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Abstract
Signature Tagged Mutagenesis (STM) is a validated means of creating and labelling transposon generated bacterial
mutants that can be screened in vivo for loss of virulence. The pathogenic H. influenzae strain Rd-b+ was
mutagenized with Tnl545-A3 and a variety of stable single gene disruption mutants were created. Tu7545-A3 was
adapted to contain signature tags, and transposons that contained pre-selected tags, that amplified and hybridized
efficiently, were introduced into Rd-b+ by conjugation.
A biologically relevant animal model, the five-day old infant rat model, was adapted for STM and two
thousand two hundred H. influenzae mutants were screened for those that could not survive in vivo. One hundred
and twenty six mutants were identified, of which 39 were almost completely unable to survive and 87 had reduced
survival. Transposon insertion sites were amplified by ARB-PCR. One of the disrupted genes, IS1016, controls
amplification of the type b capsulation locus and is a known virulence determinant; hence this hit validates the
technique. The mutant did not express capsule implying that the capsulation locus may be under transcriptional
control by IS 1016. Other mutants that were completely absent in output pools included those with hits in the genes
encoding malate oxidoreductase and L-lactate permease. The implication is that lactate may be a major carbon
source for H. influenzae in vivo and may be a signal for the phenotypic shift that occurs with in vivo growth and
survival. A better appreciation of the dual role of some house keeping genes in virulence was gained through a
collaborative study of the in vivo survival of central metabolic pathway mutants created by site-directed
mutagenesis of H. influenzae (J. Reidl, Wurzburg).
STM has advanced the understanding of the pathogenesis and physiology of H. influenzae, and this
knowledge may ultimately lead to the development of new vaccines and antibiotics.
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Chapter 1

Introduction

1.1 Haemophilus influenzae: microbiology, disease and importance
The species Haemophilus influenzae belongs to the family PasteureUaceae. It is a small, nonmotile, non-spore
forming. Gram negative pleomorphic rod that ranges in shape from coccobacillus to long filament It requires X and
V factors (hemin and NAD, respectively) for aerobic growth on artificial media, or can be facultatively anaerobic
(Moxon 1991; Slack 1990). H. influenzae is classified as non-typeable (NTHi) or typeable, with six antigenically
distinct serotypes (a-f). Meningitis and epiglottitis (Slack 1990) are the commonest life-threatening manifestations
of II. influenzae type b (I lib) infection in countries that have not established programs for immunisation against Ilib
(Gonzalez Valdepena et al. 1995; Jordens and Slack 1995). Strain Eagan is the archetypical pathogenic strain and
has a genome of approximately 2.1 Mb (Butler and Moxon 1990) whereas Rd is an avirulent strain with a 1.83 Mb
genome that has been completely sequenced and contains approximately 1,740 open reading frames (Fleischmann et
al. 1995).
Invasive Hib disease is now rare in children in the UK, but remains prevalent in the many countries that do
not have national immunization programmes. Capsular types (a and c-f) cause invasive disease as does nontypeable
H. influenzae (NTHi) (Murphy and Apicella 1987). NTHi is part responsible for causing otitis media (Teele et al.
1990), sinusitis (Brook 1996), conjunctivitis (Brook 1980) and community acquired pneumonia (Moxon and Wilson
1991) and is frequently implicated in exacerbation of chronic lung disease, such as chronic bronchitis (Murphy and
Apicella 1987), bronchiectasis, cystic fibrosis (Doem and Brogden-Torres 1992). The species may also cause a
variety of rare infections including, parapneumonic effusions and empyema (Freij et al. 1984), genito-urinary sepsis
(Bendig et al. 1991; Morgan and Hamilton-Miller 1990), endocarditis, osteomyelitis (Beltrani et al. 1987), septic
arthritis (Borenstein and Simon 1986), obstetric and neonatal infections (Campognone and Singer 1986; Quentin et
al. 1990; Wong and Ng 1991) and Brazilian Purpuric Fever (BFF) (Group 1987a; Group 1987b; Zwahlen et al.
1989). The burden of disease is difficult to define but H. influenzae is the second leading bacterial cause of
community acquired pneumonia, possibly accounting for many thousands of deaths per year worldwide, especially
affecting children in tropical countries (Moxon and Wilson 1991; Selwyn 1990). The incidence of invasive
Haemophilus disease in adults is somewhere in the region of 0.2 to 1.7 cases per 100,000 (Farley et al. 1992a;
Farley et al. 1992b). Chloramphenicol and ampicillin resistance amongst H. influenzae isolates has risen since the

1970's to the extent that neither antimicrobial can be recommended as a first-line therapeutic agent (de Groot et al.
1991; Jorgensen 1992). Fortunately, H. influenzae is almost uniformly susceptible to third generation
cephalosporins, but there is always a possibility that it will acquire broader antibiotic resistance (Cohen 1992).
Enhancing our understanding of virulence mechanisms may lead to the identification of targets for novel vaccine
and antibiotic development A vaccine that prevents all H. influenzae infection, rather than just Hib, would be
highly valuable (Foxwell et al. 1998b).
Historically, research on H. influenzae has contributed to the fields of bacterial genetics, molecular
biology, pathogenesis and vaccine development: H. influenzae was the second example of a naturally transformable
organism (Goodgal and Harriott 1961); type II restriction enzymes were discovered in H. influenzae (Smith and
Marley 1980; Smith and Wilcox 1992); the Hib vaccine was the first highly successful conjugate vaccine (Barbour
et al. 1993); and H. influenzae was the first free-living organism to have its genome fully sequenced (Fleischmann et
al. 1995). The potential biotechnological utility of regulating competence has generated intense interest in
transformation for four decades (Goodgal and Herriott 1961; Herriott et al. 1970a; Tomb et al. 1989).
Signature Tagged Mutagenesis (STM) (Hensel et al. 1995) is a means of generating tagged transposon
mutants. Tagging means that it is feasible to use animal models to screen for virulence genes and genes that effect
in vivo survival. STM combines the power of transposon mutagenesis with the ability to determine the fate of tens
of varied mutants screened through single animals. Every bacterial mutant generated carries a unique tag,
effectively bar-coding them, so that they can be individually recognised in a pool of mutants, and after passage
through an animal, non-survivors can be recognized by a process termed ‘negative selection*. These non-survivors
are presumed to have mutations in genes required for in vivo survival. The value of STM is that it permits
identification of virulence genes in pools of mutants subjected to all the complexity of the host defences.
STM has been developed in this work with the aim of demonstrating its applicability to identifying
virulence and transformation genes in H. influenzae, with the implication that it could then be adapted to study
NTHi. STM requires a tagged mutagenesis system that is functional in the bacterium of interest, and a means of
selecting mutants such as an animal model for selecting against avirulent mutants. In this chapter, molecular aspects
of H. influenzae pathogenesis and competence are reviewed, including the development of the infant rat model of
human disease, followed by a ‘state of the art* review of H. influenzae mutagenesis and an outline of the STM
technique.
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1.2 Molecular aspects of H. influenzae virulence.
The pathogenesis of H. influenzae has recently been comprehensively reviewed by Tang and colleagues (Tang et al.
1999). An outline of the organisms virulence mechanisms is given here, based on the schema of Finlay and Falkow
in their reviews on ‘common themes in microbial pathogenicity* (Finlay and Falkow 1989; Finlay and Falkow
1997). H. influenzae is a commensal of the human nasopharynx and invasive disease is a rare event When it does
occur, H. influenzae gains access to the blood by traversing the respiratory epithelia and vascular endothelia (Rubin
and Moxon 1983), and from the blood the organism may cross the blood-brain barrier to cause meningitis (Moxon
et al. 1977; Moxon and Murphy 1978). Some of the essential steps in this process have been at least partly
characterized, such as adhesion in the nasopharynx, interaction with respiratory epithelial cells, uptake and passage
across cells, and evasion of immune and inflammatory systems in the blood.
1.2.1 Adherence
Adherence is a prerequisite to colonization and considered necessary for invasion. The H. influenzae adhesins have
been reviewed by Gilsdorf, St Geme and Foxwell (Foxwell et al. 1998b; Gilsdorf et al. 1997; S t Geme 1997). They
include: long, thick haemagglutinating pili encoded at the h if locus (Gilsdorf et al. 1997); three distinct forms of
non-haemagglutinating pili (Brinton et al. 1989); peritrichous pili of biotype IV NTHi (Rosenau et al. 1993);
fimbriae on NTHi with homology to OMP-A of E. coli (Sirakova et al. 1994); HMW 1 + 2 adhesins of NTHi
(Barenkamp and Leininger 1992; St Geme et al. 1993; S t Geme and Falkow 1990); and the products of hia (St.
Geme et al. 1998), As/(St Geme et al. 1996) and hap genes (St Geme et al. 1994). Initially, H. influenzae binds to
mucin via outer membrane proteins (Davies et al. 1995; Foxwell et al. 1998b; Reddy et al. 1996) and then adheres
to respiratory epithelial cells by pili or other adhesins. Pili are phase variable and probably only transiently
expressed in the early stage of adherence, but are thought to be important in initiating contact (Anderson et al. 1985;
Weber et al. 1991). The major pilus type is the product of hifA-E locus (Gilsdorf 1998; Mhlanga-Mutangadura et al.
1998) and its targets are gangliosides (Fakih et al. 1997).
In addition to these known adhesins, a search of the H. influenzae Rd genome database
(http://www.tigr.org/tdb/mdb/hidb/hidb.htmn reveals several genes with homologies to adhesins from other
pathogens. These include, HI0414 and HI1174 (with homology to opa66 of Neisseria gonorrhoeae) (Jerse and Rest
1997), HH457 (opaD of Neisseria meningitidis) (Viiji ct al. 1993), HI0119 and III0362 (fimA of Streptococcus
parasanguis)

(Oligino and Fives-Taylor

1993), and HH732

{aidA-\, which confers adherence of

enterohaemorrhagic Escherichia coli to epithelial cells) (Benz and Schmidt 1992). It has yet to be determined

13

whether these homologs are true H. influenzae adhesins.
1 ^ 2 Toxins
RTX pore forming toxins. Hemolysins and leukotoxins are produced by members of the PasteureUaceae (Braun et
al. 1993) and are major virulence factors in Actinobacülus pleuropneumoniae (Tascon et al. 1994), H. ducreyi
(Totten et al. 1995) and PasteureUa spp. (Lo 1990). A virulence-enhancing hemolysin has not been reported for H.
influenzae, but three open reading frames (orfs) in the Rd genome, HI0301, HI1658 and HI1051, respectively, are
reported as having homology to hemolysin genes of Serpulina hyodysenteriae (Hyatt et al. 1994), A.
pleuropneumonia and A. actinomycetemcomitans (Lo 1990). Ascertaining function based on homology is difficult,
however, and in silico comparison of genes across species may be meaningless.
Immunoglobulin A (IgA) proteases. Secretion of IgAl proteases is a characteristic feature of H. influenzae and
other organisms that form the oral flora; they may inactivate salivary IgA by cleavage (Kilian et al. 1995; Marcotte
and Lavoie 1998) or have other functions. In this respect, the product of hap in NTHi has homology to the IgAl
proteases and is involved in adhesion (S t Geme et al. 1994).
Endotoxin and peptidoglycan. LPS, and to a lesser extent pepddoglycan, of H. influenzae are cytotoxic,
proinflammatory and mediate host tissue damage (Syrogiannopoulos et al. 1988). In the respiratory tract both have
been implicated in impairing ciliary function and directly causing epithelial cell damage (Read et al. 1992; Read et
al. 1991). During meningitis they cause meningeal inflammation, cerebral oedema and CSF leukocytosis
(Burroughs et al. 1993).
1JL3 Invasins
H. influenzae is internalised into epithelial and endothelial ceUs in vitro (Johnson et al. 1996; Viiji et al. 1992).
Once contact has been made with endothelial cells in an in vitro system, intracellular signalling pathways are
activated and initiate cytoplasmic processes and membrane ruffling at the cell surfaces (Viiji et al. 1992).
Cytoplasmic folds form adjacent to the attached bacterium, these develop into cytoplasmic processes and ultimately
fuse to enclose H. influenzae within a vacuole.
No specific invasins have been described for H. influenzae, however the genome database contains a
number of o rf s with homology to virulence genes in other pathogens. These include: HI1251, HI0322, HI0947 and
HI0450 (homolgy to the virulence associated protein, wzpA-D, operon of Dichelobacter nodosus) (Billington et al.
1996), HH46O (yopA of Yersinia spp, produces an invasin essential for epithelial cells penetration) (Rosqvist et al.
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1988), HI0901 (mvA of Bartonella bacilliformis) and HI0861 (vacB, a virulence associated protein of E. coli and
Shigella dysenteriae, without which these organisms cannot express full virulence) (Cheng et al. 1998b). The
functional significance of these homologies is unknown.
1.2.4 Iron binding and acquisition
H. influenzae requires exogenous iron and has distinct iron-scavenging proteins on its surface to obtain iron from
the deplete environment of the nasopharynx. Transferrin and lactoferrin binding proteins (Tbps and Lbps)(GrayOwen et al. 1995) acquire iron from transferrin and lactoferrin, respectively, and channel it across the bacterial outer
membrane. Heme is acquired by hemin binding protein A, HbpA (Jin et al. 1996). Heme-hemopexin is bound by
the HxuA protein (Cope et al. 1998) and by a 57kDa protein (Wong et al. 1995). Once iron has been acquired three
systems transport it across the periplasmic space. TonB/ExbB dissociate the iron from Tbps (Jarosik and Hansen
1995; Jarosik et al. 1995), ferric binding protein (Fbp) transfers iron acquired from transferrin, iron citrate or hemin
(Kirby et al. 1997), and the products of the hitA-C operon acquire iron from a number of sources including
transferrin (Sanders et al. 1994a). The Rd genome contains a number of o rfs with homologies to genes encoding
iron-acquisidon proteins of other pathogens; but the relevance is unknown.
I.2^ Survival in vivo
1.2.5.1 Capsular polysaccharide
H. influenzjae has one of six antigenically distinct capsules (a-f) or is classified as acapsulate or non-typeable
(NTHi). From all studies of colonizing and invasive isolates of H. influenzae, it is clear that the majority of
colonizing strains are NTHi whereas the majority of blood stream isolates are Hib (Moxon 1992; Pitman 1931; S t
Geme 1997). The notion that the type b capsular polysaccharide confers in vivo survival capacity has been
confirmed by studies in the infant rat model (Moxon and Vaughn 1981; Turk 1984). Chromosomal DNA carrying
the type b capsulation locus transformed into the avirulent H. influenzae strain Rd confers virulence, giving rise to
strains Rd-b+:01 and Rd-b+:02 (Zwahlen et al. 1985; Zwahlen et al. 1983). When H. influenzae Rd is transformed
with capsular types (a-f) and each transformant tested in the infant rat, Rd-b+ produces the greatest magnitude of
bacteraemia (Zwahlen et al. 1989; Zwahlen et al. 1983).
The type b capsulation locus is a compound transposon flanked by IS1016 and contains three gene regions
(Kroll 1992; Kroll et al. 1991a). Region 1 encodes capsular export functions, including an ABC transporter (bexA)
(Kroll et al. 1990a). Region 2 contains the serotype specific capsule genes, and region 3 has unknown function.

Regions 1 and 3 are referred to as the chassis. In Hib there are two copies of the capsulation locus in tandem repeat
formation (Hoiseth et al. 1986). One copy of the chassis always has a partial deletion (Kroll et al. 1988), and
recombinatorial reduction usually leaves the non functional copy and capsule is not expressed (Hoiseth et al. 1985).
The locus can be amplified from two to five multimers and in a gene dose dependent fashion such strains produce
up to five times the amount of capsule, conferring survival advantage (Deitsch et al. 1997; Hoiseth et al. 1992). The
capsular loci of the other serotypes are unable to undergo amplification, and some Hib have only one copy of the
locus; all are less pathogenic than Hib with the duplication (Musser et al. 1988). Although the capsule is considered
the major virulence determinant, the Hib chassis that has acquired the virulence enhancing deletion is also
important Transfer of this attribute to the other capsular serotypes could theoretically lead to the development of
‘vaccine-escaped* strains (Kroll and Moxon 1990b), and in this respect an invasive type a H. influenzae with the
amplifiable type b chassis has been isolated in the Gambia (Kroll et al. 1994).
1.2.5.2 Lipopolysaccharide
H.

influenzae lipopolysaccharide (LPS) consists of lipid A linked to core oligosaccharides via a single

ketodeoxyoctulosonic acid moiety and three heptoses. An almost full complement of biosynthetic genes have been
identified since the release of the H. influenzae genome sequence by homology searches with known LPS
biosynthetic genes in other organisms (Hood et al. 1996a). The loss of two or three hexose sugars from Eagan LPS
reduces the bacteraemia in the infant rat model by about one hundred fold following an intraperitoneal challenge of
200 organisms. Having only one or two hexoses attached to the heptose backbone results in complete loss of
virulence. This attenuation may be a direct loss of an LPS virulence attribute or an indirect effect caused by
alteration of the bacterial outer membrane. The role of the liclA icl products in H. influenzae is to attach
phosphorylcholine and digalactoside, respectively, to LPS. The digalactyoside is important for serum resistance and
the presence of phosphorylcholine for nasopharyngeal colonization (Weiser et al. 1997). Early work that indicated
that LPS type influences in vivo survival was the finding that when H. influenzae Rd was transformed with whole
genomic DNA from Eagan the transformants had two distinctive Rd-b+ phcnutypcs, Rd-b+:01 and Rd-b+:02, that
differed in their LPS composition. Rd-b+:02 was more virulent in the infant rat model than Rd-b+:01 (Moxon 1992;
Zwahlen et al. 1986).
1.2.5.3 SOD and catalase
Manganese-containing superoxide dismutase (Mn-SOD) encoded by sodA (Kroll et al. 1993) and Cu,Zn-SOD
(Kroll et al. 1995) have both been described in H. influenzae. The role of secreted or periplasmic SOD is unknown,
but in Haemophilus it may confer survival advantage by accelerating dismutation of superoxides to hydrogen
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peroxide potentially preventing bacterial killing by free-oxygen radicals and contributing through H2O2 production
to epithelial damage and disruption of the host mucociliary escalator (Kroll et al. 1991b). In the infant rat model, a
SodA- mutant had impaired nasopharyngeal colonization, but its ability to cause invasive disease was unaffected
(DMello et al. 1997). This suggests that after invasion, the growth disadvantage imposed by a SodA- phenotype is
not limiting. Catalase is encoded by hkiE, is peroxide-inducible and may have a role in enabling H. influenzae to
resist the oxidative burst of host inflammatory cells (Bishai et al. 1994a; Bishai et al. 1994b).
1.2.6 Interaction with the human immune system
1.2.6.1 Antigenic variation
Colonization by H. influenzae starts early in life and persistence may be as short as one month or for prolonged
periods so that between 25-80% of humans arc carriers at anyone time (Faden et al. 1995; Smith-Vaughan ct al.
1996; Smith-Vaughan et al. 1997; Spinola et al. 1986; Trottier et al. 1989). The mechanism by which H. influenzae
persists in the nasopharynx is unknown, but may include antigenic variation, strain replacement and intracellular
survival (Deitsch et al. 1997; Gilsdorf 1998; Groeneveld et al. 1988; Groeneveld et al. 1989).
1.2.6.2 Contingency genes
H. influenzae Rd has twelve contingency genes, that contain repetitive motifs that between generations are liable to
slippage, putting the genes in or out of frame (Brookes 1998; Hood et al. 1996b; Moxon et al. 1994). They include
LPS biosynthetic genes, an adhesin with homology to yadA, and genes whose products are involved in iron binding
(Hood et al. 1996b). These highly mutable loci allow independent variation of a sub-set of the surface expressed,
host interactive molecules with each new generation. Antigenic variation may also arise in H. influenzae through
point mutations (P2 and P5 variable regions), gene amplification (capsule), phase-variation with alteration of the
promoter structure (pili), and by horizontal gene transfer with homologous recombination (pili, IgA protease,
capsule and P2) (Gilsdorf 1998). Thus, if the host’s immune and inflammatory systems are effective in neareradication of a strain of H. influenzae, a small fraction may have a repetoire of surface molecules that are different
and not recognised for a time by the host defences, permitting survival of the population. Indeed highly mutable loci
may exist for just this purpose (Moxon et al. 1994).
1.2.6.3 Stealth mechanisms
Theoretically, immune evasion by H. influenzae may be through mimicry by attaching host molecules or displaying
bacterial molecules that resemble those of the host, or by hiding from the immune system, such as in an intracellular
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location. LPS, capsule and sialic acid all can resemble host molecules. For instance, many H. influenzae LPS types
have a terminal digalactoside, Gal-a-(l-4)-P-Gal, that resembles human glycosphingolipids and this structure is
under phase variable expression at the lie loci (Roche and Moxon 1995). H. influenzae may hide from the immune
system by entering into respiratory tract cells, occupying an intracellular niche in a recumbent state. H. influenzae
can be detected in adenoid tissue as determined by in situ hybridization (Forsgren et al. 1994), and is able to enter
epithelial cells, macrophages and endothelial cells, albeit in vitro (St Geme and Falkow 1990; Williams et al. 1991).
Opa66 has a potential role in intracellular survival of N. gonorrhoeae through acquisition of pyruvate (Jerse and
Rest 1997), but whether the H. influenzae surface protein with homology to Opa66 has any such role is open to wild
speculation. IgA proteases may be signalling molecules that act in the host cell and enhance intracellular survival by
interacting with LAMP1 and inhibiting lysosomal fusion in a similar fashion to Neisseria (Jerse and Rest 1997; Lin
et al. 1997). Intracellular survival may explain long-term persistence of H. influenzae in the nasopharynx or may be
one step towards invasion.
1.2.6.4 Enzymatic degradation of immune components
Two classes of H. influenzae IgA proteases cleave immunoglobulin A l (IgAl) in vitro (Grundy et al. 1990) and
may act in vivo to enhance survival by cleaving the Fc portion of IgA, abrogating its opsonic activity. Cleaved Fab
fragments may bind and competitively block the action of functional IgA and perhaps also of C3b and IgM (Kilian
ct al. 1996).
1.2.6.5 Inhibition of immune system components
Type b polysaccharide capsule inhibits the binding of the C3 complement component, and the amount of type b
capsule proportionately impedes complement lysis and phagocytosis of H. influenzae during invasion (Noel et al.
1996; Noel et al. 1990).
1 3 The infant rat model
The outbred, specific pathogen-free, Sprague-Dawley five-day old infant rat is believed to be a biologically relevant
model of invasive human H. influenzae infection. Established in the 1970’s, the model has valuable characteristics:
the route of entry (where intranasal inoculation is employed) and mode of dissemination appear to be the same as in
man; the course and duration of infection are predictable and reproducible within the limits of a natural infection;
and the technique of inducing infection is simple (Moxon 1975; Moxon et aL 1977). It has been well described,
validated and is the standard model for testing the virulence of H. influenzae mutants (Moxon 1982; Moxon and Vaughn

1981; Moxon et al. 1984). Nasopharyngeal (i.n.) or peritoneal (i.p.) inoculation leads to blood borne dissemination
and meningitis, although the usual inoculum differs for each route: 10*-10* organism i.n. compared with lO^lO3
organisms i.p. After i.n. inoculation with 107 Eagan, approximately 75% of infant rats become bacteraemic whether
the rats were 5, 10 or 20 days old, however the magnitude of the bacteraemia was inversely proportional to animal
age at time of inoculation (Moxon et al. 1977). The minimal lethal i.p. dose for newborn rats is less than 10
organisms, compared with 103*104cfii at 5 days old and ÎO7 lO*cfu at 10 days old (Smith et al. 1973). Five-day old
infant rats given an i.p. dose of 10* Eagan die within 2 hours, and 103 cfü is the LD#, with death occurring at 48-72
hours. Bacteraemia can be detected within minutes of a 103 i.p. injection and reaches a height of 2xl04 by 12 hours and
7X105 organisms/ ml by 24 hours; meningitis is always preceded by several hours of bacteraemia, consistait with the
notion that CSF entry is from the blood, involving crossing of the blood brain barrier (Moxon et al. 1977). Normally,
only encapsulated H. influenzae are able to cause disease in the model (Moxon and Vaughn 1981; Zwahlen et al. 1989),
but occasional highly virulent NTHi can do so also (Nizet et al. 1996; Rubin et al. 1989). For most studies an i.p. dose of
around 102 organisms is given and the rats are bled at 48 hours (Bishai et al. 1994a; DMello et al. 1997; Hood et al.
1996a). This dose means that the rats do not usually die before 48 hours. A 10-20ul tail bleed at 48 hours is the standard
method of recovering H. influenzae, and colony counts with this method compare within 1 log of counts from jugular
and cardiac puncture (Moxon et al. 1974).

1.4 In vivo survival biology
There appears to be some consistent features to H. influenzae invasive disease: the chance of infection correlates
with the size of the inoculating dose; there is a delay between the inoculation and the infection becoming established
(lag phase); inoculating a small number of organisms tends to result in infection by a single organism whereas
inoculating a large number produces a mixed infection; and disease is unlikely to arise from the inoculation of a
single organism (Moxon et al. 1977; Moxon and Murphy 1978).
In 1935, Halvorson proposed two differing models to explain how identical hosts could have different
outcomes when challenged with varying doses of a pathogenic organism (Halvorson 1935). The two models were
later termed the Cooperative Action Hypothesis and the Hypothesis of Independent Action (Rubin 1987). In the
Cooperative Action Hypothesis, inoculated organisms cooperate to saturate host defences, so that infection is
unlikely if the inoculum is small, yet occurs once an Individual Effective Dose (IED) had been delivered. In the
Hypothesis of Independent Action, inoculated organisms act independently, the events leading to infection being
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stochastic. Some evidence in support of the Hypothesis of Independent Action arose when Meyncll challenged mice
with Salmonella typhimurium and determined that inoculation of an IED in divided doses carried the same risk of
infection as when the whole dose was given (Meynell 1957; Meynell and Stocker 1957). The Birth-Death model
built on this latter hypothesis and assumed outcome was determined by successive random events that continually
operated as long as even one organism was viable in the host (Armitage et al. 1965; Williams and Meynell 1967).
The Cooperative Action Hypothesis never successfully explained how pathogens such as H. influenzae
could cause infection when the inoculum was small and clearly insufficient to overwhelm host defences. There
might be a role for this mechanism though in near-terminal stages of infection. For instance, a partially virulent
organism that has remained viable after inoculation but is unable to cause disease may be capable of multiplication
when host defences are diminished. This is the Partial Synergism Hypothesis.
If the Independent Action Hypothesis is a true reflection of the early infection process, at a low inoculum
of mixed organisms by chance only one or a few clones will be successful in causing disease. Whereas when a
larger inoculum is given, more clones will cause disease. And, when the inoculum is very large, the same number of
clones will cause disease as are in the inoculum. When considering a pool of mixed mutants in an STM experiment,
if the total dose of the input pool is low the output pool is likely to be a random subset of the survivors. If the total
dose of the input pool is too high, the host defences may quickly be overwhelmed and the animals die before any
selection has taken place. The output pool from animals in a pre-terminal state after a short incubation period may
thus contain a mixture of virulent and avirulent organisms as a consequence of non-selection and survival of
avirulent mutants by partial synergy. Establishing the optimum inoculum is an important part of establishing STM
for any pathogen, and is especially so for H. influenzae as the minimal disease causing dose and the LD# are so
low. The standard H. influenzae Eagan inoculum for the infant rat is around IxlO2 to IxlO3 colony forming units
(cfu), a dose that ensures all animals develop disease as long as the organism is fully virulent (Bishai et al. 1994a;
DMello et al. 1997; Hood et al. 1996a). Animals given an inoculum greater than IxlO3 cfu often die before 48
hours. The Individual Effective Dose may be much smaller than IxlO3 cfu, for instance an i.p. inoculum of less than
10 Eagan will usually cause disease.
1.5 Transformation
Much is known about transformation in H. influenzae. The species is naturally able to take up DNA from its
environment. The role has been considered to be nutritional, acquisition of DNA purely for its nucleotides
(Macfadyen et al. 1996). Alternatively, it may have developed for the assimilation of advantageous genetic material
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from the environment Such natural genetic exchange may be a way of establishing potentially important
chromosomal mosaicism that confers survival benefit (Kroll et al. 1998).
Identifying the genes that regulate transformation in H. influenzae could have utility in all molecular
biology cloning, and specifically in the H. influenzae field, the ability to control or enhance transformation would be
useful for studies of NTHi. The ability to develop competence is highly strain dependent and unrelated to the
presence of capsule (Rowji et al. 1989) and many NTHi are difficult to transform hampering molecular studies.
STM could be applied to identifying competence mechanisms in H. influenzae. An overview of transformation
genetics in this organism is given below.
H.

influenzjae is able to achieve low level competence in late exponential growth or high levels by a shift t

starvation medium ‘MTV’ or by transient anaerobiosis (Barcak et al. 1991; Goodgal and Herriott 1961; Herriott et
al. 1970a). Low levels of competence can also be achieved by the addition of cAMP to the media in early
exponential growth (Wise et al. 1973). With the induction of competence, specialised DNA uptake structures,
transformasomes, appear at the cell surface (Kahn et al. 1983; Kahn and Smith 1984). These were first noted in H.
parainfluenzas as vesicles or blebs, usually 10-12 per cell, with a diameter of approximately 20nm and in some
electron microscopic sections a 5nm pore could be seen between the vesicle and the cell surface (Kahn et al. 1983;
Spriggs 1987). In competent cells exposed to exogenous Haemophilus DNA, up take occurs within a few minutes,
transformasomes disappear and arc replaced by about 10 periplasmic and cytoplasmic vesicles from which the DNA
can be isolated (Deich and Hoyer 1982; Deich and Smith 1980). The DNA is transported out of the transformasome
into the cell cytoplasm by endocytosis and is quickly digested to a single strand, which is integrated into the
chromosome by homologous recombination. A nucleoprotein complex of recombination enzymes is hypothesized to
chaperone the incoming DNA whilst spooling through the chromosomal DNA searching for a match (Spriggs
1987). A similar sequence of events occurs during H. influenzae transformation, although the transformasomes are
up to lOOnm in size and are not internalized (Deich and Hoyer 1982).
A major advance in understanding the genetics of competence was the study of transformation deficient
mutants derived by TnlOkan shuttle mutagenesis (see table 1.1) (Chandler 1992; Chandler and Smith 1996;
Karudapuram and Barcak 1997; Karudapuram et al. 1995; Kupfer and McCarthy 1992; Macfadyen et al. 1996;
Macfadyen ct al. 1998; Tomb 1992; Tomb et al. 1989; Tomb et al. 1991). Recently, Tn976, in vitro Tn7, and nontransposon mutagenesis studies have contributed to an understanding of H. influenzae transformation (Dougherty
and Smith 1999; Gwinn et al. 1998; Gwinn et al. 1997), and the availability of the genome sequence in combination
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with bioinformatics and site-directed mutagenesis, has further elucidated the process (Gwinn et al. 1996; Williams
et al. 1994). Each mutagenesis study has added information about the genes impinging on the process of DNA
uptake and incorporation. Two transcription factors have roles in induction of competence: (1) The cyclic adenosine
monophosphate (cAMP)-cAMP receptor protein (CRP) complex (Botsford and Harman 1992) in H. influenzae
regulates several competence genes including sxy (see below)(Zulty and Barcak 1995). Levels of cAMP and
therefore of cAMP-CRP are part-regulated by the phosphoenol pyruvate phosphotransferase system (PTS) (Gwinn
et al. 1996; Macfadyen et al. 1996; Postma et al. ). (2) Several genes essential for transformation have an upstream
26bp palindromic competence-regulatory element (CRE). The CRE is positioned one helical turn upstream of the
genes* promoters and is a binding site for the product of the sxy gene (Zulty and Barcak 1995). These two regulating
systems and the other known genes that influence transformation are discussed below.
When cAMP is added exogenously to replicating H. influenzae it induces low level competence, an
indication that cAMP has some influence on competence (Wise et al. 1973). Exogenous or endogenously-formed
cAMP forms a complex with CRP, and cAMP-CRP up>-regulates many genes including those involved in catabolite
activation, some sugar uptake mechanisms and genes involved in transformation (Macfadyen et al. 1998); it also
negatively feeds back and represses cya, the gene encoding adenylate cyclase. This competence pathway has an
environmental signal, delivered through the PTS (Gwinn et al. 1996; Macfadyen et al. 1996). When fructose is
available in the environment, it is taken up and phosphorylated by an active mechanism involving the PTS. With a
decline in the availability of fructose, the PTS system switches to phosphorylating adenylate cyclase enhancing its
ability to convert ATP to cAMP. When fructose is deplete in the in vitro environment, competence is switched on
(Gwinn et al. 1996). However, fructose is likely to be deplete in the nasopharynx, thus it is likely that the PTS has
only a permissive role in competence development, maintaining sufficient cAMP levels for transformation to
proceed, rather than being the main inducing signal (Gwinn et al. 1997; Gwinn et al. 1996). Mutations in cya
(Chandler 1992; Dorocicz et al. 1993), crp, or a/pAB (Gwinn et al. 1997), the genes for adenylate cyclase, CRP and
the Ct-Subuuit of ATP synthase, respectively, or in ptiH, pisl, err, fruA or JruB, the genes encoding the PTS
pathway, produce diminished or absent competence (Dorocicz et al. 1993; Gwinn et al. 1996).
The locus comA-F, involved in late competence development, is dependent on sxy expression (Zulty and
Barcak 1993; Zulty and Barcak 1995). Mutants with deletions in sxy fail to bind DNA and are transformation
deficient, whereas a point mutation in sxy, sxy-1, results in cells that are constitudvely competent (Williams et al.
1994). The genes dprABC, rec-2, comA, comM and pUA all have a 26bp palindromic sequence positioned one
helical turn upstream of the genes' promoters termed the competence-regulatory element (CRE). The product of sxy
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binds here (Karudapuram and Barcak 1997).
The genes/gene products known to have a role in transformation are:
HI0433-HI0439 Competence proteins are essential for transformation (comA-G operon; competenceinduced) (Tomb et al. 1991).
HI0894-0897

Components of a multidrug-resistance efflux transporter: a transcriptional regulator, a
membrane fusion protein and an efflux subunit (mtrA and acrAB). This may represent a
signal transducing apparatus for induction of competence (Dougherty and Smith 1999).

HI0299

pilABCD encode a transforming type IV pilin-like protein (Dougherty and Smith 1999).

HI0985

DNA processing chain (DprABC locus) (Karudapuram and Barcak 1997; Karudapuram
etal. 1995).

HI0061

Recombination protein is involved in translocation of linear DNA from the
transformasome into the cytoplasm (reel) (Kupfer and McCarthy 1992).

HI0600

Rec A protein (reel) has a role in homologous recombination (Kooistra and Setlow
1976).

H ill 17

Competence protein M (comM) is late acting presumed to be during homologous
recombination. It is not one of the proteins of the comA-G operon (Gwinn et al. 1998).

HI1365

Topoisomerase I (topPi) probably acts in a generalised way on gene expression by
preventing the relaxation of supercoiled genomic DNA (Chandler and Smith 1996).

HIO123

Phosphatidylglycerophosphate synthase (pgsA) possibly influences the phospholipid
constitution of the bacterial membrane and is presumed to indirectly alter DNA uptake
(Dougherty and Smith 1999).

m0028

Penicillin-binding protein 2 is involved in cell wall biosynthesis (pbp2) (Dougherty and
Smith 1999).

The two-component signal transduction system, that is important in the development of competence in
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Streptococcus pneumoniae, is not involved in H. influenzae transformation (Gwinn et al. 1996).

Taken together, the above information indicates that transformation involves multifarious genes, many of
which impinge on the process of transformation, efficient functioning of the cell being necessary for the process to
occur, many of the genes therefore have permissive roles. Some of the genes have specific roles in the
transformation pathway, such as the pil and com opérons, and some have regulatory actions such as sxy, mtrA and
ocrAB. A whole-genome scan approach has been proposed for identifying habitat-specific genes (Hensel 1998), and
in the same way, STM could be applied to screening for further competence genes.

1,6 H, influenzae mutagenesis
Prior to the inception of this research only one transposon had been described for in vivo transposition in H.
influenzae, Tn916; four transposons had been used in shuttle mutagenesis, Tn3, my6, TnlO and TnphoA', and nontransposon shuttle mutagenesis had been described. Tnf 545-A3 has been applied in this study whilst others in the
'Haemophilus community* over the last three years have developed TnlO in vivo, Tn7 in vitro and Mariner
strategies (Akerley et al. 1998; Gwinn et al. 1997; Kraiss et al. 1998). All three transposons potentially have low
insertional specificity; TnlO has the advantage that it is an m vivo acting transposon whereas Tn7 and Mariner act in
vitro and have to be introduced back into H. influenzae with the potential for transformation bias. Below is a
discussion of the merits of each of these mutagenesis strategies, with an emphasis on applicability to STM. Tn/545A3 and TnlO have been applied in this study and are discussed in greatest detail. See tables 1.1-1.4 for a summary of
the transposons used with Haemophilus species and with members of the Pasteurellaceae family.
Transposons are mobile genetic elements that are able to integrate into DNA independent of homologous
recombination, and can generate stable mutations by insertional inactivation of genes (Josot and Guespin Michel
1993b). Transposition can occur in vivo, it happens in the pathogen being studied (see Nassif et al. 1991), or it can
occur in vitro (see Gwinn et al. 1997). In the later case, purified transposases are provided together with the
transposon and target DNA, transposition occurs outside of the living cell, the mutated DNA is transformed into the
organism and integrates by homologous recombination. Between these two poles lies shuttle mutagenesis, in which
transposition into cloned DNA occurs in E. coli, the DNA is then transformed back into H. influenzae (see Tomb et
al. 1991). The merits of each system are:
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(1) In vivo mutagenesis is potentially most simple, requiring no manipulation of the host DNA before
transposition, but relies on a transposon being functional in H. influenzae.

(2) In vitro mutagenesis requires extraction of host DNA, an in vitro transformation step followed by
transformation back into the pathogen. The transposon does not have to be active in H influenzae. In vitro Tn7
mutagenesis of H. influenzae has only recently been described (Gwinn et al. 1998; Gwinn et al. 1997). The
concentration and purity of transposases and the transposition environment including the concentration of
magnesium, all need to be carefully defined and standardised. The in vitro conditions may influence target site
specificity and randomness of insertion. Haemophilus DNA exhibits transformation bias so that some
fragments are taken up preferentially, presumably reflecting the presence or abundance of Uptake Signal
Sequences (USS) in the fragment (Dougherty and Smith 1999; Goodgal and Mitchell 1990).

(3) Shuttle mutagenesis is laborious because the host chromosome must be randomly digested, ligated into a
shuttle vector and then cloned into E. coli to make a library. Potentially, some DNA fragments could be lethal
within E. coli or at least difficult to clone, characteristically restriction enzymes fall into this category. The
transposon then has to be introduced into the DNA in E. coli. Mutagenized DNA may not represent a random
selection of the H. influenzae chromosome and furthermore may be further affected by transformation bias
when reintroduced into H. influenzae (Dougherty and Smith 1999).

The inclination in this work was towards the use of in vivo transposition because it is potentially the simplest
technique and avoids the risk of selective uptake and incorporation of DNA fragments. Transformation bias has
been reported in Neisseria meningitidis and H. influenzae. It prevented the application of a shuttle STM approach to
identifying virulence genes in N. meningitidis (Claus et al. 1998), and in a H. influenzae cassette mutagenesis study,
only five transformation genes were disrupted amongst 8,000 mutants (Dougherty and Smith 1999).

Transformation bias is a real potential concern. At the outset of this research, in vitro transposition had not
been described but looked highly promising for the future. Tn5 (Goryshin and Reznikoff 1998), Tn7 (Gwinn et al.
1997) and TnlO (Tang, personal communication) in vitro systems are all becoming available, but until they have
been more rigorously assessed their utility remains to be proven.

1.6.1 Coqjugative transposons, Including Tni545-A3
Tn9J6 and T n/J4J belong to a family of conjugative transposons characterized by their ability to promote
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intercellular self-transfer when the donor is a Gram-positive bacterium (Franke and Clewell 1981; Gawron-Burke
and Clewell 1984; Rice 1998). Conjugative transposons are promiscuous and able to transpose to a wide variety of
species (Clewell et al, 1995; Scott and Churchward 1995), including Haemophilus spp. and Actinobacillus spp.
(Clewell et al. 1991; Holland et al. 1992; Kauc and Goodgal 1989; Rice 1998; Sato et al. 1992; Willi et al. 1997;
Yamaguchi et al. 1995). Recent reviews of conjugative transposons include those by Scott (Scott 1992; Scott 1993;
Scott and Churchward 1995), Clewell (Clewell and Flannagan 1993; Clewell et al. 1995; Clewell et al. 1991),
Salyers (Salyers et al. 1995) and Rice (Rice 1998). Transposition has been best described for Tn916, but is likely to
be similar in Tnl545 and Til/54J-A3. Tni545-A 3 is only 4kb long (figure 1.1), the smallest of four deletion
derivatives developed by Poyart-Salmeron et al, and is able to excise in vivo (Poyart-Salmeron et al. 1989); it retains
its transposition but not conjugation properties. Tn/545-A3 has been used for mutagenesis of Neisseria spp and H.
ducreyi (Nassif et al, 1991, Totten et al, 1995),
1.6.1.1

structure

Tn7545-A3 consists of transposase genes int and xis (5’-end) and a kanamycin resistance gene aphA3 (3’-end)
(figure l.l)(Flannagan et al. 1994; Jaworski and Clewell 1995; Jaworski et al. 1996; Senghas et al. 1988).
Approximately 2-kb at the left end of the transposon and 250-bp at the right end are the minimal requirements for
transposition (Poyart-Salmeron et al. 1989; Senghas et al. 1988; Su and Clewell 1993). Each transposon termini
contains an inverted repeat (IR) and three direct repeats (DR-1 to. DR-3) that are contact points for its two
transposase proteins, Int and Xis (Clewell et al. 1988; Poyart-Salmeron et al. 1989).
1.6.1.2

transposition

The intégration-excision system of conjugative transposons is similar to that of lambdoid phages (Lu and
Churchward 1994; Poyart-Salmeron et al. 1990), they transpose by a ‘cut and paste* mechanism (Clewell et al.
1991). The transposases Int and Xis have homology to the integrase and excisase of X-phage and phage P22,
respectively (Poyart-Salmeron et al. 1989; Su and Clewell 1993). Int binds to and cleaves each end of the
transposon releasing it from its delivery plasmid. Six-base pair non-matching overhangs remain (Scott and
Churchward 1995) and these are covalently ligated together to form a ‘circular intermediate* (Caparon and Scott
1989; Marra and Scott 1999; Scott et al. 1988). The target DNA is cleaved, the transposon inserts into the recipient
chromosome and disparities between the transposon ends and the target ends are resolved by mismatch repair
(Caparon and Scott 1989).
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The carboxy-tenninal of Int, Int-C, forms a transient covalent link with the IR repeats of the transposon
termini (designated att-C) and attaches to the target DNA in the host (designated att-T); whereas the amino-terminal
of the transposase, Int-N, attaches to the DR-2 repeats (designated att-N) (Lu and Churchward 1994). Int-C is
characteristic of the integrase family of site-specific recombinases and is responsible for strand cleavage and
exchange (Scott and Churchward 1995; Taylor and Churchward 1997). Int has two conserved amino acid domains,
with Arg and His in domain I, and Arg and Tyr in domain II (Argos et al. 1986). These four amino acids are the
points of contact with DNA (Lu and Churchward 1995). Xis attaches between att-N and att-C on the left, and
proximal to both att-N and att-C on the right of the transposon (Lu and Churchward 1995; Rudy et al. 1997). A
nucleoprotein complex composed of four Int molecules and a Xis dimer bridges the transposon ends and aligns
them in an anti-parallel arrangement (Rudy et al. 1997; Scott and Churchward 1995). Xis may facilitate the action of
Int either through DNA bending or by adjusting Int into the correct conformation (Clewell et al. 1995; Rudy et al.
1997). A cluster of six potential integration host factor (IHF) binding sites also occur at the left end of Tn9/6, IHF
is produced in E. coli and H. influenzae, and may thus form part of the Int-Xis nucleoprotein complex (Clewell and
Flannagan 1993).
In H. influenzae, Tn916 shows insertion preference for sites that have a static bend conferred by an A-rich
region separated by any 6-bp from a T-rich region, A(A/T)AAAAAnnnnnnTTTTTT (Lu and Churchward 1995;
Scott et al. 1994; Trieu-Cuot et al. 1993). The AT richness of the DNA flanking the 6bp target is the most important
attribute influencing choice of transposon insertion (Trieu-Cuot et al. 1993). The targets of conjugative transposons
are not random (Scott and Churchward 1995) and for Tn976 the number of actual integration sites in H. influenzae
is considered to be highly restricted (High et al. 1996; Holland et al. 1992; Hosking et al. 1998).
Tn976 and Tn/54J-A3 have identical ends and the transposase genes differ by only one nucleotide; where
Int1^ 6 has a lysine, IntTa/545 A3 has an arginine (Poyart-Salmeron et al. 1989; Su and Clewell 1993). However,
Tn916 and Tn754J-A3 may have different insertional behaviour related to their respective sizes, the antibiotic genes
that they carry and whether they carry conjugation genes. Both Tn976 and Tn7545-A3 have been applied as
complementary transposons in a single study to generate mutants in 77. ducreyi (Totten et al. 1995).
1.6.1.3

transfer

Transfer of Tn976 and Tn7545 occurs between gram-positive bacteria by self-promoted conjugation (Scott and
Churchward 1995). The rate-limiting step is excision of the transposon in the donor bacterium. This is followed by
formation of a ‘circular intermediate’, expression of transfer genes (Celli and Trieu-Cuot 1998) and movement of a
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single strand of the transposon to the recipient bacterium, bound by a nucleoprotein complex which includes Int
(Bringel et al. 1992). The nucleoprotein complex is involved in integration into the recipient chromosome (Storrs et
al. 1991). Transfer between gram-negative bacteria has not been demonstrated (Scott and Churchward 1995), thus
much of the detail of the transfer process is irrelevant to the application of conjugative transposons as genetic tools
in H. influenzae. To use Tn7545-A3 in H. influenzae, it must first be introduced into the host strain on a delivery
vector (Holland et al. 1992). When Tn916 on plasmid pAM120 is transformed into a new host, a ‘zygotic induction*
occurs and the transposon excises from the plasmid and integrates into the recipient chromosome (Clewell and
Flannagan 1993; Gawron-Burke and Clewell 1982). In this research, Tn7J45-A3 on plasmid pHMl/10 (see chapter
3) is conjugated into H. influenzae from E. coli sl7-l, and ‘zygotic induction* is presumed to initiate transposition.
The plasmid is presumed to be religated leaving it in almost its* original state.
1.6.1.4

Stability

Little is known about the control of int and xis expression. They are probably not regulated by a repressor, in
contrast to X-phage, as there is no immunity to the co-introduction of a second conjugative transposon (Clewell et
al. 1991; Norgren and Scott 1991). Three hypotheses of regulatory mechanism have been propounded, each with a
little supportive evidence, (a) truncated-Int/Int competition: Transcription/translation of int produces the full
length Int and at least three other protein products with varying N-terminal truncations (Poyart-Salmeron et al.
1989; Scott and Churchward 1995; Su and Clewell 1993). Regulation may occur through competition from the
truncated Int, either for binding sites at the transposon ends, preventing excision by Int, or by forming inactive
nucleoprotein complexes containing both functional and truncated In t A similar mechanism regulates Tn5
transposition (Johnson et al. 1982). (b) counter-transcription: Once circular intermediates are formed, expression
from multiple promoters that exist near the right end of Tn976 may lead to transcription through the coupling
sequence into the left end of the transposon. This could shut down the translation of int and xis by à countertranscript effect (Clewell et al. 1995). The amount of ‘circular intermediate* produced may be proportional to the
frequency of transposition initially, but relate to degree of stability after the transposon has integrated into the
chromosome (Jaworski and Clewell 1994; Manganelli et al. 1995). (c) deletion or rearrangement: In N.
gonorrhoeae, Tn916 suffers deletions that make it non-transmissible, and in many pathogens including some natural
isolates of H. influenzae there is evidence of the former presence of a conjugative transposon, the tetM gene (Rice
1998; Swartley et al. 1993). Deletions or rearrangements of conjugative transposons in chromosomal sites may be a
mechanism conferring stability.
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Transposon stability is seen in avirulent mutants in vitro as well as in vivo during pathogenicity testing in
animals. The inability of a mutant to lose an integrated transposon and rescue a vital attribute to ensure its own
survival indicates that the transposon is stable even in the face of stresses that are so harsh that the mutant will die.
1.&2

TnlO

Wild-type TnlO is a 9.3kb tetracycline resistant transposon whose ends are inverted repeats of IS 10. TnlO minitransposon derivatives have been applied to shuttle and in vivo mutagenesis of H. influenzae (Chandler 1992;
Chandler and Smith 1996; Kraiss et al. 1998; Tomb et al. 1989; Tomb et al. 1991). A summary of the TnlO
derivatives available, their applications, and delivery vehicles are given by Kleckner (Kleckner 1991), in a review
that builds upon others (Berg and Berg 1987; Way et al. 1984).

1.6.2.1 structure
The left and right ends of TnlO are IS10 elements of 1.4kb size. IS10R encodes a functional transposase that acts at
the termini of TnlO, whereas IS10L is a degenerate form of IS10R and is non functional. The minimal size of the
TnlO termini recognised by the transposase is just 27bp (Way et al. 1984; Way and Kleckner 1984). Minitransposons have been constructed with the 27bp repeats facing inward and flanking antibiotic resistance cassettes.
The IS10R transposase is placed outside of the inverted repeats, under the control of the powerful IPTG inducible,
Ptac promoter (figure 1.1). TnlO derivatives confer resistance to kanamycin, chloramphenicol or ampieillin (Elliott and
Roth 1988; Kleckner 1991).
Reidl has developed a series of three mini-TnlO constructs delivered on adapted pACYC vectors (the two
used in this work are depicted in figure 1.1). Plasmids pACYC184 and 177 (table 2.2)(Chang and Cohen 1978;
Rose 1988) transform into H. influenzae at very low frequency because of the lack of USS-like elements, however
when either plasmid contains H. influenzae cloned DNA, transformation is possible. The 900bp hel gene contains
one USS and confers transfonnability to pAK plasmids. For instance. pAK&fa consists of TnlObla and the
transposase inserted into hel, cloned into pACYC 184 (Reidl and Mekalanos 1996). TnlObla was constructed
without a leader sequence in bla and so is unable to confer ampieillin resistance unless it forms an in-frame fusion
with a surface expressed protein.

Two other TnlO transposon constructs were designed by Reidl in a similar fashion in plasmid pACYC 177
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with a 320bp deletion in blaM, making it kanR, amps. The TnlObla transposase and hel of pAKbla were introduced
into the adapted pACYC 177 and then cat (l.lkb) or lacZ-cat (4.3kb) were cloned into the bla gene, to give pAKcat
and pAKlacZcat The series of constructs permitted insertional mutagenesis (pAKcat), and transcriptional
(pAKlacZcat) and translational (pAK&fa) studies of the genes into which the transposon had inserted. The
transposons could be used individually or could replace each other by homologous recombination so that once an
interesting mutant is identified the lacZcat and cat genes can be interchanged with bla to study translation and
transcription (Kraiss et al. 1998).
Langford has tagged pLOFkm for STM of A. pleuropneumoniae (Tascon et al. 1993). As A.
pleuropneumoniae is a member of the Pasteurellaceae family, the potential exists for pLOFkm to be conjugated
into H. influenzae and have similar insertional behaviour. The pLOFkm contains TnlOkm (Way et al. 1984)
composed of the TnlO kanamycin resistance cassette flanked by 70bp of the TnlO ends containing inverted repeats
(figure 1.1) (de Lorenzo and Timmis 1994; Way and Kleckner 1984).
1.6.2.2 Transposition
Insertions of TnlO are preferentially into target sites consisting of 9bp direct repeats of NGCTNAGCN (Kleckner
1991). Transposition frequencies of the mini-transposon constructs are 100 to 1000 times higher than the wild type TnlO
and have a reduced frequency of transposon-promoted rearrangements. Transposition is induced in die presence of
IPTG during conjugation of pLOFfon. Using USS-PCR to identify insertion sites (see 3.6.2), Reidl demonstrated
that his pAK transposons gave rise to single chromosomal insertions in H. influenzae Rd, without obvious ‘hotspotting* of the transposon to one or just a few sites (Kraiss et al. 1998).
1.6.2.3

Transfer

Due to the presence of an USS in the hel gene, pAK plasmids were transformable into H. influenzae Rd, but the
transformation efficiency declined with increasing size of the construct and none of the three transposons could be
transformed into the pathogenic strain Eagan. Plasmids pACYC177/184 containing the mob site of RP4 can be
mobilised by conjugation from E. coli sl7 -l (Simon et al. 1983). The pLOF vector has the RP4 oriT, pLOFJbn can
therefore be conjugally transferred from E. coli $17-1 (Tascon et al. 1993).
1.6.2.4 Stability
The TnlO transposase acts preferentially on near by target sites; indeed it may even bind its target site before it has
completely finished bang translated (Morisato et al. 1983). For the derivatives of TnlO used in this work, the
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transposase is located outside of the mini-transposon thus chromosomal insertions are conferred stability, as long as the
transposase is not provided from some other nearby source (de Lorenzo and Timmis 1994; Herrero et al. 1990).
Two TnlO delivery vectors were employed in this work, pAK-based (derived from pACYC177/184) and
pLOF-based. Vectors pACYC 177/184 are generally considered not to replicate in bacteria other than those of
enteric origin (Simon et al. 1983), however the experiences of J. Reidl and D. W. Hood (personal communications)
are that they do persist in H. influenzae and are not therefore suicide plasmids. The persistence of the pAK plasmids
after transposition of TnlO in H. influenzae mutants raises potential concerns about instability, but did not present a
problem during analysis of iron uptake mutants created with pAK by Reidl (Reidl, unpublished).
The pLOF vector was developed specifically as a transposon delivery system (Herrero et al. 1990) and has
the advantage over pACYC-based vectors that its replication is dependent on the R6K-specified n protein of the pir
gene (Metcalf et al. 1996; Miller and Mekalanos 1988); it is therefore a suicide plasmid in H. influenzae.
Theoretically, pLOFkm, of all the transposon constructs used in this work, is likely to result in the most stable
chromosomal inserts.

1.63 Other transposons (Tn5, Tn7, TnphoA, Tn917, myô, Tn3, Mariner and TnlO in vitro)
Tn5 is the transposon with the broadest known host range (Berg et al. 1989; Berg 1989), but does not
appear to include members of the Pasteurellaceae. Deich attempted to introduce Tn5 into H. influenzae using
several suicide delivery systems and failed (Deich and Green 1987) and Tn5 conjugation from & coli sl7 -l into A.
pleuropneumoniae on a suicide plasmid was also unsuccessful (Tascon et al. 1993). These findings imply that Tn5
transposition does not occur in this host Tascon argues that the lack of transposition in A. pleuropneumoniae is due
to a combination of low conjugation efficiency from E. coli s i7-1 (i.e. HT4) combined with a low Tn5 transposition
rate (i.e. 10'5 to 10"*) (Tascon et al. 1993). TnlO-based systems have the advantage of a strong promoter under
IPTG-inducible control, without which TnlO transposition would occur with a much-reduced frequency. Tn5 has
been used to mutagenize DNA cloned into E. coli and then shuttled back into H. influenzae (Barcack et al. 1991),
but the details are not published.
Tn7 has a broad host range. Transposition has been thoroughly reviewed by Craig (Craig 1991; Craig
1996) and Tn7 with a gain-of-function mutation has recently been used for in vitro mutagenesis of H. influenzae
(Gwinn et al. 1998; Gwinn et al. 1997). Tn7 has two transposition pathways. The first leads to Tn7 insertion into a
specific site, attTn7, whereas the second pathway has low site specificity. A speculative explanation for this
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duplicity is that the first pathway allows the transposon to enter and harbor in a safe haven within the chromosome
where it has no deleterious effect on the host The second pathway allows the transposon to move away from the
attTn? site, for instance to a co-resident plasmid, so that it can be mobilized to other organisms. Both putative
transposition attributes have survival advantage for the mobile element. An in vitro Tn7 system has been developed
with a mutation in one of the transposases, producing a gain-of-function, so that transposition always proceeds by
the second pathway with low target site specificity (Bainton et al. 1993; Stellwagen and Craig 1997). The mobile
element in vitro carries no transposases and therefore integrations are stable.

TnphoA is a derivative of Tn5 (Manoil and Beckwith 1985) and consists of the phoA gene of E. coli,
lacking its signal sequence, inserted into Tn5. Where the transposon inserts into a gene, a hybrid protein may be
generated composed of alkaline phosphatase fused to the amino-terminal sequence of the protein it is disrupting. By
random insertion of TnphoA into the chromosome it is possible to identify new genes encoding transmembrane,
periplasmic and secreted proteins. TnphoA in vivo mutagenesis has not been possible in H. influenzae, however,
TnphoA was used to study the function of genes of the Hib capsulation locus by shuttle mutagenesis (Kroll et al.
1990a; Kroll and Moxon 1990b). TnblaM was an advance on TnphoA (Tadayyon and Broome-Smith 1992). It is
also based on Tn5, but has a signal sequence deficient blaM in place of phoA. TnblaM has not been used in H.
influenzae. TnlObla, based on TnlO rather than Tn5, is able to identify surface expressed proteins in H. influenzae
(Kraiss et al. 1998).
Tn3 has been used for shuttle mutagenesis in H. influenzae (Abu Kwaik et al. 1991; Abu Kwaik et al.
1992; McLaughlin et al. 1992) to create LPS mutants.
Tn917 is of the To? family and despite its nomenclature it is not a conjugative transposon related to Tn9/6
or Tnl545 (Foster ; Shaw and Clewell 1985). The Tn3 family of transposons is thought to be highly disposed
throughout gram-positive and gram-negative genera (Perkins and Youngman 1984), and the family members are
known to function in E. coli (Kuramitsu and Casadaban 1986). Tn917 has been tagged for STM of S. aureus (Me: ct
al. 1997; Schwan et al. 1998). Tn9l7's ability for in vivo transposition has not been ascertained in H. influenzae.
Transposon myS-l is a 1.8kb derivative of TnlOOO, a 6kb transposon of the Tn3 family. TnlOOO has been
widely used to mutagenize plasmids (Berg et al. 1992), and myô-l has been utilized in shuttle mutagenesis to make
pilin deficient mutants of H. influenzae (McCrea et al. 1994; Watson et al. 1994). The transposition of myô-l
involves several complicated steps and it is likely to preferential insert into AT rich DNA.
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Mariner strategy
Mariners are a widespread set of animal and insect transposons, their host range is diverse and a single
purified transposase mediates transposition in vitro (Lampe et al. 1996). The transposase has low fidelity for any
specific target site; when in vitro transposition is performed in the presence of Mg2*, the only target is the sequence
AT, and in the presence of Mn2+ in place of Mg2* only half of the insertions are into this minimal target sequence.
Genomic analysis and mapping by in vitro transposition, or GAMBIT, is a technique recently developed for H.
influenzae and termed in vitro mariner mutagenesis (Akerley et al. 1998). The authors used genome sequencing
primers to produce lOkb PCR products which were then individually mutagenized, so that DNA flanking the
transposon could be amplified with one of the same H. influenzae specific primers and a transposon directed primer.
In this way the GAMBIT strategy has identified putative essential genes in five genomic sections of H. influenzae.
It is almost a method of site-directed mutagenesis.
1.6.4

Delivery vectors

pHMl

The Tn7545-A3 harboring plasmid, pMGC20, has been renamed pHMl in this work for descriptive convenience. Its
origin is a shuttle vector that is able to move between Neisseria spp. and E. coli. Tn/545-A3 was cloned into this
vector (Nassif et al. 1991). A 2.6 Mdal cryptic plasmid, pJDl, that occurs in about 96% of Neisseria gonorrhoeae
isolates (Korch et al. 1985; Sarandopoulos and Davies 1993) was fused with a 4.4 Mdal N. gonorrhoeae &lactamase plasmid, pFTl, to give a large chimeric plasmid (Stein et al. 1983b). A derivative with minor
rearrangements underwent a spontaneous deletion to almost half size (Stein et al. 1983a), and the polylinker of
pUC9 was cloned in to give pLES2 (Stein et al. 1983a). So that pLES2 could be used in pathogenic bacteria, the bla
gene was replaced by eroiAM, to give plasmid pMGCIO (Nassif et al. 1991). The 2.1kb right end of TnV545
including int and xis (Poyart-Salmeron et al. 1989) was cloned into pUC1813 (Kay and McPherson 1987), and then
flanked by the pUC1813 polylinker, was cloned into pMGCIO along with the 1.9kb left end of Tn7545 including
aphA3 (Caillaud et al. 1987; Trieu-Cuot and Courvalin 1983) to give pMGC20 (pHMl).
Suicide vectors
Two suicide transposon delivery systems are applicable to 77. influenzae, pAM120 and pLOFkm. pAM120 is
transformed with ease and is unable to persist in 77. influenzae. Plasmid pLOFkm can be mobilised by the RP4
conjugation machinery that is chromosomally located in E. coli s 17-1; it is only replicated in hosts producing the n
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protein, courtesy of X-phage, hence in H. influenzae pLOFkm is a suicide vector.
Other transposon delivery systems available for use with H. influenzae are given in table 1.4. Although not
used in this work, plasmids can be introduced by electroporation (Mitchell et al. 1991), as has been done with
pAM120 into H. ducreyi (Gibson et al. 1997; Palmer et al. 1996; Palmer and Munson 1995).
1.6^

Identifying the gene into which a transposon has inserted

The USS within the chromosome of H. influenzae is a repetitive element (Karlin et al. 1996; Read and Farley 1997;
Smith et al. 1995) that has a 29bp domain composed of 5 ’-aAAGTGCGGTnRWWWWWnnnnnnRWWWWW-3 ’
(Kroll et al. 1998). The ‘a* is an adenine occurring in greater than 50% of USS, ‘n* is any base, 4R' is a purine,
either guanine (G) or cytosine (C), ‘W* is adenine (A) or thymine (T), and AAGTGCGG is a 9bp core sequence.
The 9bp core-USS should occur by chance only 8 times in the 1.8Mb Rd chromosome, but is massively over
represented and 1,465 copies are found. The USS potentially has a dual role, as a transcriptional regulator and as a
ligand for a putative cell surface receptor involved in transformation (Goodgal and Mitchell 1990; Sisco and Smith
1979). Seventeen percent of the USS are in a +/- inverted repeat pair configuration and often located downstream to
gene termini so that they are capable of forming stem-loop structures in messenger RNA that might function as
transcription termination signals (Kroll et al. 1992; Read and Farley 1997; Smith et al. 1995). The USS has been
utilized for USS-PCR in this work (see chapter 3). ARB-PCR is a variation on the USS-PCR technique, in which
the chromosomal primer is semi random with five nucleotides selected at the 3 -end, which are altered to amplify
genes in different parts of the chromosome.

1.7

Signature Tagged Mutagenesis

Signature Tagged Mutagenesis (STM) was developed by D. Holden (Hensel et al. 1995) as a mutation based
approach for identifying virulence genes, that requires no previous assumptions to be made about the roles of
specific genes (Hensel and Holden 1996). STM combines the power of transposon mutagenesis with the ability to
determine the fate of tens of varied mutants screened through single animals. Every bacterial mutant generated
carries a unique tag, effectively bar-coding them, so that they can be individually recognised in a pool of mutants. In
the technique, 80 base pair (bp) DNA tags, consisting of 20bp arms with invariant sequences and central 40bp
random sequences, are ligated into a transposon. Tagged transposon is then introduced into a bacterial pathogen and
individual mutants assembled into microtitre (MT) plates, each well of which holds a different mutant with a unique
signature tag that can be PCR amplified. The mutants from each plate are combined to form ‘input pools’,
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inoculated into animals and recovered after a period of infection as ‘output pools’. By hybridizing labelled tags from
input and output pools against arrays of input pool mutant tags (see section 2.11), non-survivors can be identified,
by a process tam ed ‘negative selection’. These are presumed to have mutations in genes required for in vivo
survival. Prior to STM and related methods such as IVET (Heithoff et al. 1997a; Mahan et al. 1995), H. influenzae
virulence genes were identified by screening bacterial mutants for loss of a known phenotype that corresponded to
virulence (i.e. acapsulate mutants) (Moxon and Vaughn 1981) and for loss of ability to interact with or invade cell
lines (Viiji et al. 1992). Tissue culture methods have permitted the identification of numerous virulence genes, but
such screens are laborious and cannot be expected to identify all the virulence genes of a pathogen because they do
not reflect the complex environment of the host The value of STM is that it permits identification of virulence
genes in pools of mutants subjected to all the complexity of the host defences and given that multiple mutants can
be screened STM has made it feasible to use animals rather than cell cultures.
STM is proven for identifying virulence genes in Salmonella typhimurium (Hensel 1998; Hensel et al.
1995; Hensel et al. 1998), Staphylococcus aureus (Coulter et al. 1998; Mei et al. 1997; Schwan et al. 1998),
Streptococcus pneumonia (Polissi et al. 1998), Brucella suis (Foulongne et al. 2000), Brucella abortus (Hong 2000),
Pasteurella multocida (Fuller et al. 2000a), Vibrio choleras (Chiang and Mekalanos 1998), Legionella pneumophila
(Edelstein et al. 1999), Proteus mirabilis (Zhao et al. 1999), Yersinia enterocolitica (Darwin and Miller 1999),
Salmonella enterica (Tsolis et al. 1999), Mycobacterium tuberculosis (Camacho et al. 1999; Cox et al. 1999),
Actinobacillus pleuropneumoniae (Fuller et al. 2000b) and numerous other bacteria the results of which are still
awaiting publication, but include Escherichia co li Neisseria meningitidis and Streptococcus agalactiae. The
technology has also been applied to Aspergillus fumigatus (Brown et al. 2000). Utilisation of STM requires a
working mutagenesis strategy for the pathogen and a biologically relevant and reproducible animal model. In the
published studies, two transposons mini-Tn5 and 7n97 7 have been tagged for STM. Only one study has used shuttle
mutagenesis, an approach that failed to identify avirulent mutants in Neisseria meningitidis because of
transformation bias (Claus et al. 1998). Tagged DNA facilitated the recognition of chromosomal fragments that
were preferentially taken up during transformation (Claus et al. 1998).
1.8 Aims
The aim of this research was to establish STM for H. influenzae and show that it could be applied to identifying new
virulence and transformation genes. In this respect, the research aimed to identify in vivo functioning transposons
for FI. influenzae mutagenesis, to find the optimal conditions for introducing transposons by conjugation, to tag a
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transposon, develop a pre-selected tag STM approach (see 2.11.1) and to identify an efficient means of sequencing
the genes into which the transposons inserted.
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Figure 1.1 Depiction of the five transposons used in this study (approximate scale only)
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Transposon mini-Tn5km2 would not transpose to the H. influenzae chromosome; Tn7545-À3 was predominantly used throughout this study
and does transpose; and TnlO transposons have theoretical advantages over Tn/545-A3 and were used in the later stages of the research.
TnlO transposons on pAKbla and pAKcat are delivered by transformation and pUTminiTn5km2, pLOFkm and Tn7545-A3 by conjugation
from E. coli sl7-l.
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Table 1.1 Transposons used for mutagenesis of Haemophilus influenzae
Transposon and
mode of delivery

M utant phenotypes and genes hit

Reference

Tn916 transformation

Transferrin
binding
protein;
LPS
biosynthesis;
transformation
deficient;
preferential insertion into intergenic regions

Barcak et al. 1991; Curran et al. 1994,
Gwinn et al. 1998, High et al. 1996,
Holland et al. 1992, Kauc and Goodgal
1989, Nelson et al. 1997

TnlO transformation

Lipoprotein e(P4), iron regulation genes

Kraiss et al. 1998, Reidl and Mekalanos
1996

TnlOkm shuttle

cAMP receptor protein, topoisomerase I,
transformation genes, OxyR, global regulator

Chandler 1992, Chandler and Smith
1996, Kupfer and McCarthy 1992,
Karudapuram and Barcak 1997;
Karudapuram et al. 1995, Maclver and
Hansen 1996, Tomb et al. 1989

miniTnlOkm

Adenylate cyclase, competence

Barcak et al. 1991; Dorocicz et al. 1993;
Way et al. 1984

Tn5 shuttle

Unsuccessful transposition

Deich and Green 1987

Tn7 in vitro

atpA and comM, transformation

Gwinn et al. 1997; Gwinn et al. 1998

TnphoA shuttle

Capsulation locus studies

Kroll et al. 1990a; Kroll and Moxon
1990b

Tn3 shuttle

LPS mutants

Abu Kwaik et al. 1991 ; Abu Kwaik et al.
1992; McLaughlin et al. 1992

myô-l shuttle

pili deficient mutants

McCrea et al. 1994; Watson et al. 1994

Mariner in vitro

Essential genes for growth or viability

Akerley eta l. 1998

À1316 delivered
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Table 1.2 Transposons used for mutagenesis of other members of the Pasturellaceae family
Transposon

Phenotype/notes

Species

Reference

Tnl545-A3
conjugation

LPS biosynthesis and
hemolysin

H. ducreyi

Stevens et al. 1995, Stevens
et al. 1997, Totten et al.
1995

Tn916
electroporation

LPS biosynthesis and
hemolysin

H. ducreyi

Gibson et al. 1997, Palmer
et al. 1996; Palmer and
Munson 1995, Totten et al.
1995

Tn916

Capsule genes and prophage
transduction

Actinobacillus.
actinomycetemcomitans

Willi eta l. 1997,
Yamaguchi et al. 1995,
Sato eta l. 1992

miniTnlO
Auxotrophs and non
conjugation from hemolytic mutants
E. coli s i7-1

A. pleuropneumoniae

Tascon et al. 1993

miniTnlO
conjugation

Pasteurella multocida

Lee eta l. 1996

Auxotrophs isolated

Table 1.3 Non-transposon mutagenesis of H. influenzae
Method

Phenotype/notes

Reference

Antibiotic resistance cassette ligated in vitro
to random chromosomal fragments

Transferrin-binding deficient
phenotype

Curran eta l. 1994

Small insertable antibiotic resistance
cassette, kanamycin and ribostamycin
resistance

Multiple phenotypes possible

Sharetzsky eta l. 1991

Tetracylcine resistance cassette

Haemoglobin binding protein

Ren etal. 1997

Chloramphenicol or spectinomycin
resistance cassettes inserted into cloned
fragments of H. influenzae DNA.

Multiple phenotypes possible

Whitby eta l. 1998

Sharetzsky approach

Transformation genes

Dougherty and Smith 1999
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Table 1.4 Vectors used to deliver transposons to H. influenzae for in vivo mutagenesis.

Vector

Notes

Antibiotic resistance
v = vector
t = transposon

T ransposon

References

pAM120

pGLlOl (derivative of
pBR322). A transformable
suicide vector.

ampieillin (v)
tetracycline (t)

Tn916

Clewell et al. 1995; GawronBurke and Clewell 1984;
Gawron-Burke et al. 1986;
Senghas eta l. 1988

pMGC20

Renamed pHMl in this work
and when tagged, pHMlO.
Persists in H. influenzae.

erythromycin (v)

Tn7545-A3

N assif et al. 1991 and this
work

pJRP4

The precursor plasmid,
pACYC 184 containing hel,
used for delivering TnlObla

chloramphenicol (v)

None

Reidl and Mekalanos 1996

pAKbla

Based on pACYC 184.
Persists in H. influenzae.

chloramphenicol (v)
ampieillin (t)

TnlObla

Chang and Cohen 1978;
Kraiss et al. 1998; Rose
1988

pAKcat,
pAKlacZcat

Based on pACYC 177.
Persists in H. influenzae.

kanamycin (v)

TnlOcat,
TnlOlacZcat

Chandler 1991; Kraiss et al.
1998

TnlOkm

Miller and Mekalanos 1988

kanamycin (t)

chloramphenicol (t)
pLOFkm

Based on pGP704, R6K oriR
and RP4 oriT. Conjugatable
suicide vector.

ampieillin (v)
kanamycin (t)
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Chapter 2 Materials and Methods

2.1 Strains, plasmids, chemicals and media
2.1.1 Bacterial strains
Bacteria used in this study are listed in table 2.1.
2.1.2 Plasmids and transposons
Plasmids and transposons used and constructed in this study are given in table 2.2.
2.1.3 Chemicals, restriction enzymes and DNA modifying enzymes
Chemicals were routinely obtained from Sigma Biochemicals (Poole, Dorset; http://www.sigma-aldrich.coml or
BDH Limited (Poole, UK; http://www.bdhinc.com): and media and agar were purchased from Oxoid (Basingstoke,
UK; http://www.oxoid.com). unless otherwise stated. The compositions of chemicals and solutions are given in table
2.3, restriction endonucleases and other DNA modifying enzymes were purchased from Boehringer Mannheim
(http://biochem.boehringer-mannheim.com). Roche (http://193.197.95.199/) or New England Biolabs (NEB UK
Ltd, Hertfordshire, England; http://circuit.neb.com).
2.1.4 Media
The compositions of media were as follows:Luria broth (LB): 1.0% Tryptone, 0.5% Yeast Extract, 1.0% NaCl; adjusted to pH 7.5 with 10M NaOH.
2x Luria broth (2x LB): 2.0% Tryptone, 1.0% Yeast Extract, 1.0% NaCl, adjusted to pH 7.5 with NaOH; after
autoclaving 10 ml 20% glucose was added per litre of broth.
BHI broth: 3.7% Brain Heart Infusion (BDH/Merck, Poole, UK; http://www.merck-ltd.co.uk).
MIV solution: Competence-inducing media was developed by Herriot (Herriott et al. 1970a) and the formula
used throughout this work is given by Barcak (Barcak et al. 1991). See table 2.6 for composition.
Media was solidified by the addition of Bacteriological agar No. 1, Oxoid, to a final concentration of 1.5%.
BHI agar was supplemented with Levinthals as a source of NAD and hemin, except where this was not required.
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Additives to culture media are listed in table 2.4.
2.2 Growth of E. coli and H. influenzae

Bacteria were generally subcultured on plain agar (without the addition of antibiotics) when recovered from -70°C,
and subsequently cultured in media containing selective antibiotics. H. influenzae was grown on BHI media
supplemented with Levinthals, or NAD and hemin, and in air without C 0 2 supplementation at 37°C (see table 2.4)
(Barcak et al. 1991; Flanagan and Pauli 1998; Herbert et al. 1998). E. coli was routinely cultured at 37°C on LB
agar or in LB broth, except during the expression phase of transformation by electroporation, when x2 LB was used
at 37°C.
2.2.1 Growth of bacteria in microtitre (MT) plates
Single colonies of bacteria were inoculated into the wells of Costar MT plates (96 well flat bottomed plates, Coming,
NY; catalog number 3598; http://www.scienceproducts.corning.conri using sterile toothpicks. Each well contained 150
pi of selective broth. The plates were sealed with parafilm M (American National Co, Chicago, IL) to prevent loss of
media volume through evaporation. Plates were shaken at 120 RPM on a Denley orbital mixer for 16 hours at 37°C.
One broth containing well in each plate was not inoculated as a control for cross-contamination.
2.2.2 Storage and recovery of bacteria

Late logarithmic phase broth cultures were stored at -70°C. Glycerol was added to give a final concentration of 15%.
Bacteria in MT dishes were cultured to late logarithmic phase and glycerol added to each well to a concentration of
15%. Each plate was sealed with parafilm and stored at -70°C. E. coli were recovered from MT plates stored at -70°C
with a sterilized metal replicator. To ensure recovery of H. influenzae, a 1 pi loopful of frozen bacteria was streaked
onto plain BHI agar, incubated at 37°C for 16 hours and single colonies subcultured thereafter.
2.3 DNA preparation and manipulation
2.3.1 CTAB preparation of genomic DNA
A 1.5ml overnight culture of bacteria was centrifuged at 6,500 g for two minutes at room temperature. The cell
pellet was suspended in 580 pi of TE buffer and 15 pi of 20% SDS and 5 pi of 15 mg/ml proteinase K (Boehringer
Mannheim) were added. The lysate was incubated at 37°C for 1 hour. One hundred microlitres of 5 M NaCl were
added and mixed thoroughly then 80 pi CTAB/NaCl (Wilson 1987). The lysed cells were incubated at 65°C for 10
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minutes, and the DNA extracted with chloroform/isoamyl alcohol followed by phenol/chloroform/isoamyl alcohol.
The solvents were added in equal volume, centrifuged at 6,500 g for 5 minutes at room temperature and the upper
phase was removed without the interface. Nucleic acid was precipitated in the supernatant by addition of 0.6 volume
of isopropanol and centrifuged at 6,500 g for 1 minute. The DNA pellet was washed in 70% ethanol, dried in a
vacuum desiccator for 30 seconds at room temperature, resuspended in lOOpi TE-buffer or TE-RNAse (2 pg/ml) and
stored at -20°C.
2.3.2 Plasmid miniprep protocol
Plasmid was initially prepared by a protocol adapted from Bimboim (Bimboim and Doly 1979). A 3ml overnight
bacterial culture was centrifuged at 6,500 g for 10 minutes, the cell pellet was suspended in lOOfil of GTE and incubated
for 5 minutes at room temperature. Two hundred microlitres of freshly prepared NaOH/SDS solution were added, mixed
thoroughly and the lysate incubated on ice for 5 minutes, 150 pi ice-cold KAc pH 4.8 was added and mixed by vortexing
briefly. The lysed cells were incubated on ice for 5 minutes, and then centrifuged at 6,500 g for 5 minutes, the
supernatant was collected, an equal volume of phenol/chloroform (1:1) was added, thoroughly mixed and centrifuged at
6,500 g for 5 minutes. Two volumes of ethanol were added and the plasmid precipitated by centrifugation at 6,500 g for
10 minutes. The plasmid pellet was dried in a vacuum desiccator for 30 seconds at room temperature, resuspended in 50lOOpl TE-RNAse and stored at -20°C.
For

the

cloning

vectors,

pCR2.1

and

pCR4-TOPO

(Invitrogen,

Gronigen,

The

Netherlands;

http://www.invitrogen.com). plasmid was extracted from a 3 ml overnight culture of TOP 10 E. coli (Invitrogen,
Gronigen, The Netherlands) using Qiagen QIAprep Miniprep kits or QIAquick Spin kits, following the manufacturers
recommendations (Qiagen Ltd, West Sussex, UK; http://www.qiagen.com).
2.3.3 Plasmid midiprep (for high copy number plasmids)

Plasmid was extracted from 25 mis of a late logarithmic phase culture of E. coli harbouring the plasmid, either DH5a or
XL 1-blue, with Qiagen plasmid midiprep kits following the manufacturers instructions (Qiagen Ltd, West Sussex, UK).
2.3.4 Plasmid midiprep of pHMl/10 from E. coli sl7-l or GM48
A 1 litre late logarithmic phase culture was centrifuged at 3,600 g for 15 minutes at room temperature. The bacterial
pellet was suspended in GTE (100 ml), incubated at room temperature for 5 minutes, and NaOH/SDS (200 ml) was
added and the lysate incubated on ice for 10 minutes. KAc (150 ml) was added and the lysate incubated for a further
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10 minutes on ice. The cell debris was removed by centrifugation at 29,100 g for 30 minutes at 4°C, and the
supernatant removed. Plasmid derived from GM48 was applied to four Qiagen midiprep columns and eluted in a
total volume of 20 mis. Plasmid from E. coli sl7-l was not passed through a column. Plasmid was ethanol
precipitated at -70°C for 30 minutes and centrifugation at 13,300 g for 30 minutes. The DNA pellet was washed in
70% ethanol, dried at room temperature for 20 minutes and resuspended in 3 ml of TE (GM48 derived) or TERNAse (2 pg/ ml; s i7-1 derived). There was no recovery of plasmid from s i7-1 if the lysate was passed through a
column (see also section 4.2 and fig 4.1).
2.3.5 Restriction endonuclease digestion of DNA
All restriction enzymes were purchased from Boehringer Mannheim (http://biochem.boehringer-mannheim.com)
and were used with the recommended buffers. In general, 1 unit of enzyme was used to cut 1 pg DNA in a 50 pi
reaction volume in 1 hour at 37°C (see table 2.3 for buffers).
2.3.6 Oligonucleotide annealing
The oligonucleotides, Linkl and Link2 (see table 2.7B), were suspended in sterile distilled water to give a 50uM
concentration. The oligonucleotides (10 pi aliquot) were heated at 65 °C for 1 minute and then placed immediately
on ice; the annealed linker was diluted to 50 pi with distilled water and the adapter was stored at -20°C.
2.3.7 Ligation reactions
Ligations were performed with T4 DNA ligase and Ligation Buffer (Invitrogen, Gronigen, The Netherlands) usually for
16 hours at 15°C, or with topoisomerase II for 5 minutes at room temperature (Invitrogen, Gronigen, The Netherlands).
(i) Cloning DNA fragments into vectors (for #HM3 into pUC18; for #HM7 into pHM4)
In general, 50 ng vector was cut with 3 units of restriction enzyme with 0.7 pi (xlO) restriction enzyme buffer in a total
volume of 7 pi, for 1 hour at 37°C. The enzyme was heat inactivated for 15 minutes at 65°C and 0.9 pi (xlO) shrimp
alkaline phosphatase buffer added and 1 unit (1 pi) shrimp alkaline phosphatase, and incubated at 37°C for 1 hour. The
enzyme was heat inactivated at 65°C for 15 minutes. Insert DNA (150 ng; 1 pi) was added and 10 pi (x2) ligation buffer
and 1 pi (5 units) T4 DNA ligase and incubated at 15°C overnight. Enzyme was heat inactivated for 15 minutes at 65°C
and 5 pi used for electroporation into E. coli DH5a or GM48.
(ii) Ligating the synthetic linker into pHM5

(Struhl 1987)
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pHM5 (1 fig) was linearised with BamRl, dephosphorylated (2.3.8), then 20 pmol of 5’-phosphorylated linker, 5
units of T4 DNA ligase and 1 pi xlO Ligation Buffer and sterile, distilled water were added to give a final volume of
10 pi.
(iii) Ligating tags into pHM9
Tags digested with Asp? 18 were added to 1 pg linearised dephosphorylated pHM9, ethanol precipitated and the
resulting pellet was resuspended in 10 pi sterile distilled water. Ligation buffer (1.3 pi, xlO conc.) and ligase
(Sunits, 1 pi) were added and the tags ligated into pHM9 at 15°C for 18 hours.
(iv) Forming chromosomal loops for inverse-PCR
Sspl digested exconjugant DNA was extracted from a 0.8% agarose gel as a 0.5-4kb band. One third of the DNA
was used to estimate quantity by gel electrophoresis (see results; chapter 3), and the remainder was ethanol
precipitated and ligated in a 200 pi volume containing 5 units T4 DNA ligase and 20 pi of Ligation Buffer.
(v) pCR2.1 cloning
PCR

products

were

cloned

using

the

TA

cloning

kit

(Invitrogen,

Gronigen,

The

Netherlands;

http://www.invitrogen.com) with minor modifications. From a typical 50 pi PCR reaction, 1 pi fresh PCR product was
mixed with 25 ng (1 pi) pCR2.1, 1 pi T4 DNA ligase (5 units), 1.3 pi xlO Ligation Buffer and water to a final
concentration of 13 pi.
(vi) Topoisomerase II cloning
ARB-PCR products were separated by gel electrophoresis through a 2% metaphor gel. Individual products were excised
and gel purified through PCR-clean-up spin columns (Qiagen, Crawley, UK; http://www.qiagen.com) and eluted in a
final volume of 30 pi distilled water (Sigma, Poole, UK; http://www.sigma-aldrich.comL PCR products were cloned
using TOPO-cloning kits (Invitrogen, Gronigen, The Netherlands: http://www.invitrogen.com). following the
manufacturers recommendations except that the volume of all regents was reduced by a third.
2.3.8 Phosphatase treatment of DNA
Following inactivation of the restriction enzyme, to -50 ng linear plasmid, 1 unit (1 pi) of shrimp alkaline phosphatase
(Roche) and 0.9 pi buffer were added, and the plasmid was dephosphorylated by incubation at 37°C for 30 minutes. The
shrimp alkaline phosphatase was inactivated by heating at 65°C for 15 minutes. Ligation followed without and
phenol-chloroform/ ethanol precipitation step.
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2.3.9 Creating blunt ended DNA using Klenow
The Klenow fragment of DNA polymerase I was used to fill in 3' overhangs to create blunt ended DNA for subcloning,
as follows: 1 unit (1 pi) enzyme, 2.5 pi (XlO) buffer and 1 pg DNA (20 pi) 33pM dNTP. The reaction was incubated
for 30 minutes at room temperature and the enzyme inactivated by heating at 65 °C for 20 minutes.
2.3.10 Agarose gel electrophoresis
Agarose gel electrophoresis was used to size separate restricted DNA and PCR products. For routine analysis, 0.8%
agarose gels were used, but for lower molecular weight fragments, 2% metaphor gels were used. In both cases, the
agarose was reconstituted with TBE. Ethidium bromide (0.5 pg/ ml) was added to visualise DNA. DNA samples in
loading buffer were electrophoresed at 50-100V for 1-2 hours or 20V for 16 hours.
2.3.11 Isolation of DNA fragments from gels
DNA bands were excised from agarose and metaphor gels and purified using the Qiagen II extraction kit (Cat. No.
20021) or Qiagen spin columns (Cat. No. 28104), following the manufacturer’s recommendations.
2.4 Electroporation, Transformation and Conjugation
2.4.1 E. coli electroporation
E. coli was inoculated into LBkm50 or LBkm^strep100 broth and grown overnight to an

O D A65o > 1 . 0 .

The culture was

diluted to O D A65o 0.2 in 20 ml LB broth and incubated at 37°C until an O D A65o 0.5 was achieved. Bacteria were pelleted
in 50 ml Falcon tubes at

1 ,8 0 0

g for

10

minutes at 4°C, resuspended in cold sterile distilled water. Bacteria were washed

in water and pelleted four times. The final pellet was resuspended in 1 ml sterile distilled water and

100

pi aliquots were

used in each electroporation. Cuvettes (Bio-Rad; Gene Puiser) with a 0.2cm gap were filled with

100

pi of washed E.

coli with or without

1

pg transforming D N A , and kept on ice. The electroporator (Bio-Rad; Gene Puiser) settings were

200 Ohms, 25uFd and 2.5kv.
2.4.2 Transformation of TOP10 E. coli
Commercial, ready competent TOP10 E. coli (Invitrogen, Groningen, The Netherlands: http://www.invitrogen.coml
were stored at -70°C until required. One vial of 50 pi of competent cells was thawed on ice for every three
transformations undertaken. After 20 minutes thawing, each vial was divided into 15 and 20 pi aliquots by very gentle
pipetting into 0.5 ml eppendorf tubes. 1 pi of vector (pCR4-TOPO each ligated with an arb-pcr product) was mixed in
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gently and the cells incubated on ice for 20-30 minutes. Transformation then proceeded according to the manufacturers
instructions: heat shock for 30 seconds at 42°C, on ice until room temperature SOC media added (80 pi to 15 pi cells)
and incubation at 37°C, shaking at 200 RPM for 1 hour. Transformed cells were plated on to LB kan50 X/I plates and
incubated overnight. Two colonies were picked for plasmid extraction and assessment of insert presence by £coRl
digestion.
2.4.3 H. influenzae transformation by the MIV procedure (Herriott 1970a; Barcak 1991)

H. influenzae was cultured at 37°C in 20 ml BHI km10nal5 broth to ODaôso 0.2-0.4. The bacteria were centrifuged at
I,800 g for 10 minutes, at 21 to 37°C. The pellet was resuspended by gentle pipetting in an equal volume of warm
‘MIV’ solution (table 2.6), re-pelleted and finally resuspended in 5 ml of warm MIV solution (Herriott et al. 1970a).
The cells were gently agitated at 90 RPM on a benchtop orbital mixer (Denley Instruments, Sussex, UK) for exactly
100 minutes at 37°C. Genomic DNA (3-4 pg) was added to 250 pi cells and these were incubated for 30 minutes at
37°C without shaking (DNA uptake phase). One millilitre of BHI broth was added and the culture incubated for
another 30 minutes without shaking (Expression phase). The bacteria were pelleted by centrifugation at 4,000 g for
1 minute, the supernatant discarded and the bacteria plated onto selective BHI agar, with dilution where necessary.
MIV variation for introducing pAK constructs into H. influenzae Rd-b+:03
All work involving the mutagenesis of H. influenzae to ampieillin or chloramphenicol resistance was undertaken in The
Molecular Infectious Diseases Group, University of Wurzburg, Germany. Ethical committee approval had been obtained
by J. Reidl for making H. influenzae resistant to antibiotics that historically have been used as first-line therapy for
human invasive disease (Herbert and Moxon 1998).
The following two adaptations were made to the MIV protocol for transforming pAK plasmids:
(1)

15 pi of plasmid DNA extracted from E. coli XLI-blue by Qiagen midiprep (equivalent to approximately 5-10
pg) was used per 250 pi cells in the DNA Uptake phase.
(2) The DNA Expression phase was for 90 minutes non-shaking followed by 90 minutes shaking, under aerobic
conditions.
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2.4.4 Conjugation
2.4.4.1 Basic method for conjugation ofE. coli s!7-l with H. influenzae
Single colonies of each bacterial species were inoculated into broth containing antibiotics: BHIkm10strep100broth (for E.
coli s i7-1), BHItet4 broth (for H. influenzae strain Rd-tet* or Eagan-tet^), BHIcm5 broth (for strain 1056) or BHInal5
broth (for strain Rd-b+:03). Both bacterial species were cultured at 200 RPM, 37°C for 16 hours. E. coli was diluted in
BHI broth (x/v supplements but no antibiotics) to give a concentration of 10* cfu/10 pi (E6) based on the O D A60o, and
then placed on ice for three hours. H. influenzae was re-inoculated into 20 ml of fresh BHI broth with antibiotic and
cultured at 200 RPM, 37°C for three hours. The culture was centrifuged at 4,000 g for 5 minutes and the supernatant
containing antibiotics was discarded, the pellet was resuspended in a volume of plain BHI broth that gave a final
concentration of 108 cfu/10 pi (H8) based on the ODA49 o. Ten microlitres of H. influenzae (H8) and E. coli sl7-l (E6)
were mixed and spotted onto pre-warmed BHI agar and incubated at 37°C for three hours to allow bacterial mating.
After three hours the ‘mating colony’ was scraped from the agar surface, suspended in 50 pi of BHI broth, spread on to
selective media, and incubated for up to 24 hours at 37°C, until single exconjugant colonies could be seen.
Exconjugants were picked into 150 pi selective BHI broth in the wells of MT plates.
2 4.4.2 Conjugation of E. coli sl7-l::pUT with H. influenzae
Tagged mini-TnSkm on the pUT suicide plasmid, provided in E. coli ccl 18 (de Lorenzo and Timmis 1994) was a gift
of D. Holden (Shea et al. 1996). Plasmid was prepared from E. coli ccl 18 by the Qiagen midiprep protocol, yielding
approximately 1 pg/ pi. One microgram of plasmid was transformed into E. coli sl7-l and transformants were selected
on LBamp50 agar. Resulting colonies were pooled and used for conjugation with H. influenzae.
Filter mating
Approximately 10,000 colonies of E. coli sl7-l::pUT recovered from four agar plates were harvested into 4 ml LB
broth; 100 pi of this suspension was inoculated into 5 ml LBamp50 broth and incubated with shaking at 37°C for 16
hours. Recipient H. influenzae Rd-tetR were grown in BHItet4 broth with shaking at 37°C for 16 hours. A volume of
each culture to give E6 and H8, based on O D A65o and O D A49o, respectively, was inoculated into 5 ml of lOmM MgS04 at
room temperature and filtered through a 0.45um diameter Millipore membrane. The filters were placed on the surface of
BHI agar plates and incubated at 37°C for 5 or 16 hours. Bacteria were recovered from the filters by agitation in BHI
broth at 37°C for 40 minutes. Exconjugants were selected by plating onto BHI km10tet4 agar (for Rd-tet*) or BHI
km10nal5agar (for Rd-b+:03).
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Agar mating
pUT mini-Tn5Km2 was transformed into E. coli s i7-1. A attempts at conjugation were similar to the basic method for
E. coli sl7-l::pHMl conjugation with H. influenzae (2.4.4.1). H. influenzae was grown to ODA49 o of 0.4
(approximately 2xl09 cfu/ ml) and E. coli sl7-l to ODA60o 1.0 (approximately 8xl08/ ml). The H. influenzae cells
were pelleted and resuspended in lOmM MgS04 and E. coli sl7-l was diluted in lOmM MgS04, to give
concentrations of IxlO8cfu/ ml, IxlO9 cfu/ ml and IxlO10 cfu/ ml. For conjugation, 10 pi aliquots of each bacteria
were combined and spotted directly on to agar.
2.5 Southern Blotting
2.5.1 Transfer of DNA to Hybond N+ nylon membranes
Restricted DNA was electrophoresed through a 15cm 0.8% agarose gel. The gel was soaked in denaturing buffer and
then neutralisation buffer (see table 2.3), each for 45 minutes. Southern transfer to Hybond N+ membranes (Amersham
Pharmacia Biotech, UK Ltd.; http://www.apbiotech.coml was performed overnight and as according to Southern
(Sambrook et al. 1989; Southern 1975). Blots were UV fixed for 3 minutes on a UVP Dual Intensity Transilluminator
delivering 1,440,000 ujoules (see also 4.6.2).
2.5.2 Labelling probes
The intPCR probe was PCR amplified (see section 2.6.2) and the product cloned into the pCR2.1 vector. This was
electroporated into DH5(X, extracted by Qiaex midiprep, EcoRI digested and the probe isolated as a 200bp Qiaex
extract from a 0.8% agarose gel. The other probes were derived from restriction enzyme digests of pHMl and were gel
purified using the Qiaex gel purification kit. Probes were labelled using the Megaprime DNA Labelling System
(Amersham Pharmacia Biotech, UK Ltd.; http://www.apbiotech.coml according to the manufacturers recommendations.
2.5.3 Hybridization of radioactive probes to blots
The blots were soaked in hybridization solution for 5-10 minutes (pre-hybridization step). The denatured labelled
probes were added and the blots hybridized at 65°C for 16-24 hours.
2.5.4 Filter washing and autoradiography
Blots were washed with x2 SSC for 5 minutes at room temperature; then twice with 0.25M NaHP04 and twice with
0.04M NaHP04, wash solutions at 65°C, each for 20 minutes. The washed blots were wrapped in Saran wrap and
exposed to x-ray film.
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2.6 PCR
2.6.1 Primers and dNTP’s
All primers were purchased from Genosys Biotechnologies Ltd.

(London Road, Pampisford, UK;

httpV/www.genosvs.corri). Biotinylated primers were 3 O.D. select and desalted. Unless otherwise stated, primers
were stored as 200 pmoles/ pi, and 200 pmoles was used per PCR. See table 2.7. The dNTP’s for most PCR’s (section
2.6.2 to 2.6.5) were purchased from Boehringer Mannheim, and those for ARB-PCR were from Sigma. Stock coludons
were 100 mM (25 mM of each dNTP). Typically, 0.2 to 1 pi of neat stock dNTP’s were used in 20 to 100 pi PCR’s,
respectively; giving 1 mM mixed dNTP’s in a PCR reaction (250 pM of each). In some PCR’s, 0.8 pi was used in a 100
pi PCR, giving 0.8 mM per PCR or 200 pM (0.2 mM) of each. These concentrations were as recommended by
Boehringer Manneheim and as used in the Holden protocol (Holden 1995).
2.6.2 Standard PCR
The intPCR probe for instance was amplified from 100 ng pHMl in a 100 pi volume PCR with primers inti and int2
(table 2.7): 100 ng DNA, 10 pi (xlO) buffer, 2.5 units (0.5 pi) Boehringer Mannheim Taq DNA polymerase, 100
pmoles each primer (0.5 pi; equivalent to 2 pM primer concentration), 0.8 mM dNTP (0.8 pi) and made up to 100 pi
with water. The following cycling conditions were employed:
(94°C-30 seconds, 55°C-30 seconds, 72°C-1 minute) x 30 cycles.

2.6.3 Inverse-PCR

The chromosomal DNA into which Tn/545-A3 had inserted was amplified using inverse-PCR (Hosking et al. 1998;
Triglia et al. 1988). Essentially, Sspl digested exconjugant DNA was purified from a 0.8% agarose gel as a 0.5-4kb
band using the Qiaex kit, ethanol precipitated and ligated in a 200 pi volume for 16 hours at 15°C. The products of
ligation were ethanol precipitated and junction regions were PCR amplified using primers A3-1 and A3-2 in a 50 pi
volume with the following cycle conditions:

(51°C-30 sec, 72°C-1 min, 94°C-30 sec) 40 cycles
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Each primer was used alone as a negative control and both primers were used with WT-Rd DNA; these control
reactions gave no products.
2.6.4 Initial USS-PCR fragment enrichment method

Primers complementary to the right end of Tn7545-A3 and to the uptake signal sequence (USS) (Karlin et al. 1996)
were used (see table 2.7). Genomic DNA (100-200 ng) and 20 pmol of each primer were used per 50 jxl PCR
reaction with the same buffer, dNTP’s and Taq DNA polymerse (Boehringer Mannheim, Mannheim, Germany;
http://biochem.boehringer-mannheim.com) as in the ‘Standard PCR Protocol’, section 2.6.2. Cycling conditions and
Mg2"1"concentrations were altered to improve specificity and product quantity.
2.6.5 Touchdown USS-PCR
The protocol was adapted from that of Reidl (Kraiss et al. 1998) to use Taq DNA polymerase (Boehringer
Mannheim). Genomic DNA was used at a concentration of 5-10 ng/ pi and primers at 20 pmol each with standard
buffer/dNTP/Taq (see section 2.5.2) in a 50 pi reaction. Mg2"1" concentrations were varied to obtain optimal
stringency. Cycling conditions were a variation on that described by Reidl:
(94°C-30sec, {variable annealing temperature}-1 min, 72°C-3min), for 7 cycles, then 3x7 cycles each set
with a 2°C drop in the annealing temperatures, ending with xlO cycles at 6°C lower than the starting
annealing temperature. See table 3.3 for melting temperatures and cycling conditions.
2.6.6 ARB-PCR
Protocols were established by C. Tang for the amplification of transposon insertions in N. meningitidis and E. coli
chromosomal DNA. The procedure was successfully applied to the amplification of Tn/545-A3 inserts in H.
influenzae DNA with minimal alterations to the protocols. Essentially, two rounds of nested PCR amplify the
transposon junction regions using known primers at the right end of Tn/545-A3 and arbitrary primers designed to
bind to AT-rich DNA. Gibco recombinant Taq DNA polymerase (Gibco BRL, Life Technologies, Paisley, UK;
http://www.lifetech.com) and a Genamp2400 PCR machine (PE Applied Biosystems, Warrington, UK;
http://instruments.perkinelmer.com) were essential.

(i)

First-round PCR: 100 ng DNA, 0.8 mM dNTP's (Gibco), 50 pmoles primers arb4 and A3-4, 2.5
mmol MgC12, 0.625units Taq DNA polymerase in a 25 pi PCR reaction. The reaction was
overlayed with mineral oil and cycling parameters were:
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94°Cx4mins; (94°Cx30sec, 30°Cx30sec, 72°Cxlmin) x6 cycles; (94°Cx30sec, 40°Cx30sec,
72°Cxlmin) x6 cycles; (94°Cx30sec, 50°Cx30sec, 72°Cxlmin) x24 cycles; 72°Cx2mins;
4°C.

(ii)

Second-round: 1 jal first round PCR product, 0.8 mM dNTP's 100 pmoles primers arb2 and A3-2,
2.5 mmol MgCl2, 1.25units Taq DNA polymerase in a 50 pi PCR reaction. The reaction was not
overlayed with mineral oil, but the PCR-machine hot lid was employed and cycling parameters
were:

94°C x 4 min. ; (94°Cx30sec, 50°Cx30sec, 72°Cxlmin) x30 cycles; 720Cx2mins; 4°C.

2.7 Signature Tags
2.7.1 Amplification of tags for ligation
Signature tags were amplified from 200pg of a synthetic oligonucleotide containing invariant arms and a 40bp
random central sequence (RT1; see table 2.7B) using 200 pmoles of primers P3 and P5 in a 100 pi volume
containing 200 pM each dNTP, PCR Reaction Buffer with 3.5mM MgCl2, and 0.5 U of Boehringer Mannheim Taq
DNA polymerase. Taq was added after a 5 minute hot start and cyIcing conditions were:
(95°C-30sec, 50°C-45sec, 72°C-10sec), x30 cycles.

The PCR product was digested with A.sp718 for two hours and the 59bp product gel purified prior to ligation into
pHM6 or pHM9.
2.7.2 Amplification of tags for hybridization
Tags were amplified from pHMl/10 prepared from E. coli sl7-l by the modified Qiagen midiprep protocol, or from H.
influenzae exconjugant DNA (Tn7545-A3 or TnVO mutants). Exconjugants grown in 150 pi broth in the wells of MT
plates were pooled (50 of the 150 pi from each well) and their genomic DNA extracted by the CTAB method (2.3.1).
Either plasmid (1 pg) (Mei et al. 1997) or genomic DNA (5 pg) (Holden 1995) were used in 100 pi volume tagamplificadon PCR, in which the constituents and cycling conditions were the same as in 2.6(a), except only 20 cycles
were performed.

Tags were extracted twice with chloroform/isoamyl alcohol (24/1), and precipitated at -70°C for 30 minutes,
after the addition of 10 pi NaAc and 220 pi ice-cold ethanol. A tag pellet was recovered by centrifugation at 6,500 g and
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4°C for 30 minutes, and this was washed with 70% ethanol and dried in a rotary vacuum desiccator for 30 seconds, and
finally the tags were resuspended in 10 pi distilled water. The tags were purified by electrophoresis through a 2%
Metaphor gel and excised in a gel fragment as an 80bp band. The gel slice was melted at 75°C for 2 minutes and the
molten first round ‘cold’ PCR product was the template for second-round ‘hot’ PCR.
2.7.3 Labelling of signature tags
Two microlitres of molten gel containing ‘cold’ tags was amplified and labelled with 32P-dCTP in a 20 pi volume PCR.
The PCR reaction contained 2 pi buffer (3.5mM Mg2+), 0.1 pi each primer P2 and P4 (20 pmols of each), 0.2 pi cold
dNTP’s (dATP, dGTP, dTTP; ~6 nmoles of each (1 mM final PCR concentration), 10 pi hot 32P-dCTP, 0.1 pi Taq (0.5
units) and 5.6 pi distilled water. Cycling conditions were the same as for the first round PCR.
2.7.4 Probing colony blots
The 20 pi PCR reactions were digested with 50 units Hindtil in a 100 pi volume for 90 minutes at 37°C. Tags were heat
denatured at 95°C for 5 minutes and immediately added to the pre-hybridized blots.
2.8 Blots
2.8.1 Colony blots
Both E. coli s i7-1 and H. influenzae can be grown on nylon membranes on agar (Hybond N+; Amersham Pharmacia
Biotech, UK Ltd.; http://www.apbiotech.coml with ease. Either 8.2 cm diameter round plates or 15cm square plates
were used. With gloved hands, the nylon membranes were cut to the required size and inoculated with bacteria from MT
plates, with a 48 prong metal replica-plater. The membranes were inoculated on a flat surface, protected from
contamination by a layer of plasticized paper, then immediately placed on agar using sterile forceps and cultured
overnight at 37°C.
Nylon membranes on which 2-4 mm colonies had grown, were removed from the agar surface to 3M paper
with gloved hands and allowed to dry for 10 minutes at room temperature. Bacteria were lysed by placing the dried
membranes on 3M paper soaked with denaturing solution (0.4 M NaOH) for 8 minutes and then neutralising solution
(0.5N Tris-HCl, pH 7.0) for 5 minutes. The membranes were finally washed in 2x SSC for 5 minutes, partly air dried for
10 minutes, and the DNA cross-linked to the nylon by UV fixation for 3 minutes on a UV transilluminator delivering
1,440,000 uJoules (UVP, Cambridge, UK; http://www.uvp.coml (see also section 4.6.2).
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2.8.2 Plasmid and tag blots
Variations on the preparation of blots for tag hybridization, where the template DNA was either plasmid or amplified
tags, is given in the text of chapter 4.
2.8.3 Tag-labelling protocol variations
A) Biotinylated primers
Primers BIO-P2 and BIO-P4 were synthesised with biotin attached to the 5'-ends and used for the second round hotPCR. The PCR conditions, cycling, and HincHW digestion were the same as above.
Protocol I:

Fifty microlitres of M-280 streptavadin Dynabeads (Dynal, Oslo, Norway) were washed

in 100 pi TNE. The beads were magnetically isolated with a magnetic eppendorf holder and the TNE
supernatant discarded. The 100 pi digested PCR product was added and left for two minutes for adsorption
of the biotinylated arms and primers to the beads. After magnetic separation, the supernatant was removed
to a separate 0.5 ml eppendorf tube and the tags heat denatured at 95 °C for 5 minutes and then added to the
hybridization solution in contact with the blots.
Protocol II:

The 20 pi hot-PCR product was added to 50 pi of TNE washed dynabeads and left for

two minutes for adsorption of labelled tags. After magnetic separation, the supernatant was discarded, 50
units HindMX in 100 pi buffer was added and the dynabeads incubated at 37°C for 4 hours, with shaking
every 30 minutes. The beads were isolated with the metallic eppendorf holder and the supernatant
recovered, denatured and added to the hybridizing blots.
B) Combined 32P-dCTP and -dATP
The PCR constituents and cycling conditions were the same as in 2.6.1, except that 32P-dATP was used in place of colddATP.
2.8.4 Hybridization of tags

After UV fixation, colony blots were incubated in 50 ml wash solution (0.5% SDS, O.lxSSC) at 65°C in glass
bottles in an Hybaid ‘shake and stack’ hybridization oven (Hybaid, Ashford, UK; http://www.hvbaid.co.ukl for at
least 30 minutes. The wash solution was discarded and the blots pre-hybridized for 5-10 minutes with formamide
hybridization buffer; the labelled-tags were denatured at 95 °C over 5 minutes and immediately added to the pre
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hybridized colony blots. Hybridization was at 42°C for 16-20 hours.

2.8.5 Washing colony blots
Radiolabelled tags in the hybridization buffer were either discarded or stored for further hybridizations. Blots were
rinsed with 2x SSC for 5 minutes at room temperature, then washed four times for 20 minutes at 65°C: twice each with
0.25M NaHP04 and 0.04M NaHP04 wash solutions.
2.8.6 Stripping Southern and colony blots

Blots were stripped with 500 ml boiling 0.1% SDS and agitated at 37°C for 20 minutes.
2.9 Sequencing
2.9.1 Manual sequencing
Manual sequencing was with a DNA sequencing kit (Sequenase, United States Biochemical Corporation), following the
manufacturer’s recommendations. The sequencing reactions were run on 0.4 mm thickness, 6% denaturing
polyacrylamide gels made using the Sequagel kit (National Diagnostics) according to the manufacturer's instructions.
Gels were run for up to 8 hours at 60 W constant power and fixed for 10 minutes in a solution of 10% Methanol and
10% acetic acid before being dried and exposed to x-ray film overnight.
2.9.2 Automated sequencing
BigDye™ Terminator Cycle Sequencing kits (Perkin Elmer; http://lifesciences.perkinelmer.coml were used with a
Geneamp 2400 PCR machine according to the manufacturer’s instructions (PE Applied Biosystems, Warrington, UK;
http://instruments.perkinelmer.com). Sequences were read on an ABI377 automated sequence reader (PE Applied
Biosystems; http://instruments.perkinelmer.com).
The sequencing reaction mix and cycling conditions for PCR products cloned into plasmids were:
DNA (0.5 pg in a mximum volume of 5 pi), M 13 forward primer (3.2 pmoles), Big Dye Terminator Ready reaction mix
(4 pi) and dH20 to a total volume of 10 pi. Cycling:

96°Cxl0sec, (98°Cx30sec, 50°Cxl5sec, 60°Cx4mins)x25 cycles, then hold at 4°C.
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2.10 The five-day old infant rat model
H. influenzae were cultured overnight to late logarithmic phase in selective BHI broth, subcultured to fresh selective

broth and grown for three hours to approximately 0 0 * 4 9 0 1.0 (established as 2xl09/ ml cfu). The bacteria were pelleted
at 1,800 g and then resuspended and diluted in ice-cold 0.1%PBSG and kept on ice until inoculated. One-ml syringes
with 23 gauge needles were used to inoculate 100 pi bacterial suspensions into the peritoneum (i.p.) in the right lower
quadrant of the abdomen of five-day old Sprague-Dawly infant rats (Bio-Medical Services Unit, Oxford University).
Each input pool of exconjugant H. influenzae was inoculated in duplicate into two animals. Animals typically weighed
between 10 and 12 grams at the time of inoculation. Infant rats were bled at intervals for up to 72 hours post-inoculation.
Blood was obtained by stabbing the ventral tail vein, approximately 1cm from the perineum, drawing the blood into a 10
pi pipette, and inoculating on to selective BHI agar. The tails were not washed or wiped with alcohol prior to bleeding,
but contaminant bacterial flora were not usually able to grow through the kanamycin/ nalidixic acid antibiotic selection.
The inoculating dose and time of bleeding were varied to ascertain the most appropriate for use with STM (see chapter
6).

2.11 STM Methods
2.11.1 Protocol I

- pre-selection of tags (Mei et al. 1997)

Tagged-Tn7545-A3 was introduced into E. coli sl7-l by electroporation. Single colonies of E. coli sl7-l were
grown in 150 pi broth in the wells of MT plates (2.2.1). A 50 pi aliqout from each well was pooled and DNA
extracted by the CTAB method. Tags were amplified from banks of E. coli (2.7.2), labelled (2.7.3), HindlW
digested to remove the invariant arms (2.7.4) and hybridized against E. coli sl7-l colony blots (2.8.1, 2.8.4 and
2.8.5). Forty-eight Tn/545-A3 that contained tags that hybridized effectively but did not cross-hybridize to each
other were selected and individually conjugated into H. influenzae (see chapter 4). After 48 conjugations, banks of
exconjugants were developed with the same tag array format (see figure 2.1). Each bank of mutants (the ‘input
pool’) was inoculated into two infant rats or subjected to transformation with a streptomycin resistance marker and
surviving bacteria were recovered from the blood of infant rats or selected on BHIkan10strep100 agar ('output pool ).
Tags were amplified from input and output pools, labelled and probed against blots of the input bacteria and their
tags (see figure 2.2).
2.11.2 Protocol II

- no tag pre-selection (Hensel et al. 1995)

Tagged-TnlOkm was introduced into E. coli s i7-1 and conjugated into H. influenzae. Mutant H. influenzae were
57

subjected to transformation with a streptomycin resistance marker (input pool) and surviving bacteria were
recovered after selection of streptomycin containing media (output pool). Tags were amplified from input and
output pools, labelled and probed against input pool blots (see figure 2.2).
2.13

Safety

Animal experiments were covered by home office licenses: PPL 30/3937 and PIL 30/1498, under the Animals
(Scientific Procedures) Act 1986. All bacterial mutagenesis was undertaken in the Category II laboratories in the
Institute of Molecular Medicine or The Neonatal Unit Laboratory, John Radcliffe Hospital, Oxford. Permission for
genetic modification of H. influenzae to kanamycin and nalidixic acid resistance and for in vivo testing of ampicillin
and

chloramphenicol

resistant

mutants

was

granted

by

the

Health

and

Safety

Executive

(http://www.hse.gov.uk/research/index.html (projects CT2, 3 and 7) following the Genetically Modified Organisms
(Contained Use) Regulations 1992. Inoculated animals were housed in a category II room in the Biomedical
Services Unit at the John Radcliffe Hospital.
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Figure 2.1 Conjugation with pre-selected tags.
Maintenance of the tag array format - Protocol I.
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microtitre dishes, maintaining
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original E. coli $17-1 microtitre
plate
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Figure 2.2 Signature Tagged Mutagenesis
H. influenzae strain Rd-b+ and E. coli s!7-l were conjugated to introduce pre-selected tagged Tnl545A3 into Rd-b-k Exconjugants were cultured in the wells of a microtitre plate and replica plated on to
three nylon membranes to form colony blots. Input pool mutants were pooled, cultured to early
logarithmic phase over 2 hours and then lx l0 6cfu were inoculated i.p. into duplicate 5 day old infant
rats. Surviving bacteria were recovered at 30 hours. Tags from input and output pool DNA was
amplified, labelled and hybridized against the blots. Mutants present in the input but missing in both
output pools were identified and recovered from the original bank of mutants that had been stored at 70°C.
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60

CTAB
DNA

CTAB
DNA

Output pool
mutants

Figure 2.3 Primers used for inverse-, USS- and ARB-PCR
Inverse-PCR, USS-PCR or ARB-PCR permitted amplification of a gene of unknown sequence. In inversePCR, the two primers anneal to the end of the transposon, one inward and the other outward pointing, A3-1
and A3-2, respectively. In USS-PCR, nested primers anneal to the end of the transposon, A3-2 and A3-4,
and one primer anneals to the H. influenzae chromosomal repetitive element, the USS. In ARB-PCR,
nested primers A3-2 and A3-4 anneal to the transposon right terminus and a hemi-random primer with a 5’
tail and a 3’ ‘designer’ end (ARB4) anneals to the chromosomal DNA, ARB2 amplifies from the 3’ tail of
ARB4.

primer A3-3
primer A3-2
primer A3-4
primer A3-1

TAAGTCCAGTTTTTATGCCG

TGATAAAGTGTGATAAGTCCA

GTAGTAAATTGAGTGG

TGGATAAATCGTCGATAGTTT

*

int xis

►

aphA3

primer ARB4

primer ARB2

GGCCACGCGTCGACTAGTACN
NNNNNNNNNTGACG
GGCCACGCGTCGACTAGTAC

USSp

AAAAAAGTGCGGTCAA
USS+

Index

NNNNNNAAAGTGCGGGT

Chromosomal DNA
Tnl545-A3
Red primers
Purple primers
Blue primers

= Inverse-PCR (and transposon primers necessary for USS- and ARB-PCR)
= USS-PCR
= ARB-PCR
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Table 2.1 Bacterial strains
Strain

E. coli

Attributes

Source

References

All E. coli were F- and X-, unless otherwise stated

DH5a

endAl, hsd R17, (rk- mk+), supE44, thi-lA- recAl, gyrA96, relAl,
<1)80 lacZAM15

E.R. Moxon

XL 1-blue

recAl endAl gyrA96 Thi-1 hsdR17 supE44 relAl lac[F’ proAB
ladqZAM15 TnlO(tetR)].

E.R. Moxon

TOPIO

One Shot® Chemically Competent E. coli. mcrA A(mrrhsdRM S-m rcBC) O80/acZAM15 AlacX74recAl deoR amD139
A(ara-leu)7697 galU galK rpsL (strK) en d A l nupG

Invitrogen,
Gronigen,
Netherlands

GM48

thr leu thi-1 lacY galK galT ara tonA tsx dam dcm supE44.

E. R. Moxon

Kurait 1989

Palmer and
Marinus 1994
(see also
httD://web.bham.a
c.uk/bcm 4eht6/res
.html)

CC118

araD139, A(ara, leu)7697 AlacX74, phoA A20 galE, galK, thi,
rpsE, rpoB, argF^recAl.

D. Holden

sl7-l

Tp, Smr pro thi recA hsdR'M+; chromosomal RP4-2 (Tnl::ISRl,
tet::Mu. Km::Tn7), Xpir.

D. Holden
and
X. de Bolle

Simon et al. 1983

sl7-l::pHM l/10

E. coli sl7-l carrying either plasmid pHMl or pHMIO, bearing
Tn7545-A3 or tagged-Tn l545-A3 , respectively.

X. Nassif
and this
study

Nassif et al. 1991

sl7-l::pUT

E. coli sl7-l carrying pUT miniTn5Km2.

D. Holden

sl7-l::pAK

E. coli sl7-l carrying pAK plasmids bearing TnlObla/cat

J. Reidl

sl7-l::pLOF

E. coli sl7-l carrying pLOF bearing TnlOkm.

P. Langford
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CC118::pUT

E. coli CCI 18 carrying pUT-miniTn5km.

D. Holden

sl7-l::pUT

E. coli sl7-l carrying pUT-miniTn5km.

This study

RM 153 (Eagan)

Prototypic type b strain.

E. R. Moxon

RM154

Streptomycin resistant Eagan.

E. R. Moxon

RM 118 (Rd)

Capsule deficient serotype d strain.

E. R. Moxon

Alexander and
Leidy 1951

Rd-tet*

RM118 made tetracycline resistant by insertion of a cassette in a
haemoglobin-uptake gene (HI0712).

D. Hood

Unpublished

Eagan- tetR

RM 153 made tetracycline resistant by insertion of a cassette in a
haemoglobin-uptake gene (HI0712).

D. Hood

Unpublished

Rd-nalR

RM118 made nalidixic acid resistant (to 5 pg/ ml) by one-step
selection.

This study

RM 133

Rd:01transformed with chromosomal DNA from strain RM 154
containing one complete copy of the serotype b cap loci. The EPS
characteristics of the transformants are similar to Rd.

Zwahlen et al.
1985; Zwahlen et
al. 1986; Zwahlen
et al. 1989

As Rd-b+:01, but with EPS characteristics different from Rd:01,
and similar to Eagan. Rd-b+:02 is more virulent in the infant rat
model than Rd-b+:01.

Zwahlen et al.
1985; Zwahlen et
al. 1986; Zwahlen
et al. 1989

H. influenzae

(Rd-b+:01)

RM 135
(Rd-b+:02)

Anderson et al.
1972

Rd-b+:03

Rd-b+:02 made nalidixic acid resistant (to 5 pg/ ml) by a one-step
selection.

This study

This study

Rd-b+:04

Rd-b+:02 made streptomycin resistant (to 500 pg/ ml) by
transformation with streptomycin resistant Eagan chromosomal
DNA.

This study

This study

Rd-b+:05

Rd-b+:02 made streptomycin resistant (to 500 pg/ ml) by
transformation with Rd-b+:04 chromosomal DNA.

This study

This study
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1056

Serotype b natural isolate, derived from a Guildford outbreak,
having caused invasive disease in a mother and her infant;
harbors a large chromosomally located conjugative plasmid,
pl056, conferring ampicillin, chloramphenicol and tetracycline
resistance.

D.W. Crook

Brightman et
1990;
Dimopoulou <
1992;
Dimopoulou <
1997

sxy-1

Rd with a point mutation in the sxy gene, conferring constitutive
expression of competence.

J. Reidl

Williams et al
1994

hemH

Site-directed Eagan mutant of HI 1160

J. Reidl

Schlor 2000

tbpX

Site-directed Eagan mutant of HI 1217

J. Reidl

Unpublished

hel

Site-directed Eagan mutant of HI0693

J. Reidl

Reidl 1996

nadB

Site-directed Eagan mutant of HI0205

J. Reidl

Unpublished

nadN

Site-directed Eagan mutant of HI0206

J. Reidl

Reidl 2000

nadB/N

Site-directed Eagan mutant of HI0205/0206

J. Reidl

Unpublished

hel/nadN

Site-directed Eagan mutant of HI0693/0206

J. Reidl

Unpublished

IpdA

Site-directed Eagan mutant of HI1231

J. Reidl

Unpublished

M utant nom enclature

Exconjugants (X)

Mutants of H. influenzae strain Rd, 1056 or Rd-b+:03, derived
from conjugation with E. coli sl7-l ::pHMl/10

This study

Exconjuganttransformant (XT)

Mutants derived by transforming exconjugant chromosomal
DNA into Rd or Eagan

This study

Streptomycin
resistant
exconjugants

Rd-b+:03 exconjugants transformed with chromosomal DNA
from Rd-b+:05

This study

E. coli sl7-l::cm R

Chloramphenicol resitant E. coli sl7-l arising from transfer of a
cmRelement during mating with H. influenzae strain 1056.

This study

Nomenclature for concentrations of organisms

E5, E6, E7,etc

IxlO5, IxlO6, IxlO7, etc E. coli in 10 pi broth

H6, H7, H8,etc

IxlO6, IxlO7, IxlO8, etc H. influenzae in 10 pi broth

The Rd-b+:03, :04 and :05 nomenclature was assigned in this study.
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Table 2.2 Plasmids
Plasmids and
transposons

Notes

Reference

1. Cloning and general purpose vectors

pCR2.1

AmpR/KanR, ColEl oriR, 3.9 kb

Invitrogen, Gronigen, The
Netherlands

For cloning of inverse-PCR products (see chapter IV)

pCR4-TOPO

AmpR/KanR, ColEl oriR, 3.9 kb

Invitrogen, Gronigen, The
Netherlands

For cloning of inverse-PCR products (see chapter IV)

pUC18

AmpR, 2.7 kb. Used for initial cloning of 3’-end of Tn/545-A3

Yanisch-Perron 1985

pUC19

AmpR, 2.7 kb. Adapted for cloning the 3’-end of Tn/545-A3

Yanisch-Perron 1985

pUK4kan

KanR, 3.9 kb. Control vector for transformations of E. coli

Viera and M essing 1982

Tn7545-A3

Transposon derivative of Tn/545

N assif eta l. 1991

Tagged miniTn5km2

Mini-Tn5 on pUT vector

de Lorenzo and Timmis
1994; Hensel et al. 1995

TnlOcat

TnlOcat contained on a pACVC-based vector (pAK vectors)

Kraiss et al. 1998

TnlObla

TnlOblacontained on a pACVC-based vector (pAK vectors)

Kraiss et al. 1998

TnlOkm

Mini-TnlO contained on the pLOF vector

de Lorenzo and Timmis
1994

2. Transposons
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3. Tnl545-A3 and constructs (see also figure 4.2 and 4.3)

pHMl

pMGC20 (Tn7545-A3 on plasmid pLES2); renamed in this
work for descriptive convenience.

N assif etal. 1991

pHM2

pUC19 after removal of BamHUKpnl restriction enzyme sites
from the MCS by ‘blunt-end religation’.

This study

#HM3

Left half of Tn/545-A3 (left junction, int and xis), following
restriction with Xbal.

This study

pHM4

Recircularised pHMl following Xbal excision of #HM3 (pLES2
plasmid, right junction of Tn./545-A3, aphA3).

This study

pHM5

#HM3 ligated into the Xbal site of pHM2.

This study

pHM6

pHM5 with ligation of a Kpnl linker into the single BamHl site
of the left half of the transposon.

This study

#HM7

Small Xbal fragment of pHM6, containing adapted left half of
Tn/545-A3.

This study

pHM8

Signature tags ligated into the single Kpnl site of pHM6.

This study

pHM9

#HM7 ligated into the Xbal site of pHM4.

This study

pHMIO

Signature tags ligated into the single Kpnl site of pHM9.

This study

4. Other transposon delivery vectors

pUT miniTn5Km2

Suicide vector containing tagged mini-Tn5Km2. R6K oriR
(requires n protein for replication; therefore not maintained in
strains not harbouring À phage) and RP4 oriT (can be transferred
by E. coli sl7-l)
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de Lorenzo and Timmis
1994; Hensel et al. 1995

pLOFkm

Suicide vector derived from pGP704, containing TnlOKm. R6K
oriR (requires n protein for replication; therefore not maintained
in strains not harbouring À phage) and RP4 oriT (can be
transferred by E. coli s i7-1)

de Lorenzo and Timmis
1994; Herrero et al. 1990;
Lee and Henk 1996;
Tascon eta l. 1993

pACYC184

Chloramphenicol resistant

Rose 1988

pACYC177

Ampicillin and Kanamycin resistant

Chang and Cohen 1978

pJRP4

pACYC184 containing hel ligated into the BamHI site

Reidl and Mekalanos
1996

pAKbla

pACYC184 containing hel and TnlObla

Kraiss etal. 1998

pAKcat

PACYC177 containing hel and TnlOcat (cat disruption of bla of
TnlObla)

Kraiss etal. 1998
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Table 2.3 Solutions and Buffers
Solution

Composition and notes

General purpose
chemicals
Ribonuclease A
(RNAse A)

10 mg/ ml in TE; heat at 90°C for 15 minutes, cool slowly to room temperature,
stored dilute at 2 mg/ ml and used at 2 pg/ ml.

TE (pH 7.4, 7.6 or 8.0)

lOmM Tris-HCl (pH 7.4, 7.6 or 8.0), ImM EDTA (pH 8.0)

NaAc pH4.8

3M, pH adjusted with glacial acetic acid

Loading buffer (x6)

Bromophenol Blue 0.25%, Glycerol 30%

TBE

0.045M Tris-borate, 0.01M EDTA

TNE

lOmM Tris-HCl pH 7.5, ImM EDTA, 2M NaCl; used for washing dynabeads

Chromosomal and plasmid DNA extraction
CTAB/NaCl

10% CTAB/0.7M NaCl: 10 g CTAB (hexadecyltrimethyl ammonium bromide)
and 4.1g NaCl, dissolved in 100 ml water. Stored at 37°C

GTE

50mM glucose, lOmM EDTA, 25mM Tris-HCl pH8

NaOH/SDS

0.2N NaOH, 1% SDS

KAc pH 4.8

5M Kac, pH adjusted with glacial acetic acid (3M with respect to K+ and 5M
with respect to acetate)

Southern blotting
Dénaturation Buffer

0.5M NaOH, 1.5M NaCl (for 5L of buffer add 100 g NaOH and 438.3g NaCl)

Neutralisation Buffer

1.0M Tris pH7.5, 1.5M NaCl

Wash Solution

0.5% SDS, O.lxSSC

Hybridization solution

0.25M NaHP04, ImM EDTA pH7.2, 30% formamide and 7% SDS

0.25M NaHP04 wash

0.25M NaHP04, ImM EDTA, 2% SDS, pH7.2

0.04M NaHP04 wash

0.04M NaHP04, ImM EDTA, 1% SDS, pH7.2

1M NaHP04

71g/l Na2HP04, titrated to pH7.2 with H3P 0 4 (1M with respect to Na+)

DNA manipulation
Klenow Buffer (xlO)

lOOmM Tris-HCl (pH 7.5), 50mM MgCl2,75mM DTT

Shrimp alkaline
phosphatase Buffer
(xlO)

500mM Tris-HCl (pH 7.9), 50mM MgCl2

Ligation Buffer (xlO)

500mM Tris-HCl pH 7.4, lOOmM MgCl2, lOOmM DTT, lOmM ATP, 250 pg/ ml
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BSA
PCR
PCR Reaction Buffer
(xlO) BoehringerMannheim

lOOmM Tris-HCl, 500mM KC1, 15mM MgCl2, pH 8.3

PCR Reaction Buffer
(xlO) Gibco

200mM Tris-HCl, 500mM KC1, pH 8.4

Restriction
buffers

Buffer B (mM)

Buffer M

Buffer H

Tris-HCl

10

10

50

MgCl2

5

10

10

NaCl

100

50

100

Dithioerythritol (DTE)

-

1

1

Mercaptoethanol

1

-

-

pH

8.0

7.5

7.5

enzyme

Animal inoculation
0.1%PBSG

0.1% gelatin in PBS

BSA = bovine serum albumin; DTT = dithiothreitol; ATP = adenosine triphosphate; PBS = phosphate buffered saline
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Table 2.4 Additives to culture media
Stock
concentration

Compound

Final
concentration

Role

Inducers and chromogenic substances
Isopropyl-l-thio-(3D-galactoside
(EPTG)

200 pg/ ml

0.2 pg/ ml

Inducer of lacZ

5-bromo-4-chloro3-indolyl-P-Dgalactoside (xgal)

20 mg/ ml in
dimethylforma
mide

20-40 pg/ ml

Identification of lacZ+ bacteria for
cloning and for differentiating H.
influenzae from E. coli

1 g/ ml

2 pg/ml

Supplement

Growth supplements
NAD

for

growth

of

H.

influenzae

NMN

20 mg/ ml

60 pg/ml

Hemin

2 g/ ml

20 pg/ml

Supplement for growth of nadB and
nadN mutants
Supplement

for

growth

of

H.

influenzae

PPIX

2 g/ml

Levinthal base

20 pg/ml

Supplement to ensure phenotype of
hemH mutant
“

10%

Antibiotics
Ampicillin

Chloramphenicol

100 mg/ ml

30 mg/ ml

100 pg/ ml

Selection of cloning vectors in E. coli

6 pg/ml

Selection of pAKbla and identification
of TnlO mutants with persisting pLOF
vector

2 pg/ml

Selection of TnlO mutants of H.
influenzae

5 pg/ml

Selection of H. influenzae strain 1056

30 pg/ml

Selection of E. coli

Erythromycin

10 mg/ ml in
ethanol

10 pg/ml

Selection for persistence of pMGC20
in E. coli s i7-1

Kanamycin

50 mg/ ml

10 pg/ml

Selection of H. influenzae

50 pg/ml

Selection of E. coli
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Nalidixic acid

1 mg/ ml in
ethanol

Streptomycin

5 pig/ml

Selection of H. influenzae Rd-b+:03

100 pg/ ml

-obtaining resistant strains of H.
influenzae: Eagan and Rd-b+:04.
-selection for transformation genes
during in vitro STM.
-persistence of RP4 machinery in E.
coli sl7-l.

Tetracycline

Gentamicin

12 mg/ ml in
ethanol

4 pg/ ml

Selection of H. influenzae Rd-tetR and
counter-selection against E. coli s i7-1

0.5-2 pg/ ml

Differential selection of H. influenzae
and E. coli
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Table 2.5 Nomenclature for media
Media

Additives

BHI

BHI supplemented with NAD and hemin (broth) or Levinthals (agar)

BHI NMN

BHI broth supplemented with NMN (60 pg/ ml) and hemin, or BHI agar with
NMN and Levinthals

BHI NMN SAP

BHI broth supplemented with NMN and hemin and shrimp alkaline phosphatase (1
unit/ ml) or BHI agar with NMN and Levinthals and streaked with SAP

BHI I

BHI agar supplemented with IPTG

BHItet4

BHI supplemented with NAD and hemin containing 4 pg/ ml tetracycline

BHIcm2 or 5

BHI supplemented with NAD (or NMN) and hemin, and containing 2 or 5 pg/ ml
chloramphenicol

BHInal5

BHI supplemented with NAD and hemin containing 5 pg/ ml nalidixic acid

BHIkan 10

BHI supplemented with NAD (or NMN) and hemin, and containing 10 pg/ ml
kanamycin

BHIkm10nal5or tet4 or
cm

BHI supplemented with NAD and hemin containing 10 pg/ ml kanamycin and 5
pg/ ml nalidixic acid (or 4 pg/ ml tetracycline or 5 pg/ ml chloramphenicol)

BHI km10gent05or gent1 10 pg/ ml kanamycin and 0.5, 1 or 2 pg/ ml gentamicin
or gent2

BHIkml0nal5X/I

BHI supplemented with NAD, hemin, Xgal and IPTG and containing 10 pg/ml
kanamycin and 5 pg/ml nalidixic acid

„ t ____ 100
BHIkan m cm2strep

BHI broth supplemented with NAD, hemin, and shrimp alkaline phosphatase
(SAP, 1 unit/ ml broth) or BHI agar containing Levinthals and streaked with SAP;
and containing 10 pg/ml kanamycin, 2 pg/ml chloramphenicol and 100 pg/ml
streptomycin

BHIstrep 100

BHI supplemented with NAD and hemin containing 100 pg/ ml streptomycin
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BHIkm10strep100

BHI supplemented with NAD and hemin containing 10 pg/ ml kanamycin and 100
pg/ ml streptomycin

BHIamp4nal5

BHI supplemented with NAD and hemin, containing 4 pg/ ml ampicillin and 5 pg/
ml nalidixic acid; for selection of pACYC177 in H. influenzae conjugation
experiments

BHIcm2nal5

BHI supplemented with NAD and hemin, containing 2 pg/ ml chloramphenicol
and 5 pg/ml nalidixic acid; for selection of pACYC184 in H. influenzae
conjugation experiments

BHIcm2

BHI supplemented with NAD and hemin, containing 2 pg/ ml chloramphenicol;
for selection of pAK constructs after transformation into H. influenzae

LB

LB without antibiotics

LBkm50

LB containing 50 pg/ ml kanamycin

LBkm^strep100

LB containing 50 pg/ ml kanamycin and 100 pg/ ml streptomycin; for selection of
E. coli s i7-1 containing pHMl, pHMIO, pAKatf, or pLOF&m

LBamp6

LB containing 6 pg/ml ampicillin; for selection of E. coli XL 1-blue containing
pAKcat

LBcm2strep100

LB containing 2 pg/ml chloramphenicol and 100 pg/ml streptomycin; for
selection of E. coli s!7-l containing pAK&Za

LBamp6strep100

LB containing 6 pg/ ml ampicillin and 100 pg/ ml streptomycin; for selection of E.
coli s!7-l containing pAKcaf

LBery10

LB containing 10 pg/ ml erythromycin

All antibiotics were purchased from Sigma Chemicals co., Poole, UK.
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Table 2.6 Preparation of MIV competence-inducing solution (Barcak et al. 1991)
Component

Concentration

Solution 21
Distilled water

850 ml

L-Aspartic Acid

4g

L-Glutamic acid

0.2g

Fuamric acid

lg

NaCl

4.7g

Tween 80

0.2 ml

K2HP04

0.87g

KH2P04

0.67g

Adjust pH to 7.4 with 4N NaOH. Add distilled water to 1 litre. Dispense 100 ml per bottle and autoclave.
Solution 22
L-Cystine

0.04g

L-Tyrosine

O.lg

Dissolve in 10 ml of IN HC1 at 37°C. Bring to 100 ml with distilled water and add:
L-Citrulline

0.06g

L-Phenylalanine

0.2g

L-Serine

0.3g

L-Alanine

0.2g

Filter sterilize.

Solution 23
CaCl2

0.1M solution, autoclave.

Solution 24
MgS04

0.1M solution, autoclave.

Solution 40
5% (w/v) solution of vitamin-free casamino acids fDifco: http://www.bd.com/biosciences/index.html) in
distilled water. Filter sterilize.

To 100 ml Solution 21 add 1 ml of each of Solutions 22-40. Pre-warm to 37°C before use.
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Table 2.7 Prim ers and oligonucleotides

A. prim ers
Name

Sequence

Use

References

A3-1

TTTGATACGACGATTTATCCT

Inverse-PCR and
USS-PCR

Hosking 1998

A3-2

TGATAAAGTGTGATAAGTCCA

Inverse-PCR and
USS-PCR

Hosking 1998

A3-3

T AAGTCCAGTTTTT ATGCCG

USS-PCR

This study

A3-4

GTAGTAAATTGAGTGG

nested USS-PCR

This study

USSo

AAAAAAGTGCGGTCAA

USS-PCR

This study

USS+

NNNNNNAAAGTGCGGGT

USS-PCR

Kraiss et al. 1998

-40

GTTTTCCCAGTCACGAC

M13/pUC forward
sequencing primer

Short 1988

-48

AGCGGATAACAATTTC ACAC AGGA

M13/pUC reverse
sequencing primer

Short 1988

ARB-2

GGCCACGCGTCGACTAGTAC

ARB-PCR

C. Tang, unpublished

ARB-4

GGCC ACGCGTCGACT AGTACNNNN
NNNNNNTGACG

ARB-PCR

C. Tang, unpublished

P2

T ACCTACAACCTC AAGCT

tag PCR

Hensel et al. 1995

P4

TACCC ATTCTAACC AAGC

tag PCR

Hensel et al. 1995

bioP2

BIO- TACCT ACAACCTC AAGCT

tag PCR

This study

bioP4

BIO- TACCC ATTCTAACC AAGC

tag PCR

This study

P3

CATGGT ACCC ATTCTAAC

tag PCR

Hensel et al. 1995

P5

CT AGGTACCT ACAACCTC

tag PCR

Hensel et al. 1995

inti

CGC AG AGTTAC AGAAAGA

probe

This study

int2

GGCTTCTTCAACCATAGG

probe

This study

IS10

CTGAATCCCCTAATGATTTTGGTA

PCR of TnlO

Kraiss et al. 1998

All primers were purchased from Genosys, Cambridge, UK; http://www.genosvs.co.ukA). Nucleotides dATP, dCTP,
dGTP and dTTP are represented by ‘A’, ‘C \ ‘G’ and ‘T’, respectively. ‘N’ représentes and nucleotide randomly
incorporated into the primer. ‘BIO’ represents 5’-biotinylation of the primer.
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B. oligonucleotides

Sequence

Name

Use

RT1

CT AGGTACCTAC AACCTCAAGCTT- [NK]20AAGCTTGGTTAGAATGGGTACCATG

Template for amplification of a random
pool of signature tags - donated by D.
Holden (Hensel et al. 1995)

Linkl

[PJ-GATCTGGTACCA

Annealed with Link2 to form a Bgtllended, Kpnl adapter

Link2

ACCAT GGTCT AG- [P]

Annealed with Linkl to form a Bglllended, Kpnl adapter

[p] = 5’ phosphorylation.
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Chapter 3

Mutagenesis of H. influenzae

3.1 Introduction
STM was first described using the transposon mini-Tn5km2 (de Lorenzo and Timmis 1994; Hensel et al. 1995). The
most expedient approach to STM of H. influenzae might therefore have been the application of this pre-tagged minitransposon. Tagged mini-Tn5km2 was a gift from D. Holden and the attempts to introduce it into H. influenzae is
the starting point of this chapter.
At the outset of this research, the only transposon described for in vivo mutagenesis of H. influenzae was
Tn9/6 and this was known to have a major limitation in that it transposed to only a limited number of sites in the H.
influenzae chromosome (Holland et al. 1992; Hosking et al. 1998; Kauc and Goodgal 1989; Nelson et al. 1997). The

reduced size of Tn/545-A3 (4kb versus 18kb) (Nassif et al. 1991; Rice 1998) offered hope that its behaviour may be
more random than Tn9/6. This chapter’s main focus is the characterization of Tn7545-A3 integration in H.
influenzae, demonstrating that it has the potential to transpose to many different chromosomal sites, but that it does

so usually only once per mutant. A series of experiments determined that the transposon delivery vector persisted in
H. influenzae, but that its presence did not confer instability.

3.2 Failure to introduce mini-Tn5km2 into //. influenzae
3.2.1 Filter mating
Attempts were made to introduce Tn5km2 into H. influenzae following the protocol outlined in 2.4.4.2 (filter
mating method): IxlO8 E. coli sl7-l:: pUT and IxlO8 H. influenzae Rd-tetR, prepared in lOmM MgS04, were filter
mated for 5 hours and 16 hours (de Lorenzo and Timmis 1994). No exconjugants were obtained after culture on
BHI km10tet4 for 36 hours.
3.2.2 Agar mating
Similarly, attempts were made at introducing Tn5kmn2 into H. influenzae following the protocol outlined in 2.4.4.2
(agar mating protocol). No exconjugants were obtained from conjugation of E. coli sl7-l::pUT and H. influenzae
strain Rd-tet* in 10 pi spots on the surface of BHI agar; for 5 or 16 hours at the following concentrations: E5H7,
E6H7, E6H8 and E7H8 (annotation described in table 2.1).
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After establishing the optimal mating conditions for E. coli sl7-l::pHM l with H. influenzae (see section
3.3), agar mating was repeated with E. coli sl7-l::pUT and H. influenzae Rd-tet^. Plasmid pUTmini-Tn5Km2 was
isolated from E. coli ccllS and freshly transformed into E. coli sl7-l. Ten microlitre aliquots of broth cultured
bacteria were spotted onto BHI agar to give the following ratios of E. coli to H. influenzae:

E*H% E ^ 6, E7H8,

E7H7, E7H6, E8H6, E8H7and E8H8. The two species were conjugated for six hours. Controls were H. influenzae or E.
coli sl7-l::pHMl alone: E6, E7, E8, H6, H7and H8, spotted individually onto BHI for six hours and then subcultured to
selective media. No exconjugants were observed after 36 hours culture on BHI km10tet4.
3.3 Conjugation of Tn7545-A3 into H. influenzae
In this section, the optimal conditions were established for conjugation. One complicating factor over-ridding the
experiments was that the concentration of most antibiotics needed to inhibit growth of non-resistant E. coli was
higher than that required for inhibition of resistant H. influenzae. For this reason, difficulties were encountered in
counter-selecting against E. coli s!7-l when selecting for H. influenzae exconjugants. Tetracycline selection was
tried, then tetracycline plus gentamicin (section 3.3.1), and then chloramphenicol (section 3.3.2). Finally nalidixic
acid proved to be the most effective (section 3.3.3). Xgal-IPTG was employed as a chromogenic indicator of
breakthrough E. coli s!7-l growth (section 3.3.4).
3.3.1 Conjugation of E. coli sl7-l::pH M l with H. influenzae Rd-tetR
The result of conjugations for 2, 3, 4 and 5 hours with the following bacterial ratios: E*H7, E*H8, E7H6, E7H7, E7H8,
E8H6, E8H7 and E8H8, are shown in figure 3.1. Conjugations yielded between zero and a few hundred exconjugants,
visible as small colonies after 18 hours growth on BHI kml0tet4 agar. No exconjugants resulted from mating with the
following ratios: E5!!6, E5H7, E*H*. No colonies grew at 18 hours on control plates inoculated with E7, E8, H7or H8
alone, but breakthrough growth occurred after 18 hours. Breakthrough growth meant that the colonies arising on
selective agar were a mixture of Rd and Rd-exconjugants. A ratio of 1:100 E. coli'.H. influenzae produced the most
efficient conjugation.
The aphA3 cassette of Tn/545-A3 confers resistance to kanamycin but not gentamicin (Lorian 1996). A
concentration of gentamicin was sought that in combination with tetracycline and kanamycin, selected against E.
coli sl7-l and yet permitted growth of H. influenzae exconjugants. The growth of E. coli sl7-l and H. influenzae
Rd exconjugants was assessed on BHI km10 gent05 or gent1 or gent2 agar. Gentamicin did differentiate the two
species in favour of H. influenzae, but the H. influenzae colonies were sufficiently reduced in number and size that
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this potential selection method was abandoned. The conjugation experiments with Rd-tet* were repeated on several
occasions with Eagan-tetR. No exconjugants were recovered. Also the presence of a tetracycline resistance gene was not
ideal for studies of Eagan virulence, therefore alternative means of making H. influenzae type b antibiotic resistant were
sought.
3.3.2 Conjugation between E. coli s!7-l and H. influenzae strain 1056
H. influenzae strain 1056 is a type b encapsulated strain that harbors a large, usually chromosomally integrated,

chloramphenicol resistance plasmid, pl056.
To determine the most appropriate concentrations of chloramphenicol to add to selective media, E. coli
sl7-l::pHM l and H. influenzae 1056 were separately cultured on BHI containing 5-30 pg/ ml chloramphenicol. E.
coli did not grow on any of the media whereas H. influenzae 1056 grew profusely on BHIcm5 agar, but less well

with increasing chloramphenicol concentrations. Neither species grew on BHIkm10cm5. E. coli sl7-l::pHM l was
mated with H. influenzae strain 1056, resulting in exconjugants selected on BHI km10cm5agar. Tn7545-A3 was
transferred from E. coli to H. influenzae but the chloramphenicol resistance marker of p i056 was also transferred
from H. influenzae to E. coli, possibly representing a phenomenon called retrotransfer. Thus, bacteria surviving on
BHI km10cm5agar plates were a mixture of H. influenzae and E. coli, effectively limiting the utility of the 1056
strain for mutagenesis.
To elucidate the nature of retrotransfer, strain 1056 was conjugated with E. coli s i 7-1 that did not contain
pHMl, with selection on BHIstrep10cm30 agar. Strep10 inhibits H. influenzae strain 1056 and yet permits growth of E.
coli s i7-1, and cm30 inhibits E. coli s i7-1 not acquiring the H. influenzae marker, whereas E. coli s i7-1 acquiring

pl056 would have been viable on BHIstrep^cm30 agar. In three separate matings, chloramphenicol resistance could
not be conferred upon E. coli s i7-1.
3.3.3 Nalidixic acid resistance
Given that conjugation with Eagan had failed, possibly related to the degree of capsule expression, Rd-b+:02 was
made nalidixic acid resistant and STM conducted with this strain. Rd-b+ is less virulent than Eagan and therefore
has a potential advantage in STM experiments where the inoculum containing many different mutants must be large
(see section 1.4, and chapter 5). Nalidixic acid resistant H. influenzae Rd and Rd-b+:02 were obtained by single-step
resistance selection; the two strains were plated on to ten BHInal20 plates at a concentration of lx l0 9/100 pi. A
single colony of each strain was isolated and survived when subcultured to fresh BHInal20 plates; nalidixic acid
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resistant Rd-b+:02 was renamed Rd-b+:03. Nalidixic acid resistant H. influenzae and non-resistant E. coli sl? -l
were streaked on to gradient BHI plates containing 0-20 fig/ ml nalidixic acid. Healthy growth of H. influenzae
occurred at <10 fig/ ml nalidixic acid. To better quantify the degree of resistance, bacteria were streaked on to
BHInal20, BHInal10 and BHInal5 plates. Nalidixic acid at 5 fig/ ml differentiated well between resistant H. influenzae
and non-resistant E. coli s i 7-1.
3.3.4 Xgal/IPTG selection
When mixed colonies of E. coli s i7-1 and H. influenzae occurred on the same BHI agar plate it was difficult to
reliably distinguish the two species by colony morphology. E. coli sl7 -l has a ‘blue hue’ when colonies are
transilluminated, that is similar to the typical iridescence of H. influenzae. The true identity of different colonies was
established by patch plating onto BHI agar with and without factors x and v; H. influenzae being able to grow only
on plates with the factors.
E. coli sl7-l has an intact lac operon (Joset and Guespin-Michel 1993a) therefore exconjugants were

selected on media containing xgal and IPTG as well as antibiotics. E. coli s i7-1 able to breakthrough antibiotic
selection, as with prolonged incubation on BHItet4, or acquiring the Haemophilus resistance determinant by
retrotransfer, as with 1056 mating, could be recognized by blue colonies (figure 3.2). The finding of E. coli colonies
escaping through nalidixic acid counter selection proved to be unusual when Rd-b+:03 exconjugants were selected
on BHIkm10nal5agar.
3.3.5 Establishing the optimal conditions for conjugation
The conjugation efficiency of E. coli s i7-1 was noted to be reduced after serial sub-culture in LBkm50 broth
compared with E. coli sl7 -l that had been freshly transformed with pHMl. Chromosomal RP4 carries streptomycin
resistance and although others do not routinely subculture E. coli sl7 -l in streptomycin containing media (de
Lorenzo and Timmis 1994; Nassif et al. 1991) the presence of the antibiotic is likely to be necessary for the long
term persistance of RP4 in this strain (Simon et al. 1983). A single stock culture of E. coli sl7-l was maintained at 70°C, and a fresh supply of E. coli sl7-l was obtained from this by subculture to LBkm5Ostreplo° media for each
experiment. E. coli sl7-l was cultured in LBkm50broth, without streptomycin, immediately prior to mating.
The presence of antibiotics in the broth during mating was correlated with conjugation efficiency. Both
bacteria were cultured in broth with antibiotics; H. influenzae Rd-b+:03 was centrifuged and resuspended in plain
BHI broth or BHInal25 broth, to a concentration of H8. E. coli was grown in LBkm50 and either diluted in BMkm50
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broth or centrifuged and resuspended in BHI broth, to a concentration of E6. Four conjugations were undertaken: £.
coli and H. influenzae conjugated after removal of antibiotics (no exconjugants); E. coli in km50 conjugated with H.
influenzae in nal25 (reduced exconjugants); E. coli in km50 conjugated with H. influenzae after removal of nalidixic
acid (maximal number of exconjugants); E. coli after removal of kanamycin conjugated with H. influenzae in nal25
(no exconjugants). The optimal bacterial preparation prior to mating was dilution of E. coli without centrifugation
and yet centrifugation of H. influenzae to remove nalidixic acid. In subsequent experiments, Rd-b+:03 was selected
with nalidixic acid at 5 pg/ ml rather than 25 pg/ ml (see section 3.3.4) and this was removed by centrifugation prior
to mating. E. coli s i7-1 have rigid conjugating pili that may have been damaged by centrifugation necessary to
remove kanamycin from broth.
The effect of altering the drying time of BHI agar plates, dried at room temperature in a laminar flow hood,
on Rd-b+:03 exconjugant survival was studied. Plates dried for 20 minutes yielded 350 exconjugants, compared
with 200 exconjugants on plates dried for 40 minutes and 100 exconjugants after 60 minutes. Freshly prepared or
pre-warmed agar plates, dried for only 20 minutes, were used for all subsequent experiments.
3.4 Analysis of Tn/545-A3 location in H. influenzae

Southern analysis was used to identify Tn/545-A3 insertions in the H. influenzae genome, but interpretation of blots
was complicated by the persistence of plasmid pHMl. Three probes were employed, directed at the transposon, at
the vector, or at both. In summary, pHMl was initially considered likely to behave as a suicide plasmid, but
Southern analyses clearly demonstrated that it persisted in the majority of H. influenzae exconjugants.
3.4.1 Probes

The three probes were intPCR (transposon), plasmid^ (vector) and km*^ (both transposon and vector)(figure 3.3).
Probe intPCR is a 200bp PCR product of the int gene, cloned into pCR2.1 and isolated as a gel purified EcoRl
fragment. It hybridized specifically to the left half of Tni545-A3 after transposition to chromosomal DNA, but also
to Tn7545-A3 in persisting pHMl/10 (see table 2.2 for plasmid annotation) or to the ‘circular intermediate’.
Plasmid^ is a 6.15kb H indi restriction fragment probe that is specific for pHMl/10 before or after transposition
and Tn/545-A3, it did not recognize Tn/545-A3 that had transposed to the chromosome. Probe km ^ is a 1.9kb
Hindi restriction fragment probe, that recognized the right half of Tn/545-A3 and the 360bp of S. pneumoniae
DNA flanking the transposon. It hybridized to Tn7545-A3 in chromosomal DNA, to pHMl/10 before and after
transposition, and to the ‘circular intermediate’.
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3.4.2 A detailed map of pHMl/10
A Southern blot of plasmid pHMl digested with several enzyme combinations was probed with radiolabelled km ^
(data not shown). Based on this restriction map, the published limited map of the transposon (Nassif et al. 1991), the
gonococcal plasmids, pJDl, pFTl and pGC3 (Korch et al. 1985; Sarandopoulos and Davies 1993; Stein et al.
1983a; Stein et al. 1983b), the pUC9 (NEB Catalogue) and pUC1813 polylinkers (Kay and McPherson 1987), and
the sequence of Tn7545 (Genbank accession numbers: m35312; u01547; x52632; x61025) (Caillaud and Courvalin
1987; Caillaud et al. 1987; Poyart-Salmeron et al. 1989; Trieu-Cuot et al. 1991; Trieu-Cuot and Courvalin 1983),
pHMl has the composition shown in figure 3.4. The sequence of Tn7545-A3 is given in Table 3.1. A detailed map
of pHMl contributed to this study by the identification of two Xbal sites that permitted cloning of the left half of the
transposon (see chapter 4), and by the positioning of enzyme sites, such as Sspl and Apol, that cut near the end of
the transposon and are frequent cutters of 77. influenzae chromosomal DNA, useful for inverse-PCR (this chapter).
After formation of pHMIO from pHMl by linker and tag insertion (see chapter 4), pHMIO was extracted from E.
coli strain GM48, and digested with enzymes expected to cut the polylinker. The results confirmed the expected
structure of pHMIO. AspllS/Kpnl didn’t cut pHMl but linearized pHMIO, and BamM cut pHMl into two
fragments but linearized pHMIO.
3.4.3 Persistence of plasmid pHM l in exconjugants
After conjugation of Tn7545-A3 into 77. influenzae, uncut and cut chromosomal DNA were compared from several
exconjugants. In the majority, pHMl persisted as an extrachromosomal element.
In some exconjugants a plasmid band was clearly visible (figure 3.5A), whereas in others a band could not
be seen (figure 3.5B). The double plasmid bands (x and z) in figure 3.5A resolved to a single band (y) after
restriction with the enzyme combination, Aval and Ncol. DNA from those exconjugants with a visible persisting
plasmid was able to transform E. coli DH5a to kanamycin and erythromycin resistance, evidence that the visible
plasmid was pHMl.
Southern blots were prepared from total DNA from the two forms of exconjugants, those with persisting
plasmid and those without. Blots from uncut and cut DNA were probed with km ^ and plasmid^ (figure 3.6). In
exconjugants that did not have visible plasmid (figure 3.6A), k m ^ hybridized to unique chromosomal insertions
and to two bands that occurred at 4-5kb and 2.5kb (left-hand radiograph). By virtue of the band presence at the same
location in cut and uncut DNA it was deduced that these bands were not cut by the restriction enzymes. Plasmid^
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probe did not hybridize to any chromosomal insertion, evidence that Tn/545-A3 transposed to the chromosome
leaving the plasmid behind (right-hand radiograph). This same probe does not detect the 4-5kb nor the 2.5kb
plasmid bands, indicating that they may represent the ‘circular intermediate’. When DNA from these exconjugants
was transformed into E. coli DH5a, no resistance was conferred.

In those exconjugants that did have extrachromosomal DNA visible by gel electrophoresis and UV
transillumination, both the km ^ and the plasmid1*6 probes hybridized to three ‘regular’ bands at 4kb, 7-8kb and 101Ikb (figure 3.6B). The probes hybridized to the 7-8kb and the 10-11 kb bands in cut DNA (C), but to a >1 Ikb band
and a 4kb band in uncut DNA (U). The only difference between the two probes is that km66 detects additional
unique bands in cut chromosomal DNA lanes (left-hand photograph), representing Tn7545-A3 insertions in
chromosomal DNA. In subsequent Southern blots, the putative ‘circular intermediate’ was infrequently identified,
especially where the intPCR probe was used. The reason for this is not clear.
3.4.4 Choosing the enzymes that give the best resolution of chromosomal insertions
DNA from five H. influenzae Rd-tetR exconjugants were digested with a variety of restriction enzymes to ascertain
those that could be used to best discriminate between individual exconjugants in Southern analysis. Enzymes were
used either singularly or in combinations of two or three and the Southern blots were probed with in t^ R (data not
shown). Some enzymes or enzyme combinations cut Haemophilus DNA infrequently, so that the chromosomal
fragments containing transposon are clustered at the top of a Southern blot (ie £coRI, EcoRUBelli, Muni). Some
enzymes digested the DNA into small fragments, leaving a cluster of hybridization bands at the bottom of a
Southern blot (ie Oral and Sspl) and one enzyme (AM) digested the DNA so much that no sufficient sized fragment
remained for hybridization of the probe. The combination, EcoRUBamHl, resulted in aberrant cutting presumed to
be star activity, a relaxation of restriction enzyme specificity in an unfavourable environment for the enzyme, such
as the wrong buffer, high pH or high concentrations of enzyme or glycerol (Izsvak and Duda 1989). Any enzyme
can be made to exhibit star activity but BamHl, EcoRl and Pstl are amongst the enzymes that are particularly prone.
Enzyme combinations offered little advantage over single enzymes and had the disadvantage of causing intermittent
star activity. The best single enzymes were BamHl and Pstl. In many of the sets of digests, hybridization occurred
to an extrachromosomal element.
3.4.5 Transposition of Tn7545-A3 after conjugation results in single chromosomal insertions
Ten randomly picked exconjugants, the product of a single mating, were digested with BamHl, Southern blotted and
probed with intPCR (figure 3.7). Most of the 77. influenzae mutants had unique, single chromosomal insertions of
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Tn/545-A3 as well as persisting pHMl plasmid.

3.4.6 Stability of transposon insertions following serial subculture in vitro
Two exconjugants were serially subcultured on plain BHI or BHIkm10 agar for five days. A Southern blot was
probed with int*^*. The transposon integration site remained the same before and after subculture, implying
stability. Further evidence of transposon stability is that single insertions are seen after DNA extraction from a large
population of bacteria. If the transposon moved to different sites over time and during bacterial replication, then
Southern blots would generally not be expected to show the single insertions that they do (see figures 3.7 to 3.9).
3.4.7 Transformation of genomic DNA from Rd exconjugants into Eagan
DNA was extracted from ten Rd-exconjugants (X) and each was transformed into Eagan, producing sets of
exconjugant-transformants (XT) colonies. The DNA of three XT from each set was digested with BamHl and
Southern blots prepared and probed with int*^*. Evidence of chromosomal stability following transformation was
that the transposon maintained its position in the genome in each set of three XT’s derived from the same X.
Southern blots from two of the sets of three XT are shown in figure 3.8. Genomic DNA from the other eight pairs of
X (Rd) and their respective XT (Eagan) were aligned to give pairs of X and XT. Southern blots were prepared and
probed with intPCR. Single chromosomal insertions of Tn/545-A3 in Rd corresponded with single insertions in
Eagan (Figure 3.9). A different chromosomal site occurred for the transposon in Eagan compared with its location
in Rd in half of the pairs, consistent with the notion that Rd and Eagan have undergone divergent genomic
recombinations. Point mutations and other minor changes in the two genomes will also have introduced variation in
restriction enzyme sites.
3.4.8 Attempted transformation of Tn/545-A3 into H. influenzae

Several early attempts were made to transform Tn7545-A3 into Rd. Using pHMl extracted from E. coli s i7-1 all
attempted transformations were unsuccessful. Using 2 pg high quality pHMl derived from E. coli GM48 by Qiagen
midiprep extraction, three colonies were obtained from a single transformation. A Southern blot demonstrated the
presence of plasmid, but not of chromosomal insertions of the transposon in these three pHMl transformants (data
not shown).

3.5 Sequencing from the ends of Tn7545-A3

The sequences of the genes into which Tn/545-A3 integrated in Rd were obtained by PCR amplification from the
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transposon end initially using inverse-PCR then cloning and sequencing the product (figure 3.10 and 3.11). ARBPCR was successfully employed to obtain sequences following mass screening of mutants through the infant rat
model (see chapter 5).
3.5.1 Inverse-PCR
A CTAB chromosomal DNA extract from individual exconjugants was digested with the enzyme Sspl, that cuts H.
influenzae chromosomal DNA frequently and cuts Tn/545-A3 166bp in from the right end. Chromosomal loops
were formed by ligating Sspl digested DNA in a volume and at a concentration that favoured intramolecular
ligations between DNA ends. The junction region between transposon end and chromosomal DNA was amplified
by PCR using two opposite-facing primers directed to the right end of the transposon. Initial attempts at inversePCR using unfractionated DNA failed, but were successful when the template DNA was size fractionated in the 0.54kb range.
Sspl digested exconjugant DNA was gel purified from a 0.8% agarose as 0.5-4kb bands. One third of the
qiaexed DNA was used to estimate quantity by gel electrophoresis, and the remainder was ethanol precipitated and
ligated in a 200 pi volume, overnight at 15°C. The products of ligation were ethanol precipitated and junction
regions were PCR amplified using primers A3-1 and A3-2. Each primer was used alone as a negative control and
both primers were used with Rd (non-exconjugant) DNA; these control reactions gave no products.
Thirty of 50 pi of the PCR reaction was visualised by UV transillumination after gel elctrophoresis. A
single PCR product was identified for several exconjugants. PCR products were excised as bands in agarose, melted
at 80°C and 2 pi subjected to second round PCR. Figure 3.10 shows the results of several trial ligations and
amplifications. One-microlitre aliquots of the second PCR products were used to clone the junction fragments into
pCR2.1 cloning vectors, which after overnight ligation were electroporated into DH5a.
3.5.2 Manual sequencing
Three PCR products were cloned into pCR2.1 and the presence of an insert confirmed by EcoRl digest of the
plasmids. Manual sequencing, with the universal -40 forward ml3/pUC sequencing primer identified the vector, the
primer sites within Tn7545-A3, the transposon sequence (figure 3.11) and the gene into which the transposon had
inserted. Three identified genes were HI0611, a homolog of E. coli fucA, a central metabolism gene; HI0099, an
iron (III) ABC transporter; and HI0247, an adhesion/penetration protease. Two of the genes were different from
those predicted to be Tn9/6 targets by computer assisted consensus searching (Hosking et al. 1998; Nelson et al.
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1997).
3.5.3 Efficiency of inverse-PCR
Inverse-PCR on Sspl digested exconjugant DNA resulted in products in 5 of 13 exconjugants in one experiment,
and 7 of 18 in another. Only 3 of 12 inverse-PCR products were readily cloned into pCR2.1, those smaller than 2kb.
One means of increasing the number of PCR products and enhancing cloning efficiency was to digest chromosomal
DNA with several different enzymes, so that for any one exconjugant, a chromosomal loop can be formed that is
smaller than 2kb. However, there are few enzymes that cut close to the transposon termini and digest H. influenzae
DNA frequently. Apol was used as an alternative to Sspl to digest exconjugant DNA prior to loop ligation, but PCR
products were observed in only 3 of 18 samples.
With a view to sequencing many genes containing transposon insertions, a more efficient method of
amplifying, cloning and sequencing the junction regions between Tn7545-A3 and chromosomal DNA was sought.
3.6 USS-PCR
Primers matching conserved repetitive elements, such as the E. coli ERIC and REP sequences, have been used to
PCR amplify intervening chromosomal DNA for bacterial typing (Woods et al. 1993) (de Bruijn 1992), and Tn5
targets have been determined by PCR between the transposon and the USS of Neisseria', termed USS-PCR
(Subramanian et al. 1992). Amplification from Tn/545-A3 to the H. influenzae USS has been developed in this
work. The initial approach utilized a 16bp primer USSo in a 35 cycle PCR with a set annealing temperature. At the
point that this approach appeared promising as a newly evolving technique, Reidl published an USS-PCR protocol
using hemi-random primers in combination with touchdown PCR (Kraiss et al. 1998).
3.6.1 Initial USS-PCR fragment enrichment method
Although the 9bp consensus of the USS is represented 1,465 times 16bp of the full 29bp sequence is less frequently
found, occurring only 142 times in Rd (N. Saunders, personal communication). Primer USSo was used in
conjunction with primer A3-2 to amplify the junction region at the right end of Tn/545-A3. In a series of set-up
PCR’s, the products of amplification of Rd DNA (no transposon) was compared with those from exconjugant DNA
(transposon present), using either the USS primer alone or an USS primer with a transposon primer. PCR products
were visualised by UV transillumination after electrophoresis of 10-30 pi of the 50 pi PCR reaction on a 0.8%
agarose gel. No specific products were seen that were unique to exconjugant DNA amplified with both primers and
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the cycling parameters given in table 3.2, columns I, II, III or IV (data not shown). PCR products were obtained
with the cycling parameters given in columns III and IV but the same banding pattern was obtained in exconjugants
as with Rd control or in PCR with only the USS primer. When the cycling conditions were changed to those in
column V (table 3.2) with a reduction in the template DNA concentration, a faint band was observed when the PCR
products were visualised after gel electrophoresis. The product was unique to PCR of exconjugant DNA with both
primers, but not was not present after PCR of the Rd control or where exconjugant DNA was amplified with the
USSo primer alone.
3.6.2 Touchdown USS-PCR
At the same time as this approach to USS-PCR was being developed, Reidl accomplished amplification between
mini-TnlO insertions and the USS of H. influenzae, and this method has subsequently been published (Kraiss et al.
1998). The method used primers of 16 and 17bp long that contained the absolute minimal 9bp core consensus
sequence but were otherwise hemi-random. There were two primers, reflecting the (+) and the (-) orientation of the
USS, but as the primer annealing temperature would be variable, according to the G+C content of the sequence
flanking individual USS's, touchdown PCR was used. The Reidl approach was used to amplify Rd-b+ exconjugant
DNA into which tagged-Tnf545-A3 had inserted.
The first attempt at touchdown PCR compared four exconjugants amplified with the USS+ primer alone or
with USS+ and A3-2 together, with the conditions given in table 3.2, column VI. Multiple bands were visualised
after electrophoresis on 0.8% agarose; the banding was identical for USS primer alone and for both primers
together, with the exception that in two of the exconjugants a unique single band was amplified as well.
To gauge the optimum conditions to yield specific PCR products a single exconjugant was amplified with
conventional PCR, at three melting temperatures, 60°C, 57°C or 54°C, and with 1.5, 2.5 or 3.5 mmol Mg2+, with a 2
minute hot start and conventional PCR cycling; table 3.2, column VII. A cosmid clone of wild type H. influenzae
DNA was used as a control. Cosmid DNA was expected to have only a few USS’s, thus the number of bands by
PCR using only the USS+ primer would indicate if multiple bands were the product of amplification between USS’s
or due to non-specific priming. Of 24 PCR reactions in this experiment, only two had products visible by gel
electrophoresis. At 3.5 mmol Mg2*, a melting temperature of 54°C and with the USS primer only, 7 bands were seen
with exconjugant DNA template and 6 bands with cosmid DNA template. There were no visible products with
cosmid or exconjugant DNA amplified with 1.5 or 2.5 mmol Mg2+, and no products when both primers were used
together to amplify exconjugant or cosmid DNA with a concentration of 3.5 mmol Mg2+. The implication was that
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USS priming occurs non-specifically to Haemophilus DNA, rather than expressly to USS that are closely spaced in
anti-parallel arrangement. The lowest stringency conditions were 3.5 mmol Mg2+ and a melting temperature of
54°C.
Genomic DNA from four exconjugants was amplified in touchdown PCR with melting temperatures from
60°C to 54°C, and Mg2+ at 2.5 mmol to increase the stringency to above that at which non-specific priming
occurred; conditions are given in table 3.2 column VIII. Fewer non-specific PCR products were amplified, and in
two of four exconjugants, specific products were clearly apparent (figure 3.12A).
The experiment was repeated with lower concentrations of chromosomal DNA (1-2 ng) and reduced
primers (100 pmol); see table 3.3, column IX. Multiple products were seen with PCR with only the USS primer, but
where both primers were present, either no product was seen or a single unique band was evident after gel
electrophoresis (figure 3.12B). The reduction in template DNA appeared to improve the specificity of the PCR
amplification. As a next step, to simplify the procedure and take advantage of the finding that a reduction in DNA
improved specificity, cells from ten exconjugant colonies were used directly in touchdown PCR, without a prior
DNA extraction step. The cycling conditions are given in table 3.3, column X. A 1 pi plastic loop was touched onto
a single colony of each exconjugant type, and then twirled in the PCR ‘reaction mix’. A 95°C hot start/lysis step
was employed and the previous cycling conditions observed. Ten of 50 pi of the PCR reactions were run on an
agarose gel. Specific, unique and predominantly single bands were seen in 7 of the 10 exconjugants; two or more
products were observed in 2, and 1 had no discernible unique PCR product (figure 3.13A). Five of the bands were
excised from the gel, melted at 80°C, and 2 pi used as the template for a second round touchdown PCR with the
same conditions, using either USS+ alone or USS+ with A3-2. Single PCR products were seen where both primers
were employed, but no product was seen where the USS primer was used alone (figure 3.13B).
Colonies from ten further exconjugants were amplified and subjected to the same second round PCR
(figure 3.13C). These were directly sequenced by cycle sequencing with A3-2 primer and the sequencing reaction
run on an automated sequencing reader. Strong signals were obtained from the automated sequencing, but the
sequence appeared to be mixed. A possible explanation for this was degeneracy of the primer and use of the same
primer in two rounds of PCR and then in the sequencing reaction. A second primer, A3-4, was synthesised for
nested PCR; A3-2 lies internal to A3-4 (see figure 3.14). Three exconjugant colonies were amplified with USS+ and
either A3-4 or A3-2, a second round amplification was then undertaken with USS+ and either A3-4 or A3-2, so that
four combinations of using the primers in nested fashion were examined (figure 3.14). In the first three lanes of
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figure 3.14, first round PCR was with A3-2 and second round with A3-4, and no specific product was seen. In the
second and third set of three lanes, the DNA was amplified in the first and second rounds with A3-4 or A3-2. In the
last three lanes, A3-4 was used in the first-round PCR and A3-2 in the second-round; a true nested PCR. The
products amplified in nested PCR corresponded with the sizes of products where the same transposon primer was
used for both rounds of PCR, and is evidence that A3-2 and A3-4 are amplifying from the end of Tn7545-A3. The
nested-PCR products appeared to be the most specific.
The PCR products from the last three lanes of figure 3.14 were gel purified and cycle-sequenced with
primer A3-2. The results suggested a mixed template, sometimes seen with gel purified products, or with a
degenerate sequencing primer, or insufficient removal of residual dye terminator with the 70% ethanol wash prior to
precipitation of the cycle sequenced product. A third primer was synthesised that could act as a sequencing primer,
that is internal to and overlaps the A3-2 primer. A3-3 was suspended in distilled water to a concentration of 20 pmol/
pi and aliquoted into 10 pi lots, so that it would not be repeatedly freeze-thawed and become degenerate. A3-3 was
used for sequencing of an available aliquot of a previously gel extracted PCR product derived from two rounds of
amplification with primers A3-4 and USS+. The result was disappointing, with the same sequencing trace as the
nested-PCR product, a high intensity signal but an appearance that suggested more than one template. ARB-PCR,
adapted by C. Tang for N. meningitidis transposon PCR, was more successful at amplifying transposon insertions
than USS-PCR, and was used for identifying insertions in non-surviving mutants that had been passaged through the
infant rat model (see figure 3.15). USS-PCR will be used in the future for mutants whose insertions cannot be
amplified by ARB-PCR.
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Figure 3.1 Conjugation between E. coli sl7-l and H. influenzae
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The number of exconjugants arising from conjugation with various ratios of E. coli s!7-l to H. influenzae
Rd-tet^. Exconjugants are H. influenzae that have acquired Tn7545-A3 and are able to grow on selective
BHItet4kan10 agar. The number of hours of conjugation is given on the x-axis. Each bacterial species was
concentrated or diluted to give the required bacterial density in lOul and each was spotted on to plain BHI
agar to give 20ul ‘mating colonies’. The number of colonies derived from plating the whole of each
‘mating colony’ on to selective agar is shown on the y-axis. See table 2.1 for the annotation for bacterial
concentrations.
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Figure 3.2 Xgal/IPTG identification of E. coli s!7-l
A) Subcultures of E. coli and H. influenzae on BHI media containing xgal and IPTG. T he

bacterial
streaks are H. influenzae (x2 left - all w hite), E. coli s i 7-1 (x2 streaks - all blue), and the product o f
conjugations betw een H. influenzae strain 1056 and E. coli s l 7 - l p reviously selected on B H I k m l0cm 5
and then subcultured to this non-antibiotic agar (x2 upper - m ixed w hite and blue).

Figure 3.2B Exconjugants arising from conjugation between E. coli s!7-l and //. influenzae Rdtei (left) or Rd-b+:03 (right). H. influenzae Rd-tet* exconjugants w ere selected on B H I k m l0tet4 (left
plate) and H. influenzae R d-b+:03 ex conjugants on B H I k m l0nal5 (right plate).

Figure 33 Probes for Southern analysis
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Figure 3.5 Extrachromosomal elements exist in exconjugants
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Figure 3.6 Southern analysis of exconjugants
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Figure 3.7 Tn/545-A3 integration randomness
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Figure 3.8 Transformation of Rd exconjugant DNA into Eagan
A Southern blot of exconjugant-transformant (XT) DNA cut with BamHl and probed with intPCR. The DNA
from two H. influenzae Rd exconjugants was transformed into Eagan. Lanes la to 1c and. 2a to 2c
represent XT’s derived from each exconjugant. respectively. Molecular weight markers are colour coded as
in figure 3.7. wt = Eagan (no transposon present).
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Figure 3.9 Southern analysis of Tn/545-A3 insertions in Rd exconjugants (X) and in Eagan exconjugant transformants (XT)
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Figure 3.10 Inverse-PCR
Inverse-PCR is an established technique for amplifying transposon terminus and adjacent chromosomal
DMA. By sequencing the PCR product, the gene into which the transposon inserted can be identified.
Whole chromosomal DNA from the exconjugant of interest is digested with an enzyme that cuts
frequently in the H. influenzae chromosome and close to the transposon end, such as Sspl (A). Enough
transposon remains attached to the chromosomal fragment so that two opposing primers may anneal.
The digested DNA is size fractionated by gel purification to 0.5 to 4kb (B), and self-ligated in a 200ul
volume that favors intra molecular loop formation. The resulting ligated DNA is then subjected to PCR
amplification using primers A3-1 and A3-2 that anneal to the transposon terminus in anti-parallel
arrangement (C). The resulting PCR product has transposon DNA at both ends and a central
chromosomal fragment representing the gene into which the transposon had inserted.
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Figure 3.11 Sequence of an inverse-PCR product
The vector-transposon junction was sequenced. The vector sequence (blue box), the sequence of the
primers (red arrow) and part of the transposon sequence (red box) could be identified.
The gene into which the transposon had inserted starts 61bp upstream of the A3-2 primer site. Forty
nucleotides upstream from the A3-1 primer site is an artificial junction made between an Sspl sites of
Tn/545-A3 (166bp in from the right-end of the transposon) and an Sspl site in the H. influenzae
chromosomal DNA.
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pCR2.1

Figure 3.12 USS-PCR

Transposon insertion sites were amplified by USS-PCR using primers USS+ and A3-2. Thirty of 5Oui of the PCR reaction was visualised by UV transillumination after 0.8%
gel electrophoresis. Lanes 1 to 4 are the USS-PCR products from four exconjugants. Exconjugant DNA was amplified initially with both primers (A). Enhanced specificity of
USS-PCR was seen (B) after reducing the concentration of DNA template and primers in the PCR. See table 3.2, columns VIII and IX for PCR conditions. DNA was
amplified with the USS+ primer alone (-) or USS+ and A3-2 together (+).

Figure 3.13 Touchdown USS-PCR from ten exconjugants
Transposon insertions were amplified from 10 exconjugants by USS-PCR using primers A3-2 and
USS+. See table 3.2, column X for PCR conditions. Lanes i to x represent the PCR products from
different colonies.
i ii iii iv v vi vii viii ix x

First round PCR on 10 colonies with
both primers.

1 11 IV V VU

1 11 IV V vu

B

Second round USS-PCR on some of the products from
the first round. (-) = USS primer alone; (+) = both
primers together.

Results of two rounds of PCR on a
different set of ten exconjugant colonies
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Figure 3.15 ARB-PCR
DNA was extracted from Rd-b+:02 Tn/545-A3 mutants and subjected to two rounds of PCR using
primers A3-4 and arb4, followed by A3-2 and arb2.

KBL

1

Wt

pHMIO

dH20

A) Thirty of 50ul PCR
product was gel purified by
electrophoresis through a 2%
metaphor gel and visualised
by UV transillumination.
220
201

B) ARB-PCR products cloned into
pCR4TOPO cloning vector. An
EcoRI digestion revealed ARB-PCR
products in most plasmids.

bp

506
396
344
298

Index
KBL = molecular weight marker
1-4 are PCR products from four Rd-b+ mutants
wt = Rd-b+ without the introduction of a transposon
pHMIO = PCR products amplified from pHMIO
dH20 = control containg no DNA.
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Table 3.1 Sequence map of pHM l
With 8 enzymes: BamHI, HindWl, Xbal, Kpnl, Hindi, Pstl, EcoBl, Sspl.

E co R I

I

X b al

I

..........................................................................a g t g a a t t c c c t c g a c t c t a g a g G A T C A C T A A T T G G T T T T

..........................................................................t c a c t t a a g g g a g c t g a g a t c t c C T A G T G A T T A A C C A A A A

pLES2 vector

PUC1813#

S. pneumoniae
sequence

GTTTCTATAGTAACAATGGTTATGAAGCCAATTCTAAGTTTGGTTTCCTCTTATAATGAC

120

61
CAAAGATATCATTGTTACCAATACTTCGGTTAAGATTCAAACCAAAGGAGAATATTACTG

TTTCTACTATTAAATGTATATTTTCAAAAATTATCTGAAGTTTTAACTTATGAAGAAAAA

180

121
AAAGATGATAATTTACATATAAAAGTTTTTAATAGACTTCAAAATTGAATACTTCTTTTT

AATGATTTTAATAATAAACAAAGTATAAATTTCTAATTATCTTTTTATATTTTCTTAAAT

181

+ ______________ + _________________+ ----------------------- + ----------------------- + -----------------------+

240

TTACTAA AATTATTATTTGTTTCATATTTAAA GATTAA TAGAA AAATA TAAAA GAATTTA

Tnl545A3 (L-terminus)
GCTCGTAAAGCCTTATTCTATGTGCTTTCGAGTATTTTTACTGTAGGAAGATACTTCACG

300

241
CGAGCATTTCGGAATAAGATACACGAAAGCTCATAAAAATGACATCCTTCTATGAAGTGC

TTTCTTTGCATATTTCCTCATGTCTTAGCTGTCAGAAGTGGTAAATAAGTAGTAAATTCA

301

+ ______________ + _________________+ ----------------------- + ----------------------- + -----------------------+

360

AAAGAAACGTATAAAGGAGTACAGAATCGACAGTCTTCACCATTTATTCATCATTTAAGT

TTTGTACTACTAAGCAACAAGACGCTCCTGTTGCTTCTCTTTATTCAAGCGTTTCATTTC

420

361
AAACATGATGATTCGTTGTTCTGCGAGGACAACGAAGAGAAATAAGTTCGCAAAGTAAAG

int and xis
TGCCATTGCAGAATCGAATGTTGCATGTGCGTAATAGTTCAGCGTCATGGCTATATTAGC

480

421
ACGGTAACGTCTTAGCTTACAACGTACACGCATTATCAAGTCGCAGTACCGATATAATCG

ATGTCCCATAATGTACTGTAATGCCTTTGGATTCATTCCTGCATTTGCATAGTTGGTACA

540

481
TACAGG GTATTA CATGACATTACGGA AACCTAAGTA AGGACGTA AACGTATCAACCATGT

GAATGTATGTCGCAAACTATGTGGAGTGATGTGTGGCAATTTATCCTCGTTATACTTATT

600

541
CTTACATACAGCGTTTGATACACCTCACTACACACCGTTAAATAGGAGCAATATGAATAA

GTATTTCTTAACAAGACCTTTCATCATGCCGTTGTAATCACTTGCCACTTTTGGATAGTT

660

601
CATAAAGAATTGTTCTGGAA AGTAGTACG GCAACATTAG TGAACGGTG AAAA CCTATCAA

CTTTCTATTAAGAAAGAGGAAATCACTATATCCATCAATCTCAACACGCTTATCATTCTT

661

+_______ +-------------- +------------- +------------ +------------ +

720

GAAAGATAATTCTTTCTCCTTTAGTGATATAGGTAGTTAGAGTTGTGCGAATAGTAAGAA

TCGATTCGCTAACACTCGCTTAAATGCTTGATAGGCTTCTTCAACCATAGGAACTTGACG

780

721
AGCTAAGCGATTGTGAGCGAATTTACGAACTATCCGAAGAAGTTGGTATCCTTGAACTGC

TTCGCCACTTTTGGTCTTTGGTGTTTCAATGTAGTACCCAATTTCAGTATCTCTCAATAG

781

+_______ +--------------+------------- +------------ +------------ +

840

AAGCGGTGAAAACCAGAAACCACAAAGTTACATCATGGGTTAAAGTCATAGAGAGTTATC

CTGATGGTCTATATTGACAAGACGATTCTCAAAATCTAAATCTGGAAGTGTCAAACCACC

900

841
GACTACCAGATATAACTGTTCTGCTAAGAGTTTTAGATTTAGACCTTCACAGTTTGGTGG

AAACTCTGAAATACGAAGACCTGTTTTTAAGAGTATCAGAATTTCATCATAATTTTTGCT

901

+ ______________+ _________________+ ________________ + ----------------------- + -----------------------+
TTTGAGACTTTATGCTTCTGGACAAAAATTCTCATAGTCTTAAAGTAGTATTAAAAACGA

106

960

GTAGGTTTTATCAGCTTTTGCAAAGGCTAACAGTTTTTCTTCCTGTTCTTCTGTTAGTAC
961

CATCCAAAATAGTCGAAAACGTTTCCGATTGTCAAAAAGAAGGACAAGAAGACAATCATG
GGTCTTAGGGACAGTATCATCATCAAGAACTGCTTTCAGTTGAAAGTCAAATGGATTCTT

1021
CCAGAATCCCTGTCATAGTAGTAGTTCTTGACGAAAGTCAACTTTCAGTTTACCTAAGAA
CCGAACACAATCATCTTGTATAGCAATATAGAATGAAGCCTTTAAAGAACGTTTGTAGTT
1081
GGCTTGTGTTAGTAGAACATATCGTTATATCTTACTTCGGAAATTTCTTGCAAACATCAA
ATTGATGGTTTGATAAGCATAACCATTTTCACTCATTCTAATAGCCCATTCTTTAGCGTC
1141
TAACTACCAAACTATTCGTATTGGTAAAAGTGAGTAAGATTATCGGGTAAGAAATCGCAG
TGATGGCTTAATACTGTCAATACTTCTTACACCTAACTTGTCTTTCTTCAAAATATCCAT

1201
ACTACCGAATTATGACAGTTATGAAGAATGTGGATTGAACAGAAAGAAGTTTTATAGGTA
AAGATATTTGCGTCCAGTTTCAGTGTTTTTTCTAACCTTTGGTCTTTGAGCGTTCTGTTT
1261
TTCTATAAACGCAGGTCAAAGTCACAAAAAAGATTGGAAACCAGAAACTCGCAAGACAAA
TGCGTAAAGCTGGCAGAGTGTCATTTTCTTTCCTACAACATCAATACCATCATGAATGTC
1321
ACGCATTTCGACCGTCTCACAGTAAAAGAAAGGATGTTGTAGTTATGGTAGTACTTACAG
TTTCTGTAACTCTGCGATTTTCTCTCTAAGTGAGATACAATCACGCTTTCCTGCTGGTAC
1381
AAAGACATTGAGACGCTAAAAGAGAGATTCACTCTATGTTAGTGCGAAAGGACGACCATG
TCGGTCTGTAGCCACAAGTTTCCACGAGTAAACAAATTGCGGTTCTCCAAATGAATCTAT
1441
AGCCAGACATCGGTGTTCAAAGGTGCTCATTTGTTTAACGCCAAGAGGTTTACTTAGATA
ATATTTGTATAAGTATCTTCCGTCTTTTCGTTGGCTCTCTCCAGTCTTTAAGATTCGACC
1501
TATAAACATATTCATAGAAGGCAGAAAAGCAACCGAGAGAGGTCAGAAATTCTAAGCTGG
TTTATTGTCACGTCTTTTTTCTGACATGGCATTTGCTCCTTTCCTTTATGGAAAGAGCCT
1561
AAATAACAGTGCAGAAAAAAGACTGTACCGTAAACGAGGAAAGGAAATACCTTTCTCGGA
TGATACGACTTAATACTATTTTATCATATACAAGACCCTTTGGCGACGCTAGATTGCGTC
1621
ACTATGCTGAATTATGATAAAATAGTATATGTTCTGGGAAACCGCTGCGATCTAACGCAG
CAATGTATCTATAATTTTTTCAAATTGTTTTCGTTTAATCTGAATACGATTGCCATTCAT
1681
GTTACATAGATATTAAAAAAGTTTAACAAAAGCAAATTAGACTTATGCTAACGGTAAGTA
AATCAGCCAATTTGCATTTTTATTTTCCTCTGCCAAGCGTCGTAGCTTGTTTTCGCCAAT
1741
TTAGTCGGTTAAACGTAAAAATAAAAGGAGACGGTTCGCAGCATCGAACAAAAGCGGTTA
S sp l

I
ACGAAAlATATTTTGACGCTTCTTCAATGGTTAGGGTATAACGTTCCCAAATAGGAATGTC
1801
TGCTTTTATAAAACTGCGAAGAAGTTACCAATCCCATATTGCAAGGGTTTATCCTTACAG
AGTCTGCTTCATAAAATCCTCCTTTCCAAATCACTTATTTGGATTTCATAAAAGTTGTTT

1861
TCAGACGAAGTATTTTAGGAGGAAAGGTTTAGTGAATAAACCTAAAGTATTTTCAACAAA

non-coding # of Tnl545
TACCAGCAATCGAACAGCTTTAGCAAAGCTCACGGGAGTTCCACCCCTGCATGGTTCTCA

1921
ATGGTCGTTAGCTTGTCGAAATCGTTTCGAGTGCCCTCAAGGTGGGGACGTACCAAGAGT
TGTAGCCATACTCATTGCCTGCGACGGTTTTATCACGCTCGGACTATTGACTGTATGGGA

1981
ACATCGGTATGAGTAACGGACGCTGCCAAAATAGTGCGAGCCTGATAACTGACATACCCT

107

BamHI
GTATCATTATCACGATAAGAATGTCGTTGCAGGCAATCCTCTAÀAGATTGCTTCTCGGAT
2041

+

2100

CATAGTAATAGTGCTATTCTTACAGCAACGTCCGTTAGGAGATTTCTAACGAAGAGCCTA

X b al

H in d i

P s tI

H in d iI I

CCTCTAGAGTCGACCTGCAGGCATGCATGCAAGCTTTTTAGACATCTAAATCTAGGTACT
GGAGATCTCAGCTGGACGTCCGTACGTACGTTCGAAAAATCTGTAGATTTAGATCCATGA

non-coding # of Tnl545

PÜC1813#
S sp l

AAAACAATTCATCCAGTAAAATATAATATTTTATTTTCTCCCAATCAGGCTTGATCCCCA
TTTTGTTAAGTAGGTCATTTTATATTATAAAATAAAAGAGGGTTAGTCCGAACTAGGGGT

aphA3 (kanamycin resitance gene)
GTAAGTCAAAAAATAGCTCGACATACTGTTCTTCCCCGATATCCTCCCTGATCGACCGGA
CATTCAGTTTTTTATCGAGCTGTATGACAAGAAGGGGCTATAGGAGGGACTAGCTGGCCT
CGCAGAAGGCAATGTCATACCACTTGTCCGCCCTGCCGCTTCTCCCAAGATCAATAAAGC
GCGTCTTCCGTTACAGTATGGTGAACAGGCGGGACGGCGAAGAGGGTTCTAGTTATTTCG
CACTTACTTTGCCATCTTTCACAAAGATGTTGCTGTCTCCCAGGTCGCCGTGGGAAAAGA
GTGAATGAAACGGTAGAAAGTGTTTCTACAACGACAGAGGGTCCAGCGGCACCCTTTTCT

2401

CAAGTTCCTCTTCGGGCTTTTCCGTCTTTAAAAAATCATACAGCTCGCGCGGATCTTTAA
------------------- + --------------------+ -------------------- + --------------------+- - - - -----------+ ----------- - - - - + 2 4 6 0
GTTCAAGGAGAAGCCCGAAAAGGCAGAAATTTTTTAGTATGTCGAGCGCGCCTAGAAATT
ATGGAGTGTCTTCTTCCCAGTTTTCGCAATCCACATCGGCCAGATCGTTATTCAGTAAGT
TACCTCACAGAAGAAGGGTCAAAAGCGTTAGGTGTAGCCGGTCTAGCAATAAGTCATTCA
AATCCAATTCGGCTAAGCGGCTGTCTAAGCTATTCGTATAGGGACAATCCGATATGTCGA
TTAGGTTAAGCCGATTCGCCGACAGATTCGATAAGCATATCCCTGTTAGGCTATACAGCT
TGGAGTGAAAGAGCCTGATGCACTCCGCATACAGCTCGATAATCTTTTCAGGGCTTTGTT
ACCTCACTTTCTCGGACTACGTGAGGCGTATGTCGAGCTATTAGAAAAGTCCCGAAACAA
CATCTTCATACTCTTCCGAGCAAAGGACGCCATCGGCCTCACTCATGAGCAGATTGCTCC
GTAGAAGTATGAGAAGGCTCGTTTCCTGCGGTAGCCGGAGTGAGTACTCGTCTAACGAGG
AGCCATCATGCCGTTCAAAGTGCAGGACCTTTGGAACAGGCAGCTTTCCTTCCAGCCATA
TCGGTAGTACGGCAAGTTTCACGTCCTGGAAACCTTGTCCGTCGAAAGGAAGGTCGGTAT
GCATCATGTCCTTTTCCCGTTCCACATCATAGGTGGTCCCTTTATACCGGCTGTCCGTCA
CGTAGTACAGGAAAAGGGCAAGGTGTAGTATCCACCAGGGAAATATGGCCGACAGGCAGT
TTTTTAAATATAGGTTTTCATTTTCTCCCACCAGCTTATATACCTTAGCAGGAGACATTC
AAAAATTTATATCCAAAAGTAAAAGAGGGTGGTCGAATATATGGAATCGTCCTCTGTAAG
CTTCCGTATCTTTTACGCAGCGGTATTTTTCGATCAGTTTTTTCAATTCCGGTGATATTC
GAAGGCATAGAAAATGCGTCGCCATAAAAAGCTAGTCAAAAAAGTTAAGGCCACTATAAG
TCATTTTAGCCATTTATTATTTCCTTCCTCTTTTCTACAGTATTTAAAGATACCCCAAGA
AGTAAAATCGGTAAATAATAAAGGAAGGAGAAAAGATGTCATAAATTTCTATGGGGTTCT

end of AphA3 promoter
AGCTAATTATAACAAGACGAACTCCAATTCACTGTTCCTTGCATTCTAAAACCTTAAATA
TCGATTAATATTGTTCTGCTTGAGGTTAAGTGACAAGGAACGTAAGATTTTGGAATTTAT

108

CCAGAAAACAGCTTTTTCAAAGTTGTTTTGAAAGTTGGCGTATAACATAGTATCGACGGA
3061
GGTCTTTTGTCGAAAAAGTTTCAACAAAACTTTCAACCGCATATTGTATCATAGCTGCCT
GCCGATTTTGAAACCACAATTATGATAGAATTTACAAGCTATAAGGTTATTGTCCTGGGT
3121
CGGCTAAAACTTTGGTGTTAATACTATCTTAAATGTTCGATATTCCAATAACAGGACCCA
TTCAAGCATTAGTCCATGCAAGTTTTTATGCTTTGCCCATTCTATAGATATATTGATAAG
3181
AAGTTCGTAATCAGGTACGTTCAAAAATACGAAACGGGTAAGATATCTATATAACTATTC
CGCGCTGCCTATGCCTTG CCCCCTG A A A TCCTTA CA TA CG G CG A TATCTTCTA TA taagc
3241
GCGCGACGGATACGGAACGGGGGACTTTAGGAATGTATGCCGCTATAGAAGATATat t e g
g ta c c g g ttc c a a ttttttc g c a g ttta a c ttttc c g a c g c a ttta T C G T C T T G G T A G C T
3301
c a tg g c c a a g g tta a a a a a g c g tc a a a ttg a a a a g g c tg c g ta a a tA G C A G A A C C A T C G A
TTTTAAATATGGCGCTTCATAGAGTAATTCTGTAAAGGTCCAATTCTCGTTTTCATACCT
3361
AAAATTTATACCGCGAAGTATCTCATTAAGACATTTCCAGGTTAAGAGCAAAAGTATGGA

Hindi

I
CGGTATAATCTTACCTATCACCTCAAATGGTTCGCTGGGTTTATC.............................GTCGA
3421
GCCATATTAGAATGGATAGTGGAGTTTACCAAGCGACCCAAATAG

....................CAGCT

start of aphA3 promoter unknown
Tnl545
Sspl

I

CCTATTAAATATTCAAATTTTATTAAGTATCTTTATATCTTCACTTTTCAAGGATAAATC
3481
GGATAATTTATAAGTTTAAAATAATTCATAGAAATATAGAAGTGAAAAGTTCCTATTTAG

Tnl545A3 (R-terminus)
GTCGTATCAAAGGTCATTCATAAGTAAATTAGTAGTAAATTGAGTGGTTTTGACCTTGAT
3541
CAGCATAGTTTCCAGTAAGTATTCATTTAATCATCATTTAACTCACCAAAACTGGAACTA
AAAGTGTGATAAGTCCAGTTTTTATGCCGATAACTAGATTTTTATGCTATTTTTTAAAAT
3601
TTTCACACTATTCAGGTCAAAAATACGGCTATTGATCTAAAAATACGATAAAAAATTTTA
AAAAAAGGAAATGTTGGAAAAGAAGAGTTTATTTATAGGGTTAATGTTTACTATACTATA
3661

TTTTTTCCTTTACAACCTTTTCTTCTCAAATAAATATCCCAATTACAAATGATATGATAT
S. pneumoniae sequence
Sspl

I

TCTGTTTTTGAAAAAAATATTTTAAATGGTATTTCTTTTGACATAAGAAAAGGGGATAAA
3721
AGACAAAAACTTTTTTTATAAAATTTACCATAAAGAAAACTGTATTCTTTTCCCCTATTT
GTTGCTATTGTTGGTAGAAGTGGGTCAGGGATCTACTTTACTAAAACTATTGGCTGGATG
3781
CAACGATAACAACCATCTTCACCCAGTCCCTAGATGAAATGATTTTGATAACCGACCTAC

Sspl

I

TTACAACTTCTAATGGAGAAATATTGTATGAAGGCTATCCTTTATCAAACAACTGCAATA
3841
AATGTTGAAGATTACCTCTTTATAACATACTTCCGATAGGAAATAGTTTGTTGACGTTAT
ATAGAAGAAACATTTTTTATGTTAATCAAAAATGCGCATATTTTTAATGAAACTATCGAA
3901
TATCTTCTTTGTAAAAAATACAATTAGTTTTTACGCGTATAAAAATTACTTTGATAGCTT

H i n d i 11

3961

Sspl

BamHI

Hindi

I

I

I

PstI

|

I I

AAAAATATTTCTTTAGAGTTTAACCGAATTGGGGATCCGTCGACCTGCAGCCAAGCTTG.
------------------- + ------------------- + -------------------- + ------------------- + --------------------+
+ 4020
TTTTTATAAAGAAATCTCAAATTGGCTTAACCCCTAGGCAGCTGGACGTCGGTTCGAAC.

polylinker of pLBS2
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........................ G A N TC . . . TG A TCA . . . TG A TCA . . . CA GCTG. . . G A n T C . . . CTC G A G . .
........................ C TN A G . . . A C TA G T. . . A C TA G T. . . GTCG A C. . . C T n A G . . . G A G CTC . .
u n k n ow n

seq u en ce

of

pLES2

H in d iI I

I
. GANTC . .

. AAGCTT .

. . TGATCA .

. . G A N TC ......... CTTAGAAGCAAA

. CTNAG . .

. TTC G A A .

. . ACTAGT .

. . C TN A G......... GAATCTTCGTTT

ermAM (erythromycin
resistance gene)
CTTAAGAGTGTGTTGATAGTGCAGTATCTTAAAATTTTGTGTATAATAGGAATTGAAGTT
GAATTCTCACACAACTATCACGTCATAGAATTTTAAAACACATATTATCCTTAACTTCAA
AAATTAGATGCTAAAAATTTGTAATTAAGAAGGAGGGATTCGTCATGTTGGTATTCCAAA
TTTAATCTACGATTTTTAAACATTAATTCTTCCTCCCTAAGCAGTACAACCATAAGGTTT
TGCGTAATGTAGATAAAACATCTACTGTTTTGAAACAGACTAAAAACAGTGATTACGCAG
ACGCATTACATCTATTTTGTAGATGACAAAACTTTGTCTGATTTTTGTCACTAATGCGTC
ATAAATAAATACGTTAGATTAATTCCTACCAGTGACTAATCTTATGACTTTTTAAACAGA
TATTTATTTATGCAATCTAATTAAGGATGGTCACTGATTAGAATACTGAAAAATTTGTCT
TAACTAAAATTACAAACAAATCGTTTAACTTCTGTATTTATTTACAGATGTAATCACTTC
ATTGATTTTAATGTTTGTTTAGCAAATTGAAGACATAAATAAATGTCTACATTAGTGAAG
S sp l
AGGAGTAATTACATGAACAAAAATATAAAATATTCTCAAAACTTTTTAACGAGTGAAAAA
TCCTCATTAATGTACTTGTTTTTATATTTTATAAGAGTTTTGAAAAATTGCTCACTTTTT
GTACTCAACCAAATAATAAAACAATTGAATTTAAAAGAAACCGATACCGTTTACGAAATT
CATGAGTTGGTTTATTATTTTGTTAACTTAAATTTTCTTTGGCTATGGCAAATGCTTTAA
GGAACAGGTAAAGGGCATTTAACGACGAAACTGGCTAAAATAAGTAAACAGGTAACGTCT
CCTTGTCCATTTCCCGTAAATTGCTGCTTTGACCGATTTTATTCATTTGTCCATTGCAGA

4621

ATTGAATTAGACAGTCATCTATTCAACTTATCGTCAGAAAAATTAAAACTGAACATTCGT
-------------------+ --------------------+ --------------------+ --------------------+ --------------------+ -------------------- + 4 6 8 0
TAACTTAATCTGTCAGTAGATAAGTTGAATAGCAGTCTTTTTAATTTTGACTTGTAAGCA
GTCACTTTAATTCACCAAGATATTCTACAGTTTCAATTCCCTAACAAACAGAGGTATAAA
CAGTGAAATTAAGTGGTTCTATAAGATGTCAAAGTTAAGGGATTGTTTGTCTCCATATTT
ATTGTTGGGAGTATTCCTTACCATTTAAGCACACAAATTATTAAAAAAGTGGTTTTTGAA
TAACAACCCTCATAAGGAATGGTAAATTCGTGTGTTTAATAATTTTTTCACCAAAAACTT
AGCCATGCGTCTGACATCTATCTGATTGTTGAAGAAGGATTCTACAAGCGTACCTTGGAT
TCGGTACGCAGACTGTAGATAGACTAACAACTTCTTCCTAAGATGTTCGCATGGAACCTA
ATTCACCGAACACTAGGGTTGCTCTTGCACACTCAAGTCTCGATTCAGCAATTGCTTAAG
TAAGTGGCTTGTGATCCCAACGAGAACGTGTGAGTTCAGAGCTAAGTCGTTAACGAATTC

4921

CTGCCAGCGGAATGCTTTCATCCTAAACCAAAAGTAAACAGTGTCTTAATAAAACTTACC
-------------------+ --------------------+ --------------------+ --------------------+ ------------------- + ------+ 4980
GACGGTCGCCTTACGAAAGTAGGATTTGGTTTTCATTTGTCACAGAATTATTTTGAATGG
S sp l

I
4981

CGCCATACCACAGATGTTCCAGATAAATATTGGAAGCTATATACGTACTTTGTTTCAAAA
-------------------+ --------------------+ --------------------+ --------------------+ ------------------- + -------------------- + 5 0 4 0

110

G CGG TATGGTGTCTACAAGGTCTATTTATAACCTTCGATATATGCATGAAACAAAGTTTT

Hindi

I
TGGGTCAATCGAGAATATCGTCAACTGTTTACTAAAAATCAGTTTCATCAAGCAATGAAA
5100
ACCCAGTTAGCTCTTATAGCAGTTGACAAATGATTTTTAGTCAAAGTAGTTCGTTACTTT
CACGCCAAAGTAAACAATTTAAGTACCATTACTTATGAGCAAGTATTGTCTATTTTTAAT
5160
GTGCGGTTTCATTTGTTAAATTCATGGTAATGAATACTCGTTCATAACAGATAAAAATTA
AGTTATCTATTATTTAACGGGAGGAAATAATTCTATGAGTCGCTTTTTTAAATTTGGAAA
5220
TCAATAGATAATAAATTGCCCTCCTTTATTAAGATACTCAGCGAAAAAATTTAAACCTTT
GTTACACGTTACTAAAGGGAATGGAGATAAATTATTAGATATACTACTGACAGCTTCCAA
5280
CAATGTGCAATGATTTCCCTTACCTCTATTTAATAATCTATATGATGACTGTCGAAGGTT
GAAGCTAAAGAGGTCCCTAGCGCCTACGGGGAATTTGTATCGAT..............................................
5340
CTTCGATTTCTCCAGGGATCGCGGATGCCCCTTAAACATAGCTA..............................................

pLES2 sequence

Enzymes that do cut:
BtimHI EcoRI H indi Hindlll

PstI

Sspl

Xbal

Enzyme that does not cut:
Kpnl

111

Table 3.2 USS-PCR conditions with USS@/A3-2; conventional PCR.

I

PCR conditions

II

III

IV

V

primer concentration
(pmol)

200

200

200

200

40

Mg2+ concentration (mmol)

1.5

1.5

1.5

1.5, 2.5 or
3.5

1.5

DNA template

100 pg

100 pg

100 pg

100 pg

100 pg

Annealing temperature °C

51,49 or 47

48

48

48

50

Cycle times in minutes

1-3-1

1-2-1

1-3-1

1-3-1

1-3-1

35

40

40

40

40

No specific
products

No specific
products

No specific
products

No specific
products

Faint band
just visible

(A-E-M)
Cycles
Result

Melting and extension temperatures were 94°C and 72°C, respectively. A = annealing time; E = extension time; M
= melting time. All PCR volumes were 50 pl.

USS-PCR conditions with USS+/A3-2; touchdown PCR except for VII.
PCR conditions

VI

VII

VIII

IX

X

primer concentration
(pmol)

200

200

200

100

100

Mg2-1"concentration (mmol)

3.5

1.5 or 2.5
or 3.5

2.5

2.5

2.5

DNA template

10ng

10ng

10ng

l-2ng

cells

Annealing temperatures °C
(number of cycles at each
temperature)

56 (x5)

60 or 57
or 54

60(7)

60 (7)

60(7)

54 (x5)

58 (7)

58 (7)

58(7)

52 (x5)

56(7)

56 (7)

56 (7)

50 (x5)

54(10)

54(10)

54(10)

48 (x5)
46 (xlO)
Cycle times in minutes

0.5-1-4

0.5-1-3

0.5-1-3

0.5-1-3

0.5-1-3

35

35

35

35

35

Specific
bands

Specific
bands

Specific
bands

(M-A-E)
Cycles (total)
Result

Specific
bands
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Chapter 4

Manipulation and Tagging of Tn7545-A3

4.1 Introduction

A unique restriction site was introduced into Tn7545-A3 and signature-tags ligated into it for Signature Tagged
Mutagenesis. Transposons were pre-selected in E. coli sl7-l for those with tags that amplified efficiently,
hybridized to colony blots to give strong consistent signals and did not cross hybridize with other tags. Individual
pre-selected tagged-transposons were then conjugated into H. influenzae.
4.2 Obtaining a source of pH M l of sufficient quality for cloning

Plasmid pHMl when extracted from E. coli s!7-l was of poor quality and quantity. During the cloning experiments,
pHMl would not digest with Xbal, a problem that may have been caused by the quality of the plasmid preparations
then available, but may have been caused by méthylation of the bacterial DNA at Xbal sites. Méthylation converts
the restrictable TCTAGA|TC to the uncutable TCTAGmA|TC. Plasmid pHMl was therefore electroporated into the
dam- E. coli strain, GM48. Plasmid extracted from GM48 was of better quality than that extracted from E. coli s!71, suitable for cloning and for use as a control in Southern analysis (see figure 4.1).

4.3 Introducing a unique K pnl site into the centre of Tn/545-A3

The two halves of Tn7545-A3 have genes that are transcribed away from the centre of the transposon. The centre
was deemed the ideal site for introducing tags as it contained a multiple cloning site (MCS), but unfortunately an
identical MCS to that at the right end of Tn7545-A3. A unique restriction enzyme site was introduced into the centre
of Tn7545-A3 by way of cloning the left half of the transposon into a pUC-based vector (figure 4.2). Plasmid pHMl
was isolated from E. coli GM48 and digested with Xbal\ small and large Xbal fragments were separated by 0.8%
agarose gel electrophoresis. The small Xbal segment containing the left half of Tn7545-A3, named #HM3 (see table
2.2), was gel purified and ligated into the Xbal site of pUC18 and cloned to give a readily usable source for further
manipulation. The cloned 2.1kb product was confirmed by band size comparison of pUC18 and pUC18::HM3, both
cut with Asp!IS which linearised the plasmids at the MCS. The large Xbal segment of pHMl, consisting of the
right half of Tn7545-A3 and the remaining vector, was self-ligated, electroporated into E. coli GM48 and
transformants isolated on LBkan50 agar. The re-circularised plasmid was called pHM4 (figure 4.2).
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The Kpnl and BamHI sites of pUC19 were deleted by Aspl 18/BamHI digestion, klenow blunt-end filling
and re-ligation; this variant pUC plasmid was called pHM2. Twelve pHM2 samples were digested with
AspllSIBamYR and none cut, demonstrating that the construct had been made successfully. Half of Tn7545-A3,
designated #HM3, was isolated from pUC18 as an Xbal fragment, ligated into pHM2 to give pHM5 and
electroporated into E. coli GM48. Plasmid pHM5 was extracted from cultures obtained from four transformed
colonies, and each was digested with BamHI alone and with BamHI and BcoRI to determine the presence and
orientation of #HM3 inserts. All plasmids were linearised by BamHI alone, and one of five digestions dropped out
the 2.1 kb #HM3 fragment when cut with BcoRI and BamHI (figure 4.3 and table 2.2).
Two complementary oligonucleotides. Link 1 and 2, synthesized with 5’ phosphorylated ends (see table
2.7B), were annealed together to produce double stranded DNA with 5’ overhangs representing Bglll cohesive ends
(see 2.3.6). This linker was designed to contain a central Kpnl restriction enzyme site. Plasmid pHM5 was digested
with BamHI, dephosphorylated with alkaline phosphatase, phenol-chloroform extracted and ethanol precipitated.
The Kpnl linker was ligated into the Kpnl linearised and dephosphorylated pHM5 to give a plasmid construct
designated pHM6, and this was electroporated into E. coli GM48. Potential pHM6 plasmids were extracted by the
miniprep protocol and digested with Aspl IS (figure 4.3 and table 2.2). Three of four were linearised at the Kpnl
site, indicating that they had acquired the linker. One pHM6 was sequenced across the linker site using the -48
M13/pUC reverse sequencing primer, and proved to be the correct construct (data not shown).
A trial ligation of tags into pHM6 was undertaken. Tags were amplified from RT1 (a gift of D. Holden)
with primers P3 and P5, and both the tags and pHM6 were cut with Asp718. The linearised pHM6 was
dephosphorylated and the tags ligated into the Kpnl site. The resulting construct, termed pHM9, was electroporated
into E. coli GM48 and individual colonies picked for tag amplification with primers P2 and P4. Single colonies
were picked into 5 mis of LBkan50 broth, cultured to late logarithmic phase, DNA was extracted by the CTAB
method and tags amplified by cold-PCR (section 2.7). Four of five plasmids extracted in this way had amplifiable
tags.
The left half of Tn7545-A3, now containing a Kpnl site and designated #HM7, was excised from pHM6
and introduced into Xbal digested, dephosphorylated pHM4 (section 2.3.7, part i; figure 4.4A and table 2.2). This
construct consisting of intact but modified transposon, residing in its original vector, was designated pHM9, and
was electroporated into GM48. Resulting transformants were analysed by restriction mapping to identify constructs
containing Tn7545-A3 in the correct orientation (figure 4.4 B and C).
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4.4 Ligating tags into TnZ545-A3
Tags were amplified from RT1 using primers P3 and P5, digested with Aspl IS, gel purified and eluted in a final
volume of 20 pi, and then ligated into pHM9 that had been Aspl IS cut and dephosphorylated. The optimal time for
dephosphorylation was established by self-ligating 1 pi (100 ng) of Kpnl cut pHM9 after no alkaline phosphatase
treatment compared with 5, 10, or 30 minutes alkaline phosphatase treatment. Uncut pHM9 (100 ng) was used as a
control. The plasmids were ligated overnight at 15°C and electroporated into E. coli GM48. Transformation with
uncut pHM9 gave rise to 3,000 cfu, whereas ligation of linear pHM9 after no dephosphorylation gave rise to 300
cfu. Two colonies arose from plasmid that had undergone only 5 minutes dephosphorylation, but no colonies arose
after 10 and 30 minutes dephosphorylation. Plasmid pHM9 (1 pg aliquots) was subsequently dephosphorylated for
30 minutes. Asp718 cut tags were ligated with 1 pg aliquots of linearised dephosphorylated pHM9 (see 2.3.7 part
iii). Either 10, 1, 0.1 or 0.01 pi of tags from a 100 pi PCR reaction were used in the ligation. As a control,
dephosphorylated pHM9 was self-ligated without tags. Approximately 1,000 colonies were derived from
transformation of E. coli GM48 with the ligation mixes containing 10 or 1 pi tags. 2,000 colonies arose from the
ligation mix with 0.1 pi tags, and o colonies from 0.01 pi tags. Self-ligated dephosphorylated pHM9 gave rise to
200 cfu. Approximately 2,000 colonies, the product of ligation with 0.1 pi of tags, were pooled and plasmid
obtained by the Qiagen midiprep protocol. Tagged plasmid was extracted at a concentration of 200ng/ pi. Because
ligation without tags resulted in l/lO^ of the colonies compared with ligation with tags, 90% of transposons were
expected to contain tags.
4.5 Selecting tags in E. coli sl7 -l

Tagged plasmid (1 pg) extracted from E. coli GM48 was transformed by electroporation into E. coli s i7-1. Each
transformation resulted in >500 colonies. Five separate transformations resulted in >3,000 colonies; 1,425 of these
were picked into 95 of the 96 wells of 15 Costar MT plates, each containing 150 pi LBkan50 broth and cultured
overnight (section 2.2.1). E. coli sl7-l with a non-tagged transposon was cultured in one well of each plate as a
negative control. E. coli clones, each with a different tagged transposon, were transferred to nylon membranes with
a 48 well replicator, placed on agar and incubated at 37°C for 16 hours. Fifty microlitres from each well of the MT
plate were pooled and inoculated into 100 ml LBkan50 broth. Glycerol was added to the remaining 100 pi of broth in
each well of the MT plate, to give a final concentration of 15% and the plates were stored at -70°C.
The 100 ml culture was incubated for 6 hours and plasmid prepared from this by a modification of the
Qiagen midiprep protocol (see section 2.3.4). Tags were amplified from 1 pg plasmid (Mei et al. 1997) using
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primers P2 and P4. The tags were extracted twice with phenol/chloroform/isoamyl alcohol (25:24:1), ethanol
precipitated, resuspended in 10 pi loading buffer (xl conc.) and purified by electrophoresis through a 2% metaphor
gel. The smallest block of gel that contained tags of 80bp size was excised and melted at 75°C for two minutes. This
first round PCR (cold-PCR) product was the template for second round labelling PCR (hot-PCR), in which tags in 2
pi molten gel were amplified in the presence of 10 pi 32P-dCTP, and cold dATP, dGTP and dTTP. A trial secondround cold-PCR was performed, to ensure that tags could be amplified in a 20 pi volume from first-round tags in
molten metaphor agar. The second round PCR product was ethanol precipitated and run on a 2% metaphor gel;
prodigious amounts of tag were produced (figure 4.5). Cold second round tags were digested with HiruRW for 20,45
and 90 minutes to assess the time required for digestion of the tag arms. Five of 20 pi of the second round PCR were
digested in a 25 pi volume containing 10 units HindOl. Results are given in figure 4.5. In subsequent experiments,
the labelled-tags were cut with 50 units Hindlll, 10 pi buffer B and 65 pi distilled water for at least 90 minutes.
Labelled tags were cut with HindWl, denatured and hybridized against colony blots of E. coli s i7-1. Only
10% of the tags hybridized. One hundred and forty six E. coli sl7-l with strongly hybridizing tags were subcultured
from their original MT plates into the wells of fresh MT plates. Aliquots were removed and plasmid prepared for tag
amplification, the E. coli were replicated to nylon membranes for colony blots, and glycerol was added to the
remaining 100 pi in each well for -70°C storage. Tags were amplified by cold-PCR and labelled by hot-PCR,
Hindlll digested, denatured and probed against the rearranged E. coli sl7-lcolony blots. Several E. coli sl7-l did
not have consistent amplification or hybridization of their tags and were discarded. The population of ‘good
hybridizing’ tags in E. coli sl7-l were again subcultured and rearranged into another MT plate. Cross-hybridization
was checked by amplifying tags from single columns or rows and hybridizing these against the whole colony blot
(figure 4.6).
4.6 Im proving hybridization signal intensity

Hybridization signals were often inconsistent, strong in one blot, weak in another. A considerable effort was
invested to improve the hybridization of tags to blots.
4.6.1 Protocol variations
The following adaptations to the Holden protocol (Holden 1995) were made for work with E. coli sl7-l and H.
influenzae: (1) a greater abundance of tags were obtained by PCR with 3.5 mmol Mg2+ than 2.5 or 1.5 mmol, when
using Boehringer Mannheim Taq DNA polymerase; (2) nylon membranes were inoculated on a flat sterile surface
and then they were transferred to agar; (3) during the lysis step of colony blot preparation, colonies were soaked in
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x2 SSC but not vigorously washed prior to UV fixation.
4.6.2 A comparison of DNA fixation protocols
Hybridization of hot-tags was compared where the DNA was fixed to blots with different intensities of UV
exposure: (1) 120,000 uJoules delivered by a UV Stratalinker 2400 (Stratagene Ltd, Cambridge Science Park,
Cambridge); (2) 1,440,000 ujoules or (3) 7,200,000 ujoules delivered by a UVP Dual Intensity Transilluminator; or (4)
baking at 85°C for 2 hours. The strongest hybridization signals were obtained after UV cross-linking tags with 1,440,000
ujoules, equivalent to 3 minutes exposure, delivered from the UVP transilluminator.
4.6.3 Removal of partially labelled invariant arms with biotinylated primers
Invariant arms of tags are labelled during hot-PCR as well as the central random section of the tag, but the arms are
not labelled as efficiently, see explanation in the discussion.
Hot PCR was performed with biotinylated primers, BIO-P2 and BIO-P4, so that after HiruRW digestion
labelled arms and non-digested tags could be removed by binding to streptavadin coated beads (dynabeads). Either
the tags were HindDl cut and then primers, labelled arms and undigested tags were removed with dynabeads (see
2.8.3A: protocol I); or the PCR product was bound first to dynabeads, then unused 32P-dCTP and other PCR
components were discarded and fresh buffer was added for Hindlll digestion, releasing tags but leaving arms bound
(2.8.3A: protocol II). For both protocol variations, the resulting blots had much weaker hybridization signals and
there was no improvement in the degree of cross-hybridization (data not shown).
Tags treated with dynabeads were visually compared after electrophoresis through a 2% metaphor gel with
untreated tags. Primers BIO-P2 and BIO-P4 were compared with and without adsorbtion by dynabeads. A reduction
but not complete removal of primers was noticeable after adsorption (figure 4.7A), suggesting that the biotin
binding sites on the dynabeads were being saturated, but that there were insufficient sites to bind all of the primers.
Tags were amplified in PCR with reduced concentration of primers (figure 4.7B). Tags were visible even when the
primer concentration was reduced to 5 or 20 pmol. Streptavidin beads may therefore have been more efficient at
removing tag arms or undigested tags because biotin binding sites might not habe been saturated by excess unused
primers. Primer concentration in subsequent PCR, in some of the tag-tag hybridization experiments, was 5 or 20
pmol rather than 200 pmol, see section 4.6.5.
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4.6.4 Plasmid or tags as the DNA template
As an alternative to using lysed E. coli s i7-1 colonies, plasmid minipreps were prepared from each tagged E. coli
sl7-l clone, with the aim of using plasmids as templates for hybridization. Virtually invisible quantities of plasmid
were obtained from minipreps and the quality was presumed to be poor. Individual extraction of each plasmid and
purification with Qiagen midipreps was deemed too laborious and so the idea of using plasmid extracted from E.
coli s i7-1 as the DNA template was abandoned.
Tags were individually amplified (see figure 4.8) and trialed as DNA templates in tag-tag hybridizations.
Tags amplified from second round cold-PCR were arrayed on nylon membranes as the DNA templates. The
products of 20 pi PCR reactions were denatured at 95°C for 5 minutes, 20 pi x20 SSC was added and the mixture
placed on ice (Ausubel et al. 1989). One microlitre samples were spotted onto nylon membranes and UV fixed for 3
minutes. BIO-P2 and BIO-P4 (20 pmol of each) were used to amplify and label the hybridizing tags. Undigested
tags, arms and excess primers were removed with dynabeads (protocol I). The result of hybridization against
template tags used neat or diluted 1:10, 1:100 or 1:1000 is seen in figure 4.9A. Cross-hybridization was assessed
with four hot-tags hybridized against a template of eight tags (figure 4.9B). The effect of a further reduction in
primer concentration was examined by probing 16 tags (columns 1-2) against 48 tags (columns 1-6). Hot tags were
amplified with either 5 or 20 pmol of primer. A reduction in primer concentration appeared to be associated with
less cross-hybridization (figure 4.9C).
4.6.5 Use of 32P-dATP and 32P-dCTP
In hot PCR, tags were amplified in the presence of 32P-dATP as well as 32P-dCTP. Background signals were
enhanced without an improvement in hybridization signal intensity (data not shown) and this approach was
abandoned.
4.6.6 H. influenzae Rd-b+ exconjugant DNA as the template for colony blots
When developing an STM approach utilizing pre-selected tags, it made sense to use E. coli sl7 -l lysed colonies as
the DNA template for blots. However, due to poor hybridization consistency of hot-tags to E. coli s i7-1 blots, H.
influenzae colony blots were trialed. Exconjugants were cultured on nylon membranes, colonies were lysed, and the
DNA denatured and fixed in the same way as E. coli sl7-l. Hybridization of tags against H. influenzae blots was
considerably improved compared with hybridization against E. coli blots. Thus, all attempts at improving
hybridization signals, with tag-tag blots and use of biotinylated primers, were abandoned in preference for the
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simple use of H. influenzae colony templates. This approach would have been taken earlier, without the need for
other attempts at improving hybridization signal intensity, however the capricious nature of H. influenzae growth
meant that initial attempts at colony formation on nylon membranes failed.
4.6.7 Amplification of tags directly from colonies rather than DNA
PCR of tags was possible from colonies, but usually resulted in reduced hybridization signal intensity of the
resulting labeled tags compared with tags amplified from CTAB prepared DNA.
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Figure 4.1 Examples of pHMl extracts from E. coli sl7-l and E. coli GM48
Exceptional difficulties were encountered with attempts at obtaining decent quantities and quality of pHMl
from E. coli s i7-1 for use as controls in Southern analysis and cloning. A dramatic but not untypical
representation of this is seen here. Only after transforming pHMl into GM48 (with the expectation that this
would prevent méthylation of the Xbal site) was this issue resolved.
Plasmid preparations from E. coli s i7-1. Passage
through a midiprep column resulted in no
recovery of pHMl. RNAse treatment proved
ineffective at removing the vast quantities of
RNA. The lanes from left to right represent
increasing duration of RNAse treatment: 20, 40
and 60 minutes, respectively.

Plasmid preparations from E. coli GM48
passaged through a Qiagen midiprep column,
needing no RNAse treatment,
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Figure 4.2 Construction of pHMIO
See text of chapter 4 and table 2.2 for details of construction and nomenclature.

pU C 18

#HM 3

Linker

m t xis

#H M 7

Figure 4.3 The structure of pHM5 and pHM6 and confirmation by restriction mapping
#HM3

A. The expected structure of pHM5

pHM2

L in t x is

Tl
BX
B. Confirmation of the presence of

an insert in pHM2
~4.8kb

Kpnl and BamHI sites of
pUC19 removed.

Single linearised band obtained when four pHM5
plasmids were cut with BamHI.
#HM3
pHM2

Incorrect orientation

xis

in t

L

EXB

C. Confirmation of the orientation
of the insert by combined Xbal
and BamHI digestion.
~4.8kb
~2.7kb

2.1 kb

No insert
Correct orientation of #HM3
#HM3
pHM2

L in t x is

II
EX

BX

Only one of five potential pHM5 plasmids was shown to contain
#HM3 in the correct orientation, when mapped with EcoRI and BamHI.
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Kpnl linker

pHM5
L int xis

Tl
EX

BX

pHM6
L int xis

EX

M
KX

E. Four linker constructs were digested with As/7718, three were linearised (data not shown).

Index
Block arrow represents #HM3 insert; int and xis represent the transposase genes of Tn7545-A3; L is the left
hand end of Tn/545-A3.
Enzyme sites are: E, EcoRI; X, Xbal; K, Kpnl
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Figure 4.4 Introduction of a unique enzyme site into the centre of Tn7545-A3
A. Fragment #HM7 and dephosphorylated Xbal cut pHM4, before ligation to give pHM9.
#HM 7

pHM4

<]

2

9

| |

I 8.75kb

<^=1

2.1 kb

B. Determining the presence of fragment #HM7 in pHM9 was ascertained by restriction mapping.
U K

B E

U = uncut
K = Asp718 (equivalent to Kpnl), cuts at the tag
site in the middle of pHM9.
B = BtiwHI, cuts at the right-end of Tn/J45-A3.
E = EcoRI, cuts at the left-end of Tn7545-A3.
X = Xbal, cuts out the 2.1 kb #HM7

llkb

2.1 kb

X

[H j>

C. Incorrect and correct orientations of #HM7 in pHM9, when cut simultaneously with EcoRI and BarriiH..
incorrect

correct

pHM9
in! xis

EX

aphA3

K

X
4kb

The three arrows (

>indicate the molecular weights: 10.85kb, 6.85kb and 4kb.
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6.85kb

Figure 4.5 Tag digestion times

Tags were amplified by first-round and then second-round cold-PCR to estimate the quantity of tags that could be expected from cold- then hot-PCR. A quarter of the volume
of the cold second-round tags was HindlW digested. The invariant arms were not efficiently removed until 90 minutes at 37°C. faint bands are just visible representing the
40bp tag and the 20bp invariant arms in the 90 minute digestion lane.

Figure 4.6 Cross-hybridization checks
C olum n 3 and row C tags ch ecked fo r hybridization against the rem aining tags. T ags w ere am plified
from D N A derived from E. coli s l 7 - l o f colum n 3 and row C; these w ere labelled and hybridized
against a blot o f all the E. co li s l 7 - l that harboured tags that had been selected for their ability to be
readily am plified and give strong hybridization signals.

E xam ples o f cross-hybridisation. T hese tags w ere discarded.
T rue hybridizations.
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Figure 4.7 Removal or reduction of arms in tag-PCR
A) A comparison of 200, 400 and 1,000 pmoles untreated primers and 1,000 pmoles
treated with streptavadin beads
Primers were diluted in lOul distilled water and electrophoresed through a 2% metaphor gel.

untreated
200 4001,000 p m o l

u d
1,000 pmol of
untreated (u) and
dynabead extracted
(d) primers

primers

B) Results of tag amplification by PCR with reduced concentration of primers
After cold-PCR with primers P2 and P4 at the given concentrations, tags were ethanol
precipitated, resuspended in lOul distilled water and electrophoresed through a 2% metaphor
gel.

5 10 20 200

pmol primers in the PCR
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Figure 4.8 Amplification of tags to use as templates for tag-tag hybridization
Pre-selected tags from E. coli s i7-1 were individual amplified to use as the DNA template for tag-tag
hybridization.
160bp

80bp

80bp

80bp

Tags were amplified from E. coli whole DNA and separated on a 2% metaphor gel. PCR was repeated
for tags that were absent (first tag, top row), amplified weakly (third and sixth tag, bottom row) or tags
that formed dimers (fourth tag, top row). These first-round amplified tags were subjected to secondround cold-PCR and then denatured in the PCR buffer, mixed with an equal volume of x20 SSC and
stored on ice until transferred to nylon membranes and fixed by UV light.
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Figure 4.9 Tag-tag blots
A) Hybridization of hot-biotinylated-tags against denatured tag templates fixed to nylon
membranes
neat
1:10
1:100
1:1000
Tag
A
B

#

*

C

#

#

D

#

Hybridizing tags were amplified with BIO-P2/4, labelled and digested in the usual way. Undigested
tags, arms and excess primers were removed with dynabeads (protocol I). The denatured tag template
in SSC was used either neat or diluted 1:10 to 1:1000. Tags were hybridized and nylon blots washed
exactly as E. coli sl7 -l blots. Results show the x-ray signal after 3 hours exposure.

B) Hybridization of four tags against blots of eight

II

a
b

c
d

e
f

Column I:
hybridization of labelled tags A-D against a
template of denatured tags A-H.
Column II:
hybridization of labelled tags E-H against a
template of denatured tags A-H.

g
h

1

2

3

4

C) Hybridization of 16 tags
amplified and labelled in PCR
with only 5 or 20 pmol primers
instead of 200 pmol
Tags 1A to 2H (16 tags)
hybridized against the whole blot
of 48 tags. Bright signals outside
of columns 1 and 2 represent true
cross-hybridizations.

Spmol primers
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20pmol primers

5
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Chapter 5

Signature Tagged Mutagenesis

Four developments made STM of H. influenzae possible: [1] the isolation of nalidixic acid resistant Rd-b+ so that
an effective E. coli counter-selection was available for conjugation; [2] utilisation of xgal/EPTG as a chromogenic
marker to ensure E. coli sl7-l did not break through the counter-selection; [3] recognition that H. influenzae
exconjugants used as the blot template substantially improved hybridization signals compared with E. coli sl7-l; [4]
the use of Rd-b+ so that a larger dose of H. influenzae type b could be given to animals without them succumbing to
infection before mutants could be recovered.
5.1 in vitro STM for identifying transformation deficient mutants
As a measure of the utility of tagged Tn/545-A3 for STM, H. influenzae Rd-b+:03 tagged exconjugants were
transformed with a streptomycin resistant chromosomal marker, DNA derived from H. influenzae Rd-b+:05.
Exconjugants that were transformation deficient could potentially be identified by non-survival on streptomycin
containing BHI agar.
5.2 Preparation of DNA from streptomycin resistant H. influenzae Rd-b+
Genomic DNA was extracted from the streptomycin resistant H. influenzae Eagan strain RM 154 by the CTAB
method and transformed into Rd-b+:02. Transformants of Rd-b+:02, designated Rd-b+:04, were selected on
BHIstrep100 agar. Genomic DNA was extracted and transformed once more into Rd-b+:02. Exconjugants were
designated Rd-b+:05 and were presumed to consist of Rd-b+ DNA that could confer streptomycin resistance.
Genomic DNA was extracted from Rd-b+:05 and used as a streptomycin resistance marker for in vitro STM
competence experiments. Rd-b+:05 grew well on BHI strep50, 100’ 200 and 500 agar, whereas Rd-b+:03 exconjugants
were unable to grow on any. Subsequently, BHI strep100 agar was used for selection of Rd-b+:03 exconjugants after
transformation with the Rd-b+:05 DNA.
5.2.1 Transformation with streptomycin resistant DNA
Performing STM with an ‘m vitro' model permitted testing of the system without the confounding effects of
stochastic loss of organisms in an ‘m vivo’ model. In vitro STM may also be useful for identifying Tn7545-A3
exconjugants that are transformation deficient. A concentration of Rd-b+:05 DNA was chosen that ensured a
sufficient number of transformants would arise in an output pool that there would be no under representation
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through stochastic loss. Banks of Rd-b+:03 Tn/545-A3 exconjugants were made competent by the MIV protocol
(see section 2.4.3) and transformed with one microgram of H. influenzae Rd-b+:05 DNA. Transformants were
selected on BHIkm10strep100 agar. Near-confluent growth of H. influenzae streptomycin resistant transformants
resulted (>5,000 colonies), thus if there was an even distribution of colonies from each of the 48 mutant types, there
would be something in the region of 100 colonies of each in the output pool.
5.2.2 Construction of H. influenzae Rd-b+:03 mutant banks
Forty eight E. coli s i7-1 strains each containing Tn7545-A3 bearing a different pre-selected tag were conjugated
with 77. influenzae Rd-b+:03 for three hours on plain BHI agar, at a ratio of E6 to H8 (see table 2.1 for
nomenclature). Exconjugants were selected on BHIkm10nal5 X/I agar (see table 2.5 for nomenclature), which
prevented growth of E. coli si7-1 and Rd-b+:03. There was a wide variation in numbers of exconjugants arising from
each mating: average, 546; standard deviation, 561; median, 425 and range, 3-1836. Breakthrough growth of E. coli
s i7-1 did not occur. Ten colonies from each conjugation were picked into 150 pi BHIkm10nal5 broth in the wells of
MT plates, maintaining the same array format as the E. coli s i7-1. In each of ten MT plates, the wells with the same
designation (i.e. A1 or A2, etc.) contained 77. influenzae exconjugants with the same tag type but potentially
harbouring a different mutant (see figure 2.1). The MT plates were incubated for 18 hours at 37°C, giving ten banks
of 48 mutants. Each bank was replica plated on to nylon membranes and developed into colony blots, an aliquot
from each well was pooled for transformation, and glycerol was added to the remaining cultures in the MT plates
for storage at -70°C.
5.2.3 Transformation of mutant banks
Fifty microlitre aliquots of the 47 exconjugants and Rd-b+ from each bank were pooled, inoculated into 20 mis of
fresh BHI and cultured to ODA65o 0.2-0.4 over approximately two hours, and made competent by the MIV protocol.
Competent 77. influenzae were either plated directly on to BHIkm10nal5 agar (input pool mutants) or transformants
surviving on BHIkml0strep100agar (output pools) were recovered.
5.2.4 DNA extraction, tag amplification, labelling and hybridization
All bacterial colonies from the input and output pools were suspended in 100 pi TE by vigorous pipetting. A 20 pi
aliquot was diluted in 500 pi TE and the DNA from this small but representative sample was extracted by the CTAB
method (2.3.1).
Signature tags were amplified from input and output pools by cold-PCR (see section 2.7.1-2.7.2), extracted
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twice with phenol-chloroform and ethanol precipitated. The tag precipitate was resuspended in 10 pi Ix loading
buffer, and was gel purified by electrophoresis through a 2% metaphor gel. The resulting 80bp band was excised
from the gel, melted and 2 pi used for hot-PCR. Labelled tags were digested with 50 units HindlW for 90 minutes
(2.7.4), denatured at 95°C for 5 minutes and added to pre-hybridized H. influenzae colony blots (2.8.1). The
formamide hybridization and washing protocol was used throughout (2.8.4 and 2.8.5). A typical blot emitted
between 50 and 200cps so that exposure to x-ray film needed to be only for 2 hours to obtain an initial impression.
X-ray film was then exposed for 16 hours. One exconjugant present in the input pool was missing from the output
pool for three of the ten banks (figure 5.1).
5.2.5 Testing the transformation efficiency of the isolated mutants
Three mutants that did not survive the transformation process were individually transformed with 1 pg of
streptomycin resistant DNA. Competent Rd-b+ exconjugants were prepared by the MIV procedure with 30 minutes
exposure to DNA followed by one hour expression in BHI before plating undiluted and diluted 1:10 on
BHIkml0strep100agar. Rd-b+:03 was also transformed as a positive control. The number of colonies resulting from
transformation were compared between exconjugants and Rd-b+; all transformations resulted in semi-confluent
growth on the 1:10 dilution plates and confluent growth on the undiluted plates. The non-survivors of in vitro STM
were stored at -70°C for more subtle tests of transformation deficiency.
5.3 in vivo STM for identifying virulence genes
For in vivo STM experiments, the animal inoculum was determined with the following parameters in mind: [1] Each
mutant in a pool needed to be represented. [2] The inoculum needed to be large enough to initiate infection. [3] The
inoculum of each mutant in the input pool needed to be sufficient to overcome stochastic forces acting on
representation in the output pool (see section 1.4). [4] A large enough bacteraemia should be produced that colonies
recovered from a 10-30 pi tail vein blood sample reflected the proportions of mutants in the bloodstream. [5] The
inoculum was not so large that the animals died before host defences selected out non-viable and non-virulent H.
influenzae exconjugants.
5.3.1 Estimating the minimum inoculum
Stochastic forces can influence an STM experiment at three stages: representation in the input pool, survival in the
animal, and representation in the output pool. In setting up STM, a sufficiently large inoculum was required that all
mutants in the input pool would be represented in the inoculum; that all mutant types had an independent chance of
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establishing infection; and yet the dose was not so large that infant rat death occurred before the output pool was
recovered (see section 1.4). The tail vein blood sample needed to contain a sufficiently large number of organisms
that the H. influenzae exconjugants recovered were representative of those surviving in the blood.
Determining a mixed-mutant inoculum size with an average number of each mutant is mathematically far
simpler than determining an inoculum size with a minimum number of each mutant in the inoculum. Given that less
than 10 cfu of Eagan can cause disease when inoculated i.p. into an infant rat, an attempt was made to estimate the
minimum inoculum that would be required to ensure at least 10 cfu of each mutant. The probability of an inoculum
of mixed mutants containing by chance at least one of every mutant in the input pool is dependent upon the number
of mutants and the total size of the inoculum. Developing an exact mathematical formula for answering this
seemingly trivial question was almost impossible and so the solution was derived by computer simulation. A
programme was developed by Dr Mike Gravenor (Molecular Parisitology Group, Institute of Molecular Medicine)
to determine the total number of organisms needed in an inoculum to ensure that each mutant would be represented
a minimum number of times; n mutant types were mixed together in equal proportions in a pool from which an
inoculum of size m organisms were drawn. The size of inoculum and number of strains used in the computational
experiment needed to be chosen so as to guarantee with a high probability that at least x organisms of every strain
was present in the inoculum. Using the NAG library (Numerical Algorithm Group, Banbury Road, Oxford), a
programme was written to sample randomly from a uniform discrete distribution limited between 1 and n. From a
set of m organisms, the number of times the set included all n mutants on at least x occasions was calculated. This
process was repeated for 1000 such sets at each combination of m, n and x, thus the % of occasions that an
inoculum contained at least the minimum number of each strain was obtained accurately. The assumption was made
that each mutant type was present in equal proportions in the initial pool. Sampling was assumed not to affect the
proportions of each mutant type since the inocula were so small with respect to the total pool size from which they
were drawn. Using this approach, the following inocula (m) were calculated to be necessary to ensure with 99%
confidence that at least x cfu would be represented for each mutant type (n) in an i.p. inoculum. Results are given in
table 5.1. The calculations suggested that greater than IxlO3 cfu would be required to ensure a minimum of 10 cfu
on each represented mutant in the input pool.
5.3.2 Animal experiments
H. influenzae Rd-b+:03 were inoculated i.p. into five-day old Sprague Dawley rats (section 2.10). The inoculae
were obtained by diluting cultures at ODA490 of 1.0 on the presumption that this density contained 2xl08 cfu/
lOOpl; final dilutions were to between 10‘-106 cfu. Within 1 hour of the animal inoculation, an equivalent aliquot of
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the input pool was plated onto plain BHI agar to give an actual input count. Infant rats were weighed daily and bled,
10-30 pi tail vein samples, at intervals until 72 hours post-inoculation. Results are given as cfu per 10 pi blood.
Figure 5.2 shows the effect on animal health, reflected by body weight, of inocula of 103-106 cfu. As the inoculum
was increased the animals succumbed to infection faster and developed more severe disease, so that for instance,
those animals given 1x10* cfu died before 48 hours.
Infant rats were inoculated i.p. with 5x10° to 1x10* Rd-b+ exconjugants per 100 pi. Tail vein bleeds at 48
hours post-inoculation yielded between 50 and a few thousand colonies of recovered H. influenzae (figure 5.2). The
bacteraemia in animals in a pre-mortem state was sufficient that all of 48 mutants within the bloodstream might
reasonably be expected to have been represented in a 10-30 pi tail vein blood sample.
An inoculum of IxlO3 was chosen for the first round of in vivo STM as this could be expected to contain
more than the in silico calculated minimal number of each mutant in the input pool. Actual counts were 1,192 cfu
(SD = 268; SE = 119). Five banks (input pools) of H. influenzae with a complexity of 47 Rd-b+ exconjugants plus
one Rd-b+, were inoculated i.p. into ten infant rats, each bank was inoculated into duplicate animals. Infant rats
were bled at 17, 36,48 and 60 hours. One hundred microlitres of each input pool was plated on to plain BHI agar as
was 10-30 pi of tail vein blood containing the output pool. Thousands of colonies were obtained on all agar plates;
these were scraped from the agar surface and suspended in TE.
5.3.3 Input and output pool colony blots
DNA was extracted from the input and output pool colonies and tags amplified and labelled by PCR and
hybridized against lysed H. influenzae blots. Only two of ten output blots had a similar appearance to the input blot,
with patchy under representation of most mutants in the others, suggestive of an inadequate inoculum and chance
representation of a few tagged mutants in the output pools (data not shown). Some confidence that the inoculum
was almost optimal was gained from the appearance of output tags from two animals, where the output blot did have
a similar appearance to the input blots. Considerable confidence had been gained with hybridization of tags against
lysed H. influenzae blots, but the conclusion from these in vivo experiments was that stochastic forces strongly
influenced exconjugant survival. An inoculum of IxlO3 organisms was considered sufficient to give a minimum of
ten cfu of each exconjugant in the input pool, to cause disease without the animals dying before 48 hours, and to
give a magnitude of bacteraemia that the recovered output pool was an accurate reflection of the mutants present in
the blood. The inoculum though appeared to be insufficient in a bank of complexity48 to give every tagged mutant a
chance of establishing infection (see also 5.3.4). Although the time in vivo necessary for negative selection of
avirulent mutants was unknown, 48 hours had been chosen because this was the standard time for recovering H.
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influenzae in the infant rat model. Reducing the interval from inoculation to recovery theoretically risked reducing
the selection pressure acting on the survival of avirulent exconjugants.
5.3.4 Are stochastic mechanisms acting on mutant survival when the inoculum is small?
Duplicate animals were inoculated with IxlO3 cfu of mixed mutants of complexity5’10or 15. The observed inoculum
was 1,225 cfu (average; range 1,172-1,256). Animals were bled at 40 hours. Input and output blots from infant rats
inoculated with mutants of complexity10 are depicted in figure 5.3. Stochastic loss of mutants occurred. The tags
from the ten inoculated mutants were hybridized against blots of complexity48, there was no cross-hybridization and
no background signal, evidence of the quality of the tags.
5.3.5 Can animals be given a larger inoculum and bled earlier?
Infant rats were inoculated with IxlO4, IxlO5, IxlO6 or IxlO7 cfu of mixed mutants with a complexity40. For the
purposes of comparison, an identical pool of mutants was introduced into each animal. Duplicate animals were
inoculated and then bled at 18, 30 and 40 hours. The animals given IxlO7 cfu died before 18 hours, whereas those
given IxlO4 to IxlO5 cfu survived past 24 hours, with only two of six deaths before 40 hours. Heterogeneity of host
response had been noted previously. Stochastic loss of mutants was seen with an inoculum of 104 and to a lesser
extent 105 cfu. Figure 5.4 shows a typical comparison of input and output blots of tags recovered from blood at 30
hours following a challenge with IxlO6 cfu. The effect on tag hybridization signal for the input pool was compared
for tags amplified from broth or for those amplified from colonies (100 pi of broth containing IxlO6 cfu plated onto
BHI agar). DNA was either extracted from broth cultured exconjugants (input pool tags amplified from broth), or
from colonies after plating onto agar (input pool tags amplified from colonies). The hybridization signal intensity
was better for tags derived from colonies.
The results indicated that animals could be inoculated with a larger dose of organisms and that this reduced
the stochastic loss of mutants and increased the representation in the output pool. Recovery of the output pool at 30
rather than 48 hours still allowed the selection of avirulent mutants.
5.3.6 Mass screening to identify virulence genes in H. influenzae
The screening of 2,200 H. influenzae Tn7545-A3 mutants through infant rats was undertaken by S. Hayes,
supervised by M. Herbert. Forty eight uniquely tagged E. coli sl7-l were conjugated with Rd-b+. Banks of 24
mutants were created. Twenty banks at a time were picked into 150 pi BHInal5kan'° broth in the wells of Costar
MT-plates. After over night growth, glycerol was added to a final concentration of 15%, mixed well, and the MT-
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plates were stored at -70°C. Banks were recovered on to BHInal5kan10 plates and transferred to BHInafkan10 broth.
From the overnight cultures 50 pi aliquots were pooled, 1 ml of the pooled mutants from each bank was added to 20
ml fresh BHInal5kan10 broth and incubated at 37°C for 2 hours, until the 00*490 was between 0.2 and 0.4. One
millilitre of each culture was pelleted (3,000 g, benchtop microfuge), resuspended and diluted in PBSG to a final
concentration of IxlO6 to 5xl06 cfu/100 pi. Infant rats at 5 days old were inoculated i.p., in duplicate, within 30
minutes of resuspending the pooled mutants in PBSG. The rats were bled at approximately 30 hours. Both the input
and output bacteria were cultured on to BHI nal5kan10 plates and tags were extracted from the DNA of the resultant
colonies. A total of 126 mutants (designated SH01-SH126; see table 5.2) were identified that were totally absent in
the output pool ( ‘blank’; n = 47) or had reduced tag hybridization signals ( ‘grey’; n = 79), when screened through
duplicate animals. Fourteen mutants that did not survive passage through duplicate animals and their respective
banks were recovered from -70°C on a different day, were cultured and re-inoculated into infant rats and again did
not survive, as determined by lack of tag hybridization against freshly made blots. ARB-PCR was performed on the
first 18 mutants (SH01-SH18; a mixture of ‘blank’ and ‘grey’ mutants) and on the remaining ‘blank’ mutants (n =
40). This single round of ARB-PCR using only one (arb4) of several possible first-round arb primers gave rise to 30
PCR products. Seventeen of the products were initially cloned and sequenced. Two of the 17 were spurious PCR
products, having been amplified only from the arb-4 primer binding in anti-parallel arrangement. Fifteen of the PCR
products contained transposon and flanking DNA. Sequence could be determined for both ends of the cloning
vector, for both primers in opposite orientation, for the right terminal 60 nucleotides of Tn7545-A3, and for the gene
into which the transposon had inserted (see table 5.3).
The genes are: HI1018 (IS 1016; an insertion element flanking the capsulation locus and involved in gene
dose amplification effects in vivo', n=8); H I1245 (mdh\ malate oxidoreductase; n=3); HI0365 (PBP-7; n=l); HI0433
{prfG\ a hypothetical protein found in the com transformation locus; n=l); HI1218 (lctp\ L-lactate permease; n=l);
H I1733 {mb', exoribonuclease II; n=l). By choosing predominantly one phenotype for the first attempts at ARBPCR, the most severely in vivo growth affected, and by using only one of several possible first-round arb primers
for this set of amplifications, the results have been biased to give an over represention of IS 1016 and malate
oxidoreductase mutants. If these sites had been hit by Tnl545-A3 in the other mutants, it is likely that a PCR
product would have emerged when using primer arb4. It is likely that IS 1016 and malate oxidoreductase will not be
represented in the remaining 112 mutants whose sequences are still to be determined. A GCG pileup of all eight
IS 1016 sequences clearly demonstrated that they were from Tn/545-A3 insertions at the exact same site. The blots
from which these mutants were derived is given in figure 5.5.
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Figure 5.2 The influence of inoculum on infant rats
A) Bacteraemia in infant rats
Five day old infant rats were inoculated i.p. with incremental doses of H. influenzae Rd-b+ and bled 24,
and 48 hours later. The inoculum is given as cfu/lOOul PBSG and the bacteraemia as cfu/1Oui
recovered blood. Error bars represent the standard deviation.

Inoculum v Bacteraemia
10000

■ 24 hours
■48 hours

inoculum

B) Health of infant rats
Twelve infant rats were inoculated with wt-Rd-b+. Weights were measured at 24, 48 and 72 hours.
Two of four rats died when inoculated with 5xl05cfu. All infant rats died by 48 hours when inoculated
with lx l0 6cfu.

18 i
16 15 -

3

14 -

1x10 cfu
lx l0 5cfu
5xl05cfu
lx l0 6cfu

o

24

48

72

hours post inoculdion
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Figure 5.3 Ascertaining stochastic loss with an inoculum of 103cfu
Infant rats were i.p. inoculated with lx l0 3cfu of complexity10 Rd-b+ exconjugants. Ten tag-types were
all represented in the input pool but not in the output pool. There was little consistency in the survival
of mutants in the output pool, indicating that loss was for stochastic reasons rather than due to
avirulence.

Input pool complexity 10

rant ra t 1

O u tput pool tags 1

O utput pool tags 2

Figure 5.4 Inoculation of infant rats with 1x10s exconjugants of complexity40
Radiographs of input and output tags hybridized against input colony blots. Infant rats were inoculated
with IxlO5 cfu of complexity40 Rd-b+ exconjugants. The input pool tags were either extracted from
colonies or broth (see text). Emissions from the blots were 200cps and x-rays were exposed for 16
hours.
In p u t tags amplified from Rd-b+ in broth

Input tags amplified from Rd-b+

Input pool
subcultured to
agar and tags
amplified from
colonies

Input pool
passaged through
duplicate animals

Tags not represented in input or output pools,

O

*

WT-Rd-b+ negative control, containing no tag.

\\

An exconjugant that has not survived after passage through duplicate animals (possible avirulent
mutant).

Exconjugants that were were present in the output pool of animal 1 but not animal 2 (stochastic loss).
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Index: blue = input pool; red = output pool. The number of blots in the output pool
indicates the number of 5-day old infant rats inoculated.

Figure 5.5 Blots derived from mass screening Tn/545-A3 mutants through infant rats
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Table 5.1 - Minimum inoculum size (m)
Mutants in the pool (n)
M inimum cfu's
of each m utant
type (x)

24

48

60

72

96

At least 1 of each

185

405

520

640

880

At least 5 of each

378

805

1025

1250

1700

At least IQ of
each

■

liaod

5H

Il85ti

m

To theoretically ensure a minimum cfu (x) of each mutant type (n) in a pool, the size of the pool must be larger than
if an average number of mutant types is required. Pool sizes (m) for a given number of mutants (n) were determined
using a programme to sample 1,000 times from a theoretical pool of mixed mutants.
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Table 5.2 Non-survîving mutants isolated from a screen of 2,200 mutants

ARB

NAME

MUTANT
Bank

TAG

SHADE

#IR'S

DATES

H I#

GENE

PRODUCT

Position

-

SHOI

7

1H

2G

blank

2

2.2.00

A+

SH02

7

2A

36

blank

3

2.2.00

~

SH03

9

3H

5H

blank

3

2.2.00

A+

SH04

10

2C

3B

blank

3

2.2.00

~

SH05

10

3D

56

grey

3

2.2.00

~

SH06

19

1A

1A

grey

2

15.3.00

~

SH07

20

1H

26

grey

2

15.3.00

A+

SH08

27

3G

2H

blank

~

SH09

27

3H

4H

~

SH10

30

1A

A

SH11

30

A

SH12

-

H11245

mal

malate oxidoreductase

HI1018

IS1016

capsule locus

2

25.4, 2.5 HI1018

IS1016

capsule locus

blank

2

25.4, 2.5

1A

grey

3

25.4, 2.5

2E

20

grey

3

25.4, 2.5

31

2F

3D

grey

1

25.4.00

SH13

32

ID

5A

grey

1

25.4.00

A+

SHI 4

32

2E

2D

grey

1

25.4.00

HI1018

IS1016

capsule locus

A+

SHI 5

34

2G

2E

grey

2

2.5.00

H10365

~

SH16

35

2A

1C

grey

2

2.5.00

-

SH17

35

2C

3C

blank

2

2.5.00

A

SH18

35

20

5C

grey

2

2.5.00

SH19

39

IF

26

grey

1

9.5.00

SH20

40

2A

1C

grey

1

9.5.00

SH21

41

3G

2H

blank

1

9.5.00

SH22

45

2A

2C

grey

1

9.5.00

SH23

46

2E

20

grey

1

9.5.00

SH24

46

2G

2E

grey

1

9.5.00

A

SH25

47

2A

2C

blank

3

9.5, 13.6

A+

SH26

47

2C

3C

blank

3

9.5, 13.6 HI1018

~

SH27

47

2F

2D

blank

3

9.5, 13.6

SH28

47

3E

5G

grey

3

9.5, 13.6

SH29

47

3G

4H

grey

3

9.5, 13.6

SH30

48

2A

2C

grey

3

9.5, 13.6

SH31

48

2B

3C

grey

3

9.5,13.6

A+
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H10433

PBP-7

orfG

transformation cluster

IS1016

capsule locus

SH32

48

2E

20

grey

3

9.5, 13.6

SH33

48

2F

3D

grey

3

9.5, 13.6

SH34

48

3F

2H

grey

3

9.5, 13.6

A+

SH35

55

3E

5G

blank

2

15.5.00

HI1018

IS1016

capsule locus

A+

SH36

56

3C

6F

blank

2

15.5.00

HI1218

Ictp

L-lactate permease

SH37

60

1C

5A

grey

2

15.5.00

SH38

60

2B

3C

blank

2

15.5.00

HI1018

IS1016

capsule locus

SH39

61

1H

1C

grey

2

15.5.00

SH40

61

2C

5C

grey

2

15.5.00

SH41

61

2E

20

blank

2

15.5.00

H11245

mal

malate oxidoreductase

SH42

61

3A

3F

grey

2

15.5.00

SH43

62

1C

5A

grey

2

15.5.00

SH44

62

1H

1C

grey

2

15.5.00

SH45

62

2E

20

grey

2

15.5.00

SH46

62

2G

2E

grey

2

15.5.00

SH47

64

3C

6F

blank

2

15.5.00

SH48

66

1C

5A

grey

2

30.5.00

SH49

66

IE

2B

grey

2

30.5.00

SH50

66

2B

3C

blank

2

30.5.00

HI1018

IS1016

capsule locus

SH51

66

2E

2D

grey

2

30.5.00

SH52

67

1C

5A

grey

2

30.5.00

SH53

67

IE

2B

blank

2

30.5.00

HI1245

mal

malate oxidoreductase

SH55

67

2B

3C

grey

2

30.5.00

SH56

67

2C

5C

grey

2

30.5.00

SH57

67

3A

3F

grey

2

30.5.00

SH58

69

1H

1C

blank

2

30.5.00

SH59

69

2D

6C

grey

2

30.5.00

SH60

69

2E

20

grey

2

30.5.00

SH61

69

2G

2E

grey

2

30.5.00

SH62

70

1A

1A

blank

2

30.5.00

SH63

70

1C

5A

grey

2

30.5.00

SH64

70

1H

1C

blank

2

30.5.00

SH65

70

2C

5C

grey

2

30.5.00

SH66

70

2D

6C

blank

2

30.5.00

HI1018

IS1016

capsule locus

SH67

70

2E

20

grey

2

30.5.00

SH68

70

2G

2E

blank

2

30.5.00

A+

A+

A

A+

A+

A+

~

~

A+

~
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SH69

70

3A

3F

grey

2

30.5.00

SH70

70

3H

4H

grey

2

30.5.00

SH71

71

1C

5A

grey

2

30.5.00

~

SH72

71

2B

3C

blank

2

30.5.00

A+

SH73

71

3E

5G

blank

3

30.5.00

SH74

72

3D

1G

grey

2

30.5.00

SH75

74

2H

3E

grey

2

30.5.00

SH76

75

2E

20

blank

2

30.5.00

SH77

78

2F

3D

grey

2

6.6.00

SH78

78

2G

2E

grey

2

6.6.00

SH79

80

2C

5C

grey

2

6.6.00

SH80

80

2D

6C

grey

2

6.6.00

SH81

81

3A

3F

blank

2

6.6.00

SH82

82

IF

4B

grey

2

6.6.00

SH83

82

20

BO

grey

2

6.6.00

SH84

82

2E

20

grey

2

6.6.00

SH85

82

3G

2H

grey

2

6.6.00

~

SH86

85

2H

2E

blank

2

6.6.00

A+

SH87

86

IF

2B

blank

2

6.6.00

SH88

86

2A

1C

grey

2

6.6.00

SH89

86

20

5C

grey

2

6.6.00

SH90

86

2E

6C

grey

2

6.6.00

SH91

86

3B

3F

grey

2

6.6.00

A

SH92

87

1A

1A

blank

2

6.6.00

A

SH93

88

1G

48

blank

2

6.6.00

SH94

89

ID

5A

grey

2

6.6.00

SH95

89

2A

1C

grey

2

6.6.00

SH96

89

20

5C

grey

2

6.6.00

~

SH97

89

2F

2D

blank

2

6.6.00

~

SH98

89

3B

3F

blank

2

6.6.00

SH99

90

10

5A

grey

2

6.6.00

SHI 00

91

2C

3C

grey

2

13.6.00

SH101

91

2G

3D

grey

2

13.6.00

SHI 02

91

3D

6F

blank

2

13.6.00

SH103

91

3F

5G

grey

2

13.6.00

SHI 04

92

IF

2B

blank

2

13.6.00

~

-

~

A
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H11733

mb

exoribonuclease II

A

SH105

92

2C

3C

blank

2

13.6.00

~

SHI 07

94

1G

48

blank

2

13.6.00

SHI 08

94

2G

3D

blank

2

13.6.00

~

SHI 09

95

2C

3C

blank

2

13.6.00

A

SH110

95

2G

3D

blank

2

13.6.00

SH111

96

2B

2C

grey

2

13.6.00

SH112

96

2G

3D

grey

2

13.6.00

-

SH113

96

3F

5G

blank

2

13.6.00

A

SH114

97

1A

1A

blank

1

13.6.00

A

SH115

97

2C

3C

blank

1

13.6.00

SH116

97

2F

20

grey

1

13.6.00

SH117

97

2G

3D

grey

1

13.6.00

SH118

98

1A

1A

grey

2

13.6.00

SH119

98

IE

IB

blank

2

13.6.00

SHI 20

98

IF

2B

grey

2

13.6.00

SH121

98

1G

48

grey

2

13.6.00

SHI 22

98

2A

1C

blank

2

13.6.00

SHI 23

98

2F

20

grey

2

13.6.00

SHI 24

99

2A

1C

grey

2

13.6.00

-

SHI 25

99

2F

20

blank

2

13.6.00

A

SHI 26

100

2G

3D

blank

2

13.6.00

-

~

arb-pcr gave no product
A

arb-pcr product

A+

arb-pcr product cloned and sequenced

The bank from which each mutant was derived is given in column 2 and the position of the mutant in that bank in
column 3. The tag type (column 4) refers to the origin of the transposon in the E. coli s i 7-1 bank. Mutants were
either completely absent from duplicate output blots ('blank') or the output signal intensity was much reduced
('grey') - see also figure 5.5. The number of animals inoculated with each bank is given in column 7, and the date of
the inoculation in column 8. Information relating to the 15 genes identified is given in columns 9-11: locus number
in the Rd genome, gene and product.
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Table 5.3

Transposon insertion sequences from mutants not surviving in vivo passage

Index: blue = cloning vector; red = Tn 1545-A3; red = transposon primer binding site T = transposon right term inus; purple = ARB-PCR primers:
purple = arb2 primer; green = H. influenzae genome sequence.

SH02 (H I1245; m alate dehydrogenase)

TTGCNTNATTCCCTACTATAGGGCGAATTGGGCCCTCTAGATGCATGCTCGAGCGGCCGCCAGTGTGATGGATATCTGCAGAATT
CGCCCTTTG ATA A AGTGTG AT A AGTCC AGTTTTT ATGCGG ATA ACTAG ATTTTT ATGCTATTTTTTTG AATAA AAAACAGATATAA
TCGA CG CA ATATTTC A A TC CTG TTTC A A G A A A A TG G A G C A CTTA TTA TG A C CG A A C A A TTA CG TCA G A G G CA A G G GTACTAGTCG

AÇGÇGTGGŒAAGGGCGAATTCCAGCACACTGGCGGCCGTTACTAGTGGATCCGAGCTCGGTACCAAGCTTGGCGTAATCATGGT
CATAGCTGTTTCCTGTGTGAAATTGTTATCCGCTCACAATTCCACACAACATACGAGCCGGAAGCATAAAGTGTAAAGCCTGGGG
TGCCTAATGAGTGA

SH 04 (H I1018; IS1016 elem ent flanking the capsulation locus)

TCCCCTTGATNNCNTTGNANNNACTATNGGGTTNTTGGNCCCTCTAGATGCATGCTCGAGCGGCCGCCAGTGTGATGGATATCTG
CAG A A TTCG C CCTTG G C CA CG CGTCGACTAGTACTG G N N G A G N G TG A CGTACCATTAGCAAGTGCACTAGTCTATAA AAATGA AT
GTAACTCATTGTAA ATTA AA GAAATCTATACA A A A TAAGCTCCTTGAATTTTTTGTATTAGAAGTTA CAGCCCGAG CAGCGGCTG
A TTTA CTCG G TA TC CA A G C CA ATTCAGCG ATTTTTTTATAGAAAAA TAGCATAA AAATCTAGTTA TCCGCATAAAAACTGGACTTA
T CA CA C TTTA TCA A A G G G CG A A TTC CA G C A CA CTGGCGGCCGTTACTAGTG GATCCGAGCTCGGTACCAAG CTTGGCGTAATCAT
G G TCA TA G CTG TTTC CTG TG TG A AATTG TTATCCGCTCACAATTCCACACAACATACG AGCCGGAAGCA TAAAGTGTA

SH 08 (H I1018)

TGNNNGCGTCGNNNG AGN ACCATAGGNCGTNTGG A ATTTAGCGGCCGCG A A TTC G CCC TTTG AT A A AGTGTG AT A AGTCC AGTTT
TTA TG CG G A TA A C TA G A TTTTTA TG CTATTTTTCTATAAAAAAA TCG CTG AATTGGCTTGG ATACCGAGTAAATCAGCCGCTGCTC
G G G C TG TA A CTTC TA A TACAAAGAATTCAAGGAGCTTATTTTGTA TAGATTTCTTTAATTTACAATGAGTTACATTCATTTTTATA G
A CTA G TG CA C TTG CTA ATCTACGTCACCCGCCANCAGTA CTA G TC G A CG C G TG CCA A G G G CG A A TTCGTTTAAA CCTGCAG GACT
AGTCCCTTTAGTGAGGGTTAATTCTGAGCTTGGCGTAATCATGGTCATAGCTGTTTCCTGTGTGAAATTGTTATCCGCTCACAATTC
C AC AC A ACAT ACG AGCCGG A AGCAT A A AGTGTA A AGCCTGGGGTGCCTA ATG AGTG AGCTA ACTC ACATT A ATT

SH 14 (H I1018)
T G N N N TC N TTN N N TN CTTG G GTTTATTGN ATTTNNCGGCCGCGAA TTCGCCCTTG G C C A CG CG TCG A C TA G TA CTCCTGACGATTG
ACG A TGATAGAAA A A GG G G CTGACGTAGATTAGCAAGTG CACTAGTCTATAAA AATGAA TGTAACTCATTGTAAATTAAA GAAA
TCTATACA AAATA A G C TCC TTG A ATTTTTTGTATTAGAAG TTACAGCCCG AGCAGCGGCTGATTTACTCGGTATCCAAGCCAATTC
A G C G A TTTTTTTA TA G A A A A A A TAG CATAAAAATCTAGTTATCCGCATAAA AACTGGACTTATCACACTTTATCAAAGGG CGAAT
T CG TTTA A A CC TG C A G G A CTA G TCCCTTTAG TGAGGG TTAATTCTGAGCTTG GCGTAATCATG GTCATAGCTGTTTCCTGTGTG AA
ATTGTTATCC G CTCA C A A TTCC A CA CA A CA TA CG A G C CG G A A G CA TA A A G TG TA A A G CCTG G G G TG CC TA A TG A G T

SH 15 (H I0365; penicillin-binding protein 7, putative: biosynthesis o f m urein sacculus and peptidoglycan)

CNNNAGGTNNCNNNNCGNCTNTGATTCGTTGNNTTGCNCCCACTTTGGGNTTGTTNCCGTTTCGGCCGCGAATTCGNCCTTNGAT
AANC1C1G1TGACTAC1TNCAGTTTTG1ATC1CC1C1NTCC1ACTAAC1NNC1TNC1GTG1CNG1TTTTTTAAAAN AACGNNTTNCTCiTNCCTGCTTGiG
CTA TAAGNNGN A CTAAGANNAGATA AACGNCTAANGCA CCGA TTNATTTAA TGAANA TTAGGCGA GCTTA ACTAAATCCNTGTG
G G N TG G AA ATA TTATAG CTAGATAATCCTGAACTATCGTGA AA ACG AGCAGAATACATACCA AGNTG ATGGGCTTTTNNGTTCAT
TTTCTTAATAAATNGGCGACGACTTATTCCNGCTGCACGAGzXA ANCGCGTGGGCGGN ATANTTATNANA ATGGACAA GCATTGCT
TTN A A TAA NTCG NTN CAA G A AATA GGAATA TTTNN AGGTAATTNNGTTN CANNGCCTTTAATTCGATCCGN ATCCTATTTTGAGA
N TG N G A N TCG A C A A TTA G G A TTTTTATTATTCTCTAAAAATACA TTAGNCGTCANCCCNAGNCAGTNCTA G TN G A CG C G TG G C CA

NGGGCGAATTCGAATAAACCTGCANGACTAGACCCTTTNGTGAGGGATAATTCTNAGCTNGGCGTAATCATGGNCATAGCTGCTT
NCTGNGTGAAATTGTTATCCGCAACAATTCCACACAACATACGAGCCGGAAGCATNAAGTGAAAGCCTGG

SH21 (H I0433; orfG hypothetical protein: transform ation gene cluster in com A-H locus)

GTGNNNTCTATTTTATNCANCTATGACACCCACTATATTTNGAATTGAATNTAGCGGCCGCGAATTCGCCCTTGGCCACGCGTCGA
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ATCACACTTTATCAAAGGGCGAATTCGTTTAAACCTGCAGGACTAGTCCCTTTAGTGAGGGTTAATTCTr,AnrTTr,r,rr,TAATr.AT
GGTCATAGCTGTTTCCTGTGTGAAATTGTTATCCGCTCACAATTCCACACAACATACGAGCCGGAAGCATAAAGT

SH25 (erroneous am plification o f DNA not flanking a transposon insertion).

GTTNGNTNTNTTNNTNNGNNNNTGACCCCCTANGGCTTTNGGAATCAGCGGCCGCGAATTCGCCCTTGGCCACGCGTCGACTAGT
ACTNATGGGGAGTGACGGTGGCGATGGTGGCGATGTCTATTTACAAGCCGATGAAAACCTCAATACCTTAATCGATTATCGCTTT
AATAAACGCTTTGCCGCAGAGCGTGGAGAGAATGGACGGAGTTCAGATrGTACAGGACGTCGCGGTAAAGATATTATTTTACCTG
TTCCCGTGGGAACTCGTGCTATTG ATA ACG AC ACC A A AG A A ACCTTGGGGG ATTT A ACCC A AC ATGGTCA A AA A ATGTTGGTAGC
CA A AGGTGGTTATCACGGTTTAGGG AAT ACTCGTTTC A AATC ATC AGTA A ACCGTGC ACCGCGTC AC AGTCG AGGCGTACTAGTÇ
GACGÇGIGGCÇ A AGGGCG A ATTCGTTTA A ACCTGC AGG ACTAGTCCCTTTAGTG AGGGTTA ATTCTG AGCTTGGCGTA ATC ATGG
TCATAGCTGTTTNCTGTGTGAAATTGTTATCCGCTCACAATTTCACACAACATACGAGCCGGAAGCATAAAGTGTAAAGCCTGGG
GTGCCTA ATG AGTG AGCTA ACTC ACATTA ATT

SH 26 (H I1018)

GCNNGNTNTGTTTTTNTNCNTCCTAATGACCACCCACTATAGTTCGAATTGAATNTAGCGGCCGCGAATTCGCCCTTGGÇÇAÇGÇG
TCGA CTAG TACGCTGTCA GG ATGACGTAGATTA GCAAGTGCGCTAG TCTATA AAAATGAATGTAA CTCATTGTAAATTAAAGAA A
T CTA TA C A A A A TA A G CTCCTTG A A TTTTTTGTA TTAGAAGTTACAGTCCGAGCAGCG GCTGATTTACTCGGTATCCAAGCCAATTC
AGCG ATTTTTTATTTT AA A AAATAGC AT AA A A ATCT AGTT ATCCGCAT AA AA ACTGG ACTT A TCA CA CTTT ATCA A AGGGCGAATT

CGTTTAAACCTGCAGGACTAGTCCCTTTAGTGAGGGTTAATTCTGAGCTTGGCGTAATCATGGTCATAGCTGTTTCCTGTGTGAAA
TTGTTATCCGCTCACAATTCCACACAACATACGAGCCGGAAGCATAAAGTGTAAAGCCTGGGGTGCCTAATGAGT

SH35 (H I1018)

GTGNTTGNAATNTCCTCNGTTGCCCACCTAGTTCGTATGGAATCAGCGGCCGCGAATTCGCCCTTTGATAAAGTGTGATAAGTCCA
GTTTTTA TG CG G A TA A CTA G A TTTTG A TG CTN TTTTTCTA TA A A A A A A TCG CTG A A TTG G CTTG G A TA CCG A G TA A A TCA G CCG CT
GCTCGG ACTG TAA CTTCTAA TA CAA A A AATTCAAGGAGCTTATTTTGTATAGA TTTCTTTAATTTACAA TGAGTTACATTCATTTTT
A TA G A CTA G CG CA CTTG CTA ATCTACGTCANCCN CNNNGAGTACTA G TC G A CG C G TG G CCAAGGGCGAATTCGTTTAAACCTCiCA

GGACTAGTCCCTTTAGTGAGGGTTAATTCTGAGCTTGGCGTAATCATGGTCATAGCTGTTTCCTGTGTGAAATTGTTATCCGCTCA
CAATTCCACACAACATACGAGCCGGAAGCATAAAGTGTAAAGCCTGGGGTGCCTAATGAGTGAGCTAACTCACAT

SH36T (H I1218; L lactate perm ease; Ictp)

TTGTGCATTGGTNACCACTCACTATAGGGCGAATTGAATTTAGCGGCCGCGAATTCGCCCTTTGATAAAGTGTGATAAGTCCAGTT
TTTATGCGGATAACTAGATTTTTATGCTATTTTTTAAGCTAAAGATTAAACCTTTGCTAATTTCAAATAATCCTAACGAACCTAAT
GTGGTTGAGAACCAAATAGTTGCGTCANNCACATACAGTACTAGTCGACGCGTGGCCAAGGGCGAATTCGTTTAAACCTGCAGG
ACTAGTCCCTTTAGTGAGGGTTAATTCTGAGCTTGGCGTAATCATGGTCATAGCTGTTTCCTGTGTGAAATTGTTATCCGCTCACA
ATTCC AC AC AAC ATACG AGCCGG A AGCAT A A AGTGTA

SH 38 (HI1018)

TGTGCGTCGTGCCACTATAGGGCGTTTTGAATTAGCGGCCGCGAATTCGCCCTTTGATAAAGTGTGATAAGTCCAGTTTTTATGCG
GATAACTAGATTTTTATGCTATTTTTTAAAATAAAAAATCGCTGAATTGGCTTGGATACCGAGTAAATCAGCCGCTGCTCGGACTG
TAACTTCTAATACA A A A A A TTCAAGGAGCTTATTTTGTATAGA TTTCTTTAATTTACAA TGAGTTACATTCATTTTTATAGACTAGC

GC ACTTGCTA ATCT ACGTCACGCGC ACTC AGT ACT AGTCG ACGCGTGGCC AAGGGCG A ATTCGTTTAAACCTGCAGGACTAGTCC
CTTTAGTGAGGGTTAATTCTGAGCTTGGCGTAATCATGGTCATAGCTGTTTCCTGTGTGAAATTGTTATCCGCTCACAATTCCACA
CAACATACGAGCCGGAAGCATAAAGTGTAAAGCCTGGGGTGCCTAATGAGTGAGCTAACTCACATTAATTGCGTT

SH41 (H I1245)

TATGNCGTGCTGCCTTNGACCACCACTATAGTTNGAATTGAATCAGNGGNCGCGAATTCGCCCTTTGATAAAGTGTGATAAGTCC
A G TTTTTA TG CG G A TA A CTA G A TTTGGATGCTATTTTTTGAATAAAAAACAGATATAATCGACGCAATATTTCAATCCTGTTTCAA
G A A A A TG G A G C A CTTATTA TGACCGAACAATTACG TCA GAGACCTTGCG TA CTA G TC G A CG C G TG G CCAAGGGCGAATTCGTTTA

AACCTGCAGGACTAGTCCCTTTAGTGAGGGTTAATTCTGAGCTTGGCGTAATCATGGTCATAGCTGTTTCCTGTGTGAAATTGTTA
TCCGCTCACAATTCCACACAACATACGAGCCGGAAG

SH 47 (erroneous am plification)

TTGTTGCGGTCNTTGACTCACTATAGGGCGNNTTGAATTTAGCGGCCGCGAATTCGCCCTTGGCCACGCGTCGACTAGTNCCGTGT
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TG ATCTG AC NACG A AGCCTAT AATGNTTGGA ATA A AG ATGTTGGTGTTCCTGCTG A ACGC ATT ATTCGC ATTGGTG AC A ATA AAG
GCTCACCTTACGCATCAGACAACTTCTGGGCAATGGGCGACACAGGTCCTTGCGGTCCTTGTACTGAAATTTTCTACGATCACGGC
GATCATATTTGGGGCGGGCCTCCAGGCTCACCAGAAGAAGATGGCGACCGTTATATTGAAATCTGGAACGTTGTGTTTATGCAGT
TCAACCGTTTAGCAGATGGGACAATGGAAAAATTACCTCGTCCGTCACAGGCACGTCGTACTAGTCGACGCGTGGCCAAGGGCGA
ATTCGTTTAAACCTGCAGGACTAGTCCCTTTAGTGAGGGTTAATTCTGAGCTTGGCGTAATCATGGTCATAGCTGTNTCCTGTGTG
AAATTGTTATCCGCTCACAATTNCACACAACATACGAGCCGGAAGCATAAAG

SH 50 (H I1018)

TGTGGGGTCGTGTACGACTACTATAGGGCGAATTGAATTTAGGGGCCGCGAATTCGCCCTTGATAAAGTGTGATAAGTCCAGTTTT
TA TG C G G A TA A CTA G A TTTTTA TG C TATTTTTCTATAAA AAAATCGCTGAATTGGCTTGGATACCGAGTAA ATCAGCCGCTGCTCG
GGCTGTAA CTTCTAA TACA AAAAATTCAAGGAG CTTATTTTGTATAG ATTTCTTTAATTTACA ATGAGTTA CATTCA TTTTTATAGA

CTAGTGCACTTGCTAATCTACGTCACCGCCCANATGTACTAGTCGACGCGTGGCCAAGGGCGAATTCGTTTAAACCTGCAGGACT
AGTCCCTTTAGTGAGGGTTAATTCTGAGCTTGGCGTAATCATGGTCATAGCTGTTTCCTGTGTGAAATTGTTATCCGCTCACAATTC
CACACAACATACGAGCCGGAAGCATAAAGTGTAAAGCCTGGGGTGCCTAATGAGTGAGCTAACTCACATTAATT

SH53 (H I1245)

AAAAAAAAATTNGATACGTTGAACAGCNANNTNTTGGGAATCAGCGGGCGNGAATTCGCCCTTGGCCACGCGTCGACTAGTNCG
AATGCTGACGTAATTGTTCGGTCATAATAAGTGCTCCATTTTCTTGAAACAGGATTGAAATATTGCGTCGATTATATCTGTTTTTTG
AATAAAAATAGCATAAAAATCTAGTTATCCGCATAAAAACTGGACTTATCACACTTTATCAAAGGGCGAATTCGTTTAAACCTGC
AGGACTAGTCCCTTT AGTGAGGGTTAATTCTGAGCTTGGCGTAATCATGGTCATAGCTGTTTCCTGTGTGAAATTGTTATCCGCTC
ACAATTCCACACAACATACGAGCCGGAAGCATAAA

SH 66 (HI1016)

CGATGGNTGTGNATGCTGCNACNGNGGACCCACTATAGTTCGNATTGAATCAGCGGCCGCGAATTCGCCCTTTGATAAAGTGTGA
TAAGTCCAGTTTTTATGCGGATAACTAGATTTTNATGCTNTTTTTATACACAAAAA ATCGCTGAATTGGCTTGGATACCGAGTAAA
TCAGCCGCTGCTCGGGCTGTAACTTCTAATACAAAAAATTCAAGGAGCTTATTTTGTATAGATTTCTTTAATTTACAATGAGTTAC
ATTC ATTTTTAT AG ACT AGTGC ACTTGCTA ATCT ACGTCAGCCCCC AC ACGTACTAGTCG ACGCGTGGCC A AGGGCG A ATTCGTTT
AAACCTGCAGGACTAGTCCCTTTAGTGAGGGTTAATTCTGAGCTTGGCGTAATCATGGTCATAGCTGTTTCCTGTGTGAAATTGTT
ATCCGCTCAC AATTCCAC AC A ACATACG AGCCGG A AGC ATAA AGTGTAA AGCCTGGGGTGCCTA ATG AGTG AGCTA A

SH73 (HI1733: exoribonuclease II: mb}

CGCGNNNNTGTNAGAATGCCNCGGTGACCACCACTTTGGTNCGAATTGNATTTAGCGGCCGCGAATTCGCCCTTTGATAAAGTGT
G A TA A G TCCA G TTTTTA TG CG G A TAACTAGATTTTTATGCTATTTTTTAAAATAAAAAAG ATTAATCTTGACCCATTTTAG GTGTTT
TTTG TTG A A A A G TG CG G TA A A A A TTA AAAGAAAA ACCTGCTTTCTGGCA TTGAAAGCA GGTTTTAGGCAAAAGGGAACGGCA AT
TTA TTG A A G TA TTTCG C CCA C A ATACTGCGTGTGG CTTCTTTCACTTCTGTGAG TTTCACTTTTACCATGTCGCCTATTTTGTAAGT
G CG TTCG CC TTTTA TATA GAG GGCAAGTTCGTCACTCCCAGCCCG TA CTA G TC G A CG C G TG G CCAAGGG CGAATTCGTTTAAA CCT

GCAGGACTAGTCCCTTTAGTGAGGGTTAATTCTGAGCTTGGCGTAATCATGGTCATAGCTGTTTCCTGTGTGAAATTGTTATCCGC
TCACAATTCCACACAACATACGAGCCGGAAGCATAAAGTGTAAAGCCTGGGGTG
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Chapter 6

TnlO mutagenesis of H. influenzae

6.1 Introduction

During the course of developing tagged Tn/545-A3 for STM of H. influenzae, three other transposons were newly
described for mutagenesis of H. influenzae: Tn7, the Mariner transposon and TnlO (Akerley et al. 1998; Gwinn et
al. 1997; Kraiss et al. 1998). All three potentially have low insertional specificity; TnlO has the advantage that it is
an in vivo acting transposon whereas Tn7 and Mariner act in vitro and have to be introduced back into H. influenzae
with the potential for transformation bias.
Reidl developed a series of three mini-TnlO constructs delivered on adapted pACYC vectors; the two used
in this study are depicted in figure 1.1 (Kraiss et al. 1998). Plasmid pJRP207, previously used for TnlO in vivo
mutagenesis of Vibrio cholerae was the source of the mini-transposon TnlObla (Reidl and Mekalanos 1995);
originally derived from pZT344 (Elliott and Roth 1988). TnlObla was created by Reidl by amplifying truncated
blaM and modifying it to contain flanking, inward pointing IS 10 (Reidl and Mekalanos 1995). Plasmid pAKbla was
developed by cloning TnlObla, the TnlO transposase and H. influenzae hel into pACYC 184 (Reidl and Mekalanos
1996). Plasmid pAKcat consists of TnlOcat (TnlO transposase and TnlObla disrupted by cat) and hel cloned into
pACYC 177. Plasmids pACYC 184 and 177 (Chang and Cohen 1978; Rose 1988) transform into H. influenzae at
very low frequency because of the lack of CSS-like elements, however when either plasmid contains cloned H.
influenzae DNA, transformation is possible. Thus, the hel gene confers transformability to pAKbla and pAKcat.
Langford developed pLOFfcm (Tascon et al. 1993) to contain signature tags for STM of A.
pleuropneumoniae. As H. influenzae is related to A. pleuropneumoniae as both are members of the Pasteurellaceae,
the potential existed for pLOFkm to be deliverable to and function in H. influenzae. Plasmid pLOFkm contains
TnlOkm, in which the TnlO kanamycin resistance cassette is flanked by the minimum 70bp TnlO ends, inverted
repeats recognised by the transposase, to form a mini-transposon (de Lorenzo and Timmis 1994; Way and Kleckner
1984). The transposase is placed outside of the inverted repeats, under strong Ptac promoter control. TnlOkm was
originally derived from phage À1105 which harbors a 5.1kb insert of TnlOkm plus transposase (Way et al. 1984).
The pLOF vector was developed specifically as a transposon delivery system (Herrero et al. 1990) and has the
advantage over pACYC vectors that its replication is dependent on the R6K-specified n protein of the pir gene and
it has the RP4 oriT. pLOFkm can therefore be conjugally transferred from E. coli sl7 -l, is a suicide plasmid and
transposition can be enhanced by mating on IPTG-containing media.
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6.2 Transformation of pathogenic H. influenzae with the Reidl transposons
During a collaborative visit to the laboratory of J. Reidl, Wurzburg, Germany, the ability of TnlObla and TnlOcat
(figure 1.1 and table 2.2) to mutagenize a pathogenic strain of H. influenzae was investigated. Plasmids pAKfc/a and
pAKcat had only been previously transformable into H. influenzae strain Rd and not into the pathogenic strain
Eagan, thus limiting the utility to investigating non-pathogenic traits of H. influenzae (Kraiss et al. 1998).
6.2.1 Transformation of pAK/>/« and pAKcaf into Rd-b+:03
Plasmids pAKfc/a and pAKcat were extracted from E. coli XL 1-blue by Qiagen midiprep and transformed into the
pathogenic H. influenzae strain Rd-b+:03 using the modified transformation protocol (see section 2.4.3). The
presence of each construct in H. influenzae was ascertained by PCR of lOOng chromosomal DNA from a culture of
a single transformed colony using the IS 10 primer and the following cycling conditions:
(94°C-1 min, 54°C-1 min, 72°C-3 min) x30 cycles.
The IS 10 primer amplifies from the inverted repeats at the TnlO termini, these are identical and in an anti-parallel
arrangement so that a lone primer is able to amplify the intervening antibiotic resistance cassette. PCR of
transformants derived from introducing pAKbla and pAKcat produced 0.8kb and 1.8kb products, respectively
(figure 6.1).
The transformation efficiency of Rd, Rd-b+ and Eagan for pJRP4 was compared. Eagan was not
transformable, whereas Rd and Rd-b+ had comparable transformation rates. Transformants were selected on
BHIcm2 agar. One microgram of pJRP4 resulted in an average of 2,940 chloramphenicol resistant Rd or Rd-b+
colonies. The transformability of Rd-b+:03 for pAKbla and pAKcat was compared in Rd-b+. Plasmid pAKbla is
Ikb smaller than pAKcat and transformation resulted in approximately ten times the number of colonies. Eighty
percent of colonies arising from chloramphenicol selection of pAKbla transformants were ampicillin resistant when
subcultured to BHIamp4 agar, suggesting that TnlObla had transposed into surface expressed genes. These
experiments demonstrated that in vivo TnlO transposons could be used for mutagenesis of a pathogenic strain of H.
influenzae and could therefore potentially be developed for STM of H. influenzae.
6 J Conjugation of pLO Fkm into H. influenzae Rd-b+:03

The pLOF plasmid is theoretically the optimal delivery vehicle for TnlO: it can be conjugated into H. influenzae
avoiding issues of decreased transformability of the large plasmids of Reidl, and pLOF is a suicide vector. Plasmid
pLOFkm containing unselected tags in TnlOkm was transformed into E. coli s i7-1 and then conjugated into H.
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influenzae strains Rd-nal* and Rd-b+:03 on BHI-I agar; 310+34 exconjugants were selected on BHIkm10nal5.

Forty seven mutants were cultured in BHIkm10nal5 broth in a MX dish at 37°C. An aliquot from each well
was mixed and TnlOkm was amplified from the pool using the IS 10 primer, with the same PCR conditions and
cycles as for amplification of TnlObla and TnlOcat. A l.Skb product, visualised by UV transillumination after
electrophoresis on a 0.8% agarose gel, confirmed the presence of TnlO. Tags were amplified from the pooled
mutant DNA, labelled and probed against two blots, a colony blot of the TnlOkm mutants and a blot derived from
Tn/545-A3 exconjugants (the same blot as in figure 5.4; reused after stripping). The results are shown in figure 6.2.
Ninety percent of the same tagged-pLOFkm used in STM of A. pleuropneumoniae had hybridizing tags; however
using a formamide hybridization and wash protocol there were only 14 of 47 hybridization signals on the blot.
When the labelled tags from pLOFkm where hybridized against a blot of Tn7545-A3 mutants, the unselected
TnlOkm-tags cross-hybridized with nine of forty pre-selected Tn7545-A3-tags. This bank of TnlO Rd-b+ mutants
were transformed with streptomycin resistant H. influenzae DNA (using the same protocol as in 5.2.3). A single
mutant was missing in both output pools (figure 6.3).
TnlObla and TnlOcat have been shown by Reidl to integrate into predominantly single sites in the H.
influenzae chromosome (Kraiss et al. 1998) and although not yet demonstrated to do so, TnlOkm might be expected
to do the same. However, the two transposons were not constructed in the same way, they do not have the same
antibiotic resitance cassettes and they are delivered on different vectors and so may behave differently. The work in
this chapter demonstrates that this tagged transposon with potentially low insertion specificity, could be introduced
into pathogenic Haemophilus and preliminary studies indicate that it may be useful for STM. Subsequently, P.
Langford provided a bank of pre-selected tagged pLOFkm in E. coli sl7 -l. Numerous attempts were made by S.
Hayes supervised by M. Herbert to obtain mutants by conjugation. All failed. One conjugation undertaken in the
laboratory of P. Langford also failed to yield exconjugants. The transposon was introduced easily into A.
pleuropneumoniae, used in parallel as a positive control in some of these conjugations. Plans to use the transposon
were abandoned, especially as in vivo non-surviving mutants were being isolated in Tn7545-A3 animal experiments.
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Figure 6.1 PCR amplification of TnlObla and TnlOcat using the single IS10 primer
T en o f the 50ul PC R reaction w as visualized after electro p h o resis through a 0.8% agarose gel.
11

m

IV

= control PCR; no primer.
i = control PCR; no DNA.
ii = amplification of bla from TnlObla.
v = amplification of cat from TnlOcat

1.8 kb

0.8 kb

Figure 6.2 Tag hybridization from TnlO mutants
H. influenzae R d-b+:03 w as conjugated with E. coli s l7 -l::p L O F k m for 3 hours on B H I-I agar and taggedT nlO km -exconjugants w ere selected. Forty individual colonies w ere arrayed into the w ells o f a m icrotitre
plate and cultured to late-logarithm ic grow th phase. T he excon ju g an ts w ere replica plated to a nylon
m em brane to form a T nlO km colony blot, and an aliquot o f each ex conjugant w as pooled for chrom osom al
D N A extraction. T ags w ere am plified, labelled and hybridized against the Tn 10-colony blot as well as
against the blot used in figure 5.5 (containing T n /5 4 5 -A 3 pre-selected tags). O nly 14 o f 40 tags hybridized
com pared with an expected 36 tags (90% o f A. pleuropneum oniae tags produced visible hybridization
signals w hen the sam e tagged pL O Fkm was used by P. L angford, personal com m unication). F utherm ore,
these tags cross-hybridized to 9 o f 40 pre-selected tags in T n /5 4 J-A 3 .

T nlO -tags
hybridized
against a colony blot of
T nlO m utants.

TnlO km -tags
hybridized
against a colony blot o f
tag ged-T n/545-A 3
R d-b+
exconjugants.
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Chapter 7

7.1

Site Directed Mutagenesis of H. influenzae-, factor X and V utilization

Introduction

Understanding the physiology of H. influenzae by dissection of its biochemical pathways may lead to the
identification of novel antimicrobial therapies and have relevance to vaccine development. The genus Haemophilus
has a growth requirement for two essential factors, X and V (Evans et al. 1974), commonly considered to be hemin
and nicotinamide adenine dinucleotide (NAD), respectively.
7.1.1

Factor X

Hemin is necessary for in vitro aerobic culture of H. influenzae but not for anaerobic growth. H. influenzae lacks
most of the biosynthetic enzymes for hemin synthesis but can utilize exogenous sources. In vitro hemin is a source
of both iron and porphyrin (Granick and Gilder 1946; White and Granick 1963). Protoporphyrin IX (PPIX) can
substitute for hemin if free iron is available (White and Granick 1963) and an uptake system exists for iron-citrate
and ferric ions, encoded by the hitABC locus (Sanders et al. 1994b). The activity of a ferrochelatase has been
reported in whole cell extracts of H. influenzae (Loeb 1995) indicating that Fe2+/3+ and PPIX may be chelated into
hemin/heme. Free iron limitation occurs in vivo and H. influenzae has no siderophores, thus the organism has
developed mechanisms to scavenge iron from host iron-binding proteins, including transferrin, and hemoglobin-,
hemopexin- and haptoglobin-binding protein complexes (Cope et al. 1995; Hanson et al. 1992; Jin et al. 1996; Jin et
al. 1999; Maciver et al. 1996; Morton et al. 1999; Ren et al. 1997; Ren et al. 1998; Schryvers and Gray-Owen 1992;
Wong et al. 1994). It can be surmised that hemin is either acquired directly from the environment or it is formed
through PPIX binding iron, either free iron or that scavenged from host binding proteins, and the ferrochelatase is
likely to be absolutely required for the utilization of free iron. The gene encoding the ferrochelatase was unknown
until the publication of the genome sequence. Reidl disrupted the only recognised gene that encodes a hemin
biosynthetic enzyme in the genome, a hemH homologue (HI 1160) that had been identified as a ferrochelatase
(Schlor et al. 2000). Mutants (hemH) were able to grow on agar containing hemin but not on media containing PPIX
alone, whereas Rd without the mutation could grow on media containing only PPIX, presumably because there was
sufficient free iron in the media to be combined with PPIX to form hemin. Rd could not grow on PPIX media if free
iron was preferentially chelated by desferrioxamine (O.OSmM), but could grow if hemin was provided with the
desferrioxamine. These findings of Reidl demonstrated that hemH mutants can utilize hemin, but cannot grow in
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vitro in the presence of PPIX if the only iron source is free iron. Other sources of iron, such as haemoglobin, have
not been tested alone in media, but it is notable that hemH mutants grow well on chocolate agar (Reidl) or on
Levinthals plates (Herbert). Whether this is because hemin can be taken up directly from haemoglobin and
haptoglobin and passed across the inner membrane, or free Fe is acquired across both membranes and another
ferrochelatase converts it to hemin is as yet undetermined. The most important source of iron and porphyrin in vivo
is not known, nor whether any one source is absolutely required. The availability of a hemH mutant provided the
opportunity to test the absolute requirement for the periplasmic ferrochelatase in vivo. Similarly, transferrin is
presumed to be available to H. influenzae in the host in part because transferrin binding protein genes homologies
are present (HI0994, HI0995, HI 1217) and because the only host for H. influenzae is man and the organism only
utilizes human transferrin. Reidl disrupted HI 1217 (mutant tbpX) so that the absolute requirement for transferrin in
vivo could also be ascertained.
7.1.2

Factor V

The usual factor V supplement in vitro is NAD, however it can be substituted by nicotinamide mononucleotide
(NMN; the product of hydrolysis of NAD, releasing adenine and phosphate) or nicotinamide riboside (NR; the
product of dephosphorylation of NMN). NAD cannot be replaced by nicotinamide or nicotinic acid indicating the
absence of pyridine nucleotide cycles or a de novo NAD biosynthetic (Preiss-Handler) pathway. It is not known
which of the cofactors (NAD, NMN or NR) is predominantly utilized during in vivo growth, whether in the
nasopharynx (colonization), in the blood (invasive disease) or in some microenvironment (such as in an intracellular
location or in the middle ear). Endogenous NAD production by H. influenzae is possible through sole utilization of
NR and NMN, as only the terminal part of the NAD synthesis pathway exists. However, the molecular mechanisms
are not yet fully defined. Neither the sources nor the concentrations of factor V are known in blood or the upper
respiratory tract.
Lipoprotein e (hei, HI0693) was recognised in 1991 as a major immunodominant outer membrane
lipoprotein (ompP4), but its biological function remained obscure. Reidl demonstrated that it is an acid phosphatase
(and others as a phosphomonoesterase) and that it is vital for H. influenzae utilization of NAD and NADP for
growth. Phosphatase assays demonstrated that in crude OM extracts, ompP4 converted NADP to NAD. It may serve
also as a receptor protein for NAD. Deletion of hel produces a mutant whose outer membrane extracts have no
phosphatase activity for NADP and the mutant has reduced in vitro growth on media where the sole source of factor
V is NAD or NADP. l4C-NAD was not degraded in the presence of ompP4 extracts of H. influenzae Rd therefore

157

ompP4 has no role in converting NAD to NMN. Through uptake analysis experiments with 14C-NAD, Reidl
demonstrated that NAD uptake occurs via ompP2 (HI0139; non-specific porin). OmpP4 may be involved in
dephosphorylation of NMN to NR (as determined by degredation studies using l4C-NMN) in the same way that
NADP is dephosphorylated to NAD by this enzyme, but whether this is true in the intact organism in vivo has yet to
be ascertained.
Having elucidated ompP2 and ompP4 functions, Reidl sought a periplasmic enzyme that would convert
NAD to NMN. Through classical biochemical analysis, the presence of a periplasmic nucleotidase in H. influenzae
was described by Khan in 1986, but the gene for the nucleotidase was unknown. With the publication of the genome
sequence, Reidl made the link that HI0206 (described as a nucleotidase) was the gene for the periplasmic enzyme
responsible for the conversion of NAD to NMN. Whereas the hel mutant had reduced growth if NAD or NADP
were the only source of factor V, the nadN mutant was profoundly growth deficient. Growth of the nadN mutant on
media containing NMN was similar to that of Rd. Reidl suggested the name nadN for HI0206 (for NAD
nucleotidase). NMN is thought to be unable to traverse the cytoplasmic membrane, but this has still to be
definitively proven.
Adjacent to nadN in the genome is HI0205. The two genes lie between genome coordinates 219,308 and
221,912 with a 25bp gap between them, making it likely that they are co-transcribed. HI0205 had been assigned as a
hypothetical protein in the genome, but Reidl deduced that its product was likely to have characteristics that enabled
it to bind NAD (substrate binding proteins are unique in their homologies), hence he named it nadB for NAD
binding. It is however not homologous to nadB of E. coli. Studies are underway to purify NadB to investigate
whether it can bind both NAD and NMN. The gene nadB was inactivated by insertional mutagenesis and the mutant
has only 30% reduced transport activity for NAD compared with Rd. In comparison, insertional mutagenesis of the
ompP2 porin produces a 90% reduction in NAD uptake. Both nadN and nadB mutants and the double mutant grow
well on chocolate agar or BHI agar containing NMN, but not on BHI agar where NAD is the sole source of factor
V.
Mutagenesis of hel and nadN produced a strain that cannot grow on NAD containing media and can hardly
grow on BHI containing NMN or blood products (such as chocolate agar or Levinthals). However, if either shrimp
alkaline or PhoA phosphatase is provided in the media the double mutant grows as well as Rd. Reidl has attempted
to make a triple mutant with deletions in nadB, nadN and hel, but this has not so far proved possible, suggesting that
the combination of all three genes is absolutely necessary for factor V utilization. The mechanism and route by
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which NR passes through the cytoplasmic membrane is as yet undefined, but control may have something to do
with nadR, a gene with homology to nadR in E. coli, that is a regulator of NAD uptake genes and itself somehow
involved in uptake.
One hypothesis of the combined function of all of these genes is as follows (see also figure 7.1)(Reidl
1999): NAD enters the periplasm through ompP2 (possibly after capture by ompP4). It is then hydrolysed to NMN
(by NadN), then dephosphorylated to NR by an unknown enzyme. NR is the only form of factor V able to traverse
the cytoplasmic membrane through some as yet unrecognised transporter. Extracellular NADP is dephosphorylated
to NAD by ompP4. NMN is a substrate for an unknown phosphatase to generate NR. NadB might act as an
auxiliary binding protein helping to guide NR to the cytoplasmic membrane transporter. In the case of extracellular
NMN, ompP4 may act to dephosphorylate it to NR which then passes through P2 to either NadB or directly to the
cytoplasmic transporter. Reidl has not been able to identify any phosphatase activity of NadB for NMN, after overexpression of NadB and it’s isolation from E. coli. Thus, either NadN or ompP4 convert NMN to NR or there is
another phosphatase. That the nadN/hel double mutant is unable to grow in vitro without the presence of exogenous
shrimp alkaline phosphatase suggests that there is no other phosphatase. Both NadN and ompP4 are under
investigation by Reidl as candidates able to dephosphorylate NMN in vitro, but which predominantly has this role in
vivo is unknown. Neither gene knock-out alone has reduced growth on NMN-containing media. OmpP4 mutants
have decreased growth on low level NMN (similar to growth on NAD), but nadN mutants don’t have any reduced
growth. It is interesting that a triple mutant of nadB, nadN and hel cannot be made, but the role of NadB has still to
be fully elucidated.
Once NR has been acquired intracellularly by H. influenzae it can be converted to NAD by a residual NAD
biosynthetic pathway. NAD is utilized in aerobic and anaerobic respiration. It is required as a substrate that can be
reduced in dozens of biochemical reactions and is involved in the synthesis of ATP via the electron transport chain.
NAD is also required for the functioning of catalase and other scavenging mechanisms that protect the organism
from oxygen radicals. In a reduced oxygen environment, perhaps as in vivo, H. influenzae may predominantly
utilize anaerobic respiration. In order to determine whether H. influenzae can use anaerobic respiration solely in
vivo, Reidl has ‘disconnected’ the aerobic metabolism machinery of H. influenzae by disrupting IpdA that encodes
dihydrolipoate dehydrogenase and functions as the E3 subunit of pyruvate dehydrogenase and also as a subunit of 2
ketoglutarate dehydrogenase (Cronan and LaPorte 1987). In vitro, the IpdA mutant is unable to grow aerobically,
but has normal growth in a strictly anaerobic environment.
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7.2

Animal experiments

The mutants had all initially been created in strain Rd that is non-pathogenic in the infant rat model. Isogenic
mutations were created in strain Eagan and sent to Mark Herbert in Oxford for in vivo testing. The in vivo work was
undertaken as part of this thesis. The hel/nadN mutant and Eagan were transformed to streptomycin resistance with
chromosomal DNA from Eagan RM 154 and transformants selected on BHIkanl0chlor2strep100 or BHIstrep100 agar,
respectively. These streptomycin resistant strains were used for i.n. survival experiments.
Mutants were cultured in antibiotic containing broth immediately upon their receipt from Wurzburg. See
table 2.1 for antibiotic resistance profiles. They were recovered from -70°C storage on to plain BHI media
containing Levinthals. I mutants were cultured anaerobically and all other mutants aerobically. Single colonies were
picked into BHI broth. Supplementation for growth in BHI broth was as follows: nadB, nadN, nadB/N and hel/nadN
were cultured with NMN (60 jig/ ml) instead of NAD; hel/nadN required shrimp alkaline phosphatase (1 unit/ ml
broth). The hemH phenotype was confirmed by non-growth on BHI containing PPIX in place of hemin. After initial
subculture from -70°C, the mutants were always grown in the presence of selective antibiotics. Single colonies of
the following mutants were cultured overnight to late log phase in 5 ml BHI broth: nadB, nadN, nadB/N, hel/nadN,
IpdA, hemH and tbpX (see table 2.1 for antibiotic resistance profiles). They were then subcultured to fresh broth
containing antibiotics and cofactors, and grown to mid-log phase over 2-4 hours. The optical density of each strain
was measured at ODA4 9 o» 1 ml of each was pelleted in a benchtop microfuge at 3,000 g for 2 minutes, then
resuspended and diluted in PBSG to approximately 200 cfu (for i.p. experiments) or IxlO7 cfu (for i.n.
experiments). The strains were stored on ice and inoculated i.p. or i.n. into 5 day old infant rats within 30 minutes of
dilution in PBSG. Animals were bled at 48 hours: 5 pi tail vein blood samples were plated directly on to agar, neat
and diluted 1:200. Nasal washings were taken at 48 hours, 20 pi PBSG was instilled into the right nostril and 10 pi
secretions collected from the left nostril. Samples were plated on to BHI plain agar (blood recovery) or BHIstrep100
agar (nasal recovery). So that there was no confounder effect from suppressed growth of mutants when selected on
antibiotic containing agar compared to Eagan, either mutant and Eagan were both selected on plain agar (i.p.
experiments) or both were selected on strep 100 agar (i.n. experiments). Recovered mutants were subcultured on to
their respective antibiotic containing agar, and all maintained their resistance profiles.
All mutants except IpdA survived in vivo passage after i.p. inoculation equivalent to Eagan, within the
sensitivity limits of the experiments (figure 7.2).
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7.3

Conclusion

We have determined that free iron utilization is not absolutely required for in vivo growth of H. influenzae, and that
the ferrochelatase is not necessary for the utilization of iron and hemin scavenged from host proteins. Hemin is
likely to be available to H. influenzae during in vivo growth in the blood. Transferrin binding protein, the product of
tbpX, is presumably functional in vivo but not absolutely required. These findings are not surprising because several
other systems exist for scavenging host rion-binding proteins, and the indication from STM in related organisms
suggests that hemin-binding protein (HbpA) and the TonB system are the only absolutely required steps.
Cofactors NAD, NMN and NR are possibly available as substrates in vivo and probably used. That which
is most abundant and the in vivo factor V representative has yet to be determined. This work has identified that H.
influenzae does not have an absolute and obligate requirement for NAD in vivo. There appears to be a bottleneck to
factor V uptake and understanding this better may help to develop vaccines/drugs against H. influenzae, including
NTHi. Some of the NAD uptake enzymes are surface exposed, such as ompP2 and ompP4 and have previously been
investigated as vaccine candidates, before their function was fully elucidated. They are immunogenic and induce
bactericidal antibodies, however the surface exposed loops of the proteins are highly heterogenous (ompP2 more so
than ompP4). The development of a vaccine that interfered with factor V uptake would necessitate immunization
with a highly conserved core that was accessible to antibody and blocked the function of the protein but only if the
protein is absolutely required. Further work is required to define the exact role of these proteins in the uptake of
factor V. Periplasmic, cytoplasmic membrane or cytoplasmic enzymes may be good targets for analogue drug
development, but not until the biochemical pathways are better understood.

When hel, nadB or nadN are

individually disrupted, the mutants grow in vivo equivalent to wild-type, within the sensitivity limits of the model.
When the double mutants, nadB/N and hel/nadN, are tested they also have apparently the same in vivo survival as
Eagan. This is surprising for hel/nadN because in vitro without the addition of a phosphatase to the medium this
mutant barely survives. Thus, in vivo either NR is readily available as a source of factor V, or H. influenzae uses a
host phosphatase to convert NADP, NAD or NMN to NR. In vitro, the hel/nadN mutant can grow on NMN plates
without the addition of shrimp alkaline phosphatase providing it is juxtaposed to colonies of Eagan or streaked
adjacent to or over rat or human blood. From experiments with the IpdA mutant, it appears that H. influenzae utilizes
aerobic rather than anaerobic metabolism in vivo. The removal of one subunit relevant to two enzyme complexes
and central to all of aerobic metabolism may though have much more profound effects on the mutant than intact
Eagan might face when switching from predominantly aerobic to mainly anaerobic metabolism. The system perhaps
does not do justice to the complexity of the interacting biochemical pathways. Further analysis of the central
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metabolic pathways of H. influenzae may better help us to understand the mode of respiration of the bacterium in
the human host. If H. influenzae doesn't use anaerobic respiration in vivo, it begs the question, 'why does it have the
facility to grow anaerobically in vitro? Also, if H. influenzae doesn't use NAD as its main source of factor V, ‘why
does it have systems capable of its uptake?’
These experiments outline the usefulness of a site-directed mutagenesis approach to investigating H.
influenzae pathogenesis and the value of a whole genome sequence. The purpose of this chapter is to show some
comparison between a directed approach to gene investigation and the random mutagenesis of STM. The directed
approach is limited by the genome sequence that is available (a non-pathogenic strain) and by presumptions of the
roles of those genes based on bioinformatics, which is still in its infancy. The advantage of STM is that it does not
rely on presumptions about the roles of the genes that are being disrupted, however it does not take full advantage of
the fantastic resource that is the genome sequence. STM analyses to-date have noted that some central metabolic
genes can be disrupted and the mutant is able to survive aerobically on agar or in broth, but can not survive in vivo.
The identification of central metabolic genes essential for in vivo survival has caused little excitement in the
scientific community, however they are interesting because they inform us about the environment that a bacteria
faces in vivo and the enzymes which should make the best targets for drug development. The overlap between sitedirected mutagenesis and STM in this work has permitted a greater appreciation of the dual role of some gene
products, having both ‘house keeping’ and virulence functions.

162

Figure 7.2 In vivo survival of metabolic pathway mutants
Bacterial recovery at 48 hours after IxlO2 i.p. (A) and 1.107 i.n. (B) inoculation of 5 day old infant rats.
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Figure 7.1 Hypothetical pathway for NAD uptake
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OmpP4 (P4) dephosphorylates NADP to NAD and may also capture NAD. Omp2 (P2) permits NAD to cross the outer membrane (OM). In the periplasm, NAD is
bound by NadB and hydrolysed to NMN by NadN. An unknown phosphatase, possibly NadN or ompP4, dephosphorylates NMN to NR which is also bound by
NadB. NR is the only form of factor V that is able to cross the inner membrane (IM). In the periplasm, a remnant NAD biosynthetic pathway exists to convert NR to
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Chapter 8

8.1

Discussion

The contribution of H. influenzae to scientific progress

The contribution of H. influenzae research to science has been impressive, enhancing our understanding of
pathogenesis, transformation and genomics, and leading to two major developments, the discovery of restriction
enzymes and the first highly successful conjugate vaccine. Virulence studies predominantly utilising the infant rat
model have contributed the knowledge that H. influenzae invades from the nasopharynx to the blood and
secondarily gains access to the meninges. The realisation that the capsular polysaccharide was important for in vivo
survival led to the development of the Hib vaccine and now in countries with national immunisation programmes,
epiglottitis and meningitis have virtually been eradicated, Non-Hib strains continue to cause a massive burden of
disease, especially upper and lower respiratory tract infections. A better understanding of H. influenzae
pathogenicity is going to be necessary for further developments in antimicrobials and vaccines against this
organism.
8.2

The Genome

H. influenzae was one of the first organisms to have its genome completely sequenced in 1995 (Fleischmann et al.
1995), albeit of the non-pathogenic laboratory strain, Rd (Wilcox and Smith 1975). The availability of this blue
print of life has challenged the scientific community to develop tools to exploit the map, establishing bioinformatics
as one of the most exciting and rapidly expanding fields. The genome is composed of 1,830,137 base pairs making
up approximately 1,740 genes (Fleischmann et al. 1995). Thirty three other microbial genomes have been completed
and another 123 projects are also in progress (http://www.tigr.org/tdb/mdbA (Clayton et al. 1998; Moxon and Riley
1998). Despite the availability of the H. influenzae sequence for over four years the potential advantage has yet to
be fully realized. Only a few published studies have directly used the sequence, for instance in identification of an
almost complete pathway for IPS biosynthesis, recognition of virulence genes through their association with DNA
repeats, finding new transformation genes and the work of Reidl in defining the central metabolic pathways
(Akerley et al. 1998; Gwinn et al. 1996; Hood et al. 1996a; Hood et al. 1996b; Kraiss et al. 1998; Reidl and
Mekalanos 1995; Reidl and Mekalanos 1996; Reidl et al. 2000; Schlor et al. 2000).
A genome sequence may be useful in three ways. Firstly, when coupled with bioinformatics, selected
‘interesting* genes can be knocked-out by site directed mutagenesis. Secondly, an ‘industrial* approach aims to
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employ systems such as the m vitro Mariner strategy (Akerley et al. 1998) and differential display (biochips) to
mass test all of the genes' functions. Thirdly, approaches such as STM ‘blindly’ assess functions of genes and the
identity is only determined for those that prove to be interesting. The availability of the genome map means only
minor sequencing is necessary to establish the identity of an ‘interesting* gene. Function is determined without the
biases inherent in bioinformatics.
Twenty to forty percent of the putative open reading frames in most of the genomes sequenced to date
appear to have no known function after homology searches against the gene databases, these have been labelled
FUN genes for Function UNknown (Doolittle 1997; Hinton 1997). Sequenced open reading frames can be divided
into those whose functions are known, albeit the assigned function may not be the only one; homologs, whose
function is surmised by similarity to genes in other organisms; and FUN genes. Homologs are referred to as
paralogs or orthologs. Paralogs are genes that are clear descendants of the same genes in other organisms, acquired
by horizontal transfer and having undergone divergent evolution. Orthologs are dissimilar genes with apparently the
same function; either truly different genes with the same function or the same genes having evolved in two different
organisms so that they are no longer recognizable as having the same origins. With the sophistication of
bioinformatics currently available and a limited number of genomes sequenced, it is likely that many of the assigned
functions are incomplete or even inaccurate. A lag currently exists during which the bioinformatic and molecular
biology communities are developing new methods for gene finding, functional assignment and mass testing of
putative function (Moxon and Riley 1998).

83

Finding virulence genes

Strategies for identifying virulence genes include: STM, In vitro Expression Technology (FVET), Differential
Fluorescence Induction (DPI) using green fluorescent protein (GFP), In vivo Induced Antigen Technology (TVIAT),
Differential Display, immunological screening. Representational Difference Analysis, proteomics and genomics.
IVET was developed prior to STM and is a positive selection method for identifying genes preferentially
expressed in vivo. The first IVET utilized cloned fragments of the pathogen’s chromosomal DNA upstream of
promotorless purA. The plasmid construct was transformed into a purA deficient strain of the pathogen that could
grow on supplemented media. It could only grow in vivo if the cloned chromosomal fragment was transcriptionally
active so that the downstream intact purA complemented the deficit in the mutant (Mahan et al. 1993; Slauch et al.
1994; Wang et al. 1996). In pIVET, animals are pretreated with chloramphenicol and bacterial survival depends on
expression of chloramphenicol acetyltransferase by cat (Mahan et al. 1995). Preferential in vivo expression is
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identified by weak in vitro expression of lacZ in tandem with the cat gene. The prototype IVET systems have the
disadvantage that in vivo expressed genes have to be expressed throughout the infection process; they have been
superseded by IVET utilising a promotorless transposase as a reporter of gene expression (Lowe et al. 1998). In S.
aureus, if at any time in the infection process a cloned gene is transcriptionally active the transposase acts to ‘flipout* a kanamycin resistance cassette from the geh lipase gene. Thus, after animal passage those isolates containing
genes that were active in vivo, have become kanamycin sensitive and colonies are yellow on 2.5% yolk TSA agar.
The advanced IVET system recognises any gene that is preferentially switched on in vivo, even if for a short period,
regardless of the stage of infection. Some in vivo expressed genes may affect bacterial growth in an animal, yet do
not contribute to disease.
Differential Display is highly promising for mass analysis of bacterial gene expression. It involves
hybridization of cDNA to an array of DNA oligonucleotides or PCR products developed from knowledge of the
complete genome sequence. A comparison of cDNA between mutants and wild-type organisms under defined
growth conditions can determine functions of genes as can a comparison of the pathogen in various environments,
such as in vivo versus in vitro growth. Hybridizations have been performed on silicone based microarrays termed
‘biochips' and cDNA binding determined by mass spectrometry or fluorescence. The technology is still in its
infancy and will require further enhancements in sensitivity and specificity of hybridizations before biochips
become routine investigative tools for bacterial pathogenicity studies (Cheng et al. 1998a; de Saizieu et al. 1998;
Lipshutz et al. 1995; Marshall and Hodgson 1998; Plum and Clark-Curtiss 1993). Gene expression can be studied
by two-dimensional protein polyacrylamide gel electrophoresis (Cash et al. 1995; Cash et al. 1997), but the
technology also needs to undergo resolution gain before it can be applied to screening for proteins differentially
expressed in vivo. An immunological screening strategy has been designed for Borrelia burgdorferi to select
microbial genes expressed only in the host (Suk et al. 1995). An expression library was screened with antibodies
generated from natural infection and from immunization with killed Borrelia, to identify proteins that were
preferentially expressed in vivo. The attraction of the system is that it does not require sophisticated molecular
genetics. Genomic comparison of H. influenzae strain Rd and Eagan by hybridization of the uncut radiolabelled
genome of Rd against the digested Eagan chromosome and cloning any non-hybridizing components, genes unique
to Eagan, has been undertaken (Moxon, unpublished). The technique, lately termed Representational Difference
Analysis (RDA), has been exploited commercially and a kit developed on & coli can be adapted apparently for any
bacterial species. Smith has produced an excellent and current review of methods for studying bacterial behaviour in
vivo (Smith 2000).
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8.4

The value of STM

STM has been championed as the method for identifying virulence genes and potentially has the. advantage of
simplicity when used in a malleable pathogen for which a near-random acting transposon has been described. A
comparison of IVET and STM, for instance in S. aureus (Lowe et al. 1998; Mei et al. 1997; Schwan et al. 1998), A.
pleuropneumoniae (Fuller et al. 2000; Fuller et al. 1999) and Salmonella typhimurium (Hensel et al. 1995; Mahan et
al. 1995) suggests that STM identifies more virulence genes and genes permissive for virulence than does IVET.
IVET identifies a different subset of genes where there is a strong difference in expression between in vivo and in
vitro environments. Depending on the gating used either few genes with strong differential expression are selected,
or many genes are selected, most of which are weakly expressed in vitro. The genes identified are likely to be m
vivo growth enhancing, and a subset will be directly involved in or support pathogenesis. Virulence genes that are
constitutively expressed or expressed in vivo and in vitro, such as those involved in capsule or LPS synthesis, may
not be detected by IVET whereas they would be by STM. Some virulence genes may not be identified by STM, for
instance where the gene is vital for cell survival (deletion causes a lethal mutation), and where the product of the
gene can be provided by pathogens without the deletion (i.e. toxins). For these reasons, STM and IVET are
considered complementary techniques that identify overlapping subsets of genes, rather than one method being
superior to the other (Chiang et al. 1999). DPI is similar to IVET in that in vivo expressed genes are detected by a
reporter, GFP, during bacterial survival in macrophages (Valdivia and Falkow 1996; Valdivia and Falkow 1997a;
Valdivia et al. 1996) or other eukaryotic cells (Valdivia and Falkow 1997b; Valdivia and Falkow 1998). DFI
requires little malleability of the pathogen, but does not utilize animals and therefore doesn’t have the full host
response acting on selection.
Approximately 1.5 to 4% of mutants screened in animal models by STM have reduced in vivo survival. For
instance, 28 of 1,152 (2.4%) S. typhimurium mutants, 21 of 1,100 (1.9%) V. cholerae mutants, and 50 of 1,248 (4%)
S. aureus mutants identified by screening in a murine model of bacteraemia. In a separate study, 237 of 1,520 S.
aureus mutants were attenuated in at least one of four infection models, but only 23 (1.5%) were avirulent in all
models. Some of the genes identified by STM are those that have previously been tam ed virulence genes, as
defined by a molecular form of Koch’o postulates: the gone should always be associated with pathogenic strains,
specific inactivation of the gene causes a measurable loss of virulence, and reversion of the mutation should restore
pathogenicity. Many of the genes identified by STM, for those projects that have reached publication, do not fit the
previous held definition of a virulence gene. The mutants are less fit in vivo, but the gene products do not appear to
have a direct role in interaction with the host, nor would they confer virulence on an avirulent strain. Investigators
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have adopted subtle changes in the language for describing non-surviving mutants, they have become ‘mutants
unable to survive in vivo* rather than avirulent The genes are described as being ‘permissive for virulence*
(Saunders and Moxon 1998) or ‘in vivo expressed* (Heithoff et al. 1997b) rather than virulence genes. They are
permissive to and essential for virulence, supporting those molecules that do interact with the host Thus, the former
boundaries between ‘housekeeping* and virulence genes have become blurred. This more sophisticated view of the
bacterial-host interaction may reveal new prophylactic or therapeutic targets (Knowles 1997).
&5

Establishing STM for a pathogen

In setting up STM to identify virulence genes in a pathogen, four criteria should be met:
[1] a transposon or other mutagenesis system exists for the organism,
[2] the transposon should be easily introduced and generate a wide diversity of stable mutants,
[3] the transposon should be adaptable to contain signature tags,
[4] an animal model is available that is a surrogate of human disease.
8.6

Choice of transposon

Most transposons move at low frequency and insert into many different target sites, but no one transposon behaves
in a completely random fashion. For techniques such as STM, a completely random acting high efficiency
transposon is not necessarily required. All that is necessary is a transposon that can generate several hundred diverse
mutations. The aim of STM is not saturation mutagenesis and identification of every gene with an influence on
virulence, but it is to find a few new virulence attributes by a method that is not biased by preconceptions of gene
function based on homology.

Although Tn9J6 had some valuable attributes, it is introduced easily into H.

influenzae by transformation and is delivered on a suicide plasmid, it is thought to have a highly restricted number
of chromosomal targets and so was not used in this study. An in vivo acting transposon has theoretical advantages
over shuttle and in vitro acting transposons and so at the outset Tn754J-A3 was obtained for trial mutagenesis
experiments, TnJ545-A3 had been used to generate mutants o f Neisseria 6pp. and H. ducreyi (Massif et al, 1991;
Stevens et al. 1995). In both studies, the transposon was shown to be able to generate a number of diverse mutants
and stability was reflected in thé isolation, and subsequent investigation, of hemolysin deficient H. ducreyi mutants
(Totten et al. 1995).
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8.7

Characterization of Tn7545-A3

The limitations of transposons are the tendency of some transposons to integrate in a non-random fashion,
instability, multiple insertions arising, and polar effects on downstream genes (Hensel and Holden 1996). The
randomness and stability of Tn/J4J-A3 in H. influenzae was investigated (chapter 3). Single chromosomal
insertions were identifiable in the majority of exconjugants and although only a limited number of mutants were
examined at one time, it was unusual to observe two that were identical. Southern analysis was hindered by the poor
quality of pHMl obtained from E. coli $17-1, used as a positive control, and interpretation of blots was confounded
by the presence of multiple other bands. These were shown to represent persisting pHMl, a finding not reported
when Tn/54J-A3 was applied to Neisseria and H. ducreyi (Stevens et al. 1995; Totten et al. 1995). Plasmid pHMl
was originally derived from a fusion of two gonococcal plasmids. The ^-lactamase containing plasmid has a high
degree of homology with a small plasmid of H. influenzae also harbouring (3-lactamase (Laufs et al. 1979). It was
therefore not surprising that pHMl replicated and persisted once it was introduced into H. influenzae. The reason
for the different plasmid behaviour in H. ducreyi compared with H. influenzae is unknown (Totten, P., Massif, X.
and Hansen, E. J., personal communications). Odd banding patterns on Southern blots also arose as a result of ‘star*
activity when using more than one restriction enzyme and futher confounded attempts to clearly show single
chromosomal integrations. The precise nature of the extrachromosomal elements in exconjugants has not been fully
elucidated, but was sufficiently investigated to permit the application of Tn/545 A3 to H. influenzae STM.

Southern analysis was abandoned by Reidl as a method of determining TnlO insertions in H. influenzae
because persisting pACYC-based vectors made interpretation impossible (Kraiss et al. 1998)(Reidl, personal
communication). Reidl developed USS-PCR to overcome this problem and identify insertions. The varying sizes of
USS- and ARB-PCR products in this study were further testimony to the diversity of insertions. To definitively
characterize the behaviour of a transposon requires the sequencing of the chromosome flanking a substantial
number of insertions. Ten transposon insertions were sequenced as part of this study, only one of which was
predicted from computer analyses to be targets for Tn976, suggesting that the behaviour of Tn754J-A3 may indeed
be different from that of Tn976 or that TnP76 has a lower fidelity than that previously thought likely, An alternative
means of qualitatively assessing transposon randomness is to assess the percentage of auxotrophs generated. Barcak
describes the preparation of MIc minimal media as defined by Herriott (Barcak et al. 1991; Herriott et al. 1970b).
Nine different solutions are made from over 40 amino acid and other constituents and these are mixed with molten
agar. It is notoriously difficult to prepare satisfactorily and to get even wild-type 77. influenzae to grow. Only one

literature citation could be found that analysed auxotrophy in H. influenzae (Mendelman et al. 1987). Because of the
limited information that would be gained from knowing the auxotrophy rate, only a few attempts were made to
make MIc media and isolate auxotrophs of exconjugants. All failed (data not shown).

Stability of Tn7J45-A3 was assumed because single chromosomal insertions on Southern blots were
obtained with DNA derived from a large population of bacteria. The DNA from Rd-exconjugants was transformed
into Eagan and single insertions persisted; some of these were in a different position on the Southern blot, possibly
reflecting restriction enzyme site heterogeneity between Rd and Eagan. Theoretically, a transposon that carries its
own transposase, in contrast to many mini-transposons, has the potential to be unstable. The mechanism of stability
in conjugative transposons, including Tn7545-A3, is unknown, but encouragingly they have been used to create
stable Haemophilus mutants with defects in transferrin binding, transformation, hemolysin production and LPS
biosynthesis (Curran et al. 1994; Gibson et al. 1997; Gwinn et al. 1998; High et al. 1996; Palmer et al. 1996; Palmer
and Munson 1995; Stevens et al. 1995; Stevens et al. 1997; Totten et al. 1995). For Tn976, there is some evidence
that tetracycline stimulates transcription of tetM and that transcription occurs in the same direction as that of int and
xis. It is therefore possible that tetracycline stimulates transposition of Tn976 (Celli and Trieu-Cuot 1998; Salyers et
al. 1995). The same is unlikely to be true for kanamycin stimulating Tn7545-A 3 transposition because aphA3 is
transcribed in the opposite direction to int and xis (Nassif et al. 1991). Instability of Tn7545-A3 is unlikely to result
from selection o f exconjugants on antibiotic containing media. M ore effort could have been invested in

characterizing Tn7545-A3 behaviour, however the aim of the project was to develop 77. influenzae STM. A
transposon was required that had sufficient stability to permit negative selection and for the stored mutants to
maintain their original mutation. We considered that Tn7545-A3 probably had sufficient stability and proceeded
with setting up STM, which required adaptation of the transposon, ligation of tags, selection of the best tagged
transposons, and adaptation of the animal model so that large numbers of 77. influenzae could be inoculated.
The inoculum for infant rats was initially calculated so that it would contain by chance â minimum of 10 of
each exconjugant type in a pool of complexity48. For instability to account for recovery of a lethal mutation, the
transposon would have to move from its position in a virulence gene to some other location that did not affect in
vivo survival, and this would have to occur in at least 10% of exconjugants. There is some suggestion that Tn976 is
unstable in Streptococcus faecalis and that stability is inversely proportional to the attractiveness of the target site
(Clewell et al. 1991). Movement of large conjugative transposons may be linked with expression of conjugation
genes, tied in with the pathogens’ replication cycle, or may be stimulated by tetracycline. The same is unlikely to be
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true for Tn/545-A3 because it does not contain conjugation genes and aphA3 is transcribed in a different direction
to int and xis. If Tnf545-A3 were highly unstable, with intrachromosomal movement in >10% of exconjugants, all
input pools exconjugants would be recovered in the output pool. In STM transformation experiments, non-survivors
were observed in the expected ratio of 2-4%, implying that instability is practically not a great issue.
Multiple transposon insertions arise in some hosts. In one study of Tn976 in H. influenzae, 53 integrations
occurred in 47 transformants (Kauc and Goodgal 1989). Occasional multiple insertions were seen in some Tni545A3 exconjugants, though never more than two or three independent locations in a single mutant Although
interpreting which gene disruption is responsible for the phenotype may be made difficult the presence of more
than one insertion does not negate the applicability of this transposon to STM.
The genes int and xis are outwardly pointing from the left of Tn916 and do not have transcriptional
terminators and so may influence the expression of genes into which Tn9i6 has inserted (Clewell and Flannagan
1993). Similarly, on the right of Tn976, there are putative outward-reading promoter sites (-10 and -35 boxes).
Tn7545-A3 may behave in the same way. Over-expression of a gene may theoretically lead to enhanced virulence of
an exconjugant, for instance enhanced capsule production of Rd-b+. Hyper-virulence is likely to be a rare event and
although a transposon insertion would lie in a virulence gene the resulting mutant would not be identified by STM.
One might surmise that a hyper-virulent mutant might out-compete other mutants of an inoculated pool and be the
only exconjugant recovered in the output pool. This scenario is unlikely and was not seen in the in vivo STM
experiments, however it is intriguing that the hybridization signals of occasional mutants are much brighter in the
output than the input pools, and brighter than the co-screened mutants. Some of these mutants might be interesting
to investigate further.
Tn7545-A3 suitability for STM could be gauged by characterising its behaviour in even greater detail, but
the ultimate test of its applicability to STM is recovery of a diverse set of mutants that are transformation and
virulence deficient Towards the end of the research period» other groups worldwide reported the use of alternative
transposons for mutagenesis of H. influenzae. These included in vivo TnlO (Kraiss et al. 1998) and in vitro Tn7
strategies (Gwinn et al. 1997) and Tang has developed an in vitro TnlO system that could be used with
Haemophilus. Given that Tn5 derivatives are unlikely to function in H. influenzae (see introduction) TnlO was
chosen (chapter 6) to complement the use of Tn7545-A3 and to act as a reserve transposon in the event that Tn7545A3 proved to have major limitations. Several TnlO derivatives have been extensively characterised and pLOFkm
has many theoretical advantages over pHMl as a delivery vector. TnlO can be introduced by conjugation on a
172

suicide plasmid and the mini-transposon does not carry its transposase thus integrations are potentially much more
stable than those of Tn7545-A3. A few TnlO mutants were obtained with tagged pLOFkm, but consistent generation
of mutants was not achieved despite repeated effort

8.8

Adapting Tn 7545-A3, tag ligation and pre-selection of tags

A Kpnl site was introduced into the centre of Tn7545-A3 for ligation of tags. Attempts were made to partially digest
pHMl, blunt-end the BamHl site at the 5’-end of Tn7J4J-A3 and religate to form a pHMl derivative with a single
BamHS. site. Tags could potentially then be amplified from RT1 with primers that introduced TfamHI sites into the
invariant arms instead of Kpnl sites. This strategy proved to be impossible because of the inadequate quantity and
quality of plasmid obtainable from E. coli sl7-l. An alternative, and successful, approach was the cloning of the
left half of Tn7545-A3 on an Xbal site into pHM2 (pUC19 with deletion of BamHl and Kpnl sites from the
polylinker) and introduction of a Kpnl site on a linker. The value of producing a restriction map from the known
fragments of plasmids and transposon that went to make up pHMl was realised at this point; there were Xbal sites
flanking the 3*-end and middle of Tn7545-A3 that were unpublished (Nassif et al. 1991). Xbal would not digest
pHMl to release the left half of the transposon and in the expectation that this was because of site méthylation, the
plasmid was transformed into E. coli strain GM48. Not only was the plasmid extracted from GM48 digestible with
Xbal, it was also of higher quality without excessive quantities of RNA contamination. Large quantities of clean
plasmid were obtained from Qiagen Midiprep kit extractions and this source made cloning easier. There is no
published information on the vagarious nature of E. coli sl7 -l, just a hintthat othersdo not
anything other than conjugation. When using Tn5

use this strain for

and TnlO derivatives de Lorenzo maintain

and store the

transposons in E. coli ccllS and transform into E. coli sl7 -l solely for the conjugation step (de Lorenzo and
Timmis 1994).
Tags were ligated into the Kpnl site of pHM9. One in ten plasmids were expected to have self-ligated
without tag incorporation, based on 200 transformants obtained from self-ligation of pHM9 compared with 2,000
transformants from tag-ligation of pHM9. One in five plasmids should not have contained tags based on the
amplification of tags from 4 of 5 transformants. Thus, when amplifying tags from banks of 95 E. coli sl7 -l, as part
of tag pre-selection, it was surprising that only 10% of the E. coli had consistently hybridizing tags. Reducing the
stringency of washes merely increased the background signal (data not shown) and so high stringency washes were
maintained and only tags that could persist despite the high stringency were selected. The same hybridization and
wash conditions were used for pLOF tags in the experiments in chapter 6 and only 30% of tags hybridized. Using a
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different protocol,

Langford

(personal

communication)

obtained

90%

tag

hybridization

against A.

pleuropneumoniae blots. Many of the tags amplified from TnlOkm in H. influenzae cross-hybridized with pre
selected tags from Tnf545-A3 perhaps a reflection that those tags that hybridize despite high stringency washes are
dGTP/dCTP rich, and it is these dCTP rich tags that give the brightest hybridization signals. The tags are possibly
more homologous to each other than would be predicted by assuming they are composed randomly of the four
dNTP’s. Such an argument would also explain the degree of cross-hybridization found during the pre-selection of
Tnf545-A3 tags.
Tag hybridization to E. coli sl7-l blots were inconsistent, even for the selected tags, thus a variety of
measures were employed to improve tag hybridizations. These included altering the Mg2+ concentration in tagPCR, using minimum UV light for fixation of DNA to the blots, altering the ratio of hot to cold dCTP in hot-PCR,
removing partially labelled invariant arms with dynabeads, using plasmid or tags as the DNA template and using
hot-dATP as well as hot-dCTP in the hot-PCR. It became apparent that aside from removal of some of the labelled
tags and therefore weaker signal on the blots, that dynabead separation failed, probably because a large excess of
primers swamped the biotin binding sites on the dynabeads. Five to 10 pmol of each primer is recommended in PCR
protocols that involve biodnylated primers, whereas in the biotinylated tag experiments 200 pmol of primer was
used. Stoic hindrance is sometimes a problem with enzymatic reactions performed with dynabeads, and the
manufacturer recommends a 6-carbon spacer between the primer and the biotin. Also, arching of PCR products,
where both ends are biotinylated, may have its own steric hindrance problems (where HindHL digestion is
performed after binding the PCR product) and may block streptavidin sites so that those available for binding tags
are less than for binding other biotinylated PCR products. With each PCR cycle, the ratio of hot to cold tags
increases exponentially, whereas the ratio of hofccold arms approaches 1:1. After 20 cycles, the proportion of cold
tags available to compete in hybridization with hot-tags is tiny, whereas cold arms compete in a ratio of 1:1 for
binding sites on a colony blot Hot-arms probably have less incorporation of 32P-dCTP than hot-tags, as the tags
were designed to contain xlO the amount of dCTP as the arms, and were pre-selected for those with the brightest
signal intensity. Thus there should be a high proportion of dCTP to the other dNTP’s in the tags. If the PCR reaction
contains a vast excess of primers that can hybridize to the invariant arms in the blots, it is likely that the
hybridization of labelled arms is extensively out-competed. Thus, the higher the concentration of primers in the
labelling-PCR, the more effective will cold-primers compete out hybridization of hot-tags. Thus, it made sense not
to reduce the concentration of primers in order to facilitate biotinylated removal of arms.
The tag-tag hybridization approach appeared promising, but signal intensity and consistency problems
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were overcome by using H. influenzae exconjugant colonies as a template rather than E. coli sl7 -l colonies. The
aim of the project was to develop the STM method for H. influenzae to a point where it was a useful practical tool.
Exploring the parameters that could improve on the basic STM protocol were only undertaken because the K coli
sl7-l blots were of such poor and inconsistent quality. As soon as lysed H. influenzae colonies were used as the
template, it became apparent that the problem lay with E. coli s!7-l and that advances in the basic STM protocol
were unnecessary. Attempts at growth of H. influenzae on nylon membranes had failed in the early stages of the
project, in part due to the fastidious nature of H. influenzae growth.
8.9

Conjugation

Selecting exconjugants and counter-selecting E. coli sl7 -l was initially difficult because the natural level of
tetracycline resistance of wild-type E. coli is not that dissimilar to that of resistant H. influenzae. Tet* Rd was
available in the laboratory, having being constructed with a tetracycline resistance cassette in a gene with a role in
scavenging iron. The mutant was virulent in the infant rat model. For trial conjugations, tetR H. influenzae Rd was
mated with E. coli sl7 -l and exconjugants were selected on BHIkan10tet4 agar. Tetracycline at 4 pg/ ml was
inadequate for differentiation of H. influenzae from E. coli and breakthrough growth of E. coli sl7 -l occurred after
incubation for more than 18 hours. A clinical parallel scenario to selecting H. influenzae from E. coli following
conjugation is the isolation of H. influenzae in the presence of gram-negative bacilli from the sputum of patients
with cystic fibrosis. The main concern in this clinical setting is overgrowth of H. influenzae colonies by
Pseudomonas spp. An anaerobic environment permits H. influenzae growth but Pseudomonas is an obligate aerobe
and is inhibited (Currie et al. 1987; Doem and Brogden-Torres 1992). Unfortunately, E. coli is able to grow
anaerobically and so a microaerophilic environment would not be expected to differentiate the two species.
Bacitracin is employed to inhibit Streptococcus pyogenes when isolating H. influenzae from
nasopharyngeal swab samples, but bacitracin has no action against E coli. There are few antibiotics that are more
effective against E, coli than H, influenzae. Gentamicin is used as a therapeutic agent against £ coli infections, but
is not a usual choice for H. influenzae infection (Herbert and Moxon 1998). The MIC’s of gentamicin for H.
influenzae are generally reported between 1-16 jig/ ml, but can be as low as 0.25 pg/ ml. Whereas the MIC’s for E.
coli are often reported as <1 pg/ ml, but may be up to 1-2 pg/ ml (Lorian 1996). As MIC’s are likely to vary
between strains of each species a failed attempt was made to differentiate II. influenzae from E. coli s!7-l on
Bfflkm^gent0-5or gent1 or gent2 plates. The MIC of imipenem are around 1 pg/ ml against H. influenzae compared
with 0.12

pg/ ml against E. coli, however interactions of imipenem with solid media would complicate its
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application (personal communication, D. Livermore). Although growth of E coli sl7 -l and exconjugants were not
compared on BHI km10tet4gent0‘5, the effect of gentamicin on the health of surviving H. influenzae discouraged its
further use.
H. influenzae strain 1056 is a type b encapsulated strain derived from a family outbreak of H. influenzae
disease in Guilford; a mother and her 11 month old baby presented with meningitis and bacteraemia, respectively,
and two other children and the husband were carriers (Brightman et al. 1990). Strain 1056 harbors a large plasmid,
pl056, which usually occurs chromosomally integrated. An isolate of H. influenzae naturally resistant to
chloramphenicol was conjugated with E. coli sl7 -l so that enhanced chloramphenicol counter-selection could be
employed. The 1056 strain harbors a large plasmid, pl056, that can exist as an extrachromosomal element and can
be self-mobilized by conjugation. Under in vitro conditions pl056 is transferable to a streptomycin-resistant,
recombination deficient H. influenzae, strain nf38 (Dimopoulou et al. 1997; Dimopoulou et al. 1992; Setlow et al.
1972), but is extremely difficult to conjugate directly from H. influenzae into E. coli (personal communication, D.
W. Crook). In this study, chloramphenicol resistance was transferred from strain 1056 to E. coli s!7-l, resulting in a
mixed population of H. influenzae and E. coli exconjugants, a phenomenon that may have represented retrotransfer
(Mergeay et al. 1987; Sia et al. 1996). The exact identity of the chloramphenicol resistance transferred to E. coli has
yet to be elucidated. It may be that a fragment of pl056 conferring chloramphenicol resistance has been rearranged
to become part of Tn7545-A3 and transferred back into E. coli, rather than the whole plasmid being retrotransferred.
Transposition of Tn7545-A3 into pl056, followed by a rearrangement to incorporate chloramphenicol resistance and
then transfer of the transposon back to E. coli, could account for our findings if such a putative composite
transposon were then efficiently mobilized between E. coli sl7 -l strains. Chloramphenicol resistance could not be
retrotransferred to E coli sl7 -l that did not contain pHMl, implying that Tn7J45-A3 does play some role in
mobilizing pl056, in addition to the RP4 machinery. Retrotransfer of plasmids from the recipient of conjugative
transposons into the donor is a trait of IncPl conjugative plasmids (Mergeay et al. 1987). It has specifically been
sought during Tn976-mediated conjugation between Bacillus spp., where the recipient of the transposon contained a
plasmid, and was not found (Showsh and Andrews 1996). In one study, retrotransfer to E. coli s!7-l from E coli or
Pseudomonas aeruginosa recipients required the prior transfer of the conjugative plasmid, indicating that
retrotransfer occurs by two sequential DNA transfer events (Sia et al. 1996). Two hypotheses of retrotransfer have
been expounded; the one-step model predicts that the conjugation apparatus of the donor is used for retrotransfer
from the recipient In a two-step model, conjugation genes have to be expressed in the donor and in the recipient for
bi-directional transfer of genetic material (Heinemann et al. 1996). Support for the two-step model comes from the

finding of conjugative plasmid gene expression in the recipient and a delay of 30-90 minutes after forward-transfer
before retrotransfer occurs (Heinemann and Ankenbauer 1993; Heinemann et al. 1996). Retrotransfer occurs when
Tn7545-A3 is transferred by RP4 conjugation to strain 1056 harboring a conjugative plasmid, but not when E coli
sl7 -l not containing Tn7J45-A3 is mated with strain 1056. The possible explanations for this are that RP4
conjugation forms a channel via which bi-directional genetic exchange occurs but the channel is not formed when
there is no plasmid to transfer from donor to recipient; or that RP4 conjugation transfers Tn754J-A3 which in some
way initiates the mobilization of pl056 via the RP<1 apparatus or via its own conjugationol machinery. What is clear
is that transfer is not dependent on Tn7545-A3 conjugative genes, because it does not have any; that it does require
the presence of pHMl in the donor; and that at least part of pl056 is retrotransferred. RP4 is chromosomally located
in E. coli sl7 -l, potentially this could be mobilized to H. influenzae and is acting in a two-step fashion to
retrotransfer pl056. RP4 transfer seems unlikely as it does not occur without the presence of pHMl in the donor and
has not been previously described in E. coli sl7-l conjugations. The possibility of gene flow into donor bacteria
during conjugation raises interesting evolutionary and biocontainment issues. The mechanism could be further
elucidated by studying transfer between E. coli sl7-l::pHM l and 77. influenzae 1056. Defining the mechanism may
have practical application in the easy mobilization of plasmids from antibiotic resistant isolates of 77. influenzae and
other pathogens.
Ultimately, Rd-b+ was made nalR and nalidixic acid proved to be excellent for counter-selection. One-step
nalidixic acid resistant mutants usually have a point mutation in gyrA, affecting a single amino acid change in the A
subunit of DNA gyrase, a topoisomerase n type enzyme (Schentag and Scully 1998). Nalidixic acid resistant 77.
influenzae did not grow well on BHInal20 plates and may explain the difficulty in isolating resistant mutants
(personal communication, P. Langford), but grew healthily on BHInal5 agar. Rd-b+ is pathogenic in the animal
model, as is Eagan, and the genome is likely to be highly similar to Rd, hence the genome sequence will be a useful
aid to ‘interesting* gene identification.
The ‘mating-mix* was sub-cultured to BHI containing xgal/LPTG so that breakthrough growth of E coli
sl7 -l was identifiable by the appearance of blue colonies. This happened only rarely when exconjugants were
selected on BHIkan10nal5, but was useful to define the extent of retrotransfer when using strain 1056. When 77.
influenzae is transformed with genes containing kanamycin resistance cassettes and transformants are selected on
BHBcan10 agar, naturally resistant colonies of the untransformed organism are rarely seen. However, when selecting
exconjugants on BHIkan10nal5 agar, more than IxlO8 cfu are spread on to a single plate Under these circumstances,
a few naturally resistant WT 77. influenzae manage to grow through the selection, and were on occasion erroneously
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picked to form part of inoculated banks. Hence, at one stage of the proceedings most banks contained a few H.
influenzae that did have tags, no tag hybridization in the input or output pools. Naturally resistant Rd-b+ tended to
emerge later on the selective agar than exconjugants, and so the problem was overcome by picking exconjugants
early and ignoring any late growing colonies. Effectively, this reduced the conjugation efficiency from nearly 100%
to around 50%, and banks were subsequently designed each with only 24 mutants. As using 24 rather than 48
mutants was further likely to avoid stochastic loss during animal passage, banks of 24 mutants were deemed
sufficient for mass STM screening to identify in vivo relevant genes.
8.10 Adapting the infant rat model
The 5-day old infant rat is a well-established model of disease in man. For instance, H. influenzae mutants with
disruption of capsule or IP S genes have reduced virulence in this animal; and Hood et al (Hood et al. 1996a) have
elegantly demonstrated a progressive reduction in pathogenicity inversely related to the number of sugars in the
oligosaccharide portion of LPS, indicating that the model is sufficiently sensitive to provide a quantitative
assessment of a mutant’s pathogenicity. There are immunological differences though: humans develop resistance to
natural infection over the first five years of life through the acquisition of anti-capsular antibodies whereas infant
rats develop resistance over days to weeks with antibody predominantly to noncapsular surface antigens (Granoff
and Rockwell 1978). STM of Hib, with screening of mutants through the infant rat model, has detected some genes
that arc important for survival of II. influenzae during the human disease process, namely capsule and penicillin
binding protein 7. For the study of NTHi causing non-bacteraemic disease other models may be useful. These
include the chinchilla otitis media and mouse or rat pulmonary lavage models (Foxwell et al. 1998a; Sirakova et al.
1994). Obtaining a sufficient dose in these animals may prove troublesome, but may be possible. After
demonstrating conjugation and transposition of Tn/J4J-A3 and TnlO in NTHi, future studies could include STM to
investigate pulmonary and middle ear disease caused by NTHi and septicaemia caused by the BPF strain.
The standard i.p. protocol for the infant rat is to give an inoculum of lOMO3 cfu and recover bacteria from
a tail vein bleed at 48 hours. An assessment was made of the pool size required to ensure a minimum of 10 cfu of
each exconjugant in a pool of complexity48” 96. A total dose of around 103 organisms, presuming that the bacteria
were evenly distributed and not clustered, should have ensured a minimum of 10 of each exconjugant in a pool of
complexity48. Attempting to use this dose for the animal experiments clearly demonstrated that the inoculum was
insufficient. There are several potential reasons for this. Rd-b+ is less virulent than Eagan so that 10 cfu are unlikely
to be sufficient for every strain in a pool to independently establish infection. Exconjugants are unlikely to have
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been pooled at the same concentration, so that the ratios may not have been equivalent as was assumed for the in
silico calculations. The rate of growth of individual exconjugants in wells of a microtitre dish will have been
influenced by the inoculum size, the viability of each exconjugant and the ability to grow. Some of the exconjugants
are likely to have had mutations in genes affecting nutrient uptake, replication, etc. Clumping may vary with the
phase of growth and with the mutant type so that some exconjugants may have been over- and some under
represented. Exconjugants may compete with each other once injected into the peritoneum, for instance for
micronutrients, so that where 10 cfu alone may be enough to ensure disease, 10 in competition is inadequate. In
short, an inoculum containing a minimum of 10 of each exconjugant may have been theoretically adequate but was
practically insufficient Even at complexity10, an input pool of 103 organisms resulted in stochastic loss of
exconjugants. For this reason, it was necessary to adapt the standard protocol to give an input pool of 106 cfu and
recover the output pool at around 30 hours, before the animals died from overwhelming inflection. A concern about
doing this was that partial synergism may occur so that there would be insufficient time for host immunity to select
against avirulent mutants because a large infection had overwhelmed host defences. The 103 cfu dose was not far
from that necessary to ensure recovery of all virulent exconjugants, as evidenced by almost complete representation
of mutants on occasional output blots. Stochastic loss of mutants was seen with inocula of 104 and 105 cfu, and
even occasionally with 106. It is not now unexpected that in the published STM experiments an inoculum of around
106 organisms has also usually been employed. By adapting the infant rat model, it has been demonstrated that STM
can be applied to a pathogen even when the individual effective dose for that organism and animal model is small.
8.11 Amplification and sequencing transposon insertion sites
When adapting transposons for STM, some researchers were wise enough to include oriR sites within the
transposon. Digestion and loop-ligation of the chromosome of a mutant produced self-replicating fragments
composed of transposon, including the oriR, an antibiotic resistance cassette, and the gone into which the transposon
had inserted. The plasmid could then be replicated in E. coli and the unknown gene sequenced from ml3 primer
sites within the transposon. Without such ingenuity, amplification and sequencing of transposon insertion sites is
more arduous. Inverse-PCR is the established method, but is laborious, especially where there is not a wide choice
of restriction enzymes that cut the chromosomal DNA frequently and cut internally but near the end of the
transposon. Some genes cannot be amplified by this technique. USS-PCR was developed to overcome the
limitations of inverse-PCR and was superseded in this work by an improved technique, ARB-PCR. With the first
attempt at ARB-PCR, using only one of several possible first round arb-primers, insertion sites were amplified in 30
of 58 (52%) mutants. Extrapolation to the remaining mutants, and by using other arb-primers, it should be possible
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to amplify all of the transposon insertions using ARB-PCR alone. Inverse- and USS-PCR are available for any
mutants that cannot be amplified by ARB-PCR. Eight of the first 15 genes sequenced were IS 1016. The bias
inherent in choosing to amplify the transposon targets in the "blank" mutants before the "greys',and by using just one
first round arb-primer, means that these mutants might not be represented in those remaining to be sequenced.
8.12

Results of in vivo STM

By screening 2,200 mutants through infant rats 126 were identified that had reduced or absent growth in vivo,
representing 5.7% of the total. Several important messages can be read into the results of in vivo STM:
[1]

Tn7545-A3 is applicable to H. influenzae STM.

[2]

The transposon is sufficiently stable to isolate mutants in vivo by negative selection.

[3]

H. influenzae STM has readily identified perhaps the most important virulence determinant (capsule locus)
and has done so reproducibly in 8 of 126 (6%) of the non-surviving mutants, hence validating the
technique.
The genes isolated are interesting. Much work has been undertaken on the capsule locus. It is known that

cap locus amplification occurs through the action of the IS 1016 transposase, however it is an unexpected finding in
this work that an insertion in IS 1016 switches off capsule production, One implication is that this single genetic
element may have a role in transcriptional activation. The role of IS 1016 should be further investigated by sitedirected mutagenesis, to be sure that there are no other effects of the transposon, and then studies utilising either a
downstream promotorless antibiotic resistance cassette or Northern blotting may determine the effect of Tn7545-A3
in IS 1016 on capsule expression. Site directed mutagenesis of one copy of IS 1016 was undertaken in Eagan (Kroll
et al. 1991a), but had no effect on capsule production. Rd-b+:02 has only one copy of the cap locus, thus STM with
Rd-b+:02 may have uncovered a capsule transcription mechanism that STM with Eagan would not have done.
Tn7545-A3 insertion in the genes for malate oxidoreductase and lactate permease results in mutants that are
unable to survive in vivo, a finding that implicates lactate as a major carbon source for H. influenzae in the infant
rat L-Lactate permease is a secondary transporter found in bacteria but not eukaryotes (Paulsen et al. 2000) and is
likely to have a sub-cellular location, possibly lying in the inner membrane (http://www.expasv.ch/cgibin/kwdef.pl?Inner membrane). Lactate is ubiquituous in life and could be expected to be a relevant carbon source
for H. Uifluenzue in man, in the nasopharynx during colonization, as well &&in the blood and CSF during invasive
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disease. Ten years ago, lactate was recognized to induce a phenotypic change that is necessary for the organism to
thrive in vivo and exposure of H. influenzae to lactate and Ca2* is associated with an increase in capsule, LPS and
resistance to complement-mediated killing (Kuratana et al. 1989, Kuratana et al. 1990, Kuratana and Anderson
1991). Recent work with Neisseria has identified a role for lactate in up-regulating metabolism with an increase in
oxygen consumption, protein, ribose and LPS synthesis (Gao et al. 1998). Even small quantities of lactate induce a
metabolism change suggesting that it may be a signaling molecule. Sialyladon of LPS is also enhanced, through an
as yet unknown mechanism, when there is lactate in the medium (Parsons et al. 1996a; Parsons et al. 1996b). C14lactate studies have indicated a preferential use of this carbon source for incorporation into Neisseria outer
membrane proteins and the fatty acids of LPS (Smith 2000). That lactate permease and malate oxidoreductase of H.
influenzae are important for in vivo survival implies that the carbon of lactate is directly involved in the phenotypic
shift that is necessary for survival in man. The role of lactate could be further explored by site-directed mutagenesis
of other enzymes likely to have a role in utilization of lactate, such as lactate dehydrogenase, and by C14-lactate and
glucose studies and tricene SDS-PAGE of homogenates of the mutants.

8.13

Future work

A combined site-directed and STM approach to further investigating pathogenesis is likely to be fruitful. Sitedirected mutagenesis, capitalizes on the availability of the genome sequence, and ensures stability of mutants.
Metabolic pathways can be disrupted at other presumptive enzyme branch points to assess their effects on virulence.
For instance, introducing a mutation into the gene for lactate dehydrogenase would help explore the way in which
lactate signals that the organism is in the in vivo environment. Classical biochemistry will also be required to
explore the roles of individual genes* where the role has not previously been assigned or where a new function has
emerged for a gene with a previous house-keeping role. The difficulties of applying classical biochemistry to
metabolic mutants means that this area of research is relatively unexplored area of bacterial pathogenesis and
methodology in this area is needed to complement all of the newly emerging means of studying bacterial behaviour
in vivo (Smith 2000). STM derived mutants, such as the IS 1016 mutation, will require further exploration and may
lead to new new discoveries about the mechanisms of virulence; and further exploration of the metabolic mutants
may lead to new antibiotic and vaccine developments.
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