shown in lilac, genes matching
to Domain III of DU5 are shown in orange.  The short unique region of DU5 is
circled in yellow.  Relevant amino acid residues, including position 1 and final
amino acid as well as position of start and end of match, are shown in the same
colour as the gene.  Domains I and III are shaded.  Accession numbers for matching
genes are; Hyp. R. eutropha: YP_296618.1, Putative tail fibre S. enterica:
NP_805636.1, COG3210 B. pseudomallei S13: ZP_00497081.1, gp52 BcepMu:
AAS47891.1

6.3.3.2 DNA replication and lysogeny

Putative genes involved in DNA replication and lysogeny were found on contig AB

and contig C.  Contig C carried two ORFs (C1 and C8) that were inverted repeats of

each other, indicative of transposon activity.  Examination of the regions around

these ORFs determined that the inverted region extended another 116 bp from the

three prime end of C1 and the five prime end of C8.  The other end of the inverted

region could not be identified directly as C1 lies at the five prime end of the contig. 

A possible 11 bp short inverted repeat region was identified being just interior to the
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right hand end of the first region (C1+) at bp 409-419.  An inverted repeat of this

was found at the left end of the second region (C8-) at bp 2482-2492 of the contig

and a direct copy was found at what was assumed to be the right of region C8 at

bp 5315-5325.  This would make the inverted repeat regions 2822 bp long, not

including short repeat regions.  Additional PCR and sequencing within this region

confirmed that the information was correct and not a sequencing error.  Four other

ORFs or partial ORFs (AB17, DU1, N1, N2) were identified as transposases or

insertion elements by BLASTx homology.  None of the complete ORFs (AB17, N1),

had the short repeat or inverted repeat regions expected of transposons.

Contig C also carries an RNA polymerase sigma subunit (ORF C7), probably

responsible for transcription of late genes.  The second inverted repeat region

includes part of this ORF, with part of the match to the RNA polymerase gene being

in this region.  ORF AB9 may be a DNA cytosine methylase, for methylating

bacteriophage DNA and protecting it from host defences.  Contig N carries a

transposase (ORF N1) as well as a partial ORF which may be an integrase.  Contig

AB also carries ORFs matching to RusA, a Holliday junction resolvase (AB13); a

repressor protein (AB3); and a weak match to Cro (AB4).  These exist for the

purpose of resolving Holliday junctions for insertion of DNA into the host genome,

repressing the lytic lifecycle and triggering lysis respectively.

 

6.3.3.3 Virulence genes

Several ORFs putatively encoded for possible virulence components.  Of these, ORF

E2 has been putatively identified as an anaerobic dehydrogenase.  Anaerobic

dehydrogenases are enzymes necessary for various bacterial functions in anaerobic

environment such as many in vivo environments.  ORF DU2 was predicted to be an

oxidoreductase, an enzyme that protects bacteria from the oxidative damage caused

by eukaryotic host defences against intracellular bacteria.

One of the virulence components of interest is that of an ADP-ribosylating exotoxin. 

No ORF was identified by homology searching to match any recorded exotoxin. All

ORFs, including suspect ORFs,  were examined for conserved amino acid residue
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patterns typical of ADP-RTs.  The patterns described a glutamic acid (E)-any amino

acid (X)- glutamic acid (E) conserved region, at least 50aa (group two to four) or

105aa (group one) downstream of a highly conserved arginine (R) or histidine (H)

residue, with the second glutamic acid vital to ADP-ribosylation activity (Barth et

al., 1998).  The first glutamic acid is not always conserved.  It is not present in

exotoxin A of P. aeruginosa (a group one ADP-RT)(Gray et al., 1984), so may not

be essential to function in all cases.  Twenty-one ORFs contained at least one

iteration of the EXE region at least 50aa in from the start of the gene.  This number

was cut to eight when selection was based on a 105aa residue distance.  None of the

21 ORFs had residues downstream from the EXE region (EXE-tyrosine(Y)-

isoleucine(I) or EXEXXX-tryptophan(W)) that are found in some ADP-ribosylating

toxins.  Of the eight likely ORFs, seven had at least one R or H 105-130 residues

upstream of the EXE region, as are found in group one exotoxins.  ADP-RTs have

also been described as having a hydrophobic or aromatic region 50 to 75aa

downstream from the R residue (Takada et al., 1995).  The seven candidate ORFs

were examined to determine if any had this region present based on the example in

Takada et al, (1995).  Two ORFs were found to have 25aa regions of 60% or more

hydrophobic and or aromatic residues.  ORF AB10 has the pattern H(8)-49aa- 60%

hydrophibic region(58-83)-42aa-E(126)-1aa-E(128), ORF K1 has the pattern R(6)-74aa-

72% hydrophobic region(80-105)-16aa-E(122)-1aa-E(122) (Figure 6.6).

Group two to four exotoxins also contain a highly conserved serine-threonine-serine

(STS) region between the R and EXE region and group two toxins have an addition

conserved H residue between the R and STS motifs.  All ORFs were examined for

the presence of the STS motif.  Six ORFs had STS motifs (AB12, C3, C13, D5, F1,

F4), however C3, C13 and F4 were eliminated as the STS motif lay too close to the

right hand end of the sequence.  D5 was also eliminated as there was no E

downstream of the STS motif.  Only AB12 also had an EXE region but this was

incorrectly positioned relative to the STS region.  Where present, the EXE pattern

has always been reported as having only one amino acid between the two glutamic

acid residues.  AB12 and F1 were examined more closely with respect to common

group two and four residues and the following was determined; 
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ORF F1 had an amino acid residue pattern of R(17)-29aa-STS(47-49)-30aa-E(80) (Figure

6.6).  This is one of the smallest recognised toxin patterns, but within the limits of

those recorded.   The best associations of AB12 with ADP-ribosylating toxins were

with the residue patterns R(122) -24aa- H(147)-22aa- STS(170-172) - 48aa-E(221)  and R(5)-

43aa-H(49)-11aa-lysine(K)TS(59-61)-51aa-E(113)-1aa-E(115).   As lysine is very different

in coding, structure and chemo-physical properties from serine, this second amino-

acid pattern is unlikely to be an active toxin.  There was another E five residues

downstream of the reported E(221) but as the single amino acid gap between these two

E residues seems to be conserved in ADP-ribosylating toxins, this glutamic acid

residue has been discounted as being involved. 

Figure 6.6 Comparison of selected open reading frames with several recorded
ADP ribosyltransferases.  DT: diphtheria toxin (Greenfield et al., 1983), ETA:
exotoxin A of P. aeruginosa (Wozniak et al., 1988), CT: cholera toxin (Yamamoto
et al., 1984), BT C2: Botulinum toxin C2 (Fujii et al., 1996; Barth et al., 1998). 
Yellow shading is conserved arginine/histidine R/H) and glutamic acid (E)
respectively.  Green shading is conserved STS motif.  Subscripts in brackets
represent position of amino acid. ...‘X’aa... represents number of amino acids
between conserved regions
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6.3.3.4 Lysis genes 

No homology to an endolysin gene was determined via a search of GenBank.  An

examination of endolysin genes of Burkholderia bacteriophage already recorded in

GenBank (Table 6.4) using ClustalX alignment and chemo-physical matching in

GeneDoc v.2.6.002 (www.psc.edu/biomed/genedoc) indicated that the genes shared

strong chemo-physical alignment, with genes ranging in size from 127 aa to 255 aa. 

Initially, all unidentified ORFs (including suspect ORFs) were compared to these

using ClustalX and GeneDoc.  The poorest matches, as ascertained by eye, were

removed until two possible ORFs (DU3:393 aa and DU4:220 aa) were selected as

having high chemo-physical matches to the endolysin gene (gp28) of

Burkholderia cenocepacia phage Bcep1.  Of these two ORFs, DU3 is much larger

than any of the lysin genes examined and has multiple unique regions in the match. 

DU4 is closer to an expected lysin size.  The recorded gene with greatest chemo-

physical similarity to DU4 is gp28 of Burkholderia cenocepacia phage Bcep1

(NP_944336.1).  This ORF is in a region expected to contain structural (tail) genes. 

Examination of ORF AB15, AB17 and AB18 was also carried out using this method.

Lysin genes have been recorded as being present upstream of TerL (AB19) and these

ORFs were of sufficient size, did not have a function putatively ascribed, and were

just upstream of AB19.   Of these, ORF AB15 matched most closely to the recorded

endolysin genes.  Subjectively, the best match was to gp28 of

Burkholderia cenocepacia phage Bcep1 (NP_944336.1).  This match appeared to be

better than that of DU4 to the same endolysin sequence.  A phylogenetic tree with

bootstrap scores was developed to provide a less subjective analysis.  This tree

examined the recorded genes and all the above-mentioned ORFs.  No bootstrap score

above 70% was found between the unknown ORFs and the recorded genes.  The best

score was 33.1% between ORF AB15 and a group of endolysin sequences

(YP_109165.1, YP_024909.1, YP_355393.1, NP_536381.1, NP_945054.1,

YP_333098.1).  

An alignment of all ORFs in the genome with the known endolysin sequences and

production of a phylogenetic tree displayed no clear relationship between the ORFs
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and the endolysin sequences.  The best bootstrap score was 16.8% between ORF 7-2

and NP_944336.1 (gp28 Burkholderia cenocepacia phage Bcep1) which is unlikely

to be significant. 

All unknown ORFs and those ORFs upstream of predicted possible lysin genes were

examined in the same way with comparison to holin genes of bacteriophage of

related hosts (Table 6.4).  Examination of alignments and chemophysical properties

in GeneDoc did not readily identify a potential holin gene.  Bootstrap scores of the

developed phylogenetic tree indicated that no ORFs examined had a probable (above

70%) relationship with any recorded holin gene.  The best association was a 22%

score between ORF AB1d and YP_024910.1 (gp04 S Burkholderia cenocepacia

phage BcepB1A).  Comparison of holin sequences with AB14 generated no

bootstrap score.
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Table 6.4 List of genes published on GenBank for comparison to ORFs of interest

Gene geneID protein ID name size (amino

acid length)

Holin gi|53718780 YP_107766.1 putative phage-related protein

[Burkholderia pseudomallei

K96243]

97

gi|77864684 YP_355394.1 gp59 [Burkholderia cepacia

phage Bcep176]

70

gi|48697552 YP_024910.1 gp04 S [Burkholderia

cenocepacia phage BcepB1A]

112

gi|38707972 NP_945113.1 gp82 [Bacteriophage

phi1026b]

118

gi|38707913 NP_945053.1 gp23 [Bacteriophage

phi1026b]

70

gi|23752340 NP_705655.1 gp30 [Burkholderia cepacia

phage Bcep781]

115

gi|38638638 NP_944339.1 gp31 [Burkholderia

cenocepacia phage Bcep1]

115

gi|34610147 NP_918972.1 putative holin protein domain

[Burkholderia cepacia phage

BcepNazgul]

127

gi|17975232 NP_536427.1 putative class I holin

[Bacteriophage phiE125]

118

gi|17975185 NP_536380.1 putative class II holin

[Bacteriophage phiE125]

70

endolysin gi|53720179 YP_109165.1 hypothetical protein

BPSL2568 Burkholderia

pseudomallei K96243

171

gi|76811859 YP_333098.1 gp24 Burkholderia

pseudomallei 1710b

163

gi|77864683 YP_355393.1 gp58 Burkholderia cepacia

phage Bcep176

165

gi|48697551 YP_024909.1 gp03 R Burkholderia

cenocepacia phage BcepB1A

165

gi|38707914 NP_945054.1 gp24 Bacteriophage phi1026b 163

gi|23752338 NP_705653.1 gp27 Burkholderia cepacia

phage Bcep781

255

gi|38638635 NP_944336.1 gp28 Burkholderia

cenocepacia phage Bcep1

255

gi|17975186 NP_536381.1 putative lysozyme

Bacteriophage phiE125

127

gi|34610146 NP_918971.1 putative endolysin

Burkholderia cepacia phage

BcepNazgul

134
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6.4 Discussion

6.4.1 Restriction digestion, sequencing and combination of contigs

Of the 18 restriction endonucleases and combinations of endonucleases that were

tested (Table 6.2), only three were considered suitable for further work.  Of these one

was a combination of two poor cutters.  When these endonucleases were combined,

cutting sites on the bacteriophage were shown to be of sufficient number and spacing

to produce bands of the required size on a gel.  However, ligation of these bands

proved problematic.  These restriction endonucleases produced blunt ends which

were less efficiently ligated than cohesive or “sticky” ends (Pheiffer and

Zimmerman, 1983).  Two sticky ended restriction endonucleases were also

considered good cutters.  Of these SalI was succesfully used to produce bands for

ligation.  Attempts to ligate bands digested with PstI were not successful with one

exception.  As the quality and concentration of the bands was similar to the SalI

digestion, this is assumed to be due to the quality of the dephosphorylation step

(Section 3.2.3.1) of the PstI cut plasmid (pBK-CMV).  

All four base restriction endonucleases were found to completely digest the BupsM1

DNA.  Typically, the shorter the cut sequence, the more times that sequence will

appear in a genome.  This means shorter base cutters will more completely cut the

genome as was shown here.  Four base cutters were included in the testing of

restriction endonucleases as previous genomes have required four base cutters for

any digestion to be seen (Oakey and Owens, 2000).  In this previous case, four base

cutters were required to overcome the resistance to restriction digestion caused by

methylation of the bacteriophage DNA (Oakey et al., 2002), which is a common

strategy of bacteriophage to overcome host defence mechanisms (Paul et al., 2002). 

This result indicated the BupsM1 genome may not be effectively protected by

methylation in spite of the presence of putative methylases (ORF AB9 and ORFs

V4-W1).

Several primer directed approaches were used in an attempt to combine contigs.  No

technique was found to be highly successful in combining contigs, although

expansion from one end of the contig sometimes resulted.  The high level of non-
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specificity in primer binding was probably due to the lack of sequence data on

BupsM1 available when primers were designed.  In support of this, as the amount of

available sequence increased, fewer primer options were presented when primer

design was carried out, indicating the first round of primer design had produced

many non-specific primers.  

Two of the original contigs created by restriction endonuclease digestion (P1 and 7),

were not extended or combined.  Primers designed for this purpose were invariably

non-specifically bound when tested with primers designed from other contigs.  One

conclusion that may be made is that these contigs are the product of host bacterial

contamination.  In each digestion, an entire DNA extract was consumed and further

primer directed amplification of sequence was carried out with different extracts. 

Should any host bacterial contamination exist, it could be of different portions of the

bacterial genome in each case, thus providing the primers no DNA to specifically

bind to.  These contigs had no matches to identified bacteriophage genes; instead

only having matches to genes identified as bacterial.  This does not show

conclusively that these contigs are the product of host bacterial contamination, but

until the BupsM1 genome is completed, the ORFs on these contigs should not be

considered to belong to BupsM1.  

Contig I carried a kanamycin resistance gene which was a perfect match to many

plasmid kanR genes.  B. pseudomallei has kanamycin resistance; the plasmid used to

generate this contig did not carry such a gene and the other ORF identified on this

contig did not match to any other plasmid gene (or any gene).  The perfect match to a

plasmid kanamycin gene rather than a bacterial kanamycin gene however, indicates

plasmid contamination of the PCR may be responsible for the product generated.

The DNA extraction method used for production of DNA for restriction digestion

did not use DNase 1 to remove extraneous bacterial DNA present in the

bacteriophage media.  Using DNase 1 was found to lower the yield of bacteriophage

DNA to three :g of DNA from 100ml of broth.  This yield was insufficient for

restriction digestion for the purposes of excision of digested bands.  It also resulted
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in difficulty in visualising bands.  As the extraction protocol took four days, repeated

extractions to increase yield were impractical.  Instead, the extraneous DNA was

removed using activated matrix from the Nucleobond AX kit previously described.  

This method produced 30:g of DNA from 100ml of broth (1/3 to 1/4 of the yield

extracted when no method of DNA removal was carried out prior to extraction). 

Extraneous DNA was adsorbed to a silica matrix prior to separation from the

bacteriophage and digestion of the bacteriophage capsid.  For bacterial DNA to

remain it must be bound to the structure of the bacteriophage in some way, possibly

entangled with it.  In using this method, the bacterial DNA removal step was

increased from ten minutes to 20 minutes to minimise this possibility, but it cannot

be completely discounted.  Most of the primer directed approaches also used DNA

extracted in this fashion as a template.  

Given the possibility of contamination suspected from the analysis of contigs 7, P1

and I, other contigs, primarily consisting of one or two partial ORFs matching

strongly to bacterial genomes, were labelled as suspect until such time as they can be

confirmed by complete sequencing of the genome.  Given the possibility of bacterial

contamination, those PCR products carrying unusual ORFs which were likely to be

bacterial in nature and which could not be combined with other obvious

bacteriophage based contigs are not included in discussion of ORFs. 

The extrapolation of the size of the genome by overlapping gene matches was carried

out without the inclusion of those contigs suspected of being bacterial contamination. 

Without these contigs, the extrapolated genomic size was similar to that of the

proposed size (Section 4.3.7).   This is further evidence that these contigs may be the

product of bacterial contamination.  This conclusion depends on the accuracy of the

calculation of size (4.3.7) as well as on the expectation that gene size in unsequenced

regions will be the same as that of the gene to which it is matched.  This is not

guaranteed, or even likely in some gene regions.  For any future primer directed

approaches, where DNA yield is not as crucial, the use of DNase 1 in preparation of

DNA would be prudent.  This would eliminate the possibility of any PCR products

being the result of non-specific binding to contaminating bacterial DNA.
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The use of the theorised position of contigs based on matches to the B. vietnamiensis

G4 genome, resulted in targeted sequencing which combined two contigs (A and B)

to form a single large contig.  Further primer design focussing on these hypothetical

contig orientations may be of use in the combination of more contigs, should the

time and funding be available.  The matches to the B. vietnamiensis bacterial contigs

can be theorised to be matches to a prophage present in the B. vietnamiensis genome. 

 In fact, several of the putative B. vietnamiensis genes are reported as hypothetical

bacteriophage genes.  Of interest is the relationship between BupsM1, from a

B. pseudomallei isolate originally isolated in North Queensland, and a possible

prophage in B. vietnamiensis, a member of the B. cepacia complex isolated in

Vietnam (Gillis et al., 1995).  Several of the ORFs identified on the BupsM1 genome

also had strong matches to various bacteriophage from the B. cepacia complex.  It is

possible that BupsM1 was, at some time in the past, a bacteriophage infecting

B. cepacia and changes to those genes responsible for recognition of cell wall

structures resulted in a new host range in the related bacterium B. pseudomallei. 

Alternately there has been extensive horizontal exchange of DNA.  In fact, the

putative tail fibre gene, ORF D5, has a 48% identity match to the B. cenocepacia

bacteriophage BcepMu.  Casjens (2003) stated that; “...two phages of the same type

are more likely to have a higher proportion of more closely related genes if they

infect closely related hosts.” and “...horizontal exchanges are common among the

dsDNA tailed phages...”  Should the genomic sequencing of BupsM1 be completed,

it would be interesting to examine the relationship of the genome to B. cepacia and

B. pseudomallei bacteriophage genomes already completed.

The genome of B. pseudomallei K96243 has been completely sequenced and three

prophages identified within it (Holden et al., 2004).  BupsM1 had one very poor

match (W2) with the non-induced prophage GI15 in K96243.  The lack of matches

compared to those of B. vietnamiensis seems to indicate that BupsM1 is dissimilar to

at least the prophages of B. pseudomallei K96243.
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6.4.2 Structural genes

The putative tail fibre gene appeared to have a mosaic structure, with matches to

other tail fibre genes being partial and limited to particular regions or domains.  This

has been noted previously in large double stranded DNA bacteriophages (Sandmeier,

1994).  Domain I matches were unrelated to bacteriophage of Burkholderia species,

although Ralstonia species are included in the Burkholderiaceae.  It is expected this

region of the gene codes for the region of the tail fibres closest to the tail of the

bacteriophage.  The short unique region (domain II) may be a hinge.  Domain III 

corresponds to a gene possibly involved with adhesion (COG3210) in

B. pseudomallei as well as tail fibres of bacteriophage extracted from

B. cenocepacia.  This region is likely to be involved with binding to the

B. pseudomallei cell wall.  The similarities to these genes would be due to the

similarities of cell wall structures of Burkholderia species.  The matches are not

identical, 48% (gp52) and 34% (COG3210) and this variability would be responsible

for the variation in specificity of binding to isolates of B. pseudomallei. 

Of the other structural proteins found on Myoviridae genomes, only the TerL, portal

protein and head morphogenesis genes were putatively identified.  Of these, TerL

and the portal protein are considered to be the most conserved of the bacteriophage

genes (Casjens, 2003).  A partial ORF (Q1) for tail assembly was identified,

although its specific purpose was not.  The protease, scaffold, head/tail-joining

proteins, tail shaft protein, tapemeasure protein, tail tip/baseplate proteins were not

identified, though ORF Q1 may be one of the tail proteins.  These proteins have been

recorded as being very diverse, though conserved in order (Casjens, 2003) and may

require experimentation to identify.  Of note, ORF DU3 has a match to COG3299,

an uncharacterised homolog of phage Mu protein gp47 in E. coli.  Another homolog

of phage Mu protein gp47, DVU1102, has been putatively identified as a baseplate

assembly protein, so it is possible that, as this ORF is just upstream of the tail fibre

protein, this is what ORF DU3 encodes for.
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6.4.3 Replication

When the genome size was determined by pulse field gel electrophoresis (Section

4.3.7), no genomic ladder which would indicate end-annealed multimers (Summer et

al., 2004) was observed.  This suggests that BupsM1 does not use cos-type DNA

packaging. 

ORFs putatively involved with DNA replication (Table 6.3) were examined to

determine whether any further functions could be hypothesised.  TerL, while

considered to be structural, has a role in cleaving virion-length molecules from

concatomeric replicating DNA (Casjens, 2003).  Contig C carried only hypothetical

and unidentified genes with the exception of C7.   ORF C7 was identified as RNA

polymerase, which would likely be used by the bacteriophage for transcribing late

genes which have promoters not identified by the host’s RNA polymerase.  Of note 

are two inverted repeat regions, one of which has proposed short inverted repeat

regions at either end and is likely to be the complete region.  The other lies at one

end of the contig and has an identical short region at the known end.  This is

indicative of transposition activity, as transposons typically have short,

complementary repeat regions at either end (Hallet and Sherratt, 1997).  In this case

the whole region, where it is known, is complementary.  It is possible that one of

these regions has copied itself using a transposition mechanism and reciprocal

recombination has then occurred to one copy, resulting in an inverted region

bracketed by the inverted repeat regions.  The value of this to the bacteriophage is

unknown as all ORFs in these regions are hypothetical or have no match. However,

it is interesting that ORF C7, a putative RNA polymerase sigma subunit, lies

between these two regions, with some of C7 included in the second region.  The

large inverted repeat regions may have some conformational characteristics which

could affect expression of the RNA polymerase and hence control replication of

BupsM1.

Several possible transposases were identified by BLASTx homology (N2, N3, AB17,

DU1).  Of these, ORF AB17 (possible transposase) and ORF N2 (transposase) were
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complete ORFs, while DU1 (transposase) and N3 (integrase or transposase) were

partial ORFs.

It is tempting to speculate that BupsM1 uses replicative transposition to amplify the

genome, integrating copies of the genome randomly throughout the host genome

prior to excision and packaging.  These types of bacteriophage have not been

commonly described, but over 60 have been reported in Pseudomonas.  The resultant

bacteriophage genomes may well carry random chunks of host DNA at the ends of

the genome.  BcepMu of B. cenocepacia is also a transposable bacteriophage and

typically carries 2000bp of host DNA at the right end of the genome (Summer et al.,

2004).  Evidence to support this theory includes the multiple contigs of DNA which

would not be expected to be carried on a bacteriophage genome (suspect contigs) as

well as the variable virulence described in Chapter 5.  A note of caution should be

sounded regarding the use of the DNA evidence to support this theory.  The genome

has not been completed and variable regions of host DNA covalently bound to the

end of the bacteriophage genome would be required to prove this case.  In addition,

the presence of a Holliday junction resolvase (ORF AB13) is indicative of 8 like

insertion (Hallet and Sherratt, 1997).  Holliday junction resolvases are used to

resolve the Holliday junction formed during integration of the genome.  

Further examination identifies several ORFs putatively involved in lysogeny.  ORF

AB3 encodes a putative repressor gene related to SOS-response transcriptional

repressors (RecA-mediated autopeptidases).  Production of RecA is a repair

mechanism generated by the host to respond to DNA damage and is used by

lysogenic bacteriophage use to trigger entry into the lytic cycle.  Such a repressor

would maintain the lysogenic state until damage to the host’s DNA induced lysis.   In

8 and other bacteriophage, Cro is produced after the repressor protein is removed. 

This stops the production of any more repressor protein, ensuring that the lysis

continues.  ORF AB4 is weakly matched to the Cro gene of the S. typhimurium

bacteriophage ST104.  Some of the genes then transcribed in 8 include int and xis

(integrase and excisase) which are used to excise the bacteriophage DNA and form
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circular dsDNA.  If BupsM1 replicates in a fashion similar to 8 rather than Mu, the

presence of these genes would be expected. 

Partial ORF N3 matches an insertion element described as an integrase, although this

is only 38 aa of a 286 aa gene.  No excisase, as present in 8, was identified.  In 8,

integrase and excisase genes are positioned several genes to the left of the repressor

cI.  On contig AB, the first seven ORFs (AB1a, b, ca, c, d, e, AB2) have either no

match or only a hypothetical match.  The excisase gene may be present here, with

Contig N placed previously.  The integrase gene is generally adjacent to or very near

the attachment site and this may be associated with ORF N1.

It is more likely that BupsM1 replicates in a similar fashion to 8 than to Mu, as many

of the genes necessary for 8 type replication are present, while the evidence for Mu

type replication is based on the presence of putative transposases 

Cloning of lysin and holin genes can be problematic as they are often lethal to E. coli

if expressed (Paul et al., 2002).  Bacteriophage of Gram negative organisms often

have the following five genes in a cluster: holin, antiholin, endolysin and Rz/Rz1

equivalents (Wang et al., 2000).  Of these, only the endolysin is usually identifiable

by homology searches (Summer et al., 2004).  The lysis genes are typically found in

the same orientation, adjacent to and at either end of the structural cluster (Casjens,

2003), although this is not universal.  As BupsM1 has been shown to lyse

B. pseudomallei, an endolysin gene must be present on the genome, however no

endolysin gene was identified by homology searches on the BupsM1 contigs.  Use of

ClustalX alignments and visualisation of chemo-physical relatedness did identify two

ORFs (DU4 and AB15) as candidates for an endolysin gene.  Of these, AB15 is more

likely due to relative position on a contig containing structural ORFs.  An attempt to

quantify this relationship using phylogenetic tree analysis also showed AB15 to have

a closer relationship than DU4 to the endolysin genes it was compared to. 

Examination of all ORFs to identify a holin gene, as well as direct examination of

AB14, failed to identify any strong match to a holin sequence and indicated that

AB14 shows no similarity to selected holin sequences.  It has been noted that these

http://endnote+.cit
http://endnote+.cit
http://endnote+.cit
http://endnote+.cit


159

genes are often highly variable (Summer et al., 2004), so this does not exclude this

ORF from being a holin gene, but it cannot be used to support AB15 as an endolysin. 

 

Sequential alignments with ClustalX were observed to result in variation of

alignment and bootstrap values were well below the 70% score indicative of a real

relationship.  Analysis of many ORFs at once, where those ORFs represented

unrelated genes, was problematic in that relationships may have been hidden in the

larger picture.  This was observed with bootstrap values, where trees calculated from

smaller numbers of sequences gave different bootstrap values and different

branching than trees consisting of all ORFs.  The combination of ClustalX, GeneDoc

and NJ plot were useful tools but required subjective interpretation.  At best, this

analysis has identified one or two ORFs that would be good candidates for targeted

experimentation.  

6.4.4 Virulence determinants

Several ORFs putatively encoded possible virulence determinants;  ORF D2 encodes

a possible oxidoreductase and varieties of these have been reported as virulence

determinants (Ezraty et al., 2005).  The position of a virulence determinant near or

within the tail region of the genome and next to a transposase, such as the case here,

has also been described as common in bacteriophage (Boyd and Brussow, 2002). 

ORF E2 has been putatively identified as an anaerobic dehydrogenase.  Anaerobic

dehydrogenases are enzymes necessary for bacterial metabolism in anaerobic

environments and this would give B. pseudomallei a survival advantage in infection

of humans and animals, so may be a virulence determinant.

One of the virulence components of interest is that of an ADP-ribosylating exotoxin,

although no ORF was identified by homology searching to match any recorded

exotoxin.  This is not unexpected as ADP-RTs typically have very different amino

acid sequences but do have a conserved pattern of amino acids at the active site. 

Four ORFs were identified as having amino acid sequences with conserved regions

similar to those ADP-RTs reported previously.  Multiple ADP-ribosylating enzymes
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have been reported on a single bacteriophage previously (Tiemann et al., 2004). 

Bacteriophage T4 carries three ADP-ribosyltransferases.  In the case of T4, these

enzymes are not recorded as being toxins, but rather they modify host proteins such

as RNA polymerase to control bacteriophage replication (Depping et al., 2005). 

These enzymes also share the distinctive conserved amino acid sequence present on

reported toxin ADP-RTs (Tiemann et al., 2004).  

Two of the four ORFs identified had matches to conserved amino acid patterns of

group one ADP-RTs.  These toxins attach to histidine on elongation factor 2 in

sensitive cells, stopping protein synthesis.  They include exotoxin A of

P. aeruginosa and diphtheria toxin (Wozniak et al., 1988).  The third ORF had

matches to conserved regions of group two ADP-RTs which ADP-ribosylate

heterotrimeric G-proteins.  These include cholera and pertussis toxin (Barth et al.,

1998).  The fourth ORF had matches to group four exotoxins, which ADP-

ribosylates G-actin and includes botulinum C2 toxin (Aktories et al., 1986). 

Literature varies on the number and position of conserved amino acids in these

toxins.  Comparison of five exotoxins (ETA of P. aeruginosa, DT of

Corynebacterium diphtheriae, S1 of Bordetella pertussis, CT of Vibrio cholerae and

LTH of E. coli) has shown conservation of a required glutamic acid residue 124-125

residues downstream of a required histidine residue (Wozniak et al., 1988) and

followed by a tryptophan residue another four residues further on.  Other literature

(Takada et al., 1995) confirms the requirement of the glutamic acid residue, but

notes that the histidine upstream may be between 105 and 130aa away, and may in

fact be an arginine.  Takeda (1995) and others (Barth et al., 1998; Han and Tainer,

2002; Oakey et al., 2005) also record a second glutamic acid, two residues upstream

from the first one, which is commonly conserved.  This residue is not present in

exotoxin A of P. aeruginosa (Gray et al., 1984) or diphtheria toxin (Han and Tainer,

2002).  No note is made of conservation of tryptophan but a region of high

hydrophobicity and or aromaticity is described between the histidine/arginine and

glutamic acid (Takada et al., 1995).  Group two to four toxins are also described as

having an STS motif between the arginine and glutamic acid residues (Barth et al.,

1998). 
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In the case of those ORFs where no STS motif was present, sequences were

examined for the presence of an area of hydrophobicity and those which did not have

such a region were eliminated, leaving only ORFs AB10 and K1.  All other expected

residues and regions were apparent and the distances between residues was in-line

with those recorded previously.  The flexibility of the distances between some

residues, as well as the number of ORFs that matched portions of these, mean the

possibility of one or both of these ORFs fitting this pattern purely by chance

increases.  This random matching has been reported previously (Lax et al., 1990;

Lobet et al., 1991).  

In addition to the two ORFs showing similarities to group one ADP-RTs, two more

possible ADP-RTs were identified matching to group two (AB12) and four (F1)

ADP-RTs.  Neither of these display the conserved glutamic acid two residues

upstream of the glutamic acid residue required for activity, however they do display

all the other conserved characteristics of the relevant ADP-RTs.  Of these, ORF

AB12 is a better candidate as ORF F1 is at the short limit of those ADP-RTs

previously described.  ORF AB12 matches very closely in length to the active region

of cholera toxin and the putative VHML ADP-RT (Oakey et al., 2005).   The

arginine residue of ORF AB12 is 122aa from the 5' end of the sequence and the end

of the ORF is 198 aa after the glutamic acid residue.  The active site is central to the

ORF, with other regions both upstream and downstream.  This is unlike that of the

VHML ADP-RT, which lies at the C terminal end of the ORF and that of cholera

toxin, which  lies at the N terminal end of the ORF.

Several of these ORFs have homology matches to recorded genes.  ORF AB10 has a

56% identity match to a PAPS reductase/sulfotransferase, AB12 has a weak partial

match (38%) to a putative DNA binding protein, corresponding to part of the area of

the active residues and K1 (a partial ORF) has a strong match (98% identity) with

gp30 of B. pseudomallei, a hypothetical gene.  PAPS reductase, to which AB10 was

matched, is used in a step in the pathway of reduction of sulphur for the

incorporation into cysteine and methionine (Williams et al., 2002b).  It catalyses the

reduction of PAPS to sulphite in the presence of reduced thioredoxin (Schierova et
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al., 2000).  No PAPS reductase has been identified as an ADP-RT at this time.  The

closest relationship may be found in Bordetella pertussis.  B. pertussis toxin has

ADP-ribosylating activity and has, like other ADP-RTs, an absolutely required

glutamic acid(129) (Locht et al., 1989).  Production of this toxin has been coupled to

the presence of cysteine, with limited cysteine resulting in greater toxin production

(Bogdan et al., 2001).  It has been shown that this is due to the drop in sulphate

anions produced from cysteine, where lower cysteine levels means less sulphate is

produced (Melton and Weiss, 1989).   As PAPS reductase is involved with cysteine

synthesis from sulphate (the reverse reaction) it would be involved in dropping the

level of sulphate anions.  If it were also to be an ADP-RT it could positively regulate

its own production.  The weak match of AB12 to a DNA binding molecule may

indicate that the ADP-RT pattern identified in this region of the ORF could be

involved in replication rather than production of a toxin.  No speculation can be

made about ORF K1 and F1 as these ORFs have no putative function associated with

them.

Given the total of four possible ADP-RTs identified across three templates, it is

highly likely that several or even all of these ORFs are not actually ADP-RTs.  As

matches to the templates have been previously shown to be by random chance in

some cases, there is still doubt as to the identification of these ORFs as ADP-RTs.  If

the identification of ADP-ribosylating activity is correct in all four cases, some or all

of them may in fact be involved in bacteriophage replication rather than toxin

activity.  Any identification of a virulence component should be treated with caution

until further research is carried out to clarify the action of the proteins produced by

these putative genes. 

6.4.5 Conclusion

The analysis of the genome has only just begun.  Complete sequencing of the

genome will undoubtedly provide more information into the interaction of BupsM1

and its host.  Only a few of the tools available to analyse bacteriophage DNA have

been used thus far.  For example, further examination of potential ADP-RTs could

be carried out by generating secondary structures as all ADP-RTs examined in this
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fashion have similar characteristics (Han and Tainer, 2002).  Other methods of

analysis include identification of origins of replication using cumulative GC-skew

plots (Grigoriev, 1998; Tang et al., 2002; Mehta et al., 2004) and identification of

tRNA like sequences (Tang et al., 2002), identification of putative promoter and

terminators (Mehta et al., 2004) and examination of domains

( http://au.expasy.org/prosite/ ).  The only limit to “in silico” analysis seems to be

time and computing power. 

Confirmation of function can also be achieved experimentally.  Northern blots could

be used to determine the time of transcription of the various ORFs (Tang et al.,

2002).  Recombinant production of gene products and mutagenesis analysis could

also be used to experimentally confirm the putative functions of genes.   While

recombinant protein production is a time consuming step, functional assays on these

ORF products can be simple.  The determination of ADP ribosyl transferase activity

in vitro is a simple assay, but hazardous to the user,  involving extraction of

elongation factor two (EF2) from wheatgerm and addition of the candidate protein

and C14-NAD to this in 96 well plate format.  After incubation, the reaction is

stopped with trichloroacetic acid and the solution is collected on filter paper and

washed to remove free C14-NAD.  The radiosignal is determined and is indicative of

incorporation of ADP-ribose in EF2 in the presence of C14-NAD; ADP ribosylating

activity (Mohamed et al., 1989b).  As I had to develop a whole new procedure to

undertake this assay and it was not central to the thesis, it was not taken any further

at this time.

Most genomes recorded are not experimentally proven, or only partially so.  The

thorough experimental analysis of ORFs of any sequenced bacteriophage genome

will aid in the expansion of knowledge of gene function and provide confirmed gene

structures.  A more thorough understanding of the role of the bacteriophage in its

host is a worthy goal, given the relevant and varied role these organisms play in our

ecosystem and in our health.

http://endnote+.cit
http://endnote+.cit
http://endnote+.cit
http://endnote+.cit
http://au.expasy.org/prosite/
http://endnote+.cit


164

CHAPTER 7

INVESTIGATION OF BACTERIOPHAGE LYSIN

7.1 Introduction

Bacteriophage lytic enzymes quickly destroy the cell wall of the host bacterium to

release progeny bacteriophage.  Since such lytic enzymes specifically kill the species

in which they were produced, they may represent an effective way to control

pathogenic bacteria (Nelson et al., 2001).  These bacteriophage lysins hydrolyse the

bacterial wall by cleaving bonds in the peptidoglycan layer and include muramidases,

transglycosylases, L-alanine amidases and endopeptidases (Yoon et al., 2001).  Most

bacteriophage lysins consist of two functional domains, the N-terminal domain

which has the enzymatic activity as described above and the C-terminal domain

which has cell wall binding capacity, allowing the N-terminal region to target its

substrate (Loessner, 2005).  In natural infection, for lysin to access the peptidoglycan

layer, another protein called holin is required to first form lesions in the cytoplasmic

membrane (Yoon et al., 2001).  

Lysins are of interest as they can also cleave the peptidoglycan layer if exposed to it

“from without”.  That is, they can destroy cells with an external application without

requiring holin to function.  In addition, since infection of the bacteria is not required

to destroy the bacteria, lysin can act where whole bacteriophage might be constrained

by superinfection immunity mechanisms present in lysogens (Nesper et al., 1999).  

The specificity of lysins for particular bacteria or even strains of bacteria mean that

they can target a single species or strain of bacteria (Schuch et al., 2002).  Extracted

lysin, partially purified and characterised from group C streptococci (Fischetti et al.,

1971; Raina, 1981), has been shown to eliminate group A streptococci in the upper

respiratory tract of mice, without killing of other microflora (Nelson et al., 2001). 

Studies of an expression library of bacteriophage proteins from Bacillus anthracis

identified a product, PlyG, capable of lysing B. anthracis and closely related

organisms (Schuch et al., 2002).  Capsules were found not to block access of the

protein to the cell.   
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From a molecular viewpoint, two experimental designs seem most popular in the

identification of bacteriophage lysin (Table 7.1).  The first involves production of an

expression library, followed by screening of the products for lysin activity.  The

second involves sequencing of the genome, identification of genes which may be

involved in lysin activity, amplification and expression of those genes and screening

for lysin activity.  

Table 7.1 Examples of experimental techniques used to identify bacteriophage lysin
genes

bacterial host bacteriophage identification method source

Lactobacillus plantarum SC921 expression library, expression

in E. coli

(Yoon et al.,

2001) 

Lactobacillus bulgaris mv1 expression library, expression

in E. coli

(Boizet et al.,

1990)

Lactobacillus strain G1e Mg1e expression library, expression

in E. coli

(Oki et al.,

1996) 

Lactococcus lactis MvML3 expression library, expression

in E. coli

(Shearman et

al., 1989)

Lactobacillus gasseri Madh genome sequencing, putative

gene amplification,

expression

(Henrich et

al., 1995) 

Streptococcus

thermophilus

MO1205 genome sequencing, putative

gene amplification,

expression

(Sheehan et

al., 1999) 

Erwinia amylovora  MEa1h genome sequencing, putative

gene amplification,

expression

(Kim  et al.,

2004)

With the exception of E. amylovora, the examples in table 7.1 are all Gram-positive

bacteria.  These do not have an outer membrane layer covering the peptidoglycan

layer as do Gram negative organisms and thus the lysin has easier access to the

peptidoglycan layer.  However, the outer membrane of Gram negative organisms is a

semi-permeable layer, including channels (porins) allowing access to the

peptidoglycan layer.  Other substances which act on the peptidoglycan layer, such as

$-lactams (Gould and MacKenzie, 1997; Nau and Eiffert, 2002), are effective

against some Gram negative organisms.  Given the success of lysis from without
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with the Gram negative E. amylovora,  it is possible that bacteriophage lysin may

also be effective at lysing the cell from without in the case of B. pseudomallei.

There are three broad methods of production of bacteriophage lysin.  The first is 

concentration and purification in natural hosts, the second is development of an

expression library for screening, sequencing and experimentation and the last,

sequencing of the genome to identify regions of interest by BLASTx searching,

followed by expression of PCR products.

Extraction and purification of lysin from natural hosts has typically involved

concentration steps, both prior to cracking of the bacteria (lysis from within) and/or

after cracking.  Chemicals may be added to stabilise and protect the lysin with

procedures undertaken at 4°C wherever possible to slow degradation.  Early studies

(Fischetti et al., 1971) to purify lysin from group C streptococcal bacteriophage

involved a 652 fold concentration and purification of bacteria, prior to cracking and

resuspension in media containing dithiothreitol (DTT) and DNase 1.  EDTA was

added after cracking and centrifugation carried out to remove cell debris.  At this

point tetrathionate was added to stabilise the enzyme and ammonium sulphate,

chromatography and gel purification steps carried out.  Lysin was stored at -51°C.  

This method was also used by Nelson et al. (2001) to extract and purify lysin for

studies on treatment of upper respiratory tract infection. 

In later work on the same lysin (Raina, 1981), the broth was not concentrated prior to

cracking, but immediately afterwards, by chilling to 2°C with mercaptoethanol and

EDTA.  Two steps of ammonium sulphate precipitation, followed by gel purification

and a final step of polyethylene glycol (PEG) concentration were conducted prior to

storage of the enzyme at -75°C.

More recently, Hertwig et al (1997) purified and characterised lysin from

bacteriophage P001 from L. lactis.  Crude lysin was produced by concentration of

broth to 1/15th its original volume in Tris buffer with glucose prior to bacterial

cracking.  Once cells lysed, DNase 1 and ribonuclease A (RNase A) were added and
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the lysates centrifuged to remove bacteriophage and cell debris.  The lysin was stored

at -74°C prior to examination for its ability to lyse killed cells.  Further purification

was carried out with addition of trifluoroacetic acid (TFA), anion exchange, cation

exchange and HPLC chromatography.  

Production of lysin via molecular methods have been typically carried out in one of

two ways.  In the first, gene expression libraries from the bacteriophage were

constructed and screened for expression of lysin.  Examples of this include MvML3

of L. lactis (Shearman et al., 1989) and SC921 of L. plantarum (Yoon et al., 2001). 

In both these cases, bacteriophage DNA was digested with restriction endonucleases

and inserted into expression vectors.  Individual clones were grown, concentrated

and treated with chloroform to break open the cells.  Cell debris was removed and

the cell-free supernatants inserted into wells on an agar plate pre-seeded with

bacteria sensitive to the bacteriophage examined.  Plates were examined after

overnight incubation for clearing around the wells indicative of lysin.  Further

molecular analysis of the selected clones and of the cell-free extracts was then

undertaken to characterise the lysin and lysin gene.  An adaptation of this method

was used to identify the lysin gene of m phage of B. anthracis (Schuch et al., 2002). 

In this case, the clone colonies were grown overnight on glass plates, had their cell

walls permeabilised by chloroform vapour and then had soft agar containing

indicator bacteria poured over the colonies.  Plates were incubated and clones

containing lysin genes were identified by the presence of clear lytic zones.  The

bacteriophage mv1 lysin gene was identified using clones of Escherichia coli directly

spotted on a lawn of indicator bacteria (Boizet et al., 1990).   Several clones that

produced zones of lysis also had very low viability.  One difficulty with screening for

lysin genes by the method of expression libraries is that, if the holin gene is included

in the expression vector along with the lysin gene, lysis from within can occur and

lower the viability of the E. coli host.  This may have also been seen in one clone

during the work of Shearman et al. (1989).  

The second approach to lysin production requires some previous knowledge of the

lysin gene and involves development of primers to produce the lysin gene as a PCR
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product, followed by in frame insertion into an expression vector.  The lysin of

MO1205 of S. thermophilus was produced by designing primers for expected lysin

genes based on published gene sequence of MO1205 (Sheehan et al., 1999) as was

the lysin of MEa1h of E. amylovora (Kim et al., 2004).  In both cases PCR products

were inserted into an expression vector and grown in E. coli.  This was then

sonicated to release lysin and the lysin tested against indicator bacteria.  No

treatment of the E. amylovora was carried out to aid access to the peptidoglycan

layer prior to effective lysis from without.

Treatment and removal of B. pseudomallei from the environment is difficult, hence

new therapeutic substances are highly desirable.  Using the literature, techniques for

production of lysin from the natural host will be adapted.  The resultant products will

be tested to see whether they have any effect on cells of B. pseudomallei which can

be attributed to a proteinaceous lysin rather than bacteriophage.  Any product with a

lytic effect will be further purified and characterised.

7.2 Materials and Methods

7.2.1 Amplification of B. pseudomallei in broth

A colony of B. pseudomallei isolate #4 was inoculated into 100 ml LB broth and

incubated with shaking overnight (100rpm, 37°C).  Ten ml of this broth was

inoculated into 850ml-950ml LB and incubated with shaking (100rpm, 37°C) until

an O.D.600nm of 0.1 was obtained.  Fifty ml was removed for use as a negative control

and a Miles-Misra assay carried out.  Fifty ml was removed for use as a positive

control and  BupsM1 was added to a ratio of 10:1 to 1:1 cfu:pfu to act as the positive

control.  The broths for both the positive and negative control were then incubated

with shaking and the remaining 750ml-850ml of broth was retained at 37°C . 

Between 30 minutes and one hour later, the 750ml-850ml of broth was diluted with

prewarmed LB media to adjust O.D.600nm back to 0.1 and BupsM1 was added at the

same ratio of 10:1 to 1:1 cfu:pfu as the positive control broth.  All broths were

further incubated with shaking (100rpm, 37°C) until lysis of bacterial cells was seen

in the positive control broth.  Lysis was identified as a clearing of the broth with

“strings” of bacteria visible. 
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7.2.2 Concentration of broth and addition of chemicals

DTT was added to broths to a concentration of 0.5mM after which they were

centrifuged (10 000g, 5 minutes, 4°C) either ten minutes before lysis was expected

or when lysis was first evident, whichever came first.  The pellet was resuspended to

1/15th of the original volume in tris-glucose buffer (Appendix 1).  Where lysis did

not occur at the expected time, chloroform was added at 0.1% to 1% of solution

volume.  EDTA was added to a concentration of 5mM either when lysis was

expected to occur or when lysis was observed.  After lysis, the solution was

centrifuged (9000g, ten minutes).  DNase 1 and RNase were added to the supernatant

at a concentration of 170:g/ml and 1.7mg/ml respectively and the supernatant

incubated at 37°C for 15 minutes.  This was centrifuged (9000g, ten minutes, 4°C),

the supernatant filtered through a 0.45 :m filter (Millex® -GS, Millipore, Ireland)

and stored at -74°C until used.  

7.2.3 Production of indicator bacteria

7.2.3.1 Live bacteria

One ml of an overnight LB broth of B. pseudomallei strain #4 was added to one ml

of LB soft top agar.  Two ml of the resultant solution was poured onto a LB agar

plate and allowed to set.  

7.2.3.2 Killed bacteria

A 100ml overnight broth of bacteria (isolate #4) was concentrated 100x by

centrifugation (10 000g, 5 minutes) and heated at 95°C for 20 minutes in a water

bath.  The water bath was turned off and the bacteria retained in the water bath for a

further 20 minutes.  To test if the bacteria were dead, a loop of treated bacteria was

placed in LB broth and incubating overnight with shaking (100rpm, 37°C).  Bacterial

cells were considered dead if no bacterial growth was evident.  For plate use, 0.5 ml

of the concentrated killed cells was added to one ml of soft top agar and the solution

poured onto a LB agar plate.  For assays using optical density, the O.D.600nm of cells

was adjusted to 0.6 and a 1:10 mix of lysin extract to dead cells was examined.  Tris-

glucose buffer was used under the same conditions, instead of lysis extract, as a

negative control.
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7.2.4 Analysis of extracts for lytic activity

7.2.4.1 Use of indicator bacteria

Extracts were tested for their ability to lyse cells using both killed and live cells. 

Six :l of extract (7.2.2) from #4 broth infected with BupsM1 (7.2.1) was placed on

LB soft top plates containing bacterial cells and the plates incubated at 37°C.  Plates

were observed at ten minutes, then at 30 minute intervals for four hours, and finally

after overnight incubation.  Killed cells and extract were mixed in cuvettes at the

ratio noted previously (7.2.3.2) and the optical density observed immediately, with

observation continuing for ten minutes and then at the intervals described above.

7.2.4.2 Fractionation of extracts

Extracts were fractionated at sizes of >30kDa, 30-10kDa and <10kDa with

Centricon© centrifugal filters (Millipore, USA).  To a 30kDa Centricon, 1.5 ml of

extract was added and the unit centrifuged (4500g, 30 minutes, 4°C).  Retentate was

collected by inversion of the Centricon and centrifuging into a collection unit (200g,

two minutes, 4°C).  Where no fluid retentate was visible, 50:l of PBS was added to

the Centricon and the fluid pipetted several times prior to inversion and

centrifugation.  The filtrate was added to a 10kDa Centricon and the process

repeated, with an initial centrifugation being carried out for one hour, as per the

manufacturer’s instructions.  In this case both retentate and filtrate were collected. 

When not being centrifuged, all fractions were stored on ice.  All fractions were

collected and absorbance at 280nm was determined prior to storage at -74°C.  Six :l

of each was spotted on a soft top agar plate containing killed cells. 

7.2.4.3 Production of bacterial supernatant by bead beating

To produce a negative control sample of cell contents, 50 ml of an overnight culture

of  B. pseudomallei #4 which had not been exposed to BupsM1 was centrifuged

(8500g, ten minutes) and the pellet resuspended in three ml of Tris-glucose buffer

with 300:l of 0.5M EDTA.  This was added to a two ml free standing screw cap

microtube with o-ring (520-GRDS-Q, QSP, USA) containing one ml of 0.1mm glass

beads (Biospec Products Inc., USA) such that no air gap was present when the cap

was screwed on.  This was exposed to three pulses each of 45 seconds duration in a
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Mini-Beadbeater™ (Biospec Products inc., USA) with one minute on ice between

each pulse.  The sample was then centrifuged (10 000g, ten minutes) and the

supernatant collected and stored at -20°C until needed.  

7.2.4.4 SDS polyacrylamide gel electrophoresis analysis

Thirty :l of each extract and fractionated extract was run on a 4-12% Nu-PAGE™

BT 1.0 SDS polyacrylamide gel electrophoresis (SDS-PAGE) (Invitrogen, Australia)

after which it was stained with Gradipure (Gradipore, Australia) according to the 

manufacturer’s instructions.  Following staining, the gel was destained with 6%

acetic acid and dried for long term storage using a Gel Drying Kit (Promega)

according to the manufacturer’s instructions.

7.3 Results

7.3.1 Lysis

In spite of similar bacteriophage to bacteria ratios, smaller volumes of media (50ml)

showed a greater disposition to lyse than larger volumes (750-850ml) (Table 7.2).  It

was observed that lysis took longer in 750-850ml samples and was less complete. 

This was the case both where the sample was centrifuged and made into a small

volume prior to lysis and when lysis was permitted to occur prior to centrifugation to

remove cell debris.  Addition of chloroform did not trigger lysis.  After addition of

EDTA, concentrated samples lysed and became viscous.  Addition of DNase 1 and

RNase, reduced viscosity, indicating that most viscosity was caused by nucleic acid. 

7.3.2 Examination of extracts

Bacteriophage extracts that had been stored at 4°C in excess of two weeks were used

to test whether killed cells could be lysed by active bacteriophage.  These extracts

caused clearing on soft top agar containing live cells, but not on soft top agar

containing killed cells.

All lysed extracts were tested using soft top agar containing killed cells and

absorbance at O.D.600nm analysis using killed cells (7.2.4.1).  In no case did the agar

plates clear or the optical density drop.  Plating of extracts on soft top agar
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containing live bacteria resulted in clearance indicative of the presence of

bacteriophage.

Lysis extracts were examined using SDS PAGE.  Multiple bands were present and

bands were similar to those produced from a bead-beated supernatant of

B. pseudomallei #4 which had not been infected with bacteriophage (Figure 7.1). 

Several bands were detected in an extract which had not shown any evident lysis

(Figure 7.1, lane 4).  Two of these bands were the correct size to be DNase 1 (~31

kDa) and RNase A (~13.7 kDa), which had been added to this extract. 



Table 7.2 Conditions of individual lysis experiments and their outcomes.  Time to concentration dependant on lysis of control sample. Time was
counted from point of adding bacteriophage to broth.  Experiments 1 and 2 were pilot experiments, did not use controls and were concentrated at
arbitrary times.  Experiment 4 included a control (B) of the same volume as the sample (A), made at the same time.  This was concentrated after
lysis was evident.  Complete lysis means the broth was observed to be completely cleared of bacteria.  Visible lysis means the presence of
“strings” of lysed bacteria were present.  Minimal lysis means some clumps of bacteria were present, but not enough to form strings.

Experiment volume

(ml)

time to concentration

(hour:minute)

chemicals added after

concentration in Tris-glucose

time to

lysis

conditions of lysis observed lytic

activity of extract

1 850 0:25 none - none none

2 850 1:00 none - none none

3 800 1:30 DNase1, RNase A 1:45 visible, viscous none

4(A) 400 1:00 none 3:00 visible none

(B) 400 3:50 none 3:00 lysis visible prior to concentration,

no enhancement of lysis after this

none

5 50 2:10 none 3:10 complete none

850 2:10 chloroform 3:10 visible, chloroform did not appear

to accelerate or improve lysis

none

6 50 1:30 DNase1, RNase A 2:30 complete, very viscous none

800 1:30 none 4:30 minimal none

7 850 1:00 none - none none

850 1:30 none - none none

850 2:00 none 5:00 minimal none
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Table 7.2 continued.

Experiment volume

(ml)

time to concentration

(hour:minute)

chemicals added after

concentration in Tris-glucose

time to

lysis

conditions of lysis observed lytic

activity of extract

850 2:30 none - none none

850 5:00 none 5:00 complete none

8 800 0:40 DTT, chloroform, EDTA 3:45 chloroform caused no change. 

Lysis visible 15 minutes after

addition of EDTA

none

800 1:15 DTT, chloroform, EDTA 3:45 chloroform caused no change. 

Lysis visible 15 minutes after

addition of EDTA

none

9(A) 50 1:50 EDTA, DNase1, RNase A 2:00 visible, viscous none

(B) 50 1:50 EDTA, DTT 2:00 visible none

800 1:50 EDTA, DTT 3:30 limited none
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Fractions concentrated using Centricons™ were compared to the original sample

using O.D.280nm readings (Biophotometer; Eppendorf, Germany) (Table 7.3).  Sample

volumes were corrected for concentration where possible prior to SDS PAGE.  

Based on O.D.280nm readings, retention in a 30kDa filter resulted in approximately

five times the concentration.  Examination of the gel indicated all bands were present

in this fraction (Figure 7.2).  The 30-10kDa fraction was also concentrated by a

factor of approximately ten.  The low volume retained meant O.D.280nm readings and

SDS PAGE were carried out using a diluted fraction, created by addition of PBS to

the membrane and recovery as described above (Section 7.2.4.2).  Proteins of less

than 33 kDa, based on the PAGERuler protein ladder, were recovered in this

fraction.  No protein fractions were of high enough concentration to be visible in the

<10kDa fraction.  About 5% volume was lost in the total concentration protocol.  No

fraction caused lysis of killed cells in spite of an increase in concentration.

                     1      2     3     4      5     6     7      8

Figure 7.1 SDS-PAGE of products of experimental lysis (taken from experiment 9A-
Table 7.2), lane 1 and 8; PAGERuler™ Prestained Protein Ladder (Fermentas,
Germany) {mwt (kDa) 170, 130, 100, 72, 55, 40, 33, 24, 17, 11}, lane 2; lysin
extract without ten mM DTT, lane 3; lysin extract with ten mM DTT, lane 4; non-
lysed broth supernatant including DTT, DNase 1 and RNase A, lane 5; Tris-glucose
buffer only, Lane 6; supernatant of B. pseudomallei #4 (not infected with
bacteriophage) after bead beating, Lane 7; no sample.



176

Table 7.3 Volumes recovered and optical density (280nm) readings of lysis extract
and fractions concentrated through 30kDa and 10kDa Centricons™.  Samples
include retentate of 30kDa membrane (>30kDa), filtrate of 30kDa membrane which
was retained by the 10kDa membrane (<30kDa>10kDa) and filtrate of the 10kDa
membrane

Sample Volume used or
recovered (:l)

Optical density (280nm)
(corrected for dilutions)

lysis extract 1500 1.644

>30kDa fraction 190 7.115

<30kDa >10kDa fraction 5 17.75

<10kDa fraction 1220 0.541

Figure 7.2 SDS-PAGE of concentrated extracts of lysis from experiment 9A, , lane 1
and 6 ; PAGERuler™ Prestained Protein Ladder {mwt (kDa) 170, 130, 100, 72, 55,
40, 33, 24, 17, 11}, lane 2; fraction >30kDa, lane 3; fraction <30kDa>10kDa, lane 4;
fraction <10kDa, lane 5; extract after lysis, prior to concentration. 

7.4 Discussion

Fischetti et al. (1971) and Nelson et al. (2001) used DTT when extracting lysin, both

while concentrating and cracking the bacteria and again later to reactivate lysin. 

DTT breaks disulphide bonds and maintains SH groups in a reduced state by
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preventing oxidation (Sigma catalogue).  Raina (1981) used 2-mercaptoethanol,

which has a similar activity to DTT, whilst Hertwig et al. (1997) used neither. 

However, no lysis was found to occur with crude lysin extracted from BupsM1

irrespective of whether DTT was added or not.

EDTA and chloroform have been used to permeabilise the cell wall, permitting

recombinant lysin to escape and aiding in cracking of bacterial cells (Henrich et al.,

1995; Yoon et al., 2001) and to make Gram negative organisms susceptible to lysis

from without (Morita et al., 2001; Loessner, 2005).  In this case, chloroform was not

found to aid cracking.  However, EDTA was successfully used to cause mass lysis of

concentrated bacterial broths.  When EDTA was not added, lysis was observed to be

less complete (Table 7.2).  Irrespective of whether or not EDTA was added, no lysis

on killed cells was observed, confirming that lysis from without did not occur with

this Gram negative bacteria. 

Reported lysin sizes range between 20kDa (vML3 of L. lactis) (Shearman et al.,

1994), to 98kDa (P22 of Salmonella typhimurium) (Henrich et al., 1995).  SDS

PAGE showed the presence of multiple bands within this range, however none

clearly differed from the bands produced when uninfected B. pseudomallei #4

bacteria was treated with a bead beater to lyse the cells compared to those that lysed

due to bacteriophage.   The efficient lysis of the bacterial broths indicates lysin

should be present, but identification of a single band is not possible.  A more

effective method of observing lysin on SDS-PAGE gels would possibly be to

identify the lysin gene by sequencing and insertion into an expression vector.  Lysin

could then be overproduced and purified for study.  Success of this process is

dependant on not lysing the E. coli cell before high levels of lysin are produced. 

Examples in literature indicate this method is feasible (Shearman et al., 1994;

Henrich et al., 1995; Sheehan et al., 1999) and failure is usually due to the

simultaneous production of holin.

In spite of successfully causing lysis in concentrated bacterial broths, with typical

nucleic acid viscosity as described by Hertwig et al. (1997), no lysis of killed cells
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was observed, either in soft top agars or by a drop in O.D.600nm.  As crude extracts

and concentrates did not kill Burkholderia cells, no further purification was carried

out.  It is thought that either the extraction technique failed to concentrate sufficient

active lysin, or the lysin could not lyse B. pseudomallei cells externally.  The first

possibility is less likely as concentration by fractionation also failed to cause lysis.  

The variation between experiments in the timing of the concentration step, due to

variation in individual control samples,  also did not identify an optimum time for

production of lysin.

The possibility that bacteriophage lysin does not work from without in the case of

B. pseudomallei must be considered further.  B. pseudomallei is known to possess a

capsule (Puthucheary et al., 1996) which may be protective, however there is some

evidence that capsules do not impede lysis from without (Henrich et al., 1995).  

A recent review article (Loessner, 2005) states that lysis from without is not possible

with Gram negative organisms due to the presence of the outer membrane of the cell

wall.  B. pseudomallei is a Gram negative organism so lysis from without may not be

possible. 

Permeability properties of the outer membrane control access of solutes to the

periplasm and inner membrane.  Transit of hydrophilic solutes across the outer

membrane is accomplished by a battery of proteins forming transmembrane channels

of varying degrees of specificity (Osborn and Wu, 1980).  There are three functional

categories of transmembrane channel. The first are porins, allowing passive,

nonspecific diffusion of solutes across the membrane.  Only hydrophilic solutes

smaller than the exclusion limit specific for a given Gram negative bacterium can

pass the outer membrane (Benz, 1988), with selectivity due to the size of the

hydrated radius of solute versus the size of the pore.  The second are pore forming

proteins allowing specific permeation of oligosaccharides of maltose and

nucleosides. The third allows uptake of large solutes of low concentration with

specificity due to receptors interacting with high affinity, for example receptors for
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B12 and iron siderophores (Osborn and Wu, 1980).  These last two types of channel

are designed for specific uptake and not relevant to the possible uptake of lysins.    

Porins, the first category, permit $-lactams to access the peptidoglycan layer. 

$-lactams are hydrophilic and usually diffuse through porins (Gotoh et al., 1994a). 

Work with $-lactams in E. coli (Nikaido et al., 1983) showed that hydrophilic

$-lactams diffused through porins with the maximum size of the $-lactams tested of

a molecular weight of 527 (5kDa).  The pore of the porin was determined to be

1.2nm across (Nikaido and Rosenberg, 1981).  The largest recorded exclusion limit

(molecular weight above which the molecule cannot pass through) for a porin is

6kDa, found in  P. aeruginosa (Hancock et al., 1979; Bellido et al., 1992).  This is

much smaller than any recorded endolysin.  While there are examples of specific

transfer pores in Burkholderia species, there are none recorded of a size large enough

to permit lysin access (Gotoh et al., 1994a; Gotoh et al., 1994b; Tsujimoto et al.,

1997; Adewoye et al., 1998).   The smallest lysin would still be too large to diffuse

through the largest recorded porin.  Even though lysins are generally hydrophilic

(Loessner, 2005), the method used by $-lactams to penetrate to the peptidoglycan

layer is not available to endolysins.

As expected, almost all examples in the literature of lysis from without are of Gram

positive organisms.  One exception is the recombinant lysin of MEa1h of

E. amylovora (Kim et al., 2004).   In this case, cell lysate from sonicated E. coli cells

was found to directly induce lysis on lawns of indicator cells and cell growth in

broths was inhibited when cell lysates were added.  The overproduction of lysin in a

recombinant system may be the reason lysis was seen by Kim et al. (2004).  Further

exceptions exist as stated by Morita et al. (2001).  While it is generally the case that

peptidoglycan degrading enzymes are limited in activity against Gram negative

bacteria, the endolysin of the bacteriophage of  Bacillus amyloliquefaciens

effectively decreased viability of the Gram negative organism Pseudomonas

aeruginosa.  In addition to this it causes lysis from within when recombinantly

produced by E. coli. This lysin was shown to contain a hydrophobic region which
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may have been penetrating the outer membrane and allowing access by the catalytic

domain of the endolysin to the peptidoglycan layer of the Gram negative bacteria.

The lack of success in causing lysis from without using concentrated lysate in this

study may indicate that the endolysin BupsM1 of B. pseudomallei does not contain

hydrophobic characteristics like that of the endolysin of the bacteriophage of 

B. amyloliquefaciens. 

Given the compelling evidence that without addition of chemicals to disrupt the

outer membrane, lysin will not function “from without” in B. pseudomallei, it is

unlikely that production of recombinant lysin would be of any practical therapeutic

use.  This chapter confirms, in the specific case of B. pseudomallei, the general

statement that ‘lysis from without does not occur in Gram negative organisms’.
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CHAPTER 8

GENERAL DISCUSSION

Burkholderia pseudomallei was first identified in 1911 (Whitmore, 1913) and

bacteriophage specific to it were first identified in 1956 (Leclerc and Sureau, 1956). 

B. pseudomallei is the causative agent of melioidosis, a disease of humans and

animals with a high mortality rate.  The title of this thesis asked the question; Are

bacteriophage of B. pseudomallei friend or foe?  That is, are they responsible in

some way for the virulence of B. pseudomallei, or can they be used therapeutically?  

In many cases bacteriophage have been found to be responsible for virulence of

bacteria (Miller, 2001; Boyd, 2004).  This role for bacteriophage with respect to

B. pseudomallei was examined in this study. Bacteriophage have also been used as

treatments for bacterial infections as both entire bacteriophage (Smith et al., 1987;

Huff et al., 2004; Jikia et al., 2005) and as protein products such as endolysin

(Nelson et al., 2001).  In this study, endolysin was examined from lysogenic

bacteriophage to determine whether it would be of use.

This study identified combinations of techniques for highly specific determination of

bacteriophage infection in B. pseudomallei as well as expanding on the data on

bacteriophage infecting B. pseudomallei.  This study also examined the role of one of

these bacteriophage (BupsM1) in virulence in both an animal model and by analysis

of the genome of the bacteriophage.  Furthermore, the use of bacteriophage

endolysin as an external therapy for melioidosis was examined and rejected.

The traditional method of screening and amplifying B. pseudomallei for

bacteriophage involves the use of B. mallei as a sensitive host (Denisov and Kapliev,

1991; Denisov and Kapliev, 1995; Woods et al., 2002).  B. mallei is highly

infectious to humans, causing a life threatening disease (Smith, 1957) and has been

known to cause infections via laboratory contamination (Howe and Miller, 1947;

Srinivasan et al., 2001).  As such, this study examined alternate methods for

identification of lysogenic bacteriophage.  A simple technique for screening large

numbers of isolates for identification of isolates of interest was developed and it was
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determined that the use of a mitomycin C method in conjunction with either a plaque

assay or restriction digest assay resulted in confirmation of the presence of

bacteriophage with an accuracy of 96.77%.  Using either a plaque or restriction

digest assay had the added value of allowing some characterisation of the

bacteriophage, either spotting pattern or restriction cutting pattern respectively.  The

optimisation of various techniques of amplification of bacteriophage and extraction

of DNA with respect to bacteriophage of B. pseudomallei will be of use in further

examination of bacteriophage of other B. pseudomallei strains.  

Bacteriophage of B. pseudomallei have previously been identified as belonging to the

families Myoviridae and Syphoviridae (Denisov and Kapliev, 1995).  The isolate

further characterised in this study was identified as a member of the Myoviridae,

with a genome 55.1 kb long.  Of interest, the bacteriophage isolated from strain C4

was of the family Myoviridae but had an unusually long tail.  This may be due to a

tape-measure gene more similar to those in the family Syphoviridae.  This isolate

would be of interest to examine further in a separate study.

Lysogenic bacteriophage insert their genome into the bacterial chromosome and once

inserted, genes on the bacteriophage can be expressed, conferring new metabolic

traits on the host. The process of altering properties of the host bacterial cell on

establishment of lysogeny is known as phage conversion (Acheson et al., 1998). 

Bacteriophage may encode virulence factors which can increase the virulence of their

host.  Several bacterial - bacteriophage systems have been analysed in which

bacteriophage extracted from a virulent strain of bacteria have been inserted into a

strain of lower virulence and caused an upregulation of virulence (Munro et al.,

2003).  To date no examination of alteration of virulence due to bacteriophage

infection in an animal model has been reported for B. pseudomallei.  

This study is the first examination of the role of bacteriophage in B. pseudomallei

isolates, using the BALB/c mouse model of Leakey et al. (1998).  It was shown that

bacteriophage could infect some of the bacterial isolates selected and alter colonial

morphology in some cases.  There were also indications of variable phenotypic
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changes.  There was no clear relationship between bacteriophage infection and

virulence, with only one assay resulting in a significant increase in virulence.  It is

possible that bacteriophage stability was the cause of this variation in virulence.  A

bacteriophage that was lysogenically stable would permit expression of virulence

determinants and would not cause significant lysis of the bacteria.  If the relationship

was less stable, as appeared to be the case when comparing NCTC13178 and NAFC,

more of the bacteria would lyse due to bacteriophage entry into the lytic lifecycle. 

This would lower virulence through lowering levels of bacteria as well as limiting

the possible expression of any bacteriophage encoded virulence.  The variation in

virulence seen in the NAFC-BupsM1 system may have been due to genome insertion

position affecting overall bacteriophage stability and hence both effective bacterial

dose and expression of virulence determinants.   

The selection of BupsM1 and host system NAFC may have been a poor choice, given

the possibility of other complicating factors.  However, BupsM1 infection of other

strains was also unsuccessful.  If bacteriophage do play a role in virulence of

B. pseudomallei, that role is not a straight forward one and other factors may be

involved.  This is the case in virulence of Vibrio cholerae, where the presence of a

toxin co-regulated pilus, believed to be encoded by a potential second bacteriophage

(Karaolis et al., 1999) is necessary for infection with the bacteriophage encoding the

cholera toxin gene (Levin and Tauxe, 1996).  In addition, recent reviews of virulence

of V. cholerae have shown the expression of toxin genes encoded on CTXM to be

promoted by a gene encoded on the satellite bacteriophage RS1 (Davis and Waldor,

2003).  Amplification and examination of other bacteriophage in more

B. pseudomallei isolates may be of value, as other bacterial-bacteriophage systems

may show clearer virulence effects.  Determination of the insertion site may also

shed some light onto the effect the bacteriophage are having in the host. 

Examination of the genetic sequence of bacteriophage can aid in understanding

bacteriophage-host interactions including virulence (Uetz et al., 2004).  As there was

no clear relationship between bacteriophage infection and virulence in this study,

bacteriophage BupsM1 was examined at a genetic level.  Only two isolated
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bacteriophage of B. pseudomallei have been completely sequenced (NCBI Entrez

genome;

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?CMD=Pager&DB=genome),

although sequencing of bacteriophage from the related organisms B. thailandensis

(Woods et al., 2002) and B. cenocepacia (Summer et al., 2004; Seed and Dennis,

2005) has been carried out and several bacteriophage of B. pseudomallei have been

sequenced as prophage (Holden et al., 2004), so this sequencing adds significantly to

the amount of data available.  

In this study, 95% of the genome of BupsM1 (based on determination of genome size

by pulse field gel electrophoresis) was sequenced and the open reading frames

analysed using BLASTx.  There were frequent matches to open reading frames of a

putative prophage in the genome of B. vietnamiensis and these open reading frames

were typically in the same order in both BupsM1 and the reported prophage.  The

number of matches to the prophage relative to other related bacteriophage may

indicate a common origin, however this may be an artifact due to the paucity of

sequence data of Burkholderia bacteriophage genomes.  Sequencing of this and

further B. pseudomallei bacteriophage genomes will aid in the understanding of the

evolutionary development of these systems.  

Examination of the sequence data identified putative genes involved in structural

development, DNA replication, lysogeny and virulence.  Alternate tools were also

used to data mine the genomic information in a search for genes of interest.  These

identified possible ADP-ribosyltransferase genes and endolysin genes which would

not have otherwise been identified.  

Experimental analysis would be necessary to confirm the function of these open

reading frames.  Many of the reported genes that were used to identify putative

function in the BLASTx analysis were putative themselves, with no experimental

evidence to confirm function.  Future work examining the open reading frames of

this bacteriophage at an experimental level would be of value for further sequence

analysis.
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The presence of putative virulence genes is of interest as no clear role in virulence

was identified in the animal model.  Should these putative genes prove to be

legitimate, it would further reinforce the idea that the role BupsM1 is playing in

virulence is complex and dependant on other factors that have not yet been

identified.

In addition to playing a role in virulence, bacteriophage can play a role in the

treatment of bacterial infection.  Bacteriophage cocktails have been used to

successfully treat  antibiotic resistant infections (Jikia et al., 2005) but a lysogenic

bacteriophage which may increase the virulence of its host could not be used in this

manner.  Alternately, the endolysin protein produced by bacteriophage to lyse the

bacteria from within can be used from without (Nelson et al., 2001).  While it has

been stated that endolysin cannot be used on Gram negative organisms (Loessner,

2005), exceptions exist.  These include the recombinant lysin of MEa1h of

E. amylovora (Kim et al., 2004) and the endolysin of the bacteriophage of 

B. amyloliquefaciens, which effectively decreased viability of the Gram negative

organism P. aeruginosa (Morita et al., 2001). 

Examination of the endolysin of BupsM1 in this study showed that endolysin will not

function “from without” in B. pseudomallei.  This study confirms, in the specific

case of B. pseudomallei, the general statement that ‘lysis from without does not

occur in Gram negative organisms’.  As such, it is unlikely that production of

recombinant lysin would be of any practical therapeutic use.   The next step in

examination of bacteriophage for therapeutic work would involve the isolation and

amplification of bacteriophage of B. pseudomallei which are obligatorily lytic.

This thesis asked the question; Are bacteriophage of B. pseudomallei friend or foe?

We can now say that lysogenic bacteriophage of B. pseudomallei cannot be used as a

'friend'.  However, this study did not identify or examine obligatorily lytic

bacteriophage, so this area remains open to investigation.  The role of bacteriophage

as a 'foe' is more complex.  There are indications of possible virulence determinants

as well as a role for instability of the bacteriophage.  There was no simple answer to
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whether the presence or absence of bacteriophage related to virulence from the initial

screening of Burkholderia isolates.  Examination of a single bacteriophage (BupsM1)

did not clearly show that bacteriophage were responsible for virulence.  It is possible

that some lysogenic bacteriophage of B. pseudomallei (including possibly this one)

carry virulence determinants and sequencing is ongoing (Wiersinga et al., 2006). 

Bacteriophage of B. pseudomallei may be our 'foe', but this work has raised more

questions for study than it has been able to answer.

In conclusion, this work provides a foundation for the examination of bacteriophage

of B. pseudomallei using methods of lower risk than those traditionally used.  It

increases the quanta of data available on what isolates are infected with

bacteriophage and their cross-spotting patterns as well as on the gene sequences

found in B. pseudomallei bacteriophage genomes.  This work also provides the first

examination of the role of bacteriophage in virulence of B. pseudomallei in a mouse

model.  This indicates any role of virulence may be more complex than that of a

simple virulence gene encoded on the bacteriophage.  This study also eliminates the

possibility of the use of endolysin in the treatment of B. pseudomallei infection.
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APPENDIX 1

AGARS, CULTURE MEDIA AND GENERAL REAGENTS

1.1  Ashdown agar
tryptone 12g
(Oxoid, England)
glycerol 32ml
(Univar, Ajax Finechem, Australia)
crystal violet (0.1% aqueous - 1.1.1) 4ml
(AnalaR, BDH Chemicals, Australia)
neutral red (1% aqueous - 1.1.3) 4ml
(Difco Laboratories, England)
agar Technical no. 3 12g
(Oxoid, England)
double distilled water 800ml

Combine ingredients and boil for 15 minutes.  Autoclave at 121°C for 15
minutes, cool to 50°C and add 2.0ml of 5 mg/ml gentamycin sulphate (65.5%
pure - 1.1.2).  Pour into plates and cool.

1.1.1  crystal violet (0.1%)
crystal violet 0.1g
(AnalaR, BDH Chemicals, Australia)
double distilled water Make up to 100ml

Dissolve crystal violet in double distilled water and autoclave at 121°C for 15
minutes.

1.1.2  gentamycin sulphate (5mg/ml)
gentamycin sulphate 0.05g
(G3632, Sigma Chemicals, Australia)
double distilled water Make up to 10ml

Dissolve gentamycin sulphate in double distilled water and filter sterilise
through a 0.22:m filter (Millex®-GS, Millipore, Ireland).

1.1.3  neutral red (1% aqueous)
neutral red 1g
(Difco Laboratories, England)
double distilled water Make up to 100ml

Dissolve neutral red in double distilled water and autoclave at 121°C for 15
minutes.
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1.2  brain heart infusion broth (BHIB)
brain heart infusion broth 37g
(Acumedia, USA)
double distilled water Make up to 1000ml

Make up to 950ml with double distilled water, adjust pH to 7.4 and make up
volume to 1000ml.  Autoclave at 121°C for 15 minutes.

1.3  CaCl2 (0.1M)
CaCl2 11.1g
(Univar, Ajax Finechem, Australia)
doubly distilled water Make up to 1000ml

Dissolve CaCl2 in 800ml doubly distilled water.  Make up to 1000ml with
doubly distilled water.   Autoclave at 121°C for 15 minutes.

1.4  CTAB/NaCl solution
NaCl 4.1g
(Univar, Ajax Finechem, Australia)
hexadecyltrimethyl ammonium bromide (CTAB) 10g
(Sigma Chemicals, Australia)
doubly distilled water Make up to 100ml

Dissolve NaCl in 80ml doubly distilled water.  Add CTAB slowly with
heating and stirring.  Make up to 100ml with doubly distilled water. 

1.5  EDTA (0.5M) (pH8.0)
EDTA 186.12g
(Univar, Ajax Finechem, Australia)
double distilled water Make up to 1000ml

Combine ingredients and make up to 800ml with double distilled water. 
Adjust pH to 8.0.  Make up to 1000ml with double distilled water when
EDTA has dissolved.  Autoclave at 121°C for 15 minutes

1.6   Luria-Bertani (LB) medium 
tryptone 10g
(Oxoid, England)
yeast extract 5g
(Oxoid, England)
NaCl 10g
(Univar, Ajax Finechem, Australia)
double distilled water Make up to 1000ml

Make up to 950ml with double distilled water, adjust pH to 7.0 and bring
volume up to 1000ml.  Autoclave at 121°C for 15 minutes.  When using
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media for protocols involving Promega cloning kits, only 5g of NaCl was
added to the media as per kit instructions.

1.7  LB agar
LB medium (1.5) 100ml
agar Technical no. 3 1.5g
(Oxoid, England)

Combine ingredients and boil for 15 minutes.  Autoclave at 121°C for 15
minutes, cool to 50°C and pour into plates 

1.8  NaCl (5M)
NaCl 292.2g
(Univar, Ajax Finechem, Australia)
doubly distilled water Make up to 1000ml

Dissolve NaCl in 800ml doubly distilled water and make up to 1000ml with
doubly distilled water.  Autoclave at 121°C for 15 minutes.

1.9  phosphate buffered saline (PBS) (pH 7.4)
NaCl 8g
(Univar, Ajax Finechem, Australia)
Na2HPO4 1.44g
(Univar, Ajax Finechem, Australia)
KH2PO4 0.24g
(Sigma Chemicals, USA)
KCl 0.2g
(Univar, Ajax Finechem, Australia)
double distilled water Make up to 1000ml

Make up to 950ml with double distilled water, adjust pH to 7.2 and make up
volume to 1000ml.  Autoclave at 121°C for 15 minutes

1.10  sheep blood agar (SBA)
blood agar base #2 20g
(Oxoid, Unipath Ltd., England)
doubly distilled water 500ml
sheep blood 25 ml
(JCU)

Boil blood agar base in doubly distilled water until dissolved, then autoclave
at 121°C for 15 minutes.  Allow to cool to 55°C and add blood under sterile
conditions. Mix, pour into plates and cool. 
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1.11  six by loading dye 
glycerol 30ml
(Univar, Ajax Finechem, Australia)
0.5M ETDA (1.5) 2 ml
(Univar, Ajax Finechem, Australia)
bromophenol blue 0.15g
(Progen, Australia)
orange G 0.2g
(Sigma Chemicals, Australia)
xylene cyanole FF 0.075g
(Sigma Chemicals Australia)
doubly distilled water Make up to 100ml

Combine ingredients and make up to 100ml with double distilled water. 

1.12  SOC buffer
Tryptone 2.0g
(Oxoid, England)
yeast extract 0.5g
(Oxoid, England)
1M NaCl (1.12.1) 1.0ml
1M KCl (1.12.2) 0.25ml
2M Mg2+ stock (1.12.3) 1.0ml
2M glucose (1.12.4) 1.0ml
double distilled water Make up to 100ml

Combine first four ingredients and make up to 97ml with double distilled
water (dissolve).  Autoclave at 121°C for 15 minutes and cool to room
temperature.  Add 2M Mg2+ stock and 2M glucose and make up to 100ml
with sterile double distilled water.

1.12.1  NaCl (1M)
NaCl 5.8g
(Univar, Ajax Finechem, Australia)
doubly distilled water Make up to 100ml

Dissolve NaCl in 80ml doubly distilled water and make up to 100ml with
doubly distilled water.  Autoclave at 121°C for 15 minutes.

1.12.2  KCl (1M)
KCl 7.5g
(Univar, Ajax Finechem, Australia)
double distilled water Make up to 100ml

Make up to 80ml with double distilled water and make up volume to 100ml. 
Autoclave at 121°C for 15 minutes
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1.12.3  Mg2+ stock (2M)
MgCl2.6H2O 20.33g
(Univar, Ajax Finechem, Australia)
MgSO4.7H2O 24.65g
(AnalaR, BDH Chemicals, Australia)
double distilled water Make up to 100ml

Combine ingredients and make up to 100ml with double distilled water. 
Filter sterilise.

1.12.4  glucose (2M)
glucose 36.0g
(AnalaR, BDH Chemicals, Australia)
double distilled water Make up to 100ml

Make up to 80ml with double distilled water and make up volume to 100ml.
Filter sterilise.

1.13  SM buffer  
NaCl 5.8g
(Univar, Ajax Finechem, Australia)
MgSO4.7H2O 2.0g
(AnalaR, BDH Chemicals, Australia)
1M tris-HCl (pH 7.5)(1.21) 50ml
2% gelatin (1.13.1) 5ml
double distilled water Make up to 1000ml

Combine ingredients and make up to 1000ml with double distilled water. 
Aliquot as required and autoclave at 121°C for 15 minutes

1.13.1  2% gelatin
gelatin 0.2g
(Univar, Ajax Finechem, Australia)
double distilled water 10ml

Dissolve gelatin in double distilled water with heating and stirring. 
Autoclave at 121°C for 15 minutes
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1.14  SM buffer - modified (pH6.3, 0.4M KCl)
NaCl 5.8g
(Univar, Ajax Finechem, Australia)
MgSO4.7H2O 2.0g
(AnalaR, BDH Chemicals, Australia)
1M tris-HCl (pH 7.5)(1.21) 50ml
2% gelatin (1.13.1) 5ml
KCl 29.82g
(Univar, Ajax Finechem, Australia)
double distilled water Make up to 1000ml

Combine ingredients and make up to 800ml with double distilled water. 
Adjust pH to 6.3.  Make up to 1000ml with double distilled water.  Aliquot as
required and autoclave at 121°C for 15 minutes

1.15  sodium dodecyl sulphate (SDS) (10% solution)
SDS 10g
(AnalaR, BDH Chemicals, Australia)
doubly distilled water Make up to 100ml

Dissolve SDS in 80ml doubly distilled water.  Make up to 100ml with doubly
distilled water.  

1.16  sodium acetate (10% solution, pH5.2) 
sodium acetate 10g
(AnalaR, BDH Chemicals, Australia)
doubly distilled water Make up to 100ml

Dissolve sodium acetate in 50ml doubly distilled water.  Adjust pH to 5.2
with acetic acid.  Make up to 100ml with doubly distilled water. 

1.17  tris-acetate (TAE) buffer (50×)
tris 242g
(AnalaR, BDH Chemicals, Australia)
glacial acetic acid 57.1ml
(Univar, Ajax Finechem, Australia)
0.5M EDTA (pH8.0)(1.5) 100ml
double distilled water Make up to 1000ml

Combine ingredients and make up to 1000ml with double distilled water. 
Autoclave at 121°C for 15 minutes   
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1.18  tris borate (TBE) buffer (5x)
tris 5.4g
(AnalaR, BDH Chemicals, Australia)
boric acid 2.75 g
(Univar, Ajax Finechem, Australia)
0.5M EDTA (pH8.0)(1.5) 2.0ml
double distilled water Make up to 100ml

Combine ingredients and make up to 100ml with double distilled water. 
Autoclave at 121°C for 15 minutes.  Dilute 1 in 10 (0.5x) for use. 

1.19  tris-EDTA (TE) buffer
1M tris-HCl (1.21) 10ml
0.5M EDTA (1.5) 20ml
doubly distilled water Make up to 1000ml

Combine ingredients and make up to 800ml with double distilled water. 
Adjust pH to 8.0.  Make up to 1000ml with double distilled water.  Autoclave
at 121°C for 15 minutes.

1.20  tris-glucose buffer
1M tris-HCl (1.20) 50ml
glucose 50g
(Univar, Ajax Finechem, Australia)
doubly distilled water Make up to 1000ml

Combine ingredients and make up to 1000ml with double distilled water. 
Filter sterilise through a 0.22:m filter (Millex®-GS, Millipore, Ireland)

1.21  tris-HCl (1M) (pH 7.5)
tris 12.14g
(AnalaR, BDH Chemicals, Australia)
double distilled water 100ml

Dissolve tris in 80ml double distilled water and adjust pH to 7.5.  Make up to
100ml with double distilled water and autoclave at 121°C for 15 minutes.

1.22  tryptone soya broth (TSB)
tryptone soya broth 30g
(Oxoid, England)
double distilled water Make up to 1000ml

Make up to 950ml with double distilled water, adjust pH to 7.3 and make up
volume to 1000ml.  Autoclave at 121°C for 15 minutes.
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APPENDIX 2

COLLATED PLAQUE FORMATION DATA

Table A2.1.  Isolate name key for table A.2.2.  All isolates are B. pseudomallei
except for B. thailandensis.  All isolates are in the JCU Microbiology bacterial
collection.

Isolate name Isolate Code

NCTC 13178 1

#2 2

#3 3

#4 4

#5 5

#6 6

#7 7

#8 8

#9 9

#10 10

#11 11

#12 12

#13 13

#14 14

#15 15

#16 16

#17 17

#18 18

#19 19

#20 20

#21 21

B. thailandensis 22

#23 23

#24 24

#25 25

#26 26

#27 27

#28 28

#29 29

#30 30

#31 31

#32 32

#33 33

#34 34

NCTC13179 35

ATCC 23343 36

NAFC 37

#38 38

#39 39

Ts5 40

Ts21 41

#73 42

#70 43

E1 44

E2 45

E3 46

E4 47

#69 48

#83 49

#82 50
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Table A.2.2.  Raw cross-spotting data.  Isolate spotted on plate is in the form of broth supernatant.  Scores are; 0-no interaction, 1-thinning, 2-
complete clearing, 3-possible plaques, 4-definite plaques.  The isolate name matching code for isolates 1-50 is described in table A.2.1.  This
table is described in four quarters due to size.

code of Code of isolate spotted on plate

 isolate
plated

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25

1 1 1 2 1 1 2 1 1 1 1 2 1 2 1 1 1 1 1 2 1 1 1 2 2 1

2 4 1 2 1 1 1 2 2 1 1 1 1 2 4 4 1 2 2 2 1 1 1 1 2 1

3 2 2 2 2 1 1 2 2 1 2 1 2 2 2 2 1 2 2 2 2 2 2 2 2 2

4 2 1 1 1 1 1 1 1 1 1 1 2 2 2 1 1 1 2 2 2 1 1 1 1 1

5 2 2 2 2 2 2 2 2 2 2 2 2 1 2 2 2 2 2 2 1 2 0 2 2 2

6 1 1 1 1 2 1 1 1 2 2 1 1 2 1 1 1 1 1 1 1 1 1 1 1 3

7 2 2 2 1 1 2 2 2 1 1 1 1 2 2 1 0 1 2 1 1 1 1 1 1 1

8 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 0 0 0 0 0 0 0 0

9 0 0 1 0 1 1 1 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 1

10 2 2 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

11 0 1 1 1 0 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1

12 1 1 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 2 1 1 2 2 1 1 1

13 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

14 1 1 1 1 1 0 0 0 1 1 1 1 1 1 2 1 1 1 1 1 1 1 0 1 2

15 1 1 2 1 1 0 0 1 1 1 1 1 1 2 2 1 1 0 0 0 1 1 0 0 1

16 1 1 1 1 1 1 1 1 2 2 1 1 1 2 4 2 1 2 1 1 2 1 1 1 1

17 1 1 1 1 1 1 1 1 0 1 0 1 1 1 0 1 0 1 0 0 0 1 0 1 1

18 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

19 1 0 4 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

20 0 0 0 0 0 4 0 0 0 0 1 1 1 0 0 0 1 1 1 1 1 1 1 1 1

21 0 1 1 1 0 1 1 1 1 1 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1

22 0 0 0 0 0 0 0 0 0 1 1 0 0 1 1 0 0 0 1 1 1 1 1 1 1

23 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 1 1 1 1 1 1 1 1

24 1 1 1 1 0 0 3 0 0 1 1 1 1 1 1 1 2 2 2 2 1 1 1 1 1

25 1 1 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1



Table A.2.2 continued

Code of isolate spotted on plate

Code of
isolate
plated

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25

26 0 1 0 0 0 0 0 0 0 1 0 0 1 1 0 0 1 1 1 1 0 1 1 1 1

27 4 1 0 2 1 0 1 1 1 2 1 0 1 2 4 2 1 1 1 1 1 1 1 0 0

28 0 1 0 0 0 0 0 0 0 1 0 0 1 0 0 0 1 1 1 1 0 1 1 0 1

29 2 2 1 1 1 1 1 1 1 1 1 1 1 2 1 1 1 1 2 1 0 1 1 1 2

30 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1

31 0 0 0 0 1 3 1 0 1 1 1 1 1 0 0 1 1 0 1 1 0 1 1 2 2

32 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 0 1 1 0 1 1 1 2

33 0 1 1 1 0 4 1 1 1 1 0 0 1 1 1 1 1 1 1 0 0 0 1 1 1

34 1 1 1 1 1 1 1 0 0 1 1 0 0 1 0 0 1 0 1 1 0 0 0 0 1

35 1 1 1 1 1 1 0 0 1 1 1 1 0 1 1 1 1 0 0 0 0 2 1 1 1

36 4 2 2 2 2 4 2 1 1 0 2 1 2 1 1 0 1 1 2 2 2 1 1 1 1

37 0 2 4 4 4 4 2 2 4 2 2 2 2 1 3 1 1 2 1 2 2 4 1 1 1

38 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 0 1 1 1 1 1 0 1 1 1

39 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

40 1 1 1 1 1 4 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

41 1 2 1 1 0 1 2 1 1 2 1 1 1 1 1 4 1 1 1 3 1 3 1 1 1

42 1 1 2 1 1 1 2 1 2 1 1 2 0 2 1 0 1 1 1 1 0 0 1 1 1

43 1 1 1 1 1 1 1 2 1 1 1 1 0 1 0 1 1 1 1 0 0 0 1 1 0

44 0 0 1 1 0 0 1 1 1 0 0 1 1 1 1 1 1 1 1 1 1 3 1 1 3

45 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 1 1 1 0 0 1 1 1

46 1 1 0 0 1 0 0 0 1 1 1 1 1 1 1 0 1 1 1 1 0 0 1 1 1

47 1 1 1 0 1 1 1 1 0 1 0 0 0 1 0 1 1 1 1 1 0 1 1 1 1

48 0 1 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 1 0 0 0 0 0 0

49 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1

50 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
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Code of isolate spotted on plate

code of
isolate
plated

26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50

1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 0 0 0 1 1

2 1 0 1 1 0 0 0 0 0 0 0 1 1 1 0 0 0 0 2 0 0 0 1 0 1

3 2 0 0 1 0 0 1 0 0 1 0 2 0 0 1 2 2 0 0 0 0 0 0 1 1

4 1 0 0 1 0 0 0 0 0 4 1 0 1 1 0 1 1 0 0 0 0 1 0 0 0

5 2 1 1 1 0 1 2 1 2 1 1 1 1 1 2 2 0 1 1 1 1 1 1 1 1

6 1 1 1 1 0 1 2 1 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1

7 1 1 2 1 0 1 2 2 2 1 1 1 2 2 1 1 0 1 1 1 2 1 1 1 1

8 0 1 2 1 0 1 2 2 2 1 1 2 1 2 2 2 2 1 1 1 2 2 1 0 0

9 0 2 1 2 0 1 4 4 4 4 1 1 1 1 1 1 0 0 1 1 1 1 1 1 1

10 1 0 0 0 0 1 2 2 2 0 0 1 1 2 2 0 2 1 1 1 1 1 2 1 1

11 1 0 0 0 0 1 2 2 1 0 0 1 2 2 0 0 0 1 2 1 1 0 0 1 1

12 1 0 0 0 0 1 1 2 2 0 0 0 0 0 0 0 0 1 2 1 1 1 0 2 1

13 1 0 0 0 0 0 0 0 0 2 1 0 0 0 0 2 1 1 2 0 1 2 1 1 0

14 0 0 0 0 0 0 0 1 1 0 0 4 0 1 0 0 0 0 0 0 0 0 1 0 1

15 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 1 0 0 0 0 0 0 0 0

16 1 0 4 0 0 0 1 2 2 0 0 1 1 2 1 0 0 1 2 2 1 0 0 0 0

17 1 1 1 1 0 1 2 2 2 0 0 1 1 0 1 0 0 0 0 1 1 1 0 0 0

18 1 1 2 1 0 0 1 2 0 2 0 0 1 1 1 0 0 0 0 1 0 0 0 0 0

19 1 4 4 0 0 2 2 2 2 1 2 2 2 2 2 2 0 1 2 2 2 2 2 1 1

20 1 0 1 0 0 3 0 3 3 4 2 0 0 0 0 0 0 0 0 0 0 0 2 0 0

21 1 1 1 1 1 1 2 2 1 1 1 2 2 2 1 1 2 1 1 1 1 1 1 1 1

22 1 1 0 0 0 0 2 0 0 0 0 2 2 0 0 1 1 0 0 2 2 1 0 0 0

23 1 0 0 0 0 0 2 2 1 1 0 0 2 2 2 2 1 0 0 1 2 1 1 0 0

24 1 1 1 1 0 0 2 2 2 1 1 0 2 1 2 1 1 1 1 1 1 1 1 1 1

25 1 0 0 0 0 1 1 2 1 1 0 1 2 2 1 2 1 1 2 1 1 2 1 0 0
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Code of isolate spotted on plate

code of
isolate
plated

26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50

26 1 1 1 1 4 1 4 4 1 1 1 0 0 4 0 0 0 0 0 4 0 3 0 0 0

27 0 0 1 1 0 0 4 0 4 2 1 4 4 2 2 4 1 2 2 2 1 1 1 1 1

28 1 4 0 2 0 1 4 4 3 2 2 2 4 3 4 3 3 2 2 2 2 4 3 2 2

29 1 2 1 3 0 1 2 2 2 1 0 0 2 2 1 1 1 1 2 2 1 2 2 2 2

30 0 0 0 0 0 1 2 2 2 1 1 1 2 2 0 0 0 0 2 0 2 2 1 1 1

31 1 2 0 0 0 2 2 2 1 1 0 2 2 3 1 1 0 1 2 2 2 2 1 1 1

32 1 3 4 1 1 1 2 2 2 2 1 2 2 2 2 2 3 2 2 2 1 1 1 1 1

33 1 2 0 3 1 0 2 2 2 2 2 2 2 3 2 2 3 2 2 2 2 2 2 2 2

34 0 0 0 2 0 2 2 2 2 0 0 2 2 2 0 0 1 2 0 2 1 1 1 1 1

35 2 0 0 0 0 0 2 2 2 2 2 2 2 2 0 2 0 0 0 0 1 2 2 0 0

36 1 0 0 0 0 0 3 3 3 4 3 0 4 4 3 4 3 0 3 0 4 0 0 0 3

37 1 4 4 4 0 0 3 3 3 2 0 0 4 3 0 1 1 3 0 1 2 2 2 3 1

38 1 0 0 0 0 1 2 2 1 1 0 0 2 2 1 1 1 0 2 2 2 2 2 0 1

39 2 0 0 0 0 0 1 2 1 1 1 0 1 3 0 0 2 0 2 2 1 2 0 1 1

40 1 0 0 1 0 0 2 2 1 1 0 2 1 1 0 1 2 0 0 3 1 2 0 0 0

41 3 0 0 1 0 0 2 2 2 1 2 0 1 1 1 1 2 2 2 0 0 1 0 0 0

42 0 0 0 0 0 0 1 2 2 2 1 0 1 2 1 1 2 0 0 1 3 1 0 0 0

43 0 0 0 0 0 0 2 0 0 0 0 1 1 1 1 1 1 0 1 1 0 0 0 0 1

44 3 0 1 1 0 1 1 1 2 2 0 0 1 0 0 2 1 0 0 0 0 2 2 0 0

45 1 0 2 2 0 0 0 1 2 2 1 0 0 0 2 1 1 0 0 0 0 0 0 0 0

46 1 0 0 1 0 0 2 2 2 2 2 0 2 2 0 2 2 1 0 2 0 2 2 1 0

47 1 0 1 1 0 0 2 2 2 2 2 0 2 2 1 2 2 0 0 0 0 2 0 0 0

48 0 0 0 2 0 0 1 0 2 2 2 0 0 0 0 2 2 0 0 0 0 0 2 0 0

49 1 0 0 0 0 4 2 3 3 0 4 0 0 0 0 0 1 0 0 0 0 0 1 0 1

50 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 1 0 0 0 0 0
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Table A.2.3 Number of particular types of interactions each supernatant had with the 50 plated isolates from table A.2.2
code of isolate spotted on plate

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

score 0 16 9 13 15 16 15 13 16 14 7 12 13 11 4 12 16

score 1 25 33 27 30 29 26 28 28 31 36 34 32 31 36 30 30

score 2 6 8 8 4 4 3 8 6 4 7 4 5 8 9 4 3

score 3 0 0 0 0 0 1 1 0 0 0 0 0 0 0 1 0

score 4 3 0 2 1 1 5 0 0 1 0 0 0 0 1 3 1

score 2,3 or 4 9 8 10 5 5 9 9 6 5 7 4 5 8 10 8 4

score 2 or 4 9 8 10 5 5 8 8 6 5 7 4 5 8 10 7 4

code of isolate spotted on plate

17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32

score 0 6 9 5 8 18 11 7 7 5 11 32 29 23 46 27 9

score 1 39 31 37 36 26 33 40 38 37 33 10 13 19 3 18 9

score 2 5 10 8 5 6 3 3 5 6 4 4 4 5 0 3 26

score 3 0 0 0 1 0 2 0 0 2 2 1 0 2 0 1 2

score 4 0 0 0 0 0 1 0 0 0 0 3 4 1 1 1 4

score 2,3 or 4 5 10 8 6 6 6 3 5 8 6 8 8 8 1 5 32

score 2 or 4 5 10 8 5 6 4 3 5 6 4 7 8 6 1 4 30

code of isolate spotted on plate

33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50

score 0 11 10 14 23 23 12 12 22 17 18 25 22 16 18 15 20 26 22

score 1 5 11 18 16 12 15 12 16 16 17 18 10 19 19 17 18 19 24

score 2 27 22 14 9 13 19 19 10 14 11 6 17 13 11 16 11 4 3

score 3 4 5 0 1 0 0 5 1 1 4 1 1 1 1 1 1 1 1

score 4 3 2 4 1 2 4 2 1 2 0 0 0 1 1 1 0 0 0

score 2,3 or 4 34 29 18 11 15 23 26 12 17 15 7 18 15 13 18 12 5 4

score 2 or 4 30 24 18 10 15 23 21 11 16 11 6 17 14 12 17 11 4 3
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Table A.2.4 Number of particular types of interactions each plate had with the 50 supernatants from table A.2.2
code of plated isolate 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

score 0 19 16 15 16 3 1 3 15 7 7 14 15 14 23 30 12

score 1 24 22 11 26 20 42 31 24 36 33 31 28 32 24 16 25

score 2 7 9 24 7 27 6 16 11 3 10 5 7 4 2 4 11

score 3 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0

score 4 0 3 0 1 0 0 0 0 4 0 0 0 0 1 0 2

score 2, 3 or 4 7 12 24 8 27 7 16 11 7 10 5 7 4 3 4 13

score 2 or 4 7 12 24 8 27 7 16 11 7 10 5 7 4 3 4 13

code of plated isolate 

17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32

score 0 19 15 4 29 5 29 26 7 17 24 10 17 4 12 14 3

score 1 28 32 28 14 39 16 17 33 27 20 23 12 28 30 22 31

score 2 3 3 15 2 6 5 7 9 6 0 10 10 17 8 12 13

score 3 0 0 0 3 0 0 0 1 0 1 0 5 1 0 2 2

score 4 0 0 3 2 0 0 0 0 0 5 7 6 0 0 0 1

score 2, 3 or 4 3 3 18 7 6 5 7 10 6 6 17 21 18 8 14 16

score 2 or 4 3 3 18 7 6 5 7 10 6 6 17 21 18 8 14 16

code of plated isolate 

33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50

score 0 9 20 19 13 7 11 11 11 11 16 21 18 32 17 18 39 16 47

score 1 19 20 18 12 12 30 32 32 25 23 27 24 13 21 22 4 28 3

score 2 18 10 13 10 14 9 6 5 10 10 2 5 5 12 10 7 2 0

score 3 3 0 0 8 7 0 1 1 3 1 0 3 0 0 0 0 2 0

score 4 1 0 0 7 10 0 0 1 1 0 0 0 0 0 0 0 2 0

score 2, 3 or 4 22 10 13 25 31 9 7 7 14 11 2 8 5 12 10 7 6 0

score 2 or 4 22 10 13 25 31 9 7 7 14 11 2 8 5 12 10 7 6 0
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Table A.2.5 Examination of filter sterilised supernatants of B. pseudomallei isolates for the presence of bacteriophage by spotting on lawns of
various B. pseudomallei and B. thailandensis bacteria.  The presence of plaques is described by ‘+’, no plaques is described by ‘-‘, possible
plaques is described by ‘+?’.  Isolates C4 and soil 36 do not have a code as they were not included in the cross-spotting assay.  Greyed boxes are
those interactions that were not examined . 

code of
isolate 

code of isolate supernatant, filter sterilised and spotted on lawns, code described in table 1

plated 1 2 3 4 5 6 7 8 9 10 11 12 13 14 18 19 22 29 30 35 36 37 44 45 46 47 69 73 82 83 C4

1 - - - +? - - - - - - +? - - +? + - - - - + + - - +? - -

4 + - - - - - - - +? - - - - - +? + + - - + + + - + - - -

6 + - - - -? - - - - +? - +? + + - - - -? + + + +? + + - +

7 + + - - - - - - - - - + - + -? - - - + + + +? + - - +

9 + - - - - - - - - - - - - - + - + + + - - + + + + - + - - -

10 - - - - - - - - - - - - - - - - - + - + + - + - - -

11 - - - - - + - - - - - - - - - +? - - - - - - +

12 - - - - - - - - - - - - - + - - - + - + + - + - - -

13 - - - - - - - - - - - - - + - - + + + + + - + + - +

14 - - - - - - - - - - - - -

17 + - - - - - - - + - - - - + + + -

21 - - - - - - - - + - - - - + + - -

27 + - - + - + - - + + - + - + + +

28 - - - + - - - - - - - + - - - + -

29 + - - - -? - - + - + - - - - + - - + - +? - + - + + + -

41 + - - - - - - - + - - - - + + + -

73 -? - - - - - - - - - - - - - - - - - - +? - + - - + - -

82 - - - - -? - - - + + - - - - - -? - - - - - + - - -

22 - - - +? - - ? +? + - - - - - - - - - - - - + - - - - -

35 + + - - - - - - - - - - - - + - - - - + - + - + - - +?

soil 36 + - - - + + + - + - - - - + + - -

46 +? - - +? - - + - - - - - -

47 + - - - - - + - - - - - -

C4 - - - - - + - - - - - - + + +? +? + - - - - - - - +? +? -
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APPENDIX 3

COMMERCIAL KIT PROTOCOLS ADAPTATIONS

3.1  Lambda Mini Kit Modified Method (Qiagen)

Steps from kit that are not included in my method;
step 1: propagation of bacteriophage, lysis with chloroform and centrifugation to
remove bacterial debris.

Steps from kit that are modified in my method;
Step 2 is carried out using previously extracted bacteriophage, as per Section 4.2.2.1

All other steps carried out as per manufacturers instructions.

3.2  Nucleobond AX; (Machery Nagel)

Steps from kit that are not included in my method;
step 1: lysis of bacterial broth with chloroform and centrifugation to remove bacterial
debris.

Steps from kit that are modified in my method;
step 2 and 3:  This was either carried out on previously extracted and concentrated
bacteriophage solution as per manufacturers instructions (Section 4.2.3), or
eliminated if the concentrated bacteriophage was made up in modified SM buffer at
pH 6.3 and containing KCl (Section 6.2.1.1).

All other steps carried out as per manufacturers instructions (Section 4.2.3) or a
modification of steps 4-7 carried out as described (Section 6.2.1.1)
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APPENDIX 4

MORBIDITY DATA FOR SELECTED B. pseudomallei ISOLATES AND ID50

CALCULATIONS

Table A.4.1 Morbidity data for BALB/c mice seven days after infection with isolate
#13 (Section 5.3.1, assay F.1)

challenge

(cfu/200:l)

dilution morbidity

ratio

(#morbid/

#challenged)

accumulative

morbid

accumulative

not m orbid

percent

morbidity

(%)

1.2x108 1:1 (neat) not done

9.3x106 0.049 38841 20 0 100

8.7x105 1:100 38841 15 0 100

9.7x104 1:1000 38841 10 0 100

8.3x103 1:10000 38840 5 1 80

7.3x102 1:100000 38837 1 5 20

Table A.4.2  Morbidity data for BALB/c mice seven days after infection with isolate
NAFC (Section 5.3.1, assay A.1)

challenge

(cfu/200:l

dilution morbidity

ratio

(#morbid/

#challenged)

accumulative

morbid

accumulative

not m orbid

percent

morbidity

(%)

8.0x107 1:1 (neat) not done

7.4x105 1:100 38841 10 0 100

7.4x104 1:1000 38841 5 0 100

8.4x103 1:10000 38837 0 5 0

Table A.4.3 Morbidity data for BALB/c mice seven days after infection with isolate
NAFC + BupsM1 (Section 5.3.1, assay A.1)

challenge

(cfu/200:l

dilution morbidity

ratio

(#morbid/

#challenged)

accumulative

morbid

accumulative

not m orbid

percent

morbidity

(%)

5.6x107 1:1 (neat) not done

4.4x105 1:100 38841 22 0 100

5.0x104 1:1000 38841 17 0 100

7.0x103 1:10000 38841 12 0 100

6x102 1:100000 38841 7 0 100

3.0x101 1:1000000 38838 2 3 40



224

ID50 calculations, based on the method of Reed and Muench {, 1938 #225}

Formula: ID50 = [neat]cfu/200:l/10 log10endpoint

log10endpoint = log10P - (proportional distance.log10 dilution factor between P and y)

P = dilution of neat media resulting in % morbidity directly below 50%

y = dilution of neat media resulting in % morbidity directly above 50%

proportional distance = (50%-X%)/(Y%-X%)

X = morbidity immediately below 50%
Y = morbidity immediately above 50%

Examples
Isolate #13 (assay E.1)
Proportional distance = (50-20)/(80-20)

=0.5
log10 of endpoint =log10100000-(0.5xlog1010)

=4.5
ID50 (cfu) =1.2x108/104.5

=3.8x103 cfu

Isolate NAFC (assay A.1)
Proportional distance = (50-0)/(100-0)

=0.5
log10 of endpoint =log1010000-(0.5xlog1010)

=3.5
ID50 (cfu) =8.0x107/103.5

=2.5x104 cfu

Isolate NAFC+BupsM1 (assay A.1)
Proportional distance = (50-40)/(100-40)

=0.167
log10 of endpoint =log101000000-(0.167xlog1010)

=5.833
ID50 (cfu) =5.6x107/105.833

=8.2x101 cfu

This calculation was programmed into Microsoft Excel for ease of use.  Following
are examples of the spreadsheet, along with the equations used.
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Table A.4.4  Example of excel spreadsheet for use in calculating ID50 values.  Yellow shaded squares are for data entry.  Blue shaded squares
contain formulas and produce numerical results identical to those calculated manually (previous page).  Columns C and D represent the neat

bacterial concentration Wx10Z cfu/200:l where W is placed in column C and Z is placed in column D.  Data in columns E and G are dilutions in
format 1:y, where y is the value entered, eg. 1:1000 enters 1000. Diln is short for dilution.  ‘+50' represents the dilution at which above 50% of
animals fit criteria.        ‘-50' represents the dilution at which below 50% of animals fit criteria. 

excel

column

B C D E F G H I J K M

excel

row

y Y x X

3 sample [neat]

cfu/200ul

by 10

expn.

diln +50

morbid

% +50

morbid

diln -50

morbid

% -50

morbid

diln

difference

+-50

proportional

difference

log10 endpoint ID50

4 #13 1.2 8 10000 80 100000 20 '+G4/E4 '+(50-H4)/(F4-H4) '+LOG(G4,10)-(J4*LOG(I4,10)) '+C4*POWER(10,D4)/

POWER(10,K4)

5 NAFC 8 7 1000 100 10000 0 '+G5/E5 '+(50-H5)/(F5-H5) '+LOG(G5,10)-(J4*LOG(I5,10)) '+C5*POWER(10,D5)/

POWER(10,K5)

6 NAFC

+BupsM1

5.6 7 1e+05 100 1e+06 40 '+G6/E6 '+(50-H6)/(F6-H6) '+LOG(G6,10)-(J4*LOG(I6,10)) '+C6*POWER(10,D6)/

POWER(10,K6)
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APPENDIX 5

CALCULATIONS FOR STATISTICAL ANALYSIS OF BACTERIOPHAGE

ASSAYS

Each assay and combination of assays is compared to the gold standard of all three

assays, as described in Chapter 4.  Data is collated from Chapter 4, Table 4.2.  Data is

presented in the following format;

gold standard
positive

gold standard
negative

Total

assay positive A B A+B

assay negative C D C+D

total: A+C B+D A+B+C+D

 
Equations used to calculate values are as follows (using letters as above to describe

equation).  All results are presented in the format of percentage;

Sensitivity (%)

A x 100%
 A+C

Specificity (%)

B x 100%
 B+D

Positive predictive value P.P.V. (%)

A x 100%
 A+B

Negative predictive value N.P.V> (%)

D x 100%
 C+D
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True prevalence

    (     A+B     )    -     1- (  B )        x 100%
  9(A+B+C+D)        9     (B+D)AA
    1-   1- (  B )      -     1-   ( A ) 
        9     (B+D)A       9     (A+C)A

Accuracy

(A + D) x 100%
   A+B+C+D

Data is as follows;

Comparison of plaque (P) assay to gold standard to test for bacteriophage

all assays positive not all assays positive total
P + 11 12 23

P - 0 8 8

total: 11 20 31

sensitivity 100.00 %

specificity 40.00 %

P.P.V. 47.83 %

N.P.V. 100.00 %

true prevalence 35.48 %

accuracy 61.29 %

Comparison of digest (D) assay to gold standard to test for bacteriophage

all assays positive not all assays positive total

D + 11 5 16

D - 0 15 15

total: 11 20 31

sensitivity 100.00 %

specificity 75.00 %

P.P.V. 68.75 %

N.P.V. 100.00 %

true prevalence 35.48 %

accuracy 83.87 %



228

Comparison of mitomycin C (M) assay to gold standard to test for
bacteriophage

all assays positive not all assays positive total

M + 11 2 13

M - 0 18 18

total: 11 20 31

sensitivity 100.00 %

specificity 90.00 %

P.P.V. 84.62 %

N.P.V. 100.00 %

true prevalence 35.48 %

accuracy 93.55 %

Comparison of plaque (P) and mitomycin C (M) assay to gold
standard to test for bacteriophage

all assays positive not all assays positive total

M & P + 11 1 12

M & P - 0 19 19

total: 11 20 31

sensitivity 100.00 %

specificity 95.00 %

P.P.V. 91.67 %

N.P.V. 100.00 %

true prevalence 35.48 %

accuracy 96.77 %
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Comparison of mitomycin C (M) and digest (D) assay to gold standard to
test for bacteriophage

all assays positive not all assays positive total

M & D
+

11 1 12

M & D - 0 19 19

total: 11 20 31

sensitivity 100.00 %

specificity 95.00 %

P.P.V. 91.67 %

N.P.V. 100.00 %

true prevalence 35.48 %

accuracy 96.77 %

Comparison of plaque (P) and digest (D) assay to gold standard to test for
bacteriophage

all assays positive not all assays positive total

P & D + 11 3 14

P & D - 0 17 17

total: 11 20 31

sensitivity 100.00 %

specificity 85.00 %

P.P.V. 78.57 %

N.P.V. 100.00 %

true prevalence 35.48 %

accuracy 90.32 %
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Comparison of plaque (P), digest (D) and mitomycin C (M) assay to gold
standard to test for bacteriophage

all assays positive not all assays positive total

M & P & D + 11 0 11

M & P & D - 0 20 20

total: 11 20 31

sensitivity 100.00 %

specificity 100.00 %

P.P.V. 100.00 %

N.P.V. 100.00 %

true prevalence 35.48 %

accuracy 100.00 %



231

APPENDIX 6

TRANSMISSION ELECTRON MICROSCOPE IMAGES OF

BACTERIOPHAGE EXTRACTED FROM B. pseudomallei

The name of the isolate is noted at the bottom each image.  The size bar in each

picture represents 100nm.  Images are representative of those observed for each

isolate.  All images were taken at the Centre for Microscopy and Microanalysis at the

University of Queensland and the image trimmed and resized using Corel Photo

Paint 11®.

Isolate NCTC 13178    Isolate NAFC

Isolate #2  Isolate #7

Isolate C4   Isolate B. thailandensis
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APPENDIX 7

IMAGES OF COLONIAL MORPHOLOGY OF ISOLATES BEFORE AND

AFTER EXPOSURE TO BACTERIOPHAGE

The name of the isolate is noted in the lower left hand corner of each picture.  If

exposed to bacteriophage (Section 5.2.4), this is also noted in the lower left hand

corner and the assay in which exposure took place is noted in the lower right hand

corner.  All colonial morphology are shown on Ashdown agar (Appendix 1).  All

images were taken with a digital camera and the image trimmed and resized using

Corel Photo Paint 11®.
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APPENDIX 8

SEQUENCE OBTAINED FOR BupsM1; AS ANALYSED IN CHAPTER SIX

Contigs are placed in the same order that they are placed in Table 6.3

Figure A.8.1 Contig C 5846bp

atgggcggcg gcagcgttat cgaatacatc ggagagcgac gcgcagaata cgcgctggcg 60

gcggtcgtgc ttcgcgaaga actccccatg acctgcattc catcgcttcg gattgttcca 120

ggtggacgcg gctgtgcgat ggcgcggatt gccggctccc caaaccacgc gaagtgccgt 180

gctggcgcgc tcgcgctcgg catagcagtg gtcgcagccg ggagatatct tcgtgcagcc 240

gatccacgca ttgaacgtat ggtccgtcca ttcgattttg ctgttctcgc tcatggtctg 300

ttgtccgcgc cgcagttagg gcagtcgagg gaataacggt cagcgtcgcg caggaagcgg 360

ccacatccga cgcagttcac gcggtcggcg tgctgcttcc gcggcttggt cagcgtgatt 420

ccggtgccag cgagcgcctc atcgcgcttg atgtgctggg cgtcgacggc cggccgccac 480

ttcgagtcga tgtaatcctt cggccacggg atatcggtcg cgcgcgcgtc gtggcgtgcc 540

tgcgcttctt cctgcgtata gacgtgcgcg tttcgcaggt cggtcgtata gccgcttccg 600

ttccgtgccc accacagcac gtcgttgcct acgaacgaac ggctgtcctg aagatagaaa 660

agagcgctca tatctggatg tctacgtatt tggtgatgaa ccgcgcgtcc tcgctgtggt 720

gccggcgata gacgatacga atgccgccac cgaggtccag cggtcggccg cggccgttgt 780

cgtcgttcag ctcggcctga cggccgcagc aggcggagcg caatgtgtcg gcgaggccga 840

ggggatcggc cagcagtcga agcaggaagt cgtggttgat ctcaatgatg gttcgcgtgc 900

tcatgctagg attgcctcaa cattcgaaag gagagcgccg tggcgtacga accgacacta 960

ggcacggccc cggttgtgat cggggatgac gttcagtttt cgctgacagt ggacggccac 1020

gtccaacgct tcagcgtgtc gcacgaagcg ctcgaggatc acttcagcga tccgaacggc 1080

agcgcgttcg accgattgga agcgttcgag cgtggacgcg accggatcta cgcggcggcg 1140

gccgcaaaac ttggtatccg atccggcaac gtgatcggcg ttggcacaca cgatttttga 1200

cctgtactac cgatgaagtc tgttttccta ttgcgcggct acaaagtgaa ttgcacgcca 1260

cgcccgaccg acgacggcaa gttcgccgcg caggtcgaag tgacgaaggt gggattcagc 1320

cgcgaggcgg cgtttcggaa actcggcgag ttcgacacag aggccgaagc agtctcctat 1380

gcgaagaatt tttcggaaga gtggctgacg cggtacgctt aagtgcccgg atcactcgag 1440

cgaagatcaa tcaatttccc gggggttgga tatgcgcaga ggcattgagc atttcatcga 1500

cgagttcgat ggctatcaaa ttgtcgtcga ttgtgagcag ccggcgccta atagctcttg 1560

ggttctgagc gttcagatct acagggatgg ggagccggtg cttccgcgct gcgatgattc 1620

agacagggca tatgccactg cggaggaggc aaagcgagta ggtgtcgggc tcgggcggaa 1680

catcatccgt aatctcagcc gacagtagtt aacgccttcc atcgccggca gcatgccgtc 1740

ggtgaccttc atgctcgcac ccatcctttc gacgtcgagc ggatctgtcc ggtcttgcgc 1800

accgcctgaa ggcaccgatc aacaatgcgc caccccacga cttcaccgaa tgtggtcggc 1860

cggcattctt cgcgcgcgag tcgctcgctt tcttcacgca ctgcgccggt gttgacggct 1920

gcgaatttct tcggagtgtc gtcgatcgac gcgacgatca ggtcgtcgag tttcttgtac 1980

ttgctcatga tgggtctcct gaataccgaa cgaacatgcg gcgcgggcgc tcgcatgtcg 2040

ggcagaggtt gacctgacac cattcttcga ctggctctgg agcgtgaatg tgcacgaagt 2100

tctcagccat tgccttcctc actcgatgcg gcggtcggag tggtcttcag agcgcgaatc 2160

ttctcggcct cgtcacgata gatgcgcgat atcgtatgcg cgatcatgtc cccgcacgct 2220

tcgatctcgt ccgcgcgttg ctccatgagc acggctgctt cctcaaggcc cgcgtccctg 2280

tcggtagtgg tgcggcgggc tgcgaacgta cgctgccaag ttccaacgca gctgcataac 2340

tcgcaccatc catcatcgtg ccgcgctcgc ggatccattg cgatacgatc ggctccattt 2400

ccttcaagca tgtcatcggt gatcttcaac tctcattccc ttgataggca attccgattt 2460

agcctgccac cgcagtagca gcagtagcgc atgccgtttt cctgcggcat atcgtcgagc 2520

gtgacatcct taccgcagga cgtttcccag atatccgaca tgcagtctgc gggcgtccac 2580

gagcacgtgc gctctgacga ctgttttctc cctttactca tcgcgccctc gtcgccatag 2640

caagctcgcg gcggcatgcg aattcgcgat cgtatccggc aagcgtcgat tgaaggttcg 2700

ggccggtgcg tcgctcacct accggtgtat cgagcgtcgc tcgcggcggt ggttcggccg 2760

gtgcgaggca atagccaaga tcattcgtac atcgcaagtc gatacgaacg cggcccgaat 2820

aaaagagcat gtcgactcga cattgaagaa cggcaggctg aacgccaagc gcgaatgcga 2880

gctgatagat ggtcttcgtg ccgctcgtga gctgcgcgag gatgtcgtcg ttcttgatgc 2940
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ggggagtggt cacgattcgc ctccttgggt gcgggcggcg tctatcttga gatactcggc 3000

atactctggc caatatttcg cgatgctttc cgtgtgttcg gctgcggttc catcccattc 3060

gataacgaca gcagtaacag tcggccagtg gtctggatcg tgcccatcag caaccgactg 3120

tgctcgttgc ttcgtgagat attctcccca atacgtgttg aatgcggcgg caacagcatc 3180

ggcctcatcc ttcgacggcg cggccacaat atcgtccggg ccttgaatat tgagcatcca 3240

gagtttggtc attgcttttc tcccgctcgg gcggcgttga ttagccgata cacttcctgc 3300

aattccgagg cgcgcttgat cacaccatca cggttgatga tcgcgagcaa ctcgacgacg 3360

cgcgccggca cacgcacgta gtccgtcacc tctccgcacg gctgctgcgt cgtgagtgca 3420

tcctgtcggc atccgtcata ctggcaagcc cgaggcgtcg aacaggccgc gcacggcatg 3480

ttccagtcgc tcagctgctg ctctatccgc tgtttaagga gcgcgattat ttcctccgac 3540

tgagccgcga gataacggat ttggtcttca cgctcgcgct cgtagaaggc gagcttggac 3600

ttgagttcgt cgatttcggt gctcgcctgc tgcgtggcgg ctagaagcgc gcgcatcgct 3660

tcgaggtggg tccgcgacac cgccatcgct ctccggtcat gcgctgtgat ctcgcgatcg 3720

taggtcgctg ccaaggcgcg gagcgcggtt tgctgggatt cacccttctc attcaattcg 3780

agaagctcgc ggcagcgttg cagcaagtcg tcggtgggct tatcggtcat ggtcggcctc 3840

ttgcaatgcc ttgatgaatg cggccgcctc tttcagggaa tcgaacaagt aggcctcgtt 3900

cgtatcgccg ttgtagacat gcgcccacgt tttgatctcg ggctctcgaa cttgcacgct 3960

gtacttcggc ttgagcgtgt tcatgtcaag ccacggatga gtgcgcattc tccattccgg 4020

gcgcacgctg ctgcgcgcga ttccaagttg cgtcttagcc atggctggct ccctcggcag 4080

ttgacttgcc gcaaaacggg cagtagctgg aaatgaccgg aatcagcttt ccgcgcgtga 4140

atcctttcgc ctgcgcgacg atcttgaact cggtcttgtg gatcgcgcgt atcgaattgc 4200

cagacatgga gaatccggcc gattggcagt cggccgaagc gtccacgccg agttcttcgc 4260

tgtagcgttt ggccagtttg atctcgatct cgcttatgca attgcagttc atgatttgtc 4320

ggctccattg agaagggcgc ggagcacaca ggcatgggca tttaacatgc gcgcctccat 4380

tgtcttggct gcaaactcga ttgcctcgcg ctggctgttc gtcaggctcg ccaccctcgc 4440

ggcgggcggg gcggtgtaaa gaggttgctt ttcgtaatcg cggtcgcaga catggacggg 4500

gtctccatcg caatagcacc agttatcgcc gctcgttcga tagcgccacg ctgccgcctc 4560

tcccgcatcg gcgggggcgc tgacggcgta gcacggaatc gaatacggcc gcaccgatga 4620

tgcggtagcg ccaccatctg ccaatgcgcg ttgcttttgc gcggcggtga ttgcccggtc 4680

gtcatcagtt acccacgcga tcggctcgcg cgcctctgcc ggtgcgtcgg ctttgtccaa 4740

aaacgcatta gcgactcgga caagtcgatt gagatgatcc tcaatcgatg cgctgaagcc 4800

ttcgatggat tcatcggcgg caatgccaaa ccgcgtcatc agcttgcgca cgcgcgtcaa 4860

gcaatcgacg cccacatcga ttactgtcgg tgcgtcggcc tgcgctgcat ctgcctcgcc 4920

gttcaatacg gcattcgcgc gatcaaccat gcgcactgcc cacgaatggc cgcccggatc 4980

ggacttcttc acccaattcg acatgacgcg catggcatct cgtgcctcga acagcccttt 5040

ccgcagcgct tcgattcgaa caggtgcgtc tgcctgcgcg ggttgcgggg tactttcgaa 5100

agcatccaga cgctccccca tttcagaaag caactgttca acgtccgcta cgtttcttgc 5160

gtagacttcg tgaccttcac catccatccc cggaacaacg ttcaagagaa tctttcgcac 5220

gtcgcaatca tccggcaccg cctccgcagc gggcgatgct gccgccagtg cacgttccgc 5280

ctgcgccttc atccgatgtg ccacgtcaat ttcgcgcttc cagtacccgg ccgtatcgct 5340

gtcttgggct tcttcggcag cgaggcgttg agcggcgaag cccgccacga tgttgtcatg 5400

gtggcttacc acgtccatta ggcattcgcg cgcgtcgtcg agttgctcgc gatcatcaac 5460

cgtgatggtg tgatcaagcg cgcctcggaa ttgcaggaag tgtatcggct aatcaacgcc 5520

gcccgagcgg gagaaaagca atgaccaaac tctggatgct caatattcaa ggcccggacg 5580

atattgtggc cgcgccgtcg aaggatgagg ccgatgctgt tgccgccgca ttcaacacgt 5640

attggggaga atatctcacg aagcaacgag cacagtcggt tgctgatggg cacgatccag 5700

accactggcc gactgttact gctgtcgtta tcgaatggga tggaaccgca gccgaacaca 5760

cggaaagcat cgcgaaatat tggccagagt atgccgagta tctcaagata gacgccgccc 5820

gcacccaagg aggcgaatcg tgacca 5846

Figure A.8.2  Contig AB 13865bp

cttgtgtgat ccacgtagtg tctgaccagc gcgggcagca cacggacgtt gttgtgatgg 60

gttcgaggag ggtgcatcgc ttccccttta ataaaggatt actaagaaaa ttgcagtctt 120

gaactgcgat gctgcatgcg cagctctcac tggtgacgcc tcgagagtac gaaccgccac 180

cggtcagagc tgtgagaagt gccggttacg ttatccggcg ccggttagca tcccggccgt 240

ctctttgagc gaccttccgt cggcttgcca aacctgcttt ctgaggtgac gggcccactt 300

cgtttatccc tcgcagggcg ggcgagtcgc gctcaccgat ggagttggat gtccatctac 360
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ccgggcgcat tttcgaggca ggctcatgga gccgggccgg tactgatctc cggcttcggg 420

actccagcat tgaactggat gcgcatcagc ctgcgcattc cggctccatg agactgctac 480

cactcgcgcg cccggctact cccggccgtg ccggctccgg gccgcgcgag gtttgtgccg 540

attacaaagc catcggtcac gtggtgctgg ctgtcttgtg tcaggtccgt tcaagcctac 600

aagcggtagc caaacatcgg cctagcgcgc tgcgcctgtc ctgactcacg acgctgatcg 660

cgccggccgg ttgctccgcc gaagcggtcc ggcatacctt cgattgttag agagcgatcc 720

gcctagggcg gtggcgcggc atcggtgtcg cgttgattgg aattataacc aaggttatcg 780

tcgtgtcaac aaccaaagtt atcatatggg cgggaaattt gtaacagcgc ggcttcgggc 840

ggtttgttaa gcgtctgctg acggcagttg aaagtcttcc ggaactgggg ctaaactact 900

gtacatacat acagtattgt gacaaaccga agacgagggc ggccagtgaa agaagaatgg 960

aagacgcgca tgcgctgcag gcctggggac ttggctaggg tggtggcgag cagcaatcct 1020

gccctgatcg gcacgattgt gacgattcag cgtatgcggt ctgactatcg atgggacgtg 1080

cttcttgaaa cgccagcgtt cggaatcacc gaacgagcaa agcgacccgt cgtgacgcgt 1140

gagttctcat tttgggatgc gtccctggag ccgctaccgc agagcgcgat ctttgtcagt 1200

cgccgcgcgg cctatcttcg tcctcgggag aacgaggggc gggaagcgtt tgggctagca 1260

ggccactgat atacgcctca accttggcgc ggccgaggtc gtcgagctga tcgtatccgg 1320

ctgggatctg tgggcccact tcgtcgccga attcgagcca ctccaacgtc gtcagcagcg 1380

ctcgcgcgag tgcgaaccca tttgtagtcg tggtgctgcc gcctctttca accttggcga 1440

ttgccggctg cgacacgccg acaagttctg cgacgtgctt ctgggatagg cccagtgcct 1500

cacgacgttc ctttgcccgg cgcccgaatt caggattttc catagcgggc atcgtataac 1560

cttggttgta ggtcggcaaa taaccaaagt tcttgcgaat aaataacttt ggttatagta 1620

ttgccgcatg aaaccgacca attgctccgt gccggctctg caggcagcga tccaaaaagc 1680

tgggtcgcag tccgcacttg cccgcctgat cggcaaaaag cagccgcaca tccacaagtg 1740

gctgcattcc cccaatgcaa tgaggcccga gaactgcgtc cttgtcggga acgcagtcgg 1800

catcccgtac agggactttc gacccaccga ttggcatctg atttggcctg atcccgtggc 1860

aggtgcctcg ccggaacgct tggacgagtg cacgttggag ggagggtggc gcgacgcgct 1920

gcgtgcaggc gtcgactgat cgcaatggtt cgcattgttt gaaggctggc cgggtgtttt 1980

cctggccttt atttcgcccc ggtgccaact gggtaagcaa gtgggtaatc aactgggtaa 2040

cgattgattt ttcgtatgaa ccagaccgaa ttcaggatgt tcgcgccgtg ggtgcaggcg 2100

gcgacactgc cggacggcga gatcgaggcg acgagcttcg aggactgcct cgcgcacgcg 2160

ctcgagctcg gcctgcggcg cttcgatcgc aagacgctcg cgctctactg cgacattcac 2220

tatccgcact tcggggacct gatcgccggg cgccggccgt tcccggccac gaagctcgac 2280

cgcttctgca tgttcaccgg ctgcgattac ccgcggcagt ggcttgcgat acaggagcgc 2340

aaggcgatcg aggaatatcg gcggctcagc cagcaggcga tcggcgagtt cgtacagcag 2400

gcgttcggcc agcggcaggc ggtggcatga cagtgacgct cagcaaccgc gacgtcggta 2460

agtccttcac ccgcaagctc gggcgcccca tgacttacct cggcctcgtc gaggaaaagc 2520

accttttcat cttccgcgat cccccgcagg actacctcgc attccgtccg gatcagctct 2580

ggatgctgga acgcatgcgt cccgatgcgg cgcctatcga cagcaacaag aaggagggcg 2640

ggttgtgctg acgcatctgt tcgagcgcgc ggcgttccgc gcagggtggc gcgccgcgcg 2700

cgccggcgtt cctttccacg aaaacccgct gcgtggcgcg ctcgcgtgct tcgctcagca 2760

gtgggggcgc ggttgggccg cagcgaacga cttcccgcgg ccgtacacct tccacgactg 2820

ggagcggtgg atctgcacga cgtccgctga acagtttcgg gaggcagcat gaaacgcccc 2880

tcgaaagccg cgctcgcgcg cgagaacgtc agccgactgg cgtcgatcgg catcgctgcg 2940

ctcgagtacg accatgcacg tgtcgacgcg aatgctgggc gcaggtcgct gattgctgcc 3000

cgcaagctct ggagcgagga ccacgatcgc agcgacgaca cgcccgccga gtgcgaagag 3060

caatacgcgc tgtcggcgaa gaagcgcacg cgggctcgcg caagactgct ccggcagatc 3120

aagcggtacc gcgaatggct cgcagaggtg tcggcatgac gtgggcgcac gacgacctcg 3180

ccaaggatct cgccgcgcat ctgcgtggcg cgtccaatcg cctcatatgg accgacatgc 3240

agctcgggcc gtccggttcg ccgcggcccg acgtctattc ggtgccgtgc tcattctcgc 3300

gtttccagcc gatagcgtac gagtgcaagg tcagcgtcgc cgatttccgg cgcgacgtga 3360

cgaccgggaa gtggacgtcg tacctgcgct tcgccgctgg cgtgattttc gccgcgccgg 3420

ccggcatcct gaagaaggaa gacatcccag ctggctgtgg attgaccgtg cgcggcccgg 3480

atggctggcg ctcgctgaag ggcccgacgc tgaagaacat ggagaacctg ccgcgcgacg 3540

catggatcaa gctgatcatc gacggcatgg cgcggctcgc ggatcaaaac cacgagcagt 3600

tgcgcgcggg tctgtgcaac gaatggacgc tcgaaaagaa gcttcgcgcg cgcctgggcg 3660

acgtcgtcgc ggacgcggtc cgggaccaac tgcacgcgga gcgccgactg aagacggcca 3720

ccgagcggct tgagaacctg gccgaagagg cggaaaaaga gcggcggctg attctcgatc 3780

gagcgaagga gcatgcagag cgcgatgctg cgcagatcga tagcgcgcgc atcgagctcg 3840

cgcgtgcgtt tgggctgcag ccgagcgccg gcgcgtggga gatcgccagc gcctgcaagg 3900
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aggccgcccg ccggctcagc actgatgccg aagtgaagcg gctccgtcag ttgatcgagc 3960

gcatccagat cgccatcgga acggccgccg agccgctgcc gcatatcgcg caggaggcgg 4020

cgtgaactgg ctcgattgtt cccaccgcgg cgactgccgc gacctcatgc ctgcgatgat 4080

cgcggacggc gtgcgcgtgc agacgatcgt cacgtcgccg ccgtactggg gccttcgctc 4140

gtatctgcct gacggacatc ccgacaaggg cagcgagatc ggcagcgagt cgacactgcg 4200

cgagttcatc gacacgctcg tcggcgtgtt cgagctctgc cgccaactgc tcgtggacga 4260

cgggacgctc tggctgaaca tgggcgatgc ctatgcctca tcgggcggac agacgccgat 4320

gcgcggagag acgtttgccg ggcgcgctcg cgctaaggag aacatctgcc tgagcaacag 4380

gaaagcgggc atcgacggtc tgaaggtcaa ggatctgatg ggccagccgt ggcgtcttgc 4440

gtttgcattg caggatgccg gctggtatct ccgacaggac atcatctggc acaagccgaa 4500

cccgatgccc gagagcgtgc gcgaccgctg cactaaggca cacgaatatc tgtttctgct 4560

ttcgaagagt gagcgctact actacgactt ccacgcgatg caggagcctg tgagcggtgg 4620

tgctcatgca cgttcgcccg gcaatcggtc acacaaggcc acaagtgcat ttgcggcggg 4680

cgacgagcat caccgcacga aaagcggact cgtcgcgtac gccgagcggc agcgcgccgc 4740

gggcgtcaat cggaaagctg tagcggtcgc cggttggcag actggaccgg gcgcacattc 4800

gactgtcgag cacaaccgcg gcgctcgtgc aaagcggcag aagcaaaacg aatcgttctc 4860

ggcagccgtc accgacgttg tcacgagtcg aaatcgccgg agcgtcagga cgatcccgac 4920

gcagtcgttc gacggcgccc actttgcaac tttccccgag gcgctcgtcg aaccttgcgt 4980

gctcgccggc agtcgtccgg gcgacgtcgt gttcgatccg ttcttcggca gcggcacgac 5040

gggccaggtc gcgcaacggc tcggccgccg gttcctcggc tgcgagctga atcccgacta 5100

cgagccgctg cagcgcgatc gcctgcggca gccgggcctg atgctggggg cctcgtgagc 5160

gtgcggccaa ccctccatgt cgtatccctg tccggcggca aggacagcac cgcgacgctg 5220

ctcgtcgcgc tcgagctgca cggacacgag aacgtccgtg tcgcaatggc ggatacaggc 5280

aacgagcacc gtcttaccta cgagtatgtc gactatctcg aagacgtcct gtcgatcccg 5340

gtggcgcgtc tcaagcgtga cttcactccc gagtggtggc atcggcgcga ctacgttcgc 5400

gacaagtggc cggagaaggg tgttcctgag aacgtcgtcc tgcgcgcctt agccgtgttc 5460

gagcgtgggc cgaccggcat ccccttcctc gacctttgca tcatcaaggg gcgcttcccg 5520

agccgcatgg ctcagttctg cacgtacttc ctcaagactg agcctctgaa tgagtacgcg 5580

ctgaacctga tcgatgaggc gggtgttgct gtgtggtctt ggcaaggtgt ccgcatcgag 5640

gagagcgagg cgcgccgcaa ccgcctgcag ggcacagggg catgcgtccg atcgtttgaa 5700

gaggtcggcg ggggactgtt catctatcgg ccggtgttgc gctggacggc cgaatccata 5760

ttcgaagcgc accgcgtagc cggtatcaga ccgaacccgc tctacctgca aggccgcaag 5820

cgcgtcggtt gcctctgcat caatgctggt aaagacgaga tccggcaatg ggatatgcgt 5880

gaccgcgacc acatcgagat gatcgccgag tgggaaggca tcgtttcgga tgcgtcgaag 5940

cgtggcaact ccaccttctt cccggcccca ggcgagacgg acacggcgcg ggagcgagga 6000

aacatctggc aagtcgtcga gtggtcgaag acgactcgtg gcggtcggca atacgacctt 6060

ctcgcggacg ccgagccggc gaccgcatgc gcttcggcgt atggactttg cgaatgaatc 6120

agctcccgaa tcctctcacc ccagcggatt gcgatctgcg caattttcgc gaaatgccga 6180

tcgacgtgcc gcggcttctc ggctccgatc tcgtgcacga cgagtcgccc gaagcgtgct 6240

ggtcggcgat gctgctctgg tgcgtctcgt ggcatgaggt gccggcagga agcatgcccg 6300

ataacgacga gtggctcgcg aagcgtgcgg gctactggca caagggcaag ctcgatccga 6360

cgtggcacga cgtgcgcgcc ggcgcactgc acggctggat caaatgcacc gacgggcgct 6420

tgtatcaccc ggtcctcgct gaaaaggtca acgccgcgtg gttttcgaag catcgccacg 6480

cgcacgacaa gctcggcgag cgtatccgga agcgcaacaa ggctagggcg gaacgcgggc 6540

tggctccgct ggaagtaccc gagctggacg cgtggattga catgggcggc cgctggaacg 6600

cgaacttttt ccgttggaat ttagtagtgc ttccggtgaa agtaacaagg gttccggcgg 6660

aaaagggaaa tcttccggcg gaaacggcac ccctttccgg actcatgacg ctggaattct 6720

agcggaaggg gccgaaagtt cccccggaat tcctccggaa aacgctctta agggagcgga 6780

gcggaacgga acagaacatg taaaccgaag cggcggcggc acagcacagg cagtagcgcg 6840

cgaagacgcg ccgatcgccg ccgccgcttt cgtcgaaatc cttcgctcgt ctggcgtcgg 6900

cttcgccgcc gatgacgcgc ggttggcgag ctggcccggg cgcggcgtga cggacgccga 6960

cctccgtgcg gccatcggca cgggccgcaa gcgccgtgag cgcgaaggca gcggacagcc 7020

gctgaacctt ggcctgctcg acatgatcct cggcgatctg cttgccgcgc gcgccgcgaa 7080

gccggccacg gggacgcgcg ccgtcggcga ctggtggcgc tcgtggaccg gcatcgtcga 7140

gcatggcggc acgctcggcg tcgagcaagg gcgcgacgaa cctccgttcg atttcaagct 7200

gcgcgtcttc gacgcggccg gcgacggccc gtggtgggac gagcacaacc gcggatttcg 7260

caacaccggg ccagtatccg ctggctcgtt tctggagaac tcgcaatgct gacggggaac 7320

actcgctatc ggctcggctg gttcgggaag gtgattctcg aggtgtcgga atggcgacgc 7380

cgaccaaccc gcgaccaccc aggatacctg cccgtggatc gaggattggc gcgatgccac 7440
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gtttcgcgac gtgcttgacc tggcggagcg gaattgggca ctcgtgccgc gcccttcgaa 7500

cgacgaccgg aggggagcgc gatgaactgc aaacccggcg acatggccgt gatcacgcat 7560

ggcctcgcac gcgatcgaat cgttgaggtg aaggcgccgt acggcgatta catgcatttc 7620

ggcttctgct ggtacgtcga agcgccggca ccaatccctg ccatggacgc gagaactggc 7680

ttgtcgtgtc agatcacgaa cggctggtgc ccggatgcgt ggctgcgccc gatcagcggc 7740

gtgccggtga ccgacgacgt cgaaggcgag gtgacggcat gaggtcttgg gaatggatgt 7800

gatcgagtcg ccgctgtgcg ctgacgtgcc gcgcatgacc gtttcgccgc gattcgccga 7860

gctgatgccc gccgagttcg tgagcgactt gaaccggtgg atgcgcgagt tcttcggcac 7920

ttccgatgtg tcgtacatcg tcgaaggccg catgatcgtc atgagcccgc gcgcggccgc 7980

cgatcttcgc cgccaggctt cgcaggcttc ggttcgtccc gggcatggtc tagggtggcg 8040

gccatgacgc agcaatctct catcacggca tcgccgatcg cgcagcgtgt cgagttcgtc 8100

gttcccggca cgccggtcgc caaggggcgc ccgaagttcg cgcgccgcgg cgagagggtc 8160

acgacctaca cgcccgagaa gacggagcgg tacgagaacc tcgtgaagat gtccgcgcga 8220

gcggcgatgc gcggcagcga gccgtacgcc ggcccgatcc ggctgatcgt gcacatcggg 8280

ctgccgatcc cggcgagctg gtcgatgaag cgccagggcg aagcggcagt cggcgccatc 8340

ggcgcgacga agaagccgga cgccgacaac gttgtcaagg cgttgaagga cggcatgaac 8400

ggggtggtgt acgtcgacga cggccaggtc gtcgacctct gggtgtcgaa gcgctacgcg 8460

cgcacgccgg gtgtgcgcat cgaggcgatc gaattgaatt tgaagtcagc atagggagcg 8520

gggccttgaa agctaaaagc aaactcacca tcaacgagat gatcgggaag atgaagcccg 8580

gcgtccggta ctcggcgcac gacctcgccc ggcgcctgaa gcatccggtt tcgtcggtgc 8640

gccagctgct cgcgcttgac gtcgcgctcg cacggctcga ctgccactcg gagaaccgcg 8700

gtcggatgta ctcgctcgcg ggcaccagcc gctcacccgg gtcacacgtc gacacgcgca 8760

tccgccccga cttcaccagc aacctgacgg gatacatgca cgagctcaac acgcgcaagg 8820

cgctggcgat gacgacgcgg ggtgcacgat gagcgacgtc gtcgagttca aatcggcgtt 8880

cgacgccgtg cggttcgcgc tctgctactc gtcgcagcag tacggcgaga cgatgctggc 8940

aaagcggctc cgcggcgagt cgatcggcac gggcatgggc ctagtcggac tggacggcgc 9000

cgggcaggcc ggggagatcc gccggcatct ctgggacctg cccgagctgc acctgtccgt 9060

gatcgtcgcg cgcgcggcgc cgcgcgacct gccgtgctca tgcggcgcgg cgtgctgcag 9120

cggccggacg ccgaatctcg agtggaaggc ggcgatcggg tggctgacgc aggcgtctgc 9180

cgcctactgc tccggcttct cgcacttccg cgtgcggcgg gcaatcatcg agcggctgtt 9240

tggagtgaag tgcgacctgg tcgaaatcgc ccaggactgc gacgcgcacg tgaacacggt 9300

cagcaagcag aatgccgcgg tgcggaagtg gatcgagggg gacaagaaga gcggtgaggc 9360

gggcgtcgag gggctagcgt ggtcggtgat cgagcgacgg ttcagcgaac tcggacttgc 9420

tgcaggaacg aacgactgct tgacaatggt gtgtttcgca cacaataatc cgccatattc 9480

gatacacgtc atacgtgcgt ccgaagcaaa aaagcccgcg aaagcgggct tttttgttgc 9540

ctcgatcagg ccttgttgag atagaagtac gacgatcctt ccgtggtaat tacggagttt 9600

gttttgccgg tcgcgttggc tgcttcccgc gcatgctgag cgacttgctc ggtcgtgagc 9660

gtgctttcga cgtaataggt ggcagtcggt agctcgtaat ggtcgccgct gcttgactcg 9720

attgttcgta gaaagccttt agcttccatt cgcgcgtgaa ggtcgttgta atcatcccaa 9780

ctcgccgcat gaagctcaat gcgcgtgacg aatcttgcca tttgtgtcac cccggtggat 9840

gtgagccggt aagggccggc tcgacgattt tacgccgatc gcctgatcgt cccgagcacg 9900

tgaaaaacat gcctcgtccg aagcgaactg acgtcgcgca cgtcgcgcat gcgccgcggc 9960

cggctccccc cgaaatactc tttggcgatt cgaactggat ccggcgcatc gtaccggccg 10020

acggcatctc cgaatgggtg aacgaaactc tcctgcgcga tggcgcgccg ctgcacaacc 10080

ctgaccacgc gcacctagtc gacgccgacg ttgcctacct ctgggcggct gtcgagaacg 10140

tgcgccagat gcgccgcgtc gtcggccagt gcgaagaggt gatgatccgc gccggcggct 10200

ggcagcgcgc gcggcaggag cagcagttct gcgaatggtt cggccgcgtg ccggccttcc 10260

tgatcacgct cgacgcgcac tacgcgcgcg agtgcagcga cctgcagtgg tgcgcgctga 10320

tcgaacacga gctatatcac gtgggtcagc ggctcgacga gttcggcgcg ccggcgttca 10380

ccaagggcgg cctgccgaag ctcggcatcc gcgggcacga cgtcgaggag ttcgtcggca 10440

tcgtccggcg ctacggcgtg gccggcggcg cgggcgacac cgcgaagctc gtcgccgcgg 10500

ctcagcgcgc gcccgaggtc ggccatgccg acatcgcgcg cgcctgcggc acctgcatcc 10560

tgcgggccgc ctaacccgaa cgttttcccg ctatggcagc acttcccgac gcgatcaagg 10620

tgttcatcgt gcacgtcgct ggcgtgcttc gacacgatct cgcgcacagc gaaggccgtg 10680

cgcgaggagt tcggcgtcga ggtgtcgccg cagcagtgcg agcgctacga cccgacgaag 10740

cgggctggcg agacgctcag caagaagtac cgcgagatct tcgagcgcac gcgcgaggag 10800

ttcctgaacg acacgtcgcg catcggcatc gcgcaccgcg cggtccgcct gcgcaagctg 10860

gcgatggctg tcgataagcc cgaggagcgc ggcaacctgg tgctgatggc gcagttgctt 10920

gagcaggcgg cgaaggaggc cggcgacgcg ttcacaaacc gtcatcggct cgaacacacc 10980
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ggcaagggcg gcggcccgat cacggcgatc tcgacgcaga cgaacgatcc gatggaggcg 11040

gccaagatct acgccgagct tatgaagcca tagcatgccc atcccgttcc cgtttgactt 11100

ccgcgcaccg gactatgtgc aggtgttcga atggcgagcg gagcgcctgc agcgcatccg 11160

cgcgaacccg ggcgtgctgc cggcgctgcg ggcgttctat cgcgacaacc cggcccagtt 11220

catcatcgac tggggcatga cgttcgatcc gcggaacgtt gagcgcgggc tgccggccac 11280

gatcccgttc ctactgttcc ctaagcagga agactggatc gcgtggttca tggagcgctg 11340

gcgcgcgcgc gagcccggca tcaccgagaa gacgcgcgac atggggatgt cgtggctgac 11400

ggtcggcctc gccgacacgg tgtgcctgtt ccacgagggc gtcgcggccg gctttggctc 11460

gcgcaaggaa gagtacgtcg acaagatcgg ctcgcccaag agcctgttct ggaaggcgcg 11520

cgagttcctg cggctgctgc cggccgagtt ccgtggttcg tgggacatcg gcacgcacgc 11580

cccgcacatg cgcatcatct tcccggacac ggggtcggtg atcaccggcg agtcgggcga 11640

cgggatcggg cgcggcgacc gcgccagctt ctatgtggtc gacgagtcgg cgttcctcga 11700

gcgaccgcag ttggtcgacg catcgctgtc ggccacgacg aactgccggc aggacatctc 11760

gacgccgaac ggcatgggca actcgttcgc gcagcgccgg cacagcggca agatcaaggt 11820

gttcacgttc cactggcgcg acgacccgcg caaggacgac gcctggtacg cgaagcaggt 11880

ggccgagctg gacccggtcg tcgttgcgca ggagatcgac atcaactacg cggcgtctgt 11940

cgagggggtc gtgatcccgt ctgcctgggt gcaggcagcg ctcggcgcgc acgtcaagct 12000

cggcatcgag ccgagcggca cgcgccgcgg cggcctcgac gtcgcggacg agggcaagga 12060

caagaacgca ttcgccggcc gctacggctt cctgctcgag catctcgaat cgtggtccgg 12120

cgtgggcggt gacatcttcg gcacggtcga ccgcgtgctc ggtatctgcg atgtgcgcga 12180

ctacgaggtg ttcgactacg acgctgacgg ccttggcgcc ggcgtgcgcg gtgacgcgcg 12240

cgtgctgaat gagcagcgcg tggcggccgg caagcggtcg atccgcaatg agccgttccg 12300

cggctccggg ccagtgtacg acccggaggg gagatggtga aggagcggaa gaacaaggac 12360

tacttcgcga acctgaaggc gcagtcgtgg tgggcgctgc gcctgcgctt ccaggccacg 12420

tatcgcgcgg tagtggaagg aaagccgttc gatccggacg agatcatctc gatcgatccg 12480

gatctgcccg agcgcgcagc gctgagcatg gaactgtcgc agccgacctt cacggtcaac 12540

ggtgtcggca aaatcgtgat cgacaaggcg cccgacggaa cgaagtcgcc gaacctcgcg 12600

gacgcggtga tgattgccta tcagcccgct gtgcgcggca ttgatatctg gaagaggctg 12660

gcaggatgag tcgaaagaac cgaagcggcg tgcgcggcgc gtccgtgacc cgtccgtcgt 12720

cggccggctc gtcggccagc atccgcacgg ccgactcgtt cgccaacttc gaagcgcggc 12780

tcggatgggg agccgacaac caggcgtcgg cagcgcagta cacgctgtcg taccagagcc 12840

gcaaccgcgt ttggctggaa gcggcttatc gcggttcgtg gatcgtgcgc gccgcggtgg 12900

acgcgatccc ggaggacatg acccgcaagg gcatcgagat gtccgggctc gatccgaccg 12960

acgtgtccaa gatggagacg gcgctgacgc gcaaggcgat ctgggaccag ctctgcgaca 13020

ccggcaagtg ggcgcagctg tacggcggcg cgatcgcggt gatgctgatc gacggccatg 13080

acatgtcgca gccgcttcgg cgcgagacca tcgggaaagg ccagttcaag ggcctgctcg 13140

tgctcgaccg ctggatggtt gcgccgccgg tcggcgaagt ggtgaccgag ttcggccccg 13200

acctcggcat gccgaagtac tacgacgtgc ttccgacgac gatcggattg ccgcaggggc 13260

gcattcacca ctcgcgggtg ctgcgcatgg acggcgaagc actgccgtac taccagcgca 13320

tcagcgagaa cggttggggc ctatcgatcc tcgagccgat gtgggaccgg cttatcgcgt 13380

tcgatagcgc gacggtcggc gccgggcagc tcgtctacaa ggcgcatctg cgcacgctga 13440

gcgtcgagaa gctgcgcgag atcatcgcgg cgggcggccc ggcgctcaac ggcctgctga 13500

agcaggtcga gatgatccgg ctcgggcagt cgaacgaggg cctcaccctc atcgacgcga 13560

ccgacaagtt cgagactcac cagtacgcgt tcagtggcct gtccgacgtc ttgctccagt 13620

tcgcgatgca gctcagcggc gcgacgggca ttccgctcga tcgcctgttt ggccagcagc 13680

cggccggcct gagcgacacc ggcgaaggtt cgcgcctgct gtatcacgag aaggtgcaca 13740

cgcggcagga gcggcggctg cgcaatccgt tgcacgggct gctcgatgtg atgtgtcgtt 13800

cggaaatcgg tcagccgctc cccgaggact tctcgtacga gtcaacccgc tgcggcgcca 13860

gtcca 13865

Figure A.8.3 Contig E 2306bp

ggcgatgcgt gcgctcctgt ccgagcaggt gcggctgatc aagccaattc cgctggacgc 60

agccgagcgt gtgcaccggc tgacgctgga aggaatcgtc gacggcacgc gcgccgcgca 120

gatctcgacg gcgattcagg agtccgggca ggtcgcgaaa agccgggccg acacgatcgc 180

gagaaccgag gtcagtcgca cggccgcgac gctcaccgag gcgcgcgcgc tcgacgtggg 240

cagtcccggt tacttctggc ggacgtcggg agactcggac gtgcgcgagg accatcgcga 300

gctggaaggc aagtttttca cgtgggacaa gccgccggtc gcggataagc ggtccggcgc 360
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gcgggcgcat ccgggctgca tctacaactg ccggtgctgg gccgaagtcg tgcttccgaa 420

ggggtgatat ggcgaagatg aaacgcgaca gcagcggatc gttgctgttc gagtgcccat 480

gcggcgagct gcacgtcgtc tatccgcatg gttgcgattc gcagaaccca gcgcgatgga 540

actggaacgg cagcgtggat gcaccgacgt tgtctccgtc gatcctcgtt tcgtggcccg 600

ggcccggcga ccagcagaac gtctgccatt cattcatcac ggatggctgg atccagttct 660

gcggcgactg cacacacgaa ctcgccgggc agacggtcga gattcccgac tgggtggact 720

gaacgtgacg gcacatcgaa cgacgttgcg cgtgcgagtg cgcaccgcgt ggtggttgcc 780

gctatacgtc cgatccctgg ccgtctggtg ccggctcacg cgcaccgaac cggactacga 840

gcgaatccgc ggcgtcattg cgcgcggcgt ccgatccagc atcgaacgct gaacgttcag 900

caatcgcgtg cactccgtag cagccgggcc aagcccgtta gacccgactg atcaatgccc 960

aagcatctgc atatctactt ccatacgtat gacgcgtcgt gggaggaatc gaagcatccg 1020

cgagccgcga acggccagtt cggagcaggc ggggccactg ggccggcggc ggccgcgccg 1080

acgacgctga agggcaatga gcttggcgac ttcaccagca tgaaggaact acgccagaag 1140

gcgatcgcct acggcaagca gttcgctggg aagaagttca agaatgcggc gacaggcaac 1200

cagatcgaag tgacgaacgg cgggatccgg cacaccgtcg cgaccggcca cgatgaggtg 1260

ctgcgctcaa tcccggctct gcccgacctg ttgacgaagg ctcggctgat cgactcgcag 1320

cccgacaagc gcggcgaccc gaacgtcaag gcggtcgaga cgtactcagc tccgctcaag 1380

ctggacggca agaactatcg ggcggtgatc acggtgaagg tgttctacga cggccatcgg 1440

tattacaacc agggcctggt gcgggaaggg gaatagggcc ggccgtcgtt taaataaggc 1500

accccctgcc tttcggcagt cggctcacct ccggcgaccg tcccagtacg cattatagcc 1560

aagtcctcac gacttgagaa tttcctgtcg aatcacgaac gtacatccaa tttcgaccca 1620

gatgcggacc attcgaattc ctacggcaga ccacgcatgc agttgcggtg ccggtgccgc 1680

gcgcgctcgc gcgcataccc gcgatggcat caccgcgtcg ggcgtgtacg cggccgagca 1740

gctcggcgag cggcagtcga tcacgccgga aggtttcctg ctctgcgagg ccgtgccgat 1800

cgcgcgcgtc ggcgcgcagg actatgccta cttcgagttg ccggagatcg aggcgaagga 1860

cggcgttatc gtcgccgagc gcacggccga cgtgctgttc agccccgaga cgctcgctag 1920

ctttgaaggc aagccgatca cgatcgacca tccgccggac ttcgtgacgc cggcgaactt 1980

caaatcggtc gtcgtcggtt tcgtgatgaa cgttcgacgc ggcgaaggcg accagtcgga 2040

tttgatgctg gccgatctgc tgatattcga tgcagaagcc attcgcctcg tgcagctcaa 2100

ggttctggca caggtcagca acggctacga cgccgactac gaacagattg cgcctgggcg 2160

ggcgcgacag gtggtgatcg tgggcaacca cgtcgccctc gtgaaaagcg cccgctgtgg 2220

ccccgtgtgt tcgatcgggg atggcagttc caacctactc ccgacaggag atgcaagcat 2280

ggcaaccaag aaaggctcca agttcg 2306

Figure A.8.4 Contig R 227bp

aacgagaacg ccgaaatcgt caagtcggtg gtcggcggcg cgaacgtggc cagcatgacc 60

tgcgattccg tcgcggcgtt cttcaacgca gcgtcggagg tcgtgcgcag caagaactcc 120

ggcgtcacgc agcgccggac gaacgattcc actcagaccg agcggaaaga catcaacgaa 180

atccacgcgg aattctggaa ggtccgcaag taaggagccg acatgcc 227

Figure A.8.5 Contig Q 376bp

cggcatgcag cttgcatgcc tgcaggtcgt ttaccttacc gaaatcggta cggataccgc 60

gaaagagcag atttataacc gcttcacact gacgccggaa ggggatgaac cgcttcccgg 120

tgccgttcac ttcccgaata acccggatat ttttgatctg accgaagcgc agcagctgac 180

tgctgaagag caggtcgaaa aatgggtgga tggcaggaaa aaaatactgt gggacagcaa 240

aaagcgacgc aatgaggcac tcgactgctt cgtttatgcg ctggcggcgc tgcgcatcag 300

tatttcccgc tggcagctgg atctcagtgc gctgctggac tctagaggat cgctgccagc 360

gagcgctgga gctcga 376

Figure A.8.6 Contig O 435bp

gggtgcagcg gggcgacctg cagacgccga attcggcgcg catccgggtc tacaacgtgt 60

ccgcgacgac agcgcggcgc gcgcggaagg agttcacgcg cgtcgtgctg caggccggct 120

acgagggcaa ctacgggatc atcttcgacg gtcagatcaa gcaggtgcgc cgcgggcgcg 180

agagccagac cgatacgttc ctcgacatca cggcggcgga cggcgactcc gcgtacaact 240
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tcgcggtggt gaacacgacg cttgcggccg gctcgacgcc agctgatcac gtagctgccg 300

cctgtacggc aatgaatccg tacggcgtgc agccgggcta tctccctgag ctgccttcga 360

atccattgcc ccgcggcaag gtgatgttcg gcatggcgcg cgatttcatg cgctggaaca 420

cgcgcagcca cgggc 435

Figure A.8.7 Contig DU 4870bp

tcgacgatcc gttatctggc gatggacgag ttcgcgctcc ataaaggcca tcgctacgcc 60

acggtggtgg ttgatccgat cggccggcag gtcctctggg ttgggcccgg acggtcacgc 120

gagacggcgc gcgccttctt cgaacaactc cccgaaggcg tggccgagcg catcgaagcg 180

gtcgcaatcg acatgaccac ggcctatgag ctggagatca aggaacagtg cccacaggcg 240

gaaatcgtct ttgacctgta ccacgtcgtg gccaagtacg gtcgcgaggt gatcgatcgg 300

gtacgggtgg atcaggccaa ccaactgcga catgacaagc cggcccgcaa ggttctgaag 360

tccagtcgct ggttgctgct gcgcaaccgt cataacctga agccagaaca ggccgtgcat 420

ctgaaggaac tgctggcggc caatcagtcg ctgttatgcg tctatgtgct gcgcgacgag 480

ctcaaacggc tctggttcta ccgcaagccg gcctgggcgg aaaaggcttg ggggcaatgg 540

ttcgaacagg ctcagcaaag cgggatcgcc gccttgcaaa agttcgccca gcgcttgcag 600

ggttactggc acggaatcgt ggcccgctgc cgccatccgc tcaataccag cgtcgtcgaa 660

ggcatcaaca acacgatcaa gtcatcaagc gccgcgctta cgggtaccgc gacgagcaat 720

acttcttcct caagatccgc gccgcgttcc ccgggattcc gcgatgaacc agattaaagc 780

ccgttatggc gagcaggtcc tatccctgcg aattccttga ctacaccccg ctcgcgcggg 840

gtttttcgtt tttagggact tatgcggtac cgaaaactcg acgccgacgg cgactatgtc 900

ttcggcggcg gcgcggccga cttccttgtg aacacgcctg agacggttgc acaagccgtg 960

ttgacgcgcc tgcgcctgct gcgcggcgaa tggttcctcg acacgacggc cggcatgcca 1020

tgggcgaccg acgtgctcgg aaagtacacg agcggcaagt acgacgcggc gatccgccag 1080

tgcatcctcg gcacgcaaag cgtgaccgag ctcgttagct actcgagcac ggttgatccg 1140

gagacgcgcg tgctgaccgt cacagcgacg atcaacacca tttacggcac caccacggta 1200

caggcgacat tgtgactctc acgaccctcg cacccaccat cgacgcgaac ggcatcaccg 1260

cgccgacgta cgcggacgtg atcgcgtatc tgcaggacca gtaccgctcg atttatggcg 1320

ccgacacgta cctggagtcg gacagtcagg acggccaact gctcggcgtg ttcgcgaaag 1380

cgatcagcga cgtcaattcg gtcgcggtcg cgatctaccg gtcgttcagc ccggccaccg 1440

cgcagaaaga cgcgctgtcg agcaacgtca agatcaacgg cattgcgcgc aaggtcgcgt 1500

cgtattcgag cgccgatctg gtgctggtcg ggcaggctgg caaaacaatt acgaacggtg 1560

ctgcgaagga cgccaacggc gtacagtgga tgctgccggc tagcgtgacg attccgccga 1620

gcggcacgat caccgttacg gccacgtgcg cgacgatcgg cgacatttct gcgcgcgctg 1680

gcgcgatcaa ccagatcgcg acgccgacac tcggctggca gtcggtgacg aatccggcgg 1740

acgccgctga gggcgcgcca gtcgagaagg acgcggtgct gaggcagcgg cagacggtgt 1800

ccaccgcgct accgtcgctc acggtgctcg acggcatcat cggcgcggtg gcgaacgttc 1860

cgggcgtcac ccggtatgtc gcatacgaaa atgacacgga tacgacggac gcgaacggca 1920

tcccgtcgca ttcgatttcg ctggtcgtcg agggcggcga tgccacggcg atcgcaaatg 1980

cgatcgcggc gaagaagacg ccgggttccg ggacgtatgg cacgactgcc atcatcgtcg 2040

cggatatcta cggccgtccg atcacgatcc ggttcttccg accggtggcc gcgccgatcg 2100

gcgccacggt cacgatcaag gcgctcaccg gctacaccag ccaggcgggc cagcagattc 2160

agcaggctgt gtcggactac atcaacggcg tgcagatcgg cggcggccta tctggcagcg 2220

tcgaatgggg tgacgccctg accgcggcga acagcgtcgg tggtggggtg acgttcaagc 2280

tgtcgggcct gacgctgacc gggccgcgcg gcgccggcgc gccggacgtc gcgctgttgt 2340

tcaacgaggc ggcgtcttgc acgccagcga acgtgacact ggtggtgacc tgatggcgga 2400

tctgaccgat tacaccgtgt tgatcacatc ggagcacagc gacaaaccgc gcttcatggc 2460

aagcgtcagc gcgcttgtgc agccgctcgt cgaacagatg aatgtgctgg agagcatgcc 2520

gggtaagttc gacctcgaca acgcggtcgg cgtgcaactg gacgatgtcg gcctctgggt 2580

tggcgtgtct cggaaaattc gcacaccgtt gaccggcgtc tacttctcgt tcgacatcgc 2640

gggcctcggc ttcgatcaag gcacgtggaa aggaccgttc gatcccgata cggggctcac 2700

gatcctcgac gatgacacgt atcgattggt catccgcgcg aagatcggcg cgaaccactg 2760

ggacgggacg ctgcagcaaa gcgccgcgat cctgaacagc atcttcgacg cggatacgca 2820

cgtcttcatc gaagaccacc aggacatgtc gatgacgatc ggcattgccg ggaaggtccc 2880

gccggcgacg ttccttgcgc ttttgtcagg gggctacatc ccgctcaagc ctgaaggcgt 2940

ccgcgtcaac tacacgatcg tgacgaccgt cgacggatca cccctgttcg gattcgacat 3000

gagcaatcaa ctcgtggccg gattcgacgt tggggcctgg agccgccccg tttaaccgcc 3060
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aattgcattg tctgcaagcc accttcgggt ggcttttttt atgctcggag cattgatggc 3120

aacgaacgac tttctcgtgt tcggcggagg cagctccccg aacgttatcg atcaggcgac 3180

ctacgcggct ctcacggccc gtctgtcggg atttcaatct ggcgccgcgc tgtcggcgca 3240

gctcaacaag gtatggcgcc agagctcgat catggcggcg gtactcgcgc agttcacggc 3300

gaacttctcg ggccagaact ccgtcgacga cggcacgatc gcgacgctgt tggcgaacct 3360

acaggcagcg atcaacgcag cagggatcac ggctccgcag ttcgacaaca gcacgaagct 3420

cgcgacgacg gcattcgcgc agcggtcgct tggcaatttc caagcattct atgcatacac 3480

gtcgagtcag actctcacgg cttcgcaatc tggctcagtc atcaattttt ggggaaattc 3540

cgcgtcgact ttcacgcttc catcgtgctc tgcaatgcct gctggcggat cgttcttgtt 3600

caacaattcc aatgccggca acacttcggt cacggtgact cgggcaggct cagattcaat 3660

tctttgcgga ggcaatgcca ctagtgtcgt tgtcgggccg ggcgataacc ttctcttggt 3720

cgcgattccg ccgagccaat gggttgcgac tggcggaagc gctcaattgc catttgcgag 3780

taccgcgcag cggacatccg gcggcgtcgt cggagccatg cgcaacgcca gcatgaacgt 3840

agcagcagcg agcgcatcgg cgaccttcac tgctgatgag atcgtcgtcg aaaccgcgct 3900

cggtggcggc ttctaccggc tcgccagttt cagcaagacg atcaacctcg cgacgaccgg 3960

cgcgggcggc atggacacgg gcagcgcgcc ggtgagcggc tacgttgcgc tgtacgcgat 4020

ctacaaccct acgaccggag caagcgcact gctcgcgagg aacgcaacga gcgcggtgca 4080

ggggagcgtg tacggcggcg cgaacatgcc gaccggctat accgcttcgg cgctggtgag 4140

cgtgtggccg acgaatggga gcgagcagtt catcacgggc gtgcaggtcg atcgagtgat 4200

ctcgatcccg ttcgttactg tgctgacgtc gagcaccacg caagcatcgc cgacggcact 4260

gtcgatttcc tccgcagtgc cgccgaatgc gcgaagggtg tccggtacga tatcagtatc 4320

gtcgacgtcc tcgacgccga actcgtcgct cagtgtctat gcggcatcga cgagtgtcgg 4380

cattcagggg ttgaacaata gcgtgagcgc ttcgggcggc atctcgacga actacaagga 4440

cctgccgatc actgtttcgc agacgctcta ttacacagcg acatcatcgg ccggtacgcc 4500

gacgttcacg ataagcgttg ccagttatga tttttgagga gctgacatgt tcgtacagtt 4560

ttctgacgca gacgagaaag tcatcaccgc cgtatttgcc aacgagcaag accgtgaggt 4620

cttccccaat caagggaaga tcgatctgac cgatcctcgt tatgctgcat tcttcaacgc 4680

actgcctcgg ttggctcaac aggcgattcc ctcgccggtt gccgactaaa ctccgctccc 4740

tttaccttca gggctcgttt ctcgaccaga tgccaggagg caaaggcgag cggaataatg 4800

attgccagag acagaacgat cgaaagacct accgggatct cccctgcgag acgccgcgcg 4860

atgatttgtt 4870

Figure A.8.8 Contig V 2618bp

cgcgcacatc gccgcagcga tcagccactt ctcaagcctg aagctgctcg tgctcgatcg 60

cgccgacgtc ctggtcggcc cggagcgcga tcgactgctc tactggctcg acgatctggc 120

ctacgccggt cagatcgaca cggcgctcgt gttcatgagc ctgaaaacgc cgcccggtgg 180

cctgccggag gccatcgagg ctttctgggt cgagggcggt caggtcgcgc cggccgcgca 240

acatgcaata cgggaggcag cgtgagagag gacatcgaga aatatctcgc cgcgacgtcg 300

aaagccacgg cgaaggccgt ggcgaccgga accgggctcc cgcagctcga cgtgacgaag 360

gagctgaacc ggatgctcgg cgacgggctg gtcgagcgcg agaagcgggc cgggggcggc 420

aacgagtacg tgtactggct cgcgcgtgca gtacaggcgg ccgcgccgtg cgccgacacg 480

ccgccgactg ctgccgcgcc ggcgctggta tcggtcggcc tggtcgagaa gtcgttggac 540

ccgaacgccg gcgtcatcga cgtcgcgcgg atcatcgcgg acctgcgcgc cgatgtcgag 600

cgcctcaccg ccgagcgcga cgccgcgcag cagcgggccg acacctggcg cgcgaactgc 660

cgcgtgcact cgaagcgcgc atcgacgagc tgacgctcgg gccggtcggc gcgcgtgcgc 720

cgctgttcgt gacggtcggt aggtactgca agccgaggcg tcacgcgtcg ctcgagaagg 780

cccagcggcg cggcagcgcg ctcgtgcgca gcgagaagga atccgagtgt gctcgtgctt 840

gagccagtcg gtcggatcgt gcgcggaacg cagtggatgc cccgatagca gtaccgccgc 900

gcgccttccg tgcctcggat tgcgcggcgc attcgggcgg ctcgcacagc gcccgttttt 960

tagatctgac catgcaaact gacgaagaca ccgtggaatc catcacggcg cgcgaccgct 1020

cgcgtcaaga atcctctgcc ggctccgacg acatgcccat actgacggtg gccccgtcga 1080

gatcgtgaac aactcggcga tctacggccg cgagtacggc gagtggccgt gggcgttcct 1140

ctgccgctcc tgccgggcat acgtcggcct gcacccgttc accgcgatcc cactcggcac 1200

gctggccgac gggccgaccc gtgaagcgcg gaaacgcgcg aaaggcgcgt tcaacgcaat 1260

ttggcagtcc ggcgcgatga cgcgcactga cgcatacgtc tggctggctc agcagctcgg 1320

gatcgagaac cacgaggaat gtcacatcgg ctggttcgat gtcgcgactt gcgatcgcgt 1380

cgtgactgtc attcaacagg agttcccccg atgaccgata tgcaagaccc gctctggcgc 1440
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gcgctgaagc gcctcgagca cgccgagctc agcgacgacg accgcaatct gctgcgcccc 1500

gcattcgccg ctctgcacgg ctcgcaggca ctgcgaatcc ccgagcagat cgtggcgcgc 1560

atccgacatc tggatgcgac gctgactaaa gaggtggctc atgaagcgcg atagcttcac 1620

gctttctctc gatctaggga gcgaactgat cgtcgacaac ttcgctggcg gaggcggcgc 1680

gagcactggc ctcgagcgcg ccttcggtcg accggtagat gtcgcgatca atcacgaccg 1740

tgaagcactc gcaatgcacg cggccaacca cccgcacacc gcgcattact gcgagagcgt 1800

attcgacatc gatccggtcg aaatcacggg aaatcgaccc gtcggcctcg tatggctatc 1860

gccggactgc aagcatttca gcaaggcgaa gggcggcaag cccgtgtcga agaagatccg 1920

tggtctcgcg tgggtagcgc tgcgctggtg tctgaaaacg tcgccccgcg cgttcatgct 1980

cgagaatgtc gaggaattca tgacatgggc ggacgtgatc gagatcagcc cgggcaagtg 2040

gattccagac cccgcgaaga agggcgaaac attcgacgca ttcatcggca tgctgacgac 2100

gggcgtccgc cgcgatcacc cggcgctcgc cgaagcctgc gaagtgctcg gaattccgct 2160

cgacggacct gatgccgatc gcttggcagc aggcttggga tacaatgtcg aataccgcgt 2220

tctgcgagcg tgcgactacg gcacgccgac gatccgtaag cgtctcttcg ttgtcggacg 2280

tcgcgaccat ctgccgatcg tctggccgac gccgacgcat ggcgatccga agagcgcggc 2340

cgtgcgtgcc gggaaattac tgccgtggcg cactgccgcc gattgcatcg actggtcgat 2400

ctcgtgcccg tcgatcttcg agcgcgatcg gccgctgaag gacgcgacgc tgcgccgcat 2460

cgcacgcggc atcatgaagt ccgtcgtgaa tagcgacgac ccgttcatcg tgaagttctc 2520

gcagaacagc acgggccaga cgctggacga gcccatgcac accgtcatgg caggtgcgcc 2580

gcggttcggc gtcgtggtac cgcacgtcac gaagttcc 2618

Figure A.8.9 Contig W 862bp

aaactgcgag gcacctgccg cgacggcgcg cgcgtcgacg agccgctcca taccgtcagt 60

gctggcggca tgcatcacgc cgaagtgcgc gcattcctga tcaagtatta cgggaacgaa 120

aaggacggcg tggatctccg cgatccgctg cacaccgtgc cgacgcatga ccggttcggc 180

ctcgtcacga tccacggcga ggactacgcc atcgtcgaca tcggcatgcg catgctcacg 240

ccgcgcgagc tggcccgcgc gcagggattc ccggacagct acgtgctcga cccggtcgtg 300

aacggcaagc cgctgtcgaa gtcggcgcag gtgcgcatga tcggcaacag cgtgtgcccg 360

gacgtcgcga ccgcgctaat ccgcgcgaac ttcgcccacg aacagcagct cgcgtacgcg 420

gcagtctgac ccacagagga catcaccatg aacraccaac aacagagccg cgctgatgcg 480

ctgacggtac tggctcggat tgtcgagctt gacgacggca agaacagcat ggcgaacaaa 540

ccgcatcccg agcgctcgca agagtggaaa gcctatgctg cggaacttcc agaattgctt 600

acgaaagccc gcgccatcct cgccgcatcc cctgtcgagc agcccgcagc agcgccggcc 660

tctaccaatg agacaggcgc ggaagggctc ctgcggcgcg cacgtgagga actgtcgttg 720

gtcgagtggg aagacgrtcc gccgaaccgc gttatcgcac tgttcgacga catcgaagca 780

tacgtgtccc gctcccccgc tatggcggca gcagcgccgg ccgacgacgc gcgcgaatgc 840

ctaatggacg tggtaagcca cc 862

Figure A.8.10 Contig H 1502bp

catcggcaag accgcacagc cgatgctgct ctggggtgcc gaagtcaagt acacggtgcc 60

cgagctgatc aagtcgcaag cgctcggcat gcccatcgac tcgcagaagg tcgaggcgat 120

gaacatgaag cgcaacatgg acctcgacca gatcgtctac tacggcgatc cgcagatgag 180

cttcaccggc ctggtgaatt cgatcggtgc ggtcgggagc gtttcgaacg tcgcgaacgg 240

cgcggccggc acgccgcagt gggaaacgaa gacgccgaag gagatcctca aagacgtcaa 300

cgagatcctg acctcggcat ggcaagcgtc cggctggaag gtgaagccga accgcctcat 360

gctgccgccc gcgaaactcg gctgggttgc gtcgcagatc gtgagcgacg ccggcaacaa 420

gtcgatcctg acgtacctgc tcgagaacaa catctgcacg cagcaaggca cgccgctcga 480

aatcctcgag ctgaagtggc tgatcggcgc gggcgccggt ggcacgcagg gccagcttgg 540

caccgtggat cggatggtcg cgtacaacag cgacaagaag tacgtccagt tcccgatgac 600

ggacctgcag cgcacgccgc tcgagtaccg ctcgctgttc cagatcacga cctactggtc 660

gcgtatcggc cgcgtcgaat ggcgctacgg cacgacggcc gcttaccggg acgggatctg 720

acatggcgaa gatcaacgtt ctgacggcgt tcacgatccg gttgctccac gagggcgagg 780

aggtcgtccg ccgcgtcgaa gccggtgtgc aggaggtgga ggacttcatc gccgagcact 840

ggtacgcgaa ggcgcacacg ggcccgctgc cggagaagtc cggcgatgtg ggtgactcgc 900

aaggcggcgc gaccgatcag gctgcggcgc tcgccacggc gaagtccgat ctccaggccg 960



246

agtcggaccg gcttgaaagg ctgcgcaccg agctcgatac gttcggcaag gggctggacg 1020

accgcgcggc cgcgctcgac acgcgcgaag ctgcggtcgc ggcgagcgag caggatctcg 1080

ccgcgcgggt cgcggccttc gaggcagctc agaaggacgc cgcggccgct gcgaagaatg 1140

gcgcagccga cggcgccaac cagaagtcca gcagcgggaa gaaggcataa tggcctcccg 1200

gcgccgcgcc atgcaggcgc gcgccgggca tccgcatttt ggcaaggtga cacgtggata 1260

tcgcccagtt ccgacaatcg tttcccgagt tcaacgacac gacgacgtac cccgactccc 1320

tcgtccagtt ttggatgacg gtcgcggtct cgctagtcaa tgctgatcgg tggcgcgagc 1380

tgacggatct gggtgtcgcg ctggtcaccg cgcaccacct cgcgctcgcg cttaaggacc 1440

agaagacagc cgcagtcggc ggcgtgcccg ggcaggtgac cgggccgcag tcgtcgaagg 1500

cc 1502

Figure A.8.11 Contig G 1568bp

caaggtgagc gcgagctacg acaccgcggc tgtcgccatc aaggacggcg gtttctggaa 60

cgccacgatg tacggcgttc gctatctcag cctcgcgcag atgatgggct cgggcggcat 120

tcagctgtaa cgctgccgcc gcccatcggg agaatcccat ggacggcatg aaaatcgacc 180

gcctcgacga ggtgctgaag tcgatcagca ggctcgtgca gaaggaggtg ctcgtcggcg 240

tgcccgacag caccgccagc cggaaggacg agggcgagcc gctcagcaac gccgagatcg 300

gctacatcat ggaaaacggc tcgccggcga acaacatccc ggcgcgcccg catttggtgc 360

caggcgtgca ggacgcgcgg ccgaagttcg agccgcagct ccagaagggc gtcgaagcgg 420

cactcgacgg cgatctcgat caggtcgaac gccggctgaa gttggccggt cttgccgggc 480

aaaacggcgt gcgcgcgaaa atcaacagca acatcgctcc cgaactggcc gattcgacgc 540

tggccgcgcg ccggcgccgc ggcgtcacgc gggagaacac gctggtcgat accggccagt 600

atcggaacgc gatcacgtac gtggtccgca agaagtagta cgatcactgc gtcgatagag 660

gagtcggtaa tgacgatagg cgaaggaaac gcgagccctg agagacagtt cgagcgcatg 720

cgcgcgcgcg tggccgagat ccatcctgcg ctgtccgatg ggcaaatccg tcacgcctgc 780

aacgcgatca gcaacggcct ccgtgcatgg aagggtgaca tttatgaggt gcgcctgagc 840

ggttcgcctt ttgccggcga gcaaggatat ttccatgact ttgatgtcac ctccggtggc 900

aaacgcatat tcgtgcgtgt aacggtcgat tgagaccaac gagacacgaa acgtagtccg 960

atcatttccc aaccctgaag ggccgccacg tgcggccctt tttcattgga gctccgcatg 1020

gcgttcctcg acgtcaccga cgccctgctc gatcccgact tcatggacac cggcctgctc 1080

tgcaaccgca tgacgcagac ggtggacgac cacggccgcg cgcagaacgc cgtcgcatcc 1140

atgccgttct cggccgtcgt gacgagcgac aagggcgaca tcctgcaccg caacgcggac 1200

ggcagccgaa tcatcggttc gatcacgctg cacacgatgt tccggctgat ggacggcagc 1260

gccggccacg acgccgacga agtcgtgtgg gcgggccgca cctacacggt ggtgaacgtg 1320

aacgactact cgcacttcgg ccgcggcttc gtctgcgcga cgtgcgacct gaagcctctt 1380

tcggggtgac cccatgaacg acagctcgac cggcggatac ctggcgccag ccgtcgatgc 1440

gccgccggcc gaggacgatg cgctcgacga tctcgtccat gacctgattg cgggcatcac 1500

ggcgctgccc ggtgatctcg tgcggccgcg ctggcagcag accgtcccga agcaacctga 1560

gccgtccg 1568

Figure A.8.12 Contig T 177bp

gcacgttcta cgggccgcgc gcgaagggtt acgcgcagcg gctcgccgac ggtctcgcga 60

tcccgcagaa ccgtgagcaa ctccagctgc aggacatggc gttcgtcggc gtcggcgcga 120

tccgcgcggc gccggacttg gtcaaccagc agtgggtgcg ccggtacgac atgacgg 177

Figure A.8.13 Contig K 1231bp

aaaggcggca gctttgcgct ggttttttct ggaggggaaa cgcgcggtat cgatcgccaa 60

ggctccctcg ttggcaacgc tggcagcgag cctgagcgaa gatcagccgt tcacgttcgc 120

gttcaccagt ggagacagca cgcgcgaagc gagcatgtac ggattcgacg cgttctgtct 180

cgagaagtgg caagcggcgc tggggacgcg agggctcgac gtgctgtctt tctcgttgcc 240

cgtacctgtc gtcaaggccg atcctgatct tctgccgagg ttgtttgcgg aattcgcgcg 300

gcgtctcaac gcgattcatg gacacgccgg ctacgcggtg aatttgccgc ctacggcgcg 360

cgaagagaac gagagcagcg aatatttcat gtcgaatcga ctcggaccgg gcctcgacgt 420

gggcgatcct tttgcaaccg aggtccgaag cctgatggac aacatcaaga ccgttgactg 480

gctgacgctg atcagcgctt cgatggtcga ccgtgttggc ggtgtgagcg tgctgaaatc 540

cgagttgccg atggattggt atcggctgac gcagtgctcg gagggcttgc tcatccgagc 600
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cggcgttttg cctgccgcgg gcgtgagtgc ggggagtggc gacaagccag ttggtccgcc 660

acccgcgtat gtcgtattga atgcggcgct tcgccacctt atccccgata ccgtctccat 720

tcttcaacgt ggaaccgtga acggcgacgc tccggttttc aactcgaaga cgagcagcaa 780

cgcgtggctt cggcgtctcg atgtttccag cgatgaactg ttggccgcga aagcggcggt 840

cctcgatacg ccgagactct ctgattcttc gtcgtaaccc gcgcgagccc tgcgtggcat 900

gcatttactt gacccactgc gggttacgtt gaatcgcgct acatcacggt cggcacgctg 960

gacggccgca tgatcgtgat ggtttggacg ccacgcggcg aggctcgccg cattatcagc 1020

atgaggaaag caaatgaccg tgagcaagcg cgctatgcac accgattggg ttgatccgga 1080

cgacgcgccg gagctgaccg acgaattttt tgagcgggcg gacgagtacg tcggcgaccg 1140

cttggtccgc cgcgggccgg ggcggccgct cggcagtcac aaaaccgcga cgacgattcg 1200

gctcgacgat gacgtgctcg acgccttcaa a 1231

Figure A.8.14 Contig F 2071bp

ccgacacgcc gaccagttgc aggccgtggc cgacgatgcc gcgctggcgc gcgacgagcg 60

caatgaagcg atcgccgatg ccgtcacgtt cgacgtgctt ccgttctcga ccgagcagat 120

cgccgtgctc gacgccgcgc tgcgccgcgg ctacatcgag gacgtgtacg aggtctggca 180

aggacgtgct caccgccgag atcaagcggc gcgtcgccga tgctgatctc gccggcgccg 240

caccgcgctt cgacaacgtc ggttgttcgg aatgcggccg cggcttcggc ccgggcaaca 300

ccgggttctc ccactgcgcc gaccacatcg ggtgtcgcgc gctcgatgac tgatcaaccg 360

cgcccgctac ggcgggcaat ctgaccacaa ggccgaaacc tgcccgccgc agagcatcgc 420

ggcgtggtcg cagcgtgtgg cgctgcctga cgatggccgt cagtaccgcg aagaggatcg 480

atatggacaa cacgaagcac ggcggcccgg cgtttccgct tgccgatgca cagtcggtgc 540

atcgcatcgg cgcggccgcg attgaaggaa tcactgattc ggccgagcgc gaccgtgtct 600

acatcgaagc gacgtctcgc gcttgcgccg gcatgacgct ccgcgactac ttcgcggcga 660

agacgatgcg gccactgacg ctctcgatga agagcgcccg agagaaagaa atgcacagca 720

tggcgcgaga ggcatacgcg atcgccgacg ccatgctccg cgcgcgagga gcctgacatg 780

aacaagaaca aacactcagt cggacaagca tggctgctgc gtgcgaaaga actggcgcag 840

gagcgagctg attcgagctt cgcgtacggc gagcttccgt cggatgccgg tgacggtgca 900

tcggccgatg cttacgcccg gtcgctcgcg gccgatcgat cgctcgacgc gcaccttcaa 960

ccgatggcgc acctgatcga cgcgctgcac ctggtcgcgt cgaagaccgt gctcacgtcc 1020

ggcatccgcg ccgtcgtcga cgatgcactg gtcgaaggtc gaggttttcc gcgacgcccg 1080

tggccagtgt ccgatccggt tcgccacatc accatcgacc ggagtcgacc gatgagcccc 1140

ctcaaatccc ccatccaatg cggcgacctt gctgaaaagc tgatcgccga ctacgtgcgc 1200

gaatccggtg cgtatggcaa cccgaacgcg ctcgcgaacg tgatcgagat gctgatcagc 1260

aaagcggcgc tcggcatcgc catggtcggc agcgaggcga tcgcccaaca gatcctcgat 1320

cgcacgaagg cacaacgttg cgacgttcgc agaccggaac cttcggaggg ggcactgatg 1380

cgcacgccgt ccaacagcct acagcctgta tttttcaaaa acaaacgatc gcttgtattg 1440

cgcatacggt atgtgctcga aggatcggca tgggcggccg cctacggcgt cgcgatcggg 1500

ttcctgtggt acggcgcgct cgtcgccgga ccgtacctgc ggagcctcgg atgagggccc 1560

tacttcgcaa aatcgccgag ctgttcgccc tctggatcgt cattacggca ggactgttcc 1620

tgttcgtatg gctcgtcgtg ccgacgctga tcagtgcgcc ggaagacgcg cccgtcaccg 1680

tttcgacgag gtccacatga gccgcttcac cgatcacgcc caacgcttcg aaattcatca 1740

cccgcgcgct gcccgggtgc tggtgctcgc gatattcgtg gccgtcgcac tcctcgccat 1800

agccatcgac agcatcacga agcacttcgg aatcttctaa gaggcaccgc cttgcgctcc 1860

ccggagcgta ttccctgcac ttcccgatct cgctcgcgct catcggtcgc tgtcggcgcg 1920

cgtgtccacc attcatcgga gcaccaccag atgagaccat gacacctgcc cgtcgagtcg 1980

tcgcagatcc caggaaacag gctatgacga tgaaaaccga aacgcttcgc agggtttggt 2040

tcatggaatc tgcgttgcga gagtactgga t 2071

Figure A.8.15 Contig J 1366bp

tcgacatgct gacgctcgat cagcagcacg aatccgacta cggcgacgcg aaggactggg 60

cgaagcagac gagcggccgc cgcgaggatc gcacgatccg cgcgctcttc tccgaggaac 120

tcggcgcggt cgtccaggtg cgcgcggcgg accgcgacgc ggtgctcggc gcgctgcgcg 180

agcatggcct gtccgcgtgc tcgcacgtga tcggcgcggt caacgagacc gacgcgatcg 240

aggtgtaccg cgacgcgaag aagatctacg aggcgccgcg cgtcgagctg cagcgcgcat 300

ggagcgaggt gagctggcgg atcgcgcggc tgcgtgacaa cccggcgtgc gcggacgccg 360

agtacgacgc gatcctcgac gccggcgatc cgggcctctc gcccgtgctg acgttcgatc 420
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cggcggagga tgtcgccgcg ccgttcatcg cgacgggcgc gcgtccgcgt gtcgcgatcc 480

tgcgcgagca gggcgtgaac tcgcatctcg aaaccgccta cgcgttcgac cgcgcgggct 540

tcgacgcgca tgacgtccac atgagcgacc tgctcgccgg ccgcgcgacg ctcgccgatt 600

tcgccggcgc ggtcgcgtgc ggcggcttct cgtacggcga cgtgctcggc gcgggcgagg 660

gctgggcgaa gacgatccgc ttcaacgaca agctcgccga catgttcgcc gcgttcttcg 720

cgcgccccga cacgttcgcg ctcggcatct gcaacggctg ccagatgatg tcgagcctcg 780

cgtcgatgat cccgggcgcg caggcgtggc cgaagttcac gcgcaacaag tccgagcagt 840

tcgaggcgcg tttctcgttc gtcgaagtgc aaagctcgcc gtcgatcttc ttcgcgggca 900

tggaaggctc gcggattccg gtggcggtcg cgcatggcga aggctacgcg gacttctcgc 960

agcagggcga tcagagccgc gtcgcggtcg cgatgcgcta cgtcgatcac cgcggcgacg 1020

cgaccgagcg ctatccgttc aacccgaacg gctcgcccgc gggcatcacg tcggtgacga 1080

cggcggacgg ccgcttcacg gtgctgatgc cgcacatgga gcgcgtgcat cgcacggtga 1140

cgatgagctg gcatccgcag ggctggggcg aagcgagccc gtggctgcgc gtgttccgca 1200

acgcgcgccg ctggatcggc tgacgcgatg accgccgcgg cgaccgcgcc gggcggtgcc 1260

gtcacgctgc gcggcgaacg cgcgggcgac gccgcggcgc tcgcgcgcgt gatcgtcgcc 1320

gcattcgcgg atgagccgca aggcgggcaa ttcgagcggc gcatcg 1366

Figure A.8.16 Contig Px 434bp

cggacgacga gataaagctc ttgagagaac ttcgcgagat tcgcaatcgc gctgcacatt 60

ctgttaaggg ccgaccaacg ccagatgagg ccgagcgatt tgtttcgatt gttcgcgcac 120

ttgaggctgc ttggattgct cgattggcga gcgcggagcc gaggtaactt gtcaaatcga 180

aagagatgga gaggatctgc gagtccagcc tctgcgagcg caattacagg gcgccagccc 240

ggtacgacgc acagagaaac catacgcctc cgattgtggt gccataggcg aggattatcc 300

cgaaagctcg agcgagacgc ccgttcggcc gagcgcacgc ggcgagtaga tcattgtcga 360

aagcgactct gttcatgatg gtctcgtgtc gtcgcaatta ccgacggtat gcatgggtcg 420

agggcggtca ggtc 434

Figure A.8.17 Contig N 493bp

gctgtagtgg ttcaatgccc ttgtgacggt tcgaaaagaa ggtaacgtgt cgtctggagg 60

gccaaaccat ggtcaggcgt gcgttttccg aggaattcaa ggaagaagcg atacgactcg 120

tcgtagagca gggttacccc ttttccaagg cgtgtggggc ggttggaatt ggggagacag 180

ccctgcgtcg ctgggtcgcg cagtggcggg cggcgcatag cttggatgtg cccagtcctg 240

cacaactcag tgcagacgcg cgccggatca aggagctaga ggcccgcgta gccgaactcg 300

aacgggagcg tgaagtttta aaaaaatcca cagccttctt cgtcaaggag ctcgaacgct 360

cctggaagtg atccaggcga tggagaaggc atacccggta gcgctgatgt gtcgactggc 420

tggtgtagca cgcagcagct attacgcatg gaggtcgcgc caaggcagag ccaatcgcga 480

cgcgacggtg ctg 493

Figure A.8.18 Contig 7 1772bp

gcgcgcccgc cgccttcgcg atcgcggcga tctccttcag atggcggttc cacacggtgt 60

tcgacgtctc gccatgaacg atcgtgacga tctcgggacg ctcgcgcgcg atcgcgtcgg 120

cgatttcgtc gaggctcgcg accgaacggt cgggcacgtc gatcgtcgcg acgtccgcgc 180

cgacgcgcat cgccatctcg gccatccgcg cgctgaagaa accgttcttg atcgacagca 240

ccttcgtgcc ggcccacgcg agattcgaga cggccatctc catcgcggcg gagcccggcc 300

ccgcgacgcc cagcacccac ttcgtgcgcg tctggaacac gtagcgggcc atttccttca 360

cctgctcgat gatcttcgcc atcgtcgcgc ccaggtggtt gatcacgatc gtgttcgcct 420

tcgcgaccgc ggcgggaatc ggcacggggc cggcgcccat catgagcagc ggttcttcgg 480

gcaggatcgc gtcgagcggg acgacgacgg gacagggaat gggcgagtga tcggtcgtgg 540

acatgggcta acgaagcacg gcgggttgga aaaagggggg aatcggtcga tcattccgcg 600

aaccgttgca atgcgcaagt gttttgatcg acatacgcgt cgggtgcttg cgcggcgtcg 660

ggcggcgcgc tcgcaccggc ggcggcgccg accggctccc cctgccgacg acgaagggcg 720

cacgccgcgg ccggcgcgcc cgtggcggag gcgcgttccg gcccgccgcc ctacgatatt 780

tccgaggttg acgcccccgc ccgtcgcgag aaagcatccg cgcgccgcag attttcgcgc 840

cgtgcgcatc ggagcattcc ggctcgcccg gcccgaatag gccaaaacgg catcaaatcg 900
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actccctatt aaatcgaaaa atcatttttt gcaagccggg ccgtcaaact ttccgtaaaa 960

gcttgcatta accattcgat gcggtgcagc aaacttattt gttccgcacc ggaaaagaac 1020

cggacacctc attgcgactc gcacacaaaa atccccaaaa aaatacgcca acggcatccc 1080

cgcgcgagac atgccgcact ccgaagcagc ggagtcccgg aatgggaacg gtcccgcacc 1140

ggcgcgccgg ccggccgcct tgccgggatt aaatccggcg caatcgccga atatcgcgca 1200

cgcgaatcgc ggaatcggtt cacgccccat aaatagggat cgccgcgggc cggcggccga 1260

tttattacat tcgggatgaa ataattattt agttgactga tgctgtcagc ttattgaaca 1320

atttgcccag ccttcgatgt ttcgttattt aagacaagcc cagtgctgat ccgacagcct 1380

gcggctcgcc agatcgaagg cgaaaaacac aacataatca tttaatgggc caacgaaagc 1440

tatgaaccaa atccagacca tgcgtgtctt cgtatgtgtt gccgaactgc agagcttccg 1500

ccgggcggcg cggaaactcg gcgtatcgaa tgcgctcgtc acgcgttcga tcgcgatgct 1560

cgaaacacat ctgaacacgc gtctcatcca tcgtacgaca cgcaatctgt cgctgacgga 1620

agcgggcatc cgctatctcg acggctgcag ggcgctcctc gaggagttcg atcagctcga 1680

ggcgtccgtc gagcgggcgg tgcacgagcc cgtcggcaca ttgcgcgtgg ccgtgtccgg 1740

gttgctgtcg cccggccgga tcaccccgct cg 1772

Figure A.8.19 Contig P1 1201bp

cgacccacgg cagcgcgcga atcgcgaggc cgccgagcca gtagccgagc ggcccgtcgg 60

acgtgacgaa tttgccgacg agattgggca gcagccagtc gtgcaggccg ccttgcgcca 120

tcgtccacat cacgccgaag cctgccgcgt cctcgttctt ccacggatcg cggccgaaca 180

gcccgaacgc cgcgtagacg atgcagagcg tgagcagcag ccagcgcggc agcgcgcggg 240

tggcggaagc ggtaaggcga acgacaggct tcatgcagat gggggcaaga ggatggacga 300

catgccggcg cgcgagcggc gggcggtttc gggcatccgg cattgtagac gcgccggccg 360

gcacgcgtca gcgaatcggc gggcccgcgc ggcaccggtg gcgcgcggga tcgacaggga 420

taaaaaaagg cagcctgggc tgcctttctt gcggaaccgg cccggcgcga agccggatgc 480

cgatgcggtc gcgaagctta cttcgcggcc ttgccgctgg cgcgtgcgcc gaacttgttc 540

ttgaacttct cgacgcgccc cgccgtatcc atgatctttt gctggccggt gtagaacgag 600

tgcgattccg acgacacttc gatcttcgcg agcgggtagg tcttgccttc gaattcgatg 660

gtttcgcgcg tctggatcgt cgagcgcgtg atgaacttga agccgttcga catgtcttgg 720

aagacgactt cgcggtaatc cgggtgaatg ccttgtttca tggtttttcc tgtgtaagag 780

cggtagccag cccgccgctt ggcgcatcgc ggcgcgcgtc gcacgatgtc cggacacggc 840

cggcgcattc gtactgggcg caccagaatc gacgcccgtc ggcgctgcgc ggtgcgaaag 900

cccggcgcga gccacttgcc taaggtcgaa agctcgcgat tatgccagaa aatcaggcgc 960

ttggcgactt tttcgtcagc cgtgcgcggc ggagcccgcg aggcaccccg tgcgcgcggg 1020

atcctgccgg taatagcggg cgagcagccg gtaaagctcc ggaaattcgg cttcgaacgg 1080

gcgcggcttg acgaagagcg cctcgctgca gaccgcgaag aattccgacg ggtggtcggc 1140

cgcgtacggg tcgatcagcg aatcgcgctc gaagcgcgcc cacgcgcgct ccggcaccgc 1200

g 1201

Figure A.8.20 Contig I 1390bp

gacatggagg cccagaatac cctccttgac agtcttgacg tgcgcagctc aggggcatga 60

tgtgactgtc gcccgtacat ttagcccata catccccatg tataatcatt tgcatccata 120

cattttgatg gccgcgcggc gcgaagcaaa aattacggct cctcgctgca gacctgcgag 180

cagggaaacg ctcccctcac agacgcgttg aattgtcccc acgccgcgcc cctgtagaga 240

aatataaaag gttaggattt gccactgagg ttcttctttc atatacttcc ttttaaaatc 300

ttgctaggat acagttctca catcacatcc gaacataaac aaccatgggt aaggaaaaga 360

ctcacgtttc gaggccgcga ttaaattcca acatggatgc tgatttatat gggtataaat 420

gggctcgcga taatgtcggg caatcaggtg cgacaatcta tcgattgtat gggaagcccg 480

atgcgccaga gttgtttctg aaacatggca aaggtagcgt tgccaatgat gttacagatg 540

agatggtcag actaaactgg ctgacggaat ttatgcctct tccgaccatc aagcatttta 600

tccgtactcc tgatgatgca tggttactca ccactgcgat ccccggcaaa acagcattcc 660

aggtattaga agaatatcct gattcaggtg aaaatattgt tgatgcgctg gcagtgttcc 720

tgcgccggtt gcattcgatt cctgtttgta attgtccttt taacagcgat cgcgtatttc 780

gtctcgctca ggcgcaatca cgaatgaata acggtttggt tgatgcgagt gattttgatg 840

acgagcgtaa tggctggcct gttgaacaag tctggaaaga aatgcataag cttttgccat 900

tctcaccgga ttcagtcgtc actcatggtg atttctcact tgataacctt atttttgacg 960

aggggaaatt aataggttgt attgatgttg gacgagtcgg aatcgcagac cgataccagg 1020
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atcttgccat cctatggaac tgcctcggtg agttttctcc ttcattacag aaacggcttt 1080

ttcaaaaata tggtattgat aatcctgata tgaataaatt gcagtttcat ttgatgctcg 1140

atgagttttt ctaatcagta ctgacaataa aaagattctt gttttcaaga acttgtcatt 1200

tgtatagttt ttttatattg tagttgttct attttaatca aatgttagcg tgatttatat 1260

tttttttcgc ctcgacatca tctgcccaga tgcgaagtta agtgcgcaga aagtaatatc 1320

atgcgtcaat cgtatgtgaa tgctggtcgc tatactgctg tcgattcgat actaacgccg 1380

ccatccaaga 1390

Figure A.8.21 Contig 11RF-smF 1053bp

ggcagaagtt cgtgatcggt gacgctgact tgcgagtcct ccgagaagcc cagcgttcgc 60

tggtcccgct gaagacagcg gctcgatatg ccgggatgtc cacgagacgt atccaggcac 120

tggcaacggc gggcctgctt gcatcaaccg acacccggat cgacacgagg tccgttgatc 180

gtctgctcaa cgacatcgtg gcagccagtg tccgaaacct acgggcgttt gaggatccag 240

tcagcgtagc cgatgccttg cgtctgtaca ttcctgttaa agcctcagcg gtattcttta 300

atcgactcgt gaaaggttcc gtgcgccttg tcttcgagcc ggacaatgca ccgatacttc 360

ggaacatgtt cgccaaccgc aacgaggtgc gctccgctgc agagatgccg gtcgaaccga 420

gctcccagat atctattgtt gaggccgccc gtcggctcgg cgtcaaacag gaggtgatgt 480

accacctgat caacaaaggc ctggtcagga cccgaatggg caaactgggg caccgggcag 540

cgagagtcgt tgatgtcgat gacctacgga cgttcgccga acaatttctg ccgctgttca 600

ccgtagcgaa ggcgacggga atttccgctc gcgaagcgcc agattgggcc aggctgcatg 660

gcattgagat cgtcactgga ccatcagtcg acggcggacg gcagtactgg atccgcaggc 720

aggcgtggaa atttcctgca gcgtagcgtg tcaagcgtga agtattgatt ttcgtgggtc 780

gtgtgccccc tgtcctgcat caggatgcgt atcgacactg tcgaacgacc tggattgccg 840

ccagctagtc aggtcagcaa ccagaccttt gattgtgaaa ccatgaaact gctcattctg 900

tctgatctgc ataatgaatt cgagtcgatc gcagctgatg tggaggctgt cgctcgggcc 960

gacgtcgtcg tgctggccgg cgatatccac acgaagaatc ggagcattga atgggctcgg 1020

gcatttgtcg gcgatccggc gaagcccgtc atc 1053

Figure A.8.22 Contig S 219bp

gacctgaccg ccctcgaccc aatcatcgac ggatttcacc taacacgagt cttaatggac 60

ggcggtagta gcctcaacct gctctatcag gatatagtgc ggaagatggg cattaatccc 120

tcacgaatca aacccacaaa gactaccttt aaaggagtca taccaggcgt agaggcccgt 180

tgtacgggct caatcacgct ggaggtggtc ttcggttct 219

Figure A.8.23 Contig L 816bp

cgaccaggac ggcccacagg aggatggtgg tcacggccaa ggcggtttcg acttcgacgt 60

cgccggcctc gtgcgcggta tccgcgagga catcgagtcc gccaagacgc ccgaagacct 120

agacctggcc cgtagcgcga tcagcggtgt gccggatgaa accgccaagg ccgaactgaa 180

cgccctcgcc tcggcgcgta tgcgcgctat caccgccgcg gcggagcaat cggccgccgg 240

caaagcgacc gcccaaacga ccgcgccggc cggccgccgg acgcgcggcc cgatcagcgc 300

cgactaaccc atccaattct ccgccaagga tttcgacatg accgacaaga acgtcctcca 360

tatgactgcc gagacgatcg gcaaagacct gctgtccgcg ctcgttaccg agatcaagct 420

gatgccggac ctctgggtca agctgtccca gaacaagcag aacgacgtca tcgaccggct 480

gcgtgcgcgc gtcgagcaca acgtcaagat ggcgacgcac ctgatcgcga gcgatggccg 540

tgtcgttgtc caaggcgacc tcgtgcagat cacgatcaag gacggcgtca aagcggcggt 600

ggaattcagc agcgccgcgc cgaatctcca tgacctgtat gacgcgcaag gcaaagccgt 660

cctgatcgtc gtcgcgaacg ctgccgcgca caccggcggc atggacgaga tccgcggcga 720

gtcagatcag cgcggtctcg atctcggtcg cgagtacacg gacgacaacg gcgacggcat 780

ggacggccag cggcccgacg gggactacgt cgtcta 816

Figure A.8.24 Contig DX 968bp

cgacgccgag ttccgcgagg tgccgaagct cggcgacggc ccaacgcaag cgcagatcga 60

cgagcagcat caggccggcc ggcaggcggc cgccgacggc aagcccgaaa gcgaatgccc 120

cgtgatggcc ggcgagctgt gcatcgcatg ggtgaagggc tggaaggagt ggcatgagga 180

acaagccgcc tccggtaacg aggatccgct gtacgcccaa gtcgaagcgt tcgtgatcga 240

gcagcagaaa gtgtcgattt cgagcgtgca gcgccagttc aagatcggct acaaccgcgc 300
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cgcgcggctg gtggagctgc tcgaagccaa gggcatcgtc agtgcgatgg attcggacgg 360

cggccgcacg gtgctgcggc cgcgcggacc gcagggagag gaatcgtgaa aatcaccgac 420

atctacgtgg cgaacgttct cgggatccgc acggcggacc tccggctcgc caaacccgtc 480

tccctcttca ccggcccgaa cggcgctggc aagagcagcc tacaggaagc cgtgcgcatg 540

gcgctcaccg gtgacacggt gcgtgtcgcg ctgaagaagg aatacggctc gctcgtcacc 600

gagggagccg acggcggcca gatcgtggtt gcgtgcggcg agcaggcgaa cagcgtcatg 660

ctgccgtccg gaaagctgaa gcgcgaactc gccgaggacc cgcgccttcc gctggtactc 720

gacgcgcagc gattcgcgca cctcggcccg gctgagcggc gcgcattcct gtacgacctg 780

atgggcgtga agatcggcgt cgacgaaatg cgcgcccggc tcctggacaa gctcgggttc 840

cgcgccgatg cggtgccagc tccggccgcc gcgcggctcg ctgccatcac gccgatgttg 900

cgcgccggct ttgaagcggc gcagaaggaa gccgccgacc gcgcacgcgg cgcgaagcag 960

tcgtggcg 968

Figure A.8.25 Contig 2FR 1689bp

gccgagatgg atcatcttcg tgccggtgtc ggcctgctgg cagtggttcg atacggcgat 60

cgaatggaac tcgccgctcg attcgtcgcc gcgcagcacg acgctcggat atttccacgt 120

gatcgcggaa cccgtctcga tctgcgtcca cgcgatccgc gagcgcgccc ccgcgcacag 180

gccgcgcttg gtcacgaagt tgtagatgcc gcccacgccg tccgcgtcgc ccggatacca 240

gttctgcacg gtcgagtact tgatgtgcgc gtcgtcgtgc gcgacgagct cgacgacggc 300

cgcgtgcagc tgatgctcgt cgcgctgcgg cgcggtgcag ccttcgagat agctgacgtg 360

gctgccgggc tccgcgatga tcagcgtgcg ctcgaactgg ccggtgtttt gcgcgttgat 420

ccggaagtac gacgagagct ccatcgggca gcgcacgcct tgcggcacgt agatgaacga 480

gccgtcggag aacacggccg agttcagcgc cgcatagaaa ttgtcggcgg gcggcacgac 540

ggtgccgagg tagcgctcga tcagttcggg gtgatgctcg accgcgtgcg agaacgagca 600

gaagatcacg cccgctgcgg cgagctgctc gcgaaacgtc gtgccgaccg ataccgaatc 660

gaacacggcg tccaccgcga cgcccgcgag ccgggcgcgc tcgtgcagcg gcacgttcag 720

cttttcgtag ttcgagcagc ttcggtcgac ttcgtcgagg ctctttggct gatccttcag 780

cgatttcggc gccgagtagt acgactgcgc ctggaaatcg atcggcgcga tgcgcagctt 840

gccccaatcg ggcggcgaca tcgcgagcca gcgctcgaat gcggcgagcc gccatttcag 900

caggaacgcc ggttcgcgct tgcggcgcga gatctcccga acgacgccct cgtcgaggcc 960

cggcggtagc gaatcggatt cgatatcggt cacgaagccg tgccggtacg tttgttcgag 1020

cgctctggcg agcggcgtgg gttgatcgac gttgagcatg ggcgaatcca tgtagagcag 1080

ggcggtagcc tccgcgcggt tcgacgtgcg acgcgcggcg cgactcggtt cggtcgttgg 1140

ccttaattgc tgtatatggt atgcatctat ttggcgggcc gcaagcgtgc gttcggagac 1200

cctgcttcga gtcgtgtctt tgccgcaggg gcgcggcggg gcgcggccgg caaacgaggc 1260

ggcgccgccc gcgcgtgcga caagaggccg cagtcgcgcg acgggcagcg ggggtcgcat 1320

cagccacgag gatgcgtgtt cgaacgacgc ggcggcccgc tggagttcac ggtggggatg 1380

acgcgcgaga ctgcttcggc atccttctcg atcggggacg gatgcgcgag ggcgacgatg 1440

cgccgcggtg ccggcatgct tcgcaccgcg gtcgcggcag tagcggctgc cgccgcatcg 1500

cacgtcgccc gcggcgcggc ggcgcgttcg aacgccgcgc gggcaggtca accggccttg 1560

ccgtcgatac gcggcgcggt cagatagccg gtgtaacgca atgcatacac cgcgaacgcg 1620

gccacccagc acgcgcccgc gacgtcgatc cagacgcgcg tcgcatcggg cgcgatccac 1680

ggtgcgaac 1689

Figure A.8.26 Contig Dr-15b3F 1279bp 

gatcggcagc ggcaaggaca tcaatgttca aggtagtacg gtcgtcggta cgcacgatgt 60

ggcgctgaat gcggcgcacg acgtgaacat aacgacgtcg caggacacca gccaatcgtc 120

gaccacctat caggaacagc actcgggttt gatgtcgggc ggcggtctgt ctttctcggc 180

cggcaacagc aagctcgcgc agcagaatca atcctcgagc gtcacgaaca acgccagcac 240

ggtcggctcg gtcgacggca atctgaccgt caatgcgggt aatacgctgc acgtgaaagg 300

cagcgatctg gtcgcgggca aggatgtgac cgggacggcg gcgaacatcg tcgtcgattc 360

ggccaccgac accacgcatc aagcgcaaca gcagcagacg agcaagagcg ggctgacggt 420

cggcctgtcg ggctcggtgg gcgatgcgat caacaatgcg atcagcgaga cgcaggccgc 480

gcgcgaatcg gcgaaggata gcaacggccg cgcatcggca ctgcatagca tcgcggcggc 540

cggtgatgtg gcattcggcg gtttgggggc caaggccctg ctggacggcg cgaaggggcc 600

gcaggccccg agcatcggcg tgcaggtcag tgtcggttcg agccatagtt cgatgcagtc 660

gtcggaggat cagacgattc agcgcggctc cagcattaac gcgggcggca atgcgaagct 720
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gatcgcgacg ggcaacggta cgccgaagga cggcaacatc acgatcgcgg gctcgaacgt 780

gaacgcggcc aacgtggcgt tggtcgcgaa caaccaggtc aatctcgtca acacgaccga 840

tacggacaag acgcagagtt cgaactcgtc gtcggggtcg agcgtcggcg tgtcgatcgg 900

cacgaacggc atcggcgtct ccgcatcgat gcagcgcgcg cacggcgacg ggaattcgga 960

cgcggcgatc cagaacaaca cgcacatcaa cgccagccag accgcgacca ttgtcagcgg 1020

cggcgacacg aacgtgatcg gcgcgaacgt gaacgcgaac aaggttgtgg ccgacgtagg 1080

cggcaacctg aacgtggcga gcgtccagga cacgaccgta agcgccgcgc atcagtcgag 1140

cgcgggtggc ggcttcacga tcagccagac cggcggcgga gcgagcttca gtgcgcagaa 1200

cggccacgcg gacggcaact atgcgggcgt gaaagagcag gccggcatcc aggcgggctc 1260

cggtggtttc gacgtgacc 1279
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