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Colonies of several Legionella strains on charcoal yeast extract agar (CYE) after 4 days
incubation at 37°C in air. Various magnifications show typical ground-glass opalescent
appearance. Some pure strains exhibit pleomorphic growth or colour. The top two
photographs demonstrate typical red (LH) and blue-white (RH) fluorescence exhibited by

some species when illuminated by a Woods (UV) Lamp.
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The following abbreviations and gene designations have been used throughout this thesis.

ATP
C-terminal
CYE

dot

dNTP
EDTA

ER

FKBP
GTP
GTR+I+G

icm
IPTG
kDa
Kb
LLAPs
LPS
MEE
mip or Mip
ML
MOMP
MP
mspA
Msp
MW
MLST
NBT
NJ
N-terminal
nt
OMP
O/N
ORF
PAGE
PCR
PLF
PPlase
PFGE
QP
RBS
RFLP
rpoB

Sg

SDS
TAE
TE
TEMED
TBS
Tris

Table of Abbreviations

adenosine-5’-triphosphate
carboxyl-terminal of a protein sequence
Charcoal Yeast Extract Agar

defective in organelle trafficking
deoxy-nucleotide tri-phosphate
ethylenediaminetetra acetic acid
endoplasmic reticulum

FK506 binding protein
guanosine-5’-triphosphate

general time reversible method, I is the proportion of invariant sites,

and G is the y-shape parameter
intracellular multiplication
isopropyl-o.-D-thiogalactopyranoside
kilodalton

kilobase

Legionella-like amoebic pathogens
lipopolysaccharide

multilocus enzyme electrophoesis

macrophage infectivity potentiator gene or protein

maximum liklihood method
major outer membrane protein
maximum parsimony method

major secretory protein gene (also termed proA)

major secretory protein

molecular weight

multilocus sequence typing

nitroblue tetrazolium chloride
neighbour joining method
amino-terminal of a protein sequence
nucleotide

outer membrane protein

over night

open reading frame

polyacrylamide gel electrophoresis
polymerase chain reaction
phagosome-lysosome fusion
peptidyl-prolyl cis/trans isomerase
pulsed-field gel electrophoresis
Quartet puzzling method

ribosomal binding site

restriction fragment-length polymorphism
RNA polymerase B-subunit gene
serogroup

sodium dodecy! sulphate
Tris-Acetate-EDTA

Tris-EDTA
N,N,N,N,-tetramethylethylenediamine
Tris buffered saline
Tris([hydroxymethyl] aminomethane)
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TTBS
UPGMA
v/iv

w/v
X-gal
X-P

Tween 20 / Tris buffered saline

unweighted pair group method with arithmetic averages
volume per volume

weight per volume
5-bromo-4-chloro-3-indolyl-o-D-galactopyranoside
5-bromo-4-chloro-3-indolyl-phosphate toluidine salt
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Summary

The genus Legionella comprises a diverse group of bacterial endosymbionts of some
freshwater protozoa. They are also a significant cause of atypical pneumonia in humans,
which involves many of the same endocytic and intracellular processes required for
endosymbiotic life. Of the approximately 40 species currently recognised, nearly half have
been associated with human disease. The macrophage infectivity potentiator (Mip) protein, an
immunophilin of the FKBP class which exhibit peptidyl-prolyl cis/trans isomerase (PPlase)
activity, was the first to be reported as a virulence factor for legionellae, and the sequence of
the mip gene published for L. pneumophila, L. micdadei and L. longbeachae. This study
reports the nucleotide sequence, and the predicted amino acid sequence of the mip gene for an
additional 35 Legionella species, and compares all of the mip sequences both functionally and

phylogenetically.

The sequences were 69-97% conserved at the nucleotide level and 82-99% at the
amino acid level, with total conservation of the amino acids in the seven sites determined to
be associated with PPIase activity. No apparent difference could be determined in the
arrangement of amino acids which would predict a functional difference in Mip from species

associated with disease, and Mip in species isolated only from the environment.

Additionally, a phylogenetic comparison of the mip gene sequences with published
16S ¥rRNA sequences, using both genetic distance and maximum parsimony methods was
performed. Few well supported relationships were apparent from both data sets, the most

robust being a clade comprising (((cincinnatiensis, longbeachae, sainthelensi, santicrucis)

1x



gratiana) (moravica, quateirensis, shakespearei, worsleiensis) anisa, bozemanil, cherrii,
dumoffii, gormanii, jordanis, parisiensis, pneumophila, steigerwaltii, tucsonensis, and
wadsworthii). These clades were phylogenetically analysed further using approximately 460

bp of the nucleotide sequence from the mspA/proA gene.

Further, a species-specific identification scheme for Legionella was developed,
targeting approximately 700 bp of the mip gene, utilising gene amplification with universal
primers and direct amplicon sequencing. All species could be identified with the exception of
L. geestiana, but serotypes could not always be differentiated. Additionally, the genotypic
classification of 350 wild strains from several continents was consistent with their phenotypic
classification, with the exception of a few strains where serological cross reactivity was
complex, potentially confusing phenotypic classification. Strains thought to represent
currently uncharacterised novel species were also found to be genetically unique with regard

to the mip gene.

Among the wild strains examined to validate the classification scheme, mip sequence
identity was observed for some species, despite the strains being isolated in diverse
geographical locations. Wild-strain mip sequence identity within seven species was compared
with that from a 450 bp segment from the mspA/prod gene, and a remarkable level of
intraspecies strain relationship identity was observed, even among the strains from diverse
geographical locations. The ecological implications of the intraspecies strain relationships 1s
discussed, and a model of global legionellae dispersal within amoebic cysts is proposed to

account for the ecological observations.
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Chapter One

Introduction

Background

In 1976, a mysterious epidemic of atypical pneumonia occurred among 4,500
delegates attending a Convention of the American Legion in Philadelphia (Fraser and
McDade, 1979). A total of 221 delegates contracted the disease, and 34 died (Fraser, et al.,
1977, Yu, 1995). Although the exact source of this outbreak was never established
conclusively, the aetiological agent was determined to be a previously unrecognised pathogen,
Legionella pneumophila (Brenner, et al., 1979, McDade, et al., 1977). Once recognised, sero-
epidemiologic studies implicated L. pneumophila in previous outbreaks of disease (Yu, 1995).
Two years previously, in the same hotel, 11 members of an Oddfellows Convention had
contracted the disease, but it had gone unnoticed (Terranova, ef al., 1978). Even earlier, in
1965, at a psychiatric hospital in Washington, DC, 81 patients had contracted a similar
respiratory disease, with 15 deaths. Of affected patients, 85% revealed antibody
seroconversion for L. pneumophila when stored sera were tested in 1977 (Thacker, 1978). The
carliest published evidence of infection in fact dates from as early as 1947, when an
uncharacterised organism isolated using guinea pig inoculation from the blood of a patient
with a febrile respiratory disease, was subsequently proven to be L. pneumophila (McDade, et

al., 1979).



Within two years of the recognition and naming of L. pneumophila, a second species,
L. micdadei, was identified as the cause of pneumonia in immuno-compromised patients in
Pittsburgh, PA. and Charlottesville, VA., USA. As the fastidious growth requirements of
Legionella became understood, further species were characterised, either associated with
human disease, or isolated from the environment during the course of outbreak investigations
(Brenner, et al., 1980, Cherry, et al., 1982, Hebert, et al., 1980). A non-pneumonic, flu-like
form of the disease, called Pontiac Fever, has also been described (Kaufmann, et al., 1981),
the earliest recognised being in a county health department facility in Pontiac, Michigan,
where at least 144 people were affected (Glick, et al., 1978,). To date, at least 40 species are
known, and more exist (Ratcliff, et al., 1998). At least six species have more than one
serotype (Benson, ef al., 1996, Harrison and Saunders, 1994). Nearly half of the species have
been associated with human disease (Table 1.1). Serological evidence of disease in numerous
species of both domestic and wild animals has been sought, but the results are inconclusive,
with the exception of a fatal pneumonia in a bovine calf caused by L. pneumophila (Collins,

1986, Fabbi, et al., 1998).

Morphology and Taxonomy

Legionella organisms are non-spore-forming, Gram negative cocco-bacilli, 0.5um in
diameter, and 1 to 2 pm in length. Most species are motile by means of one or more polar
flagella (Fallon, 1990). They replicate by “pinching” binary fission, and are nutritionally
fastidious to such an extent that it is thought that intracellular replication within select host
cells is the primary and perhaps sole means of proliferation in the environment (Fields, 1993).
In vitro, many species can be cultured on Charcoal Yeast Extract (CYE) Agar, a specialised
medium supplemented with cysteine, iron salts, a-ketogluterate, and activated charcoal as a
detoxifier (Feeley, et al., 1979). Colonies 1-2mm in diameter form after 2-3 days incubation at
37°C at high humidity, and longer (7-10 days) for some species. The growth of most species

is enhanced by the presence of carbon dioxide (CO,) at 3% in air, and there is an indication
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that some species prefer a lower incubation temperature such as 30°C. Colonies are usually
round, smooth-edged, and raised, and exhibit a “cut glass’ or opalescent appearance that may
be white, grey, green, or pale pink to rose in colour. Colonial variation is exhibited by some
species, in both size and colour (Fallon, 1990). Colonies of some species fluoresce blue-white,

or red-brown when examined under ultra-violet light.

Other species, designated Legionella-like Amoebic Pathogens (LLAPs), because of
their inability to be cultivated on CYE are only recoverable in co-culture with amoebae or
similar host cells (Rowbotham, 1983). Some have been isolated on CYE after prolonged
incubation and repeated subculture (Adeleke, et al., 2000). Using amoebic co-culture, LLAPs
have been isolated from the sputa of patients with legionellosis, implicating them as the

causative agent (Adeleke, et al., 1996, Hookey, et al., 1996).

L. pneumophila is also able to enter a non-replicative viable but nonculturable
(VBNC) state, where the bacteria are no longer culturable on routine culture media (Steinert,
et al., 1997). Reactivation of dormant legionellae occurs in the presence of amoebae, and the
reactivated bacteria are just as virulent as those cultured on artificial media, as measured by
animal invasion models. However, reactivation of dormant legionellae has not been observed

in animal models.

Legionellosis

Legionellosis usually presents as an atypical pneumonia, with lobar-segmental or
patchy pulmonary infiltration, described histologically as acute fibrinopurulent pneumonia
involving the alveoli (Winn and Myerowitz, 1981). The alveolar infiltrate consists of
macrophages, polymorphonuclear leucocytes and erythrocytes. There is little or no
inflammation of the upper airways and bronchioles. Clinical symptoms include non-

productive cough, pulse-temperature dissociation, abnormalities in liver function tests,
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diarrhoea, hyponatremia, hypophosphatemia, myalgia, confusion and multiple rigors
(Edelstein, 1993). The spectrum of symptoms can be quite variable, and reliance on classic
symptoms would result in missed diagnosis, except perhaps when identifying cases during
outbreaks. A non-pneumonic “flu-like” form called Pontiac Fever is also recognised. Risk
factors such as cigarette smoking, chronic lung disease and immuno-suppression, especially
that caused by corticosteroid therapy have been consistently implicated. Surgery is a major
predisposing factor in nosocomial infections, especially among transplant recipients. The
incidence is low among patients with acquired immuno-deficiency, but the clinical
manifestations, such as lung abscesses and bacteraemia are more severe. Infection in children
is rare, but has been diagnosed in the immunocompromised. Extra-pulmonary disease 1s
recognised, and reported in many organs, most likely the result of bacteraemia seeding during
the course of pneumonia. Some wound infections have been attributed to direct inoculation
from Legionella-contaminated water, such as spa water and wound irrigation fluid (Edelstein,

1993).

The pathogenic sequence in mammalian hosts is presumed to be as follows. L.
pneumophila is inhaled into the alveoli in the lower airways, where they are taken up into
alveolar macrophages and infiltrated blood monocytes. By evading the usual lytic processes
within the phagocytic cells, they multiply, drawing nutrients from the host cell. Eventually the
host cell dies, and the bacterial progeny are released into the alveoli again, to be taken up by
other phagocytic cells, and probably alveolar epithelial cells (Cianciotto, et al., 1995a),
thereby establishing and amplifying an intracellular infection. Lung tissue damage occurs,
cither as a direct result of the effects of toxic bacterial products, or as a response to the

inflammatory response triggered by the infection (Cianciotto, et al., 1989a).



Mode of Transmission

Legionellosis has been attributed to the inhalation of viable organisms in fine aerosols
(up to five microns in diameter) into the lung, where they invade the alveolar macrophages,
other phagocytic cells, and probably alveolar epithelial cells (Abu Kwaik, et al, 1998a,
Cianciotto, et al., 1989a, Cianciotto, et al., 1995a, Horwitz, 1992, O'Connell, et al., 1996).
Aerosol generating systems which have been linked with disease are generally man-made, and
include cooling towers, spa and whirlpool baths, bathroom showers and respiratory-therapy
equipment (Baron and Willeke, 1986, Bollin, et al., 1985, Bornstein, et al., 1989, Breiman, et
al., 1990, Dennis, et al., 1984, Groothuis, ef al., 1985, Mangione, ef al., 1985, Spitalny, ez al.,
1984a, Spitalny, et al., 1984b, Vogt, et al., 1987, Woo, et al., 1992). An outbreak among 28
shoppers who visited a grocery store was attributed to a misting machine used to spray
produce on display (Mahoney, et al., 1992). Recently, in February 1999, a very large outbreak
occurred, in which 242 people who visited a large flower show near Amsterdam in the
Netherlands became ill and 28 subsequently died. The cause has been attributed to a whirlpool
spa that was on display at the show. The Legionella strain isolated from the spa was identical
to that found in some of the patients (http://www.hcinfo.com/outbreaks-news.htm). Potable
water distribution systems in hospitals, nursing homes, workplaces and homes have also been
implicated, and indeed there is some controversy whether these are a more significant
reservoir than cooling towers (Lin, et al., 1998), with aspiration a significant mode of
transmission (Muder, et al., 1986, Stout and Yu, 1997). The evidence cited is the high
incidence of disease amongst patients who have undergone surgical procedures where there is
a high propensity for aspiration. Person to person transmission has never been documented
(Abu Kwaik, et al., 1998b). An explanation for this may be that the “invasion unit” is a
protozoan infected with Legionella (Shuman, et al., 1998). While most protozoal trophozoites
would be >5 pm in diameter, and hence greater than the aerosol particle size thought optimal
for inhalation into lung alveolae, this may not necessarily preclude legionellae-infected

trophozoites as an “invasion unit”. Alternatively, viable legionellac have been observed within
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protozoan cysts (Adeleke, et al., 1996), and cysts of protozoa known to host legionellae have
been detected in air currents at levels which suggest they would be frequently inhaled from
contaminated air (Rogerson and Detwiler, 1999). In support for this hypothesis, Cirillo, ef al.
(1994) determined that prior growth of L. pneumophila in Acanthamoeba castellanii increased
their invasiveness at least 100-fold for epithelial cells and 10-fold for macrophages, and
postulated that the intracellular environment stimulates invasion-related protein expression.
An additional possibility arises from the observations of Rowbotham (1983, 1986) and Berk,
et al. (1998) that amoebae such as 4. castellanii and Acanthamoeba polyphaga, which may be
present in cooling tower water, are known to expel vesicles of 1 to 5 um in size, just prior to
encystment. If the amoebae are infected with L. pneumophila, such vesicles may contain
viable bacteria in high numbers (theoretical estimates vary from 20-200 bacteria (Berk, ef al.,
1998) to 365-1483 bacteria (Rowbotham, 1986) depending on size) and are resistant to
biocides and some environmental conditions. Such vesicles are of the correct size to be
inhaled, and even a single vesicle could contain an infectious dose (Rowbotham, 1986). Such
vesicles may explain the infectious-dose paradox (O'Brien and Bhopal, 1993) of how cooling
towers with relatively low numbers of legionellae can be implicated in outbreaks, and how
legionellae-containing aerosols can be carried long distances from the source without the
bacteria dying from desiccation (Berk, et al., 1998). In contrast, large numbers of in vitro-
grown organisms (100,000 for guinea pigs) are required to initiate infection in experimental
animals (Doyle, et al., 1998). However, the minimum infectious dose for human infection is
not known. Support for amoebic involvement in human disease is the finding that patients
infected with Legionella also have antibodies directed to free-living amoebae isolated from
the water to which the patients had been exposed (Winiecka-Krusnell, et al., 1998, in
Winiecka-Krusnell and Lindner, 1999). Interestingly, these observations also raise the
additional paradox that biocide use may actually promote the infectious risk from a cooling
tower by precipitating amoebic encystment, and expulsion of vesicles packed with viable

bacteria (Winiecka-Krusnell and Linder, 1999).
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Legionellosis caused by Legionella longbeachae, which has been relatively rarely
reported in the USA and Europe, but is significant in Australia and New Zealand, has a strong
association with gardening. While not proven, contaminated compost and potting soil, in
which the organism is widely distributed, is suspected as the organism reservoir (Steele, et al.,
1990a, Steele, et al., 1990b). The disease process is similar for legionellosis caused by L.
pneumophila, but the risk factors are not as clear, with patients less likely to have underlying

chronic health problems, or to be smokers (Walker and Weinstein, 1992).

Environmental Habitat

Legionella are ubiquitous inhabitants of aquatic environments and damp soil. Their
ability to multiply intracellularly within protozoa was first described in 1980 (Rowbotham,
1980). It is now understood that they may be unable to multiply extracellularly in the
environment. Thirteen species of amoebae and two species of ciliated protozoa have been
shown to support intracellular bacterial replication and so act as potential environmental hosts
(Abu Kwaik, et al., 1998b, Cameron, et al., 1991, Fields, et al., 1993, Hughes and Steele,
1994, Lee and West, 1991, Steele and McLennan, 1996, Steele, et al., 1990a, Steele, et al.,
1990b). Their ability to replicate intracellularly within amoebae is significantly greater than
that demonstrated by other intracellular parasites such as Chlamydia pneumonia and
Mycobacterium avium. This sophisticated association of legionellae with environmental
protozoa accounts for their continuous presence in the environment, rendering them tolerant to
harsh environmental extremes of pH, temperature, osmolarity, oxidising agents, and chemical
disinfectants and biocides (Barker and Brown, 1994, Brown and Barker, 1999, Barker, et al.,
1986, Barker, et al., 1993, Winiecka-Krusnell and Linder, 1999). The increased resistance to
environmental extremes has been shown to be intrinsic when compared with in vitro-grown
bacteria, suggesting that such resistance is induced at least in part, by the intracellular

environment (Byme and Swanson, 1998). Resistance is also afforded by direct protection of
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the bacteria within vesicles expelled by the protozoan host, and within the highly resistant

protozoan cyst (Berk, et al., 1998).

Interactions between Legionella and phagocytic hosts

Endocytosis, the uptake of extracellular material within plasma membrane-derived
vacuoles, is one of the basic traits of eukaryotic cells (Rittig, et al., 1999). This can be either
as receptor-independent uptake of extracellular fluid (pinocytosis) or as receptor-mediated
uptake of macromolecules and particles, including bacteria (phagocytosis). Many protozoa
phagocytose bacteria as a major nutrient source. Almost all mammalian cell types are able to
facultatively or constitutively perform phagocytosis, provided there is an adequate receptor-
ligand binding system. Cell lines where this uptake mechanism is most evident, such as
neutrophils, monocytes and macrophages, are designated professional phagocytes. However,

other cell types, such as alveolar epithelial cells can be recruited to perform phagocytosis.

An increasing number of receptors known to promote phagocytosis include Fc
receptors, complement receptors, scavenger receptors, mannose receptors and those for
extracellular matrix components. Phagocytosis-promoting ligands are either direct structural
patterns on the surface of the macromolecule, particle or bacteria (non-opsonic), or host-

derived opsonins coating the surface (opsonic) (Rittig, ez al., 1999).

The classic phagocytic “zipper” mechanism (Fig. 1.1) was first established 25 years
ago (Griffin, et al., 1975) to include:

1. Attachment of the particle to the phagocytic receptor

2. Engulfment of the adherent particle by protrusions extending from the cell surface

3. Internalisation, combining the formation of a sealed vacuole (phagosome) and its

budding off from the restored cell membrane



4. Intracellular processing of the phagosome, eventually turning into a
phagolysosome upon participation in the general endocytic trafficking of the host

cell.

More recently, variations of this classic mechanism, and also unconventional
mechanisms of phagocytisis, have been recognised. The cellular processes occurring between
legionellae and their phagocytic hosts have been extensively studied as part of this process, in
order to understand the sophisticated interactions required to enable intracellular parasitism,
an ability that is central to the ecology and pathogenesis of Legionella. Both mammalian
phagocytic cells and protozoan hosts, two evolutionary disparate hosts, have been studied.
Most work has been focused on L. pneumophila, since it is the most common pathogenic

species.

Attachment

The initial interaction between an intracellular pathogen and the host cell is mediated
by the attachment of a bacterial ligand or adhesin to a surface receptor on the host cell. This
ligand-receptor binding precipitates signal transduction processes which in turn initiate
polymerisation of actin at the receptor site, leading to phagocytic uptake (Petty and Todd,
1993, Wang, et al., 1993). For L. pneumophila, two attachment mechanisms have been
described, one opsonic, used by human-derived phagocytic cells, and the second non-opsonic,

used by protozoan hosts.

In the first, the complement component C3 binds selectively to the major outer
membrane protein (MOMP), mediating phagocytosis of liposome-MOMP complexes by
human monocytes and macrophages (Bellinger-Kawahara and Horwitz, 1990). Coxon et. al.
(1998) determined that opsonin-dependent phagocytosis of L. pneumophila by human

monocytes involved attachment to the CR1 and CR3 integrin receptors on the host cell
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surface, which triggered both tyrosine protein kinase (TPK) and protein kinase C (PKC)
phosphorylation signals, initiating the localised accumulation of F-actin at the cell periphery
near the site of bacterial entry. They also determined that TPK phosphorylation of six major
cellular host derived proteins occurred, three of which were associated with the cytoskeleton.
Avirulent L. pneumophila, Escherichia coli and zymosan entry into human monocytes
induced similar TPK phosphorylation events, indicating that CR3-mediated uptake into
human monocytes is unrelated to the ultimate virulence mechanism associated with

intracellular replication.

The second attachment mechanism is both opsonin and microfilament independent,
and involves type IV pili (Stone and Abu Kwaik, 1998). L. pneumophila defective in the
expression of the pilE, gene manifested reduced attachment to both epithelial and protozoan
cells. Homologs of pilE; were detected using Southern hybridization in all serogroups of L.
pneumophila but in less than half of 16 other Legionella species (Stone and Abu Kwaik,
1998). There was no correlation between disease association and the presence of pilE, among
the 16 non-L. pneumophila species. Although the attachment receptor is not known, Abu
Kwaik et. al. (1998b) have postulated that for Hartmannella vermiformis, the receptor may be
a galactose/N-acetylgalactosamine (Gal/GalNAc) lectin similar to the B2 intergrin-like
Gal/GalNAc lectin of the pathogenic protozoan Entamoeba histolytica. Integrins are
heterodimeric protein tyrosine kinase receptors, which upon ligand binding undergo tyrosine
phosphorylation, resulting in recruitment and rearrangement of the cytoskeleton. For both L.
pneumophila and L. micdadei, attachment to the Gal/GalNAc lectin of H. vermiformis has
been shown to trigger signal transduction events that result in dramatic tyrosine
dephosphorylation of the lectin receptor and other cytoskeletal proteins (Abu Kwaik, et al.,
1998¢, Venkataraman, ef al., 1997, Venkataraman, et al., 1998). However, the same workers
have proposed that the mechanisms of attachment and subsequent uptake may vary between

protozoan hosts, based upon the different outcomes for 89 invasion-defective insertion
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mutants of L. preumophila infecting H. vermiformis and Acanthamoeba polyphaga (Harb, et
al., 1998). Interestingly, the same mutants displayed similar defective phenotypes in their
cytotoxicity and intracellular replication within U937 macrophage-like cells and 4.

polyphaga, two very distant hosts in evolutionary terms.

Engulfment and Internalisation

Following the initial host-parasite interaction, Legionella are internalised by the host
cell, either as a single bacterial cell, or in pairs (Fields, 1996). This mechanism is dependent
both on the host cell and Legionella species involved. For human monocytes, and several
protozoan hosts, phagocytosis of L. pneumophila occurs by at least two mechanisms. The first
is the conventional, receptor-mediated, cytoskeleton-independent, endocytosis in which
phagocyte pseudopods or micropseudopods circumferentially engulf the particle as the result
of progressive interactions between receptors on the surface of the pseudopod and ligands on
the particle surface (classic “zipper” mechanism). This zipper-like interaction continues until
they meet and fuse at the distal side of the particle, enclosing it within a membrane-bound
vacuole (Horwitz, 1984). Fusion of the membranes is not a spontaneous event, but depends on
fusiogenic factors adjacently present on the approaching membrane surfaces (Rittig, et al.,
1998b), and possibly the absence of antifusiogenic factors (Rittig, et al., 1999). In examining
L. pneumophila uptake into human monocytes, polymorphonuclear leucocytes and alveolar
macrophages, Horwitz (1984) observed a second novel mechanism that seemed to
predominate, which was designated “coiling” phagocytosis (Fig 1.1). This involved
engulfment in a single muiti-turn unilateral pseudopod with coiling whorls giving rise to
largely self-apposed pseudopodal surfaces. The coiling phagocytosis mechanism occurred not
just with live L. pneumophila, but also with formalin-, gluteraldehyde- or heat-killed L.
preumophila cells. Similar coiling phagocytosis has also been observed for protozoan hosts,
but at a lower frequency (Bozue and Johnson, 1996, Venkataraman, et al., 1998), and during

the phagocytosis by human monocytes of other intracellular parasites, such as Borrelia
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burgdorferi, Leishmania, Leptospira and fungal cells (Rittig, et al., 1998b). The events which
trigger coiling phagocytosis rather than the conventional form are not known. Rittig, et al.
(1998a) argue that it is actively induced, rather than a passive event, a reaction of the
phagocyte to the attachment of certain types of particles, and triggered by specific, but as yet
unknown, factors. They postulate that it is the result of a disturbance of conventional “zipper”
phagocytosis, caused not by specific “coiling”-initiating receptors, but by asymmetrical
receptor clustering on the surface of the phagocytic cell to one side of the initial ligand-
receptor interaction. A unilateral pseudopod is initiated by the receptor cluster, which fails to
fuse with its stem after circumventing the particle, continuing to extend and rolling into itself
rather than creating a phagosome. The presence of a continuously extending pseudopod which
fails to fuse suggests that the engulfment and internalisation steps of endocytosis are separate
steps which while normally linked are dependent on distinct sets of control and effector
factors. During coiling phagocytosis, these two steps somehow become uncoupled.
Additionally, coiling phagocytosis suggests that the fusion of the pseudopod tips has a
negative feedback upon further pseudopod extension (Rittig, et al., 1999). The significance of
coiling phagocytosis in the pathogenesis of Legionella rtemains unclear. Killed L.
pneumophila are taken up by coiling phagocytosis, whereas many clinical isolates of L.
pneumophila are taken up exclusively by conventional phagocytosis (Elliott and Winn, 1986,
Rechnitzer and Blom, 1989). Uptake of L. micdadei by human monocytes and H. vermiformis
does not utilise microfilament-dependent coiling, although the uptake mechanism utilised by
the two hosts does differ (Abu Kwaik, et al., 1998c¢, J oshi and Swanson, 1999). In fact, uptake
of L. micdadei by coiling phagocytosis has never been reported (Weinbaum, et al., 1984).
Similarly, L. pneumophila Knoxville-1 is internalised by human macrophages using classic
phagocytosis (Rechnitzer and Blom, 1989), as is L. dumoffii by the non-professional
phagocytic epithelial Vero cell line. (Maruta, e al., 1998). These results suggest that the mode

of uptake may be independent of the subsequent fate of the bacteria.
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Intracellular processing

Following coiling phagocytosis, the many layers of the coil resolve to form a single
layered membrane-bound compartment, similar to that formed following conventional
phagocytosis (Shuman, et al., 1998). The mechanism of resolution is not understood, but
Clemens and Horwitz (1992) determined that the bacteria do influence the composition of the

phagosomal membrane as it is being formed (also see section dealing with the icm/dot locus).

In the classical understanding of endocytosis, following internalization of a particle
such as a bacterium within a phagosome, the resultant phagosome matures. F-actin is
depolymerised from the phagosome, and the newly denuded membrane becomes accessible to
a series of complex fusion and fission events firstly with early and then late endosomes, and
ultimately lysosome(s) to form a phagolysosome. During the maturation process, the
phagosome moves into the cell on microtubules, and it is this trafficking which facilitates and
controls maturation by progressively exposing the phagosome to the various components of
the endosomal system (Aderem and Underhill, 1999). The phagolysosome contents ultimately
acidify and are flooded with digestive enzymes, killing the bacteria within. The rates of
phagosome-lysosome fusion (PLF) vary dramatically depending on the nature of the ingested
particle. As an example, within 30 minutes of co-cultivation of Proteus mirabilis with A.
castellanii, 91% of phagosomes containing P. mirabilis had fused with and were acidified by
the amoebic lysosome (Abu Kwaik, 1996). However, phagosomes containing latex may not
undergo PLF for several hours (Aderem and Underhill, 1999). The rate at which phagosomes
mature is thought to be influenced by the nature of the interaction between the phagosomal

membrane and the particle surface, but the mechanisms involved are not understood.

Intracellular replication of legionellae
As a means of escaping the potentially harsh and nutrient poor aquatic environment,

legionellae have evolved the ability to avoid the usual outcome of particles internalised within
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the phagosome, and so survive and multiply within the phagocytic cell. Two crucial events in
this survival process for the bacteria are the blocking of the PLF process and preventing the
acidification of the vacuole. Further, the phagosome becomes surrounded by mitochondria
and host cell vesicles within the first 60 minutes post-infection (Abu Kwaik, 1996). By four
hours post-infection, the cytosolic face of the phagosome is surrounded by a multilayered
membrane that may be derived from, or correspond to rough endoplasmic reticulum (ER)
(Abu Kwaik, 1996). The detection of an ER-specific chaperone protein, BiP, in the membrane
supports this association (Swanson and Isberg, 1993). At some point following the formation
of the ER-associated phagosome, the internalised bacteria begin to replicate. Typically, an
increase in bacterial numbers is not detected until 6-8 hours post-infection. Whether, this lag
is due to the usual “lag phase” of bacterial growth, or due to the time required for the
development of nutritional conditions within the phagosome is not known (Shuman, et al,
1998). Given that the generation time of bacteria within the phagosome, after the lag phase, is
approximately two hours, similar to that found in vitro, nutritional conditions within the
phagosome must be adequate for sustained multiplication. The mechanism whereby nutrients
reach the bacteria within the phagosomes is not known, and the role of the recruited vesicles
and ER associated with the cytosolic face of the phagosome is also unclear (Shuman, et al.,

1998).

For example, iron is an essential nutrient for all living organisms. Within the
intracellular environment, iron is not freely available, being bound to transferrin, complexed
with ferritin or sequestered in labile iron and haem pools (Abu Kwaik, et al., 1998a). It has
been postulated, based on the nutrient requirements on artificial media, that Legionella require
high concentrations of iron salts (1 mM) as well as cysteine (400 mg/1), and has lead workers
to study how such levels may be achieved within the phagosome. Hickey and Cianciotto
(1997), studying iron requirements, have described a fur gene and Fur-regulated genes for L.

pneumophila, and postulate that L. pneumophila utilises siderophores to acquire iron. They
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have determined that a mutant defective in the expression of the siderophore aerobactin
synthetase, an important enzyme in iron scavenging, is also defective in intracellular
replication in macrophages. Alternatively, other workers have suggested the high levels of
cysteine and iron in artificial media are unnecessary (Shuman, et al., 1998). They showed that
iron and cysteine react to form redox products, including cystine, and as a consequence
Legionella will grow in much lower levels if the proportions of iron and cysteine are kept in
balance. Consequently, it may not be necessary to infer extraordinary high levels of either
cysteine or iron within the phagosome. Bird and Horwitz (1989) showed that a minimal
amount of iron is essential by demonstrating that intracellular replication of L. pneumophila
within blood monocytes could be prevented in the presence of iron chelators or the cytokine
IFN-y, to reduce the intracellular iron concentration. Supplementation of iron reversed these

effects.

In addition, it is thought that the concentration of NaCl within the phagosome is very
low, based on the observation that continuous passage of L. pneumophila can produce
spontaneous mutants which are both NaCl tolerant and attenuated in intracellular survival in
macrophages and guinea pigs (McDade and Shepard, 1979). Also, many of the icm/dot and
pmi mutants (see later section) exhibit the same NaCl tolerant phenotype (Gao, et al., 1997,
Jacob, et al., 1994, Vogel, et al., 1996, Vogel, et al., 1998). The association of high NaCl

levels with attenuation of virulence remains to be elucidated.

Host cell death and bacterial release

At the end of the intracellular growth phase, as nutrients within the phagosome are
depleted by the bacteria which now pack the phagosome, the bacteria exit the exponential
growth phase, and concurrently undergo a dramatic phenotypic switch, characterised by an
increase in sodium sensitivity, osmotic resistance, motility, cytotoxicity, and icm/dot loci

upregulation (see later) (Byrne and Swanson, 1998). Compared with bacteria grown on
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artificial media, these bacteria are short, thick, and highly motile, and possess a thick, smooth
cell wall, a higher B-hydroxybutyrate content, and express a different array of proteins.
Approximately 18 hours post-infection, there is a dramatic cytopathic effect on the host,
causing lysis and death of the host, with the release of the bacteria into the environment.
These observations are consistent with a model in which the bacteria, in response to nutrient
deprivation within the phagosome, switch from metabolic functions favouring maximum
replication, to a state triggering release from the host cell, surviving increased osmotic stress,
promoting dispersal into the environment, and the re-establishment of a new intracellular
niche protected from lysosomal degradation. If successful in re-establishing the nutrient rich
intracellular environment, the bacteria return to their replication favoured phenotype (Byrne

and Swanson, 1998).

The cytopathic mechanism remains unclear, although various explanations have been
postulated. Initially, the major secretory protein (Msp) protease was thought to be responsible,
but was discounted by Blander, et al. (1990) who demonstrated that protease-null mutants still
achieve the same cytopathic effect of wild-type L. pneumophila. Moffat, et al. (1994a, 1994b)
determined that similar null mutants, while not demonstrating any phenotypic differences
from the wild-type in protozoa and explanted guinea pig macrophages, did attenuate infection
in a guinea pig model, and argue that although not observed, it is likely Msp is active at some
time during intracellular life in protozoa. Others have postulated the existence of cytotoxins,
but they have not been clearly demonstrated. An alternate view is that the bacteria induce
apoptosis, or programmed cell death, in the host, similar to that determined for Shigella
flexneri and Bordetella pertussis (Muller, et al., 1996). During apoptosis, a strictly regulated
suicide program is initiated within the dying cell, involving the activation of a family of
cysteine proteases (caspases) which subsequently leads to cellular and organelle dismantling,
DNA cleavage into nucleosome-sized fragments, and caspase-mediated cleavage of proteins

within the host cell (Salvesen and Dixit, 1998, Zychlinsky and Sansonetti, 1997). The ability
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of L. pneumophila to precipitate apoptosis has been challenged (Zhu and Loh, 1996) but
recently Hégele, et al. (1998) demonstrated that L. pneumophila is indeed able to induce
apoptosis in human monocytes but not in A. castellanii. They observed that the apoptotic
death of human monocytes by L. pneumophila is dependent on factors such as multiplicity of
infection, time post-infection and intracellular location of the bacteria. Noting that the TNF-o-
mediated signal-transduction pathway is not involved in transducing the signal for apoptosis,
they postulate a currently undetermined factor interacting directly with the caspase cascade

similar to the apoptosis induction mechanism of S. flexneri.

A third explanation of the cytopathic effects is that the by-products of bacterial
metabolism, such as NH,, accumulate to a level which effectively poisons the host cell,
precipitating cell death (Shuman, ez al., 1998). A fourth possibility is that the bacterial
numbers themselves overwhelm the host cell by rupturing the membranes that are no longer
capable of containing the expanding bacterial bulk. Recently, a fifth model has been proposed,
based on the observed cytopathic effect that can occur from icm/dot loci-encoded pore
formation in the host cell membrane (see later for a detailed explanation) (Byre and
Swanson, 1998). When the numbers of bacteria invading each host cell is very large, so many
pores are formed in the host membrane that integrity and function are destroyed, and cell lysis
results. Similarly, as a consequence of the large numbers of bacteria packed into the
phagosome, icm/dot loci-encoded pore formation may cause lysis of the phagosome
membrane. It has been noted however that this type of cytotoxicity requires the intimate
membrane contact resulting from ligand-receptor binding and attachment (Kirby and Isberg,

1998). There is no evidence that this is achieved during phagosome release.

Recently, Gao and Abu Kwaik (1999a, 1999b) detected caspase 3 induction of
apoptosis in both macrophages, alveolar epithelial cells and peripheral blood monocytes.

However, they noted caspase 3 is maximally expressed 3 hours post-infection, and that even
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extracellular L. pneumophila induced caspase 3-mediated apoptosis by a mechanism that is
dependent on the Icm/Dot secretion apparatus (Gao and Abu Kwaik, 1999a). They postulate
that apoptosis may play an important role in blocking phagosome maturation and endocytic
fusion through the endosomal pathway. In addition they postulate that there may be two
stages to human infection, with apoptosis playing a different role in each. The first occurs
early in infection when bacterial numbers are low. Host cells are induced to undergo apoptosis
when bacterial numbers reach a certain threshold, regardless of the growth phase, to maximise
the spread of bacterial uptake. Further, host cell death by apoptosis rather than necrosis may
reduce the inflammatory response at the site of infection, enhancing bacterial proliferation.
During the second phase, late in infection, when there are large numbers of post-exponential
growth phase bacteria, they propose that bacterial cytotoxicity and host cell necrosis is more
significant. They propose that Iem/Dot pore formation plays a significant role during this
phase, to precipitate host cell necrosis. They also suggest that the large numbers of bacteria
being released during this phase similarly lyse neighbouring cells by the same mechanism

(Gao and Abu Kwaik, 1999a, Gao and Abu Kwaik, 1999b).

To date, until further evidence can be supplied, none of these models can be
discounted, and it is possible that different mechanisms may be used by various legionellae

for different hosts.

Virulence

The association with human disease varies both between Legionella species, and
among strains of the same species (Doyle, et al., 1998, Joshi and Swanson, 1999, Maruta, et
al., 1998). In the USA, ninety percent of all cases of legionellosis are caused by L.
pneumophila, followed by L. micdadei (Marston, et al., 1994). Of the cases caused by L.
pneumophila, 80% are caused by serogroup 1, even though there are 13 additional serogroups.

Approximately half of all species have never been associated with disease (Table 1.1). While
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it remains unclear whether this distribution is due to the greater inherent virulence of the
strains isolated with higher frequency, or due to the prevalence of strains in the environment,
it has been shown in both cell culture and animal models that there are species and strain
differences which do influence virulence potential (Doyle, e al., 1998, Maruta, et al., 1998).
At the same time, it has been demonstrated that species never associated with disease may be
capable of doing so (O'Connell, et al., 1996). Since it seems highly likely that all Legionella,
irrespective of species, survive in the environment as intracellular parasites of amoebae and
protozoa, then they must express a sufficient metabolic repertoire to facilitate intracellular
life. As noted previously, there are small, but measurable differences between strains and
species in the mechanisms by which this is achieved (Maruta, et al., 1998). It has also been
noted that at least some of the factors which promote the capacity of legionellae to invade and
multiply intracellularly are inducible, as has the possibility that symptoms seen in human
disease, and presumably the infection outcome as well, are directly related to the metabolic
products produced during the process of invasion and intracellular survival. Consequently, it
may be completely accidental that legionellae are capable of causing mammalian disease, with
the advantage conferred by evolution of being able to invade a wide spectrum of amoebal and
protozoal hosts fortuitously also conferring competence in mammalian cells as well. This
issue of the origin of mammalian infectivity, may be clarified by the elucidation of the newly
discovered mil loci, mutations within which confer on the mutant various degrees of defects
within macrophages but still exhibit the wild-type phenotype within protozoa (Abu Kwaik, ef
al., 1998b, Gao, et al., 1998). Whatever the origin, purpose, and diversity of infectious
capability within mammals, legionellae do produce various virulence determinants which
affect the disease outcome (Dowling, ef al., 1992). A discussion of some specific determinants

follows.
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Genetic factors involved with intracellular multiplication and host cell killing (the icm/dot
system)

Using both spontaneous and transposon-induced mutants to understand the genetics of
intracellular multiplication and host cell death, two groups of workers simultaneously but
independently recently defined a gene locus which may account for most of the genes that
enable L. pneumophila to grow within and kill human macrophages (Berger and Isberg, 1993,
Marra, et al., 1992, Segal and Shuman, 1998). Named icm (for “intracellular multiplication”)
(Marra, et al., 1992) or dot (for “defective in organelle trafficking”) (Berger and Isberg, 1993),
mutants in these linked genes (termed region I) were found to be completely defective in
preventing PLF, and were also unable to cause lethal pneumonia in guinea pigs. A second
unlinked region (region II) has subsequently been recognised (Brand, et al., 1994, Purcell and
Shuman, 1998, Segal, et al., 1998, Segal and Shuman, 1997). The complete icm/dot locus
comprises a total of 23 icm/dot genes in the two unlinked chromosomal clusters of
approximately 22 kb each (see Fig. 1.2a). No further icm/dot genes are required for
intracellular growth (Vogel, et al., 1998). These genes may represent a pathogenicity island(s)
acquired to prevent PLF within the host cell, thus enabling intracellular multiplication, as well
as to mediate host cytotoxicity by pore formation (Andrews, et al., 1998, Berger, et al., 1994,
Brand, et al., 1994, Kirby, et al., 1998, Purcell and Shuman, 1998, Segal, et al., 1998, Segal
and Shuman, 1997, Vogel, et al., 1998). The evidence for gene acquisition is the striking
similarity of this gene family to the DNA conjugal transfer systems of an integrated plasmid,
like the IncN plasmid pkM101, and the presence of type IV secretion systems such as those
found in Agrobacterium tumefaciens (virB operon) and B. pertussis (ptl operon) (Burns, 1999,
Vogel, et al., 1998, Winans, et al., 1996). Mutations in these genes render the bacterium either
totally or partially incapable of killing human macrophages. Further analysis reveals many
mutants are unable to prevent PLF, and as a consequence are unable to multiply
intracellularly, do not kill host cells, and do not cause disease in animals (Wiater, et al., 1998).

Since PLF occurs rapidly in these mutants, within 30 minutes of bacterial uptake (Wiater, et
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al., 1998), and de novo protein synthesis is not required to prevent PLF in wild type L.
pneumophila (Horwitz and Silverstein, 1983), expression of the icm/dot genes must occur
before the bacteria are phagocytosed. Heterogeneity in the level of expression of the icm/dot
genes by the bacterial population prior to phagocytosis, could explain the observation for
wild-type L. pneumophila that nearly one third fail to prevent PLF (Wiater, et al., 1998). It
could also explain why L. pneumophila grown in co-culture with various protozoa are more
invasive for mammalian cells (Brieland, et al., 1996, Cirillo, et al., 1994). Prior co-culture
would promote expression of icm/dot genes, increasing the proportion of bacteria in the
population that would be able to prevent PLF, and display increased intracellular
multiplication. To date, 13 of the 23 genes have been proven to be absolutely required for
intracellular growth and killing in human macrophages. The same 13 are similarly absolutely
required for intracellular growth and killing in A. castellanii (Segal and Shuman, 1999),
indicating that intracellular growth in the two evolutionary distinct hosts utilises many of the

same genes.

Sequence analysis of the icm/dot gene products suggests that 14 of the 23 proteins are
located in the bacterial inner membrane, and four contain an ATP/GTP-binding site. This
information, when linked to the fact that four of these 14 genes also exhibit striking sequence
similarity to genes involved in conjugal DNA transfer, tumorogenic DNA transfer in
Agrobacterium tumefaciens, and in the case of B. pertussis, the export of a toxin, has lead to
the postulate that the icm/dot genes encode a type IV secretory system (see Fig 1.2b). This
hypothesis has been supported by the observation that wild-type L. pneumophila can mobilise
derivatives of the non-self-transmissible, heterologous IncQ plasmid RSF1010, and that this
conjugation is dependent on several icm/dot genes (Segal, et al., 1998, Vogel, et al., 1998).
Because of the rapidity with which viable expression of the icm/dot system renders bacteria
able to avoid PLF, the molecule exported by this system is unlikely to be DNA, as there is

insufficient time to allow DNA to be transferred and expressed (Wiater, et al., 1998). It is
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likely that the icm/dot system transfers an effector protein or proteins into the host cell, to
modify the endocytic pathway in some way which prevents subsequent PLF (Segal and
Shuman, 1998). Pore formation requires intimate membrane contact resulting from ligand-

receptor binding and attachment (Kirby and Isberg, 1998).

Kirby, et al. (1998) observed that when wild-type L. pneumophila were mixed with
macrophages in ratios >10:1, rapid cytotoxicity of the macrophages results, the result of pore
formation in the eukaryotic membrane precipitating an osmotic lysis termed contact lysis (also
Husmann and Johnson, 1994). Using osmoprotection of red blood cells, the pore size was
estimated at 3nm in diameter (Kirby, et al, 1998). It was also observed that bacteria
containing mutations in several of the icm/dot genes were defective for this activity, and
postulated that pore formation and cytotoxicity, and the icm/dot export system are linked,
since both are dependent on the same gene expression. Thus it is possible that the effector
protein/s exported by the icm/dot system is/are involved in pore formation in the host. Since
the kinetics of high multiplicity infection-induced cytotoxicity are such that the effect occurs
within minutes of contact, pore formation is possibly the first event initiating the process that
eventually prevents PLF (Kirby and Isberg, 1998). During a more typical infection process,
where there are similar numbers of bacteria and phagocytic cells, fewer pores are formed,
sufficient to initiate the signalling which prevents PLF but insufficient to cause host cell lysis,
clearly an inefficient strategy for establishing productive infection. Such a system shares some
functional resemblance to YopB/YopD from Yersinia pseudotuberculosis, IpaB/IpaC from
Shigella flexneri, and SipB/SipC from Salmonella typhimurium (Kirby, et al., 1998). Which,
if any, of the Icm/Dot proteins are effector proteins transported by the Icm/Dot apparatus is
not known. However, Segal and Shuman (1998) have noted that one of the icm/dot genes
(icmL/dotl) encodes for a product containing two amphipathic p-sheet regions, structures
found in pore-forming toxins. They also note that another icm/dot-encoded effector candidate

(icmG/dotF) contains a coil/coil domain, known to be important in recognition of the vesicle
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and its target in the SNARE system (Hay and Scheller, 1997). The term SNARE (SNAP
receptor) defines a class of vesicle trafficking proteins which act as a receptor for a-SNAP (a-
soluble NSF (N-ethylmaleimide-sensitive factor) attachment factor) and thought to represent a
form of lock-and key mechanism which allows only correctly targeted transport vesicles to
dock and fuse with target membranes (Hay and Scheller, 1997). As the SNARE system is
involved in a variety of fusion events, this product may interact with the SNARE system to
prevent PLF. It is possible pore formation within the phagosome membrane may act as a

conduit for nutrients to enter the phagosome from the host cytoplasm (Kirby, et al., 1998).

Zuckman, et al. (1999) reported the existence of a L. pneumophila icmW mutant which
retains the pore-forming activity found in virulent bacteria, but is defective in the inhibition of
PLF and intracellular growth. They note that IcmW is one of the few potentially soluble
proteins encoded within the icm/dot loci, and that it is not required for pore formation, but is
required for intracellular growth and phagosome trafficking. However, they determined that
IemW is neither secreted not translocated, and postulate that icm/dot expression results in at
least two separate events. Firstly, expression results in pore formation, which is essential but
not on its own sufficient to enable evasion of PLF. The second event occurs either co-
ordinately or subsequent to pore formation, in the form of a signal transduction event. It is this

second event which involves IemW (Zuckman, et al., 1999).

High multiplicity infection-induced cytotoxicity may play a significant role in human
disease. It is likely that high local concentrations of bacteria would occur within the lung, and
as a consequence be cytotoxic to alveolar and bronchiolar epithelial cells, monocytes and
macrophages. Rapid necrotic lysis of professional phagocytic cells in vivo may additionally
release destructive enzymes, increasing inflammation and local tissue destruction (Kirby, et
al., 1998). Such an effect may account for the leukocytoclastic process characteristic of this

form of pneumonia (Winn and Myerowitz, 1981).
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In a recent report, Coers, et al. (1999) found that L. pneumophila dot and icm mutants
not normally capable of intracellular replication, were able to do so within a phagosome
established by a wild-type L. pneumophila which retained its ability to alter phagosome
trafficking. Co-infection of wild-type L. pneumophila with mutants in the dotd, dotl, icmW or
icmX genes was able to restore intracellular replication of the mutants. They concluded that L.
pneumophila tailor the phagosome into a specialised organelle permissive for bacterial growth
through the specific actions of the icm/dot genes. Further, they determined that in
macrophages pre-infected with virulent L. pneumophila, subsequent infection (more than five
minutes) with either heat-killed Saccharomyces cerevisiae or a dot4 mutant did not alter the
phagosome trafficking of §. cerevisiae or the dot4 mutant. Such phagosomes containing the
avirulent cells were delivered by the normal endocytic pathway to lysosomes for PLF. The
authors concluded that the Icm/Dot transport apparatus does not generate a signal that
accumulates and affects the trafficking of newly formed phagocytic compartments in the host
cell. Using a thyA mutant L. pneumophila which behaved like a virulent wild type in the
presence of thymidine, but ceased to replicate when thymidine was removed, they determined
that the coordinate growth of the wild type was not required for the growth of a dotA mutant.
They propose a model in which factors transported by the L. pneumophila Iem/Dot apparatus
act to remodel the phagosome into a specialised organelle, and that, once this compartment
has been established, the continued transport of the factors by the Dot/Icm apparatus is not
required. PLF is prevented, and nutrients and additional membrane which support bacterial

growth inside the vacuole are delivered by the host cell (Coers, et al., 1999).

A second type IV secretion system has also been recently reported (Segal, et al,
1999). This system is distinct from that encoded by the icm/dot loci, comprises 11 genes
(termed Ivh) and resides on a DNA island with a GC content higher than the L. pneumophila

chromosome. It is dispensable for intracellular growth in both human macrophages and A.
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castellanii, but is partially required for RSF1010 conjugation. Although some of the Ivh genes
can substitute for some components of the icm/dot system for RSF1010 conjugation, they can
not substitute for components of the same system when involved with intracellular growth.
The involvement of this locus in intracellular growth, and the exact nature of the inter-

relationship with the icm/dot system, remains to be elucidated.

Legiolysin

Haemolysis has long been associated with virulence in bacteria. In 1991, researchers
in Germany isolated a 39-kDa protein from L. pneumophila, termed Lly (legiolysin), which
conferred the phenotypic characteristics of culture medium browning, probably the result of
pigment production, and fluorescence (Bender, et al., 1991, Wintermeyer, et al., 1991).
Notably, haemolysis was conferred on E. coli K-12 clones carrying the Illy determinate.
Although a specific /Iy probe hybridised to DNA from other Legionella species, at low
stringency, no hybridisation was observed for other genera. The gene sequence was
determined, and found to exhibit some homology to genes coding for enzymes involved with
the degradation of aromatic amino acids (Wintermeyer, ef al., 1994). A lly-negative mutant
lost the ability to produce brown pigment, and confer fluorescence, but retained haemolysis,
and was unaffected in intracellular survival in both U937 macrophage-like cells and 4.
castellanii (Wintermeyer, et al., 1994). No longer thought to be a virulence determinant, the

exact role of legiolysin in the intracellular life of legionellae remains to be elucidated.

Msp (Zn*" metaloprotease)

All wild-type strains of L. pneumophila produce and secrete large amounts of a 38-
kDa zinc-metalloprotease, also called the major secretory protease (Msp) (Moffat, et al.,
1994b). The sequence of the pro4 gene which encodes the protease was determined by Quinn
and Tomkins (1989), and exhibits extensive homology with a class of bacterial neutral

proteases which includes thermolysin from Bacillus thermoproteolyticus and elastase from
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Pseudomonas aeruginosa (Black, et al., 1990). The same gene was independently reported,
and termed mspA (Szeto and Shuman, 1990). The mspA/proA gene contains a single 1,629-bp
open reading frame (ORF), giving a predicted polypeptide of 543 amino acids with a
computed molecular mass of approximately 60-kDa. A signal sequence was identified within
the first 16 N-terminal amino acids. The mature protease sequence was determined to begin at
residue Glu-208. TnphoA fusions indicated that the entire mspA/prod ORF is transcribed and
translated, including the 5’ leader sequence, suggesting the entire polypeptide is transported to
the periplasm before cleavage at Glu-208 to produce the mature protease (Moffat, et al.,
1994a). The disparity between ORF size and mature protein length is typical of this class of
proteases. Site directed mutation determined that Glu-378 is located in the putative active site
and is critical for proteolytic activity and cytotoxicity of CHO cell monolayers (Moffat, et al.,
1994a). The proA gene from L. longbeachae has also been sequenced (GeneBank X83035),
giving a predicted polypeptide of 529 amino acids, 71% homologous to that for L.
pneumophila. The equivalent of Glu-208 and Glu-378, namely Glu-205 and Glu-366
respectively, are conserved, as are large regions in the C-terminal region of the protein in the

proximity of Glu-366.

Consistent with this evidence of the periplasmic maturation of Msp before export
across the outer membrane is the recent evidence of Liles, et al. (1999) that export of Msp is
dependent on prepilin peptidase. Prepilin peptidases cleave the leader sequences from
prepilin-like proteins as part of the type I secretion pathway. A pilD-deficient L. pneumophila
mutant was unable to export Msp or exhibit haemolytic activity. Functionality was restored
with the reintroduction of pilD. Interestingly, the pilD-deficient L. pneumophila mutant was
also impaired in its ability to grow in H. vermiformis and macrophage-like U937 cells. In
addition, the mutant was 100-fold less pathogenic in a guinea pig virulence model. As at least
two additional proteins were unable to be exported by the mutant, the reduced virulence of the

pilD-deficient L. pneumophila mutant can not be attributed directly to the effect of Msp.
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However, the results are the first evidence of a significant role for type II secretion in
intracellular parasitism. Similar findings of inhibition of Msp excretion and impaired ability to
multiply in 4. castellanii have also been more recently reported for a strain with mutations in
two of the Isp genes (IspGH), members of the family of genes encoding the type II secretion
pathway (Hales and Shuman, 1999). They also attribute the involvement of the type II

secretion system in intracellular growth to the export of proteins other than Msp.

In 1989, Blander and Horowitz (1989) demonstrated that guinea pigs sub-lethally
infected with L. pneumophila develop a strong cell-mediated immune response to Msp and
when immunised with Msp developed both humoral and cell-mediated immune responses to
Msp. These protected against lethal aerosol challenges with L. pneumophila and limited L.
pneumophila multiplication in their lungs. However, two subsequent studies with protease-
deficient L. pneumophila mutants failed to demonstrate an effect on intracellular replication or
disease measured in a guinea pig model of infection (Blander, et al., 1990, Szeto and Shuman,
1990). Expression of Msp during infection was demonstrated in human alveolar macrophages
with immuno-gold studies, with the enzyme being detected both within phagosomes and
distributed throughout the cell (Rechnitzer, et al, 1992). Although the authors did not
comment on observing any cytopathic effects, they subsequently reported a reduction of
chemotactic activity of human neutrophils, but not human monocytes (Rechnitzer and
Kharazmi, 1992). Moffat, et al. (1994b) were also unable to demonstrate an effect on the
uptake, survival or multiplication of a similar mutant L. pneumophila in A. castellanii, or
explanted guinea-pig macrophages. However, they were able to demonstrate attenuation of
virulence in a guinea-pig model employing intratracheal inoculation, and postulated a role in

the acute necrotizing inflammatory response associated with the disease.

As has been already mentioned, Msp has alternately been postulated to have a role in

the process of cell death and bacterial release. This hypothesis has been discounted by
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Blander, ef al. (1990) who determined the null mutations in the protease structural gene do not
effect the cytopathic effect of the wild-type L. pneumophila. Similarly, a mspA/pro4 mutant
strain was also determined to be able to induce apoptosis in HL-60 macrophage-like cells,
coincidentally also demonstrating that the pleiotropic cytokine TNF-o, which is cleaved by

Msp, is not the apoptotic death trigger (Hell, et al., 1993, Muller, et al., 1996).

Recently, James, e al. (1997) demonstrated that the virulence of a clinical isolate of L.
pneumophila was significantly attenuated when cultured in an iron-limited environment and
noted that expression of Msp was reduced five-fold in response to iron depletion. They also
demonstrated that iron-loaded transferrin enhanced the growth of steady-state, iron-limited
cultures, and postulated that transferrin represents a potentially important iron source for L.
preumophila in vivo. Although unable to detect cell surface transferrin receptors, they were
able to demonstrate in vitro that transferrin was digested by Msp activity in the culture

supernatants. Siderophores were not produced under these culture conditions.

To date, no clear function for Msp in intracellular life has been determined, and its

exact role in L. pneumophila infection remains to be elucidated.

Lipopolysaccharide

Lipopolysaccharide (LPS) is an important virulence determinant for many Gram
negative bacteria (Zhang, et al., 1998). Gabay and Horwitz (1985) extracted LPS from L.
pneumophila and found that it was the major antigen recognised by patient sera in the indirect
fluorescent-antibody assay. LPS has been reported in other Legionella species (Ciesielski, et
al., 1986, Sonesson, et al., 1993, Sonesson, et al., 1994a, Sonesson, et al., 1994b, Sonesson,
et al., 1994c, Sonesson, et al., 1994d). However, Legionella LPS lacks the typical
endotoxicity associated with the LPS of many Gram negative bacilli. It is deficient in the

hydroxy-fatty acids generally associated with the endotoxic structural components of lipid A,
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and as a consequence it is only a weak inducer of the pyrogenic response in rabbits, and
exhibits a relatively low toxicity in mice (Wong, et al., 1979). In addition, the patterns of LPS
from virulent and avirulent strains of the same serogroups on SDS-PAGE are similar (Conlan
and Ashworth, 1986). As a consequence, it is unlikely that LPS contributes significantly to the

virulence of L. pneumophila (Dowling, et al., 1992).

The association of flagella with disease

The ability of bacteria such as Vibrio cholerae and Pseudomonas spp. to possess
enhanced colonising ability and pathogenicity as a consequence of the expression of flagella
and the resultant motility has been demonstrated (Attridge and Rowley, 1983, De Weger, et
al., 1987). L. pneumophila have been shown to possess one or more polar or subpolar flagella
with a 47-kDa filament sub-unit (Chandler, et al., 1980, Elliott and Johnson, 1981, Fallon,
1990, Rodgers, et al., 1980), and that a common flagellum antigen is present in most if not all
Legionella species (Bornstein, et al., 1991). The flad gene from both L. pneumophila and L.
micdadei has been sequenced and the polypeptide structure of the flagellin subunit predicted
(Bangsborg, et al., 1995, Heuner, et al., 1995). Considerable similarity with the flagellin

subunits of other bacteria is observed especially in the C-terminal and N-terminal regions.

To determine the role of flagella expression in infection, Pruckler, et al. (1995)
produced flagella-deficient L. pneumophila mutants by both insertion mutation or selection of
spontaneous mutants, and studied their ability to infect and multiply in amoebae and a human
monocyte-like cell line U937. The ability of the mutants to do so was varied, and indicated
that while flagella expression was not essential for virulence, some mutants, and especially the
insertion mutants, were attenuated in their ability to multiply in co-culture with amoebae, and
unable to do so in U937 cells. The authors suggest that the regulatory systems for flagella
expression are more profoundly affected in the insertion mutants than those occurring

naturally, and postulate a coordinated regulation of flagella production with other genes
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expressed during infection. They cite the bi-phasic nature of intracellular growth and flagella
production as evidence, and note that the switch from the non-motile “multiplicative phase” to
the highly motile “active infective phase™ occurs at a well defined point while inside the host
cell, just before release. Highly motile bacteria would theoretically be more capable of
becoming associated with, and possibly attaching to, a new host cell, than non-motile ones,
and be more effective in sustaining the infectious process. Since the synthesis and assembly of
flagella and the associated motility systems in E. coli and Salmonella typhimurium are
complex and controlled by approximately 40 genes grouped into three transcriptional levels,
each with its own regulatory system (Jones and Aizawa, 1991), coordinated expression of L.
pneumophila flagella, which is likely to be similarly complex, and other genes associated with

infection is highly possible.

Recently, Heuner, et al. (1999) reported that flad expression is not only temperature
regulated, but is also influenced by growth phase, the viscosity and osmolarity of the medium
and down-regulated by the presence of the amino acids serine and threonine. They also
conclude that motility may be controlled to enable the legionellae to escape the spent host and

locate another, in order to survive in an aquatic environment.

Type IV fimbriae

Various pathogenic bacteria have been shown to possess short fimbrial structures on
their cell surface, which facilitate adhesion to eukaryotic cells and are required for or enhance
virulence (Hultgren, et al., 1993, Strom and Lory, 1993). L. pneumophila contains a type II
secretion system that encodes the synthesis of a type IV pilus, possessing homologues of both
the type IV pilus biosynthetic genes pilBCD, and the type IV pilin gene pilE (Liles, et al.,
1998, Stone and Abu Kwaik, 1998). A number of other Legionella species have been shown
by Southern hybridisation to possess similar homologues (Stone and Abu Kwaik, 1998).

Electron microscopy has shown that L. pneumophila express pili of variable lengths, either
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long (0.8 to 1.5 pm) or short (0.1 to 0.6 pm) (Rodgers, et al., 1980, Stone and Abu Kwaik,
1998). A mutation in the pilE gene of L. pneumophila resulted in the loss of expression of the
long pilus, and a two-fold decrease in adhesion to amoebae and macrophages (Stone and Abu
Kwaik, 1998). The mutant was still able to replicate at rates equivalent to the wild-type,
indicating that the type IV pilus is not required for intracellular growth. Since the presence of
type IV pili may provide an advantage for colonisation of lung tissue, the variable expression
among Legionella species (present in all L. pneumophila serogroups but variable among other
species) may account for the different frequencies of association with human disease.
However, there appears to be no correlation between the species determined to possess type

IV pili and those associated with human disease.

Major outer membrane proteins

A major outer membrane protein (MOMP) has been reported for L. pneumophila, but
the specific details of its structure are unclear. A 29-kDa protein, common to the genus, was
reported by Ehret and Ruckdeschel (1985a, 1985b, 1985¢) and shown to be a component of an
aggregate of 24- to 29-kDa subunits stabilised by disulphide bonds to form a 95-kDa protein
complex (Butler, ez al., 1985). The complex was reported to be structurally similar to the
MOMP found in Chlamydia (Newhall and Jones, 1983). Hoffman, ez al. (1992b) reported an
alternate finding of a MOMP complex comprising 70- and 120-kDa proteins, which behaves
similar to an E. coli-like porin, based on its folding behaviour and ability to form membrane
channels (Gabay, et al., 1985). The nucleotide and predicted amino acid sequences of two
outer membrane proteins have been reported, a 25-kDa protein coded for by the ompM gene
(High, et al., 1993), and a 28- to 31-kDa ompS-encoded protein (Hoffman, et al., 1992a). The
latter protein is reported to be an anchor protein involving attachment of peptidoglycan. The
ompM-encoded 25-kDa protein was confirmed to be a component of MOMP by similarities in
its silver staining characteristics, poor migration through polyacrylamide in the absence of a
strong reducing agent such as B-mercaptoethanol, and immunoblotting studies using a
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MOMP-specific monoclonal antibody (High, ez al., 1993). The poor migration through
polyacrylamide without the presence of a powerful reducing agent such as B-mercaptoethanol
was attributed to nine cysteine residues present in the deduced amino acid sequence. The
authors reported that the ompM and ompS sequences showed no sequence similarity to each
other, or to any other prokaryotic genes. However, a careful examination of the sequences
does show short regions of reasonable similarity, which may be coincidental, but may indicate
a degree of functional relatedness (R. Doyle, 2000, personal communication). The authors
suggest that the size discrepancies of the proteins comprising the MOMP described by Ehret
and Ruckdeschel (1985) and Butler, et al.(1985) could be due to amounts of LPS and
peptidoglycan still complexed to the MOMP under the different extraction conditions, citing
that L. pneumophila MOMP is known to be tightly bound to LPS (Gabay, et al., 1985,
Hindahl and Iglewski, 1986). MOMP-like structures could be detected in other serotypes of L.
pneumophila (Hindah! and Iglewski, 1980) and other Legionella species (Butler, et al., 1985),
using immunologic studies. However, primers specific for the published ompM gene sequence
failed to amplify similar genes when tested on DNA extracted from a number of other L.
pneumophila and L. longbeachae strains (R. Doyle, personal communication, 1999).
Similarly, whole cell protein extracts failed to demonstrate a MOMP-like homologue in L.
longbeachae, even in the presence of B-mercaptoethanol. Primers specific for the published
ompS gene did produce an amplicon of the expected size in L.' pneumophila sg 1
(Philadelphia-1 strain) but not other species. However, homologues of the ompS gene could be
detected by Southern hybridisation in L. micdadei and several L. longbeachae strains using
the above amplicon as a probe at low stringency (approximately 30% base pair mismatch) (R.

Doyle, personal communication, 1999).

Krinos et al. (1999) recently reported that electroporation of the ompM gene into a low
virulence derivative of L. pneumophila which demonstrated reduced expression of MOMP but
enhanced expression of the 31-kDa protein, increased expression of MOMP and eliminated
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the expression of the 31-kDa protein. No explanation was given for loss of expression of the
31-kDa protein, and although the authors assumed it was the same ompS-encoded protein

reported by Hoffman et al., (1992a) this was not determined experimentally.

The association of MOMP with virulence is based on two observations. Firstly, an E.
coli clone expressing the 25-kDa ompM-encoded protein showed increased virulence in the
fertile chicken egg virulence assay (High, et al., 1993). Secondly, Krinos et al. (1999) showed
that following the electroporation of the ompM gene into the low virulence derivative of L.
pneumophila mentioned above, expression of MOMP increased the virulence of the strain in a
chick embryo virulence assay. The increased virulence and cell adhesion could be eliminated
in the presence of MOMP-specific monoclonal antibody. It has been postulated that L.
pneumophila MOMP binds the complement component C3, mediating opsonin-dependent
phagocytosis by human monocytes and macrophages (Bellinger-Kawahara and Horwitz,
1990). The findings of Krinos et al. (1999) suggest that the 25-kDa ompM-encoded protein
serves as an adhesive molecule for host cells. Given the potential importance of MOMP in
contributing to the intracellular virulence of L. pneumophila and perhaps other Legionella

species, it is surprising that so little has been reported clarifying its role in the last five years.

Heat shock proteins

Among the few surface exposed proteins identified for L. pneumophila is the GroEL
homologue Hsp60, an essential heat shock protein (Gardufio, ez al., 1998a). Hsp60 synthesis
in virulent L. pneumophila is up-regulated following association with host cells, resulting in
an increase in both the amount of Hsp60 which is surface exposed, and also released into
newly formed and mature phagosomes (Fernandez, et al., 1996, Gardufio, et al., 1998a,
Hoffman, ef al., 1990). In contrast, Hsp60 up-regulation or release in avirulent L.
pneumophila does not occur. In addition, L. pneumophila Hsp60 has been shown to induce

synthesis of interleukin-1p in macrophages through a mechanism that involves ligand-
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receptor interactions in the absence of Hsp60 internalization (Retzlaff, et al., 1996). Recently,
the same researchers demonstrated that surface exposed Hsp60 in virulent L. pneumophila
acted as an adhesin-invasin and mediated the internalization and unique trafficing of latex
particles in HeLa cells (Gardufio, et al., 1998b). They also observed that endosomes
containing Hsp60-coated beads did not fuse with secondary lysosomes similar to endosomes
containing virulent L. pneumophila. In contrast, endosomes containing virulent L.
pneumophila, and endosomes containing Hsp60-coated beads, did not become associated with
the ER, implying that such association is determined by other factors. The authors determined
that basal levels of Hsp60 in both virulent and avirulent L. pneumophila are similar, and that
avirulent strains appear to be defective not in Hsp60 synthesis, but in the ability to transport
Hsp60 across the outer membrane and thus can not display the protein on the bacterial
surface, or release it from the cell. They postulate that Hsp60 may be the effector protein
transported by the icm/dot system, even though it is not encoded within either region I or II of

the icm/dot system. This postulate is not supported by experimental evidence to date.

Macrophage Infectivity Potentiator (Mip) Protein

The existence of a 24-kDa protein surface antigen of L. pneumophila was reported as
early as 1984, as researchers began to investigate the genetic basis of virulence (Engleberg, et
al., 1984a, Engleberg, et al., 1984b, Pearlman, et al., 1985). Cianciotto, et al. (1989b) later
reported that a site-directed mutation in the gene produced a mutant 80-fold less infective for
macrophages compared to the wild-type. Consequently, the gene responsible was designated
mip (macrophage infectivity potentiator). Engleberg ef al. (1989) reported that the mip gene
was 699 base pairs in length, corresponding to an inferred protein of 233 amino acids. A
putative transcriptional start site was determined, and probable promoter consensus sequences
upstream. Downstream, a region of dyad symmetry typical of a factor-independent
transcriptional terminator was recognised. The inferred polypeptide sequence suggested the

presence of a secretory signal sequence of 20 residues, which was confirmed by N-terminal
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sequencing of the mature protein. Putative secondary structure and hydropathy analysis
predicted a 60 residue, mildly hydrophilic, alpha-helix in the N-terminal half of the mature
protein, with beta sheets and turns, and increased hyrophobicity, for the remaining C-terminal
portion. They proposed the protein could act as a potent polycation, with a predicted pI of 9.8,
and postulated a surface located polycationic protein with the 60 residue alpha-helix forming
an elongated arm projecting from the cell surface (Engleberg, et al., 1989). By Southern
hybridisation, it was determined that the mip gene was present in all serogroups of L.
pneumophila, and mip-like genes were present in the 29 other Legionella species tested
(Cianciotto, et al., 1990a), but reduced stringency conditions were required to detect the gene
in species other than L. pneumophila. Immunoblot studies also revealed a Mip-related protein

with sizes in the range of 24- to 31-kDa among the other species.

The mip gene sequences for L. micdadei and L. longbeachae were also determined
(Bangsborg, et al., 1991, Doyle, et al., 1998). Significant homology with respect to L.
pneumophila mip existed in the sequences; 71% for L. micdadei and 79% for L. longbeachae.
Interestingly, the inferred amino acid sequence for L. micdadei Mip was larger (25.93-kDa)
and contained 10 additional residues following the signal sequence, consistent with the larger
size predicted from the immunoblot studies (Cianciotto, et al., 1990a). Additionally, Mip from
L. longbeachae and L. pneumophila demonstrate aberrant migration on SDS-PAGE gels
(Doyle, 1999, personal communication). L. longbeachae Mip is a lower molecular weight
(one reside smaller) but migrates more slowly than L. pneumophila. The inferred amino acid
sequence of L. longbeachae Mip is slightly more negatively charged, which may account for

the mobility differences.

Studies using knockout-mutations in mip in L. pneumophila, L. micdadei and L.
longbeachae have shown Mip mutants to be partly defective in facilitating intracellular

infection in monocytes, macrophages, alveolar epithelial cells and protozoa, and are
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attenuated in an animal model of virulence (Cianciotto, et al., 1989, Cianciotto, et al., 1990b,
Cianciotto, et al., 1995a, Doyle, et al., 1998, O'Connell, et al., 1995). To elucidate the role of
Mip in intracellular infection, Cianciotto and Fields determined that mip mutants of L.
pneumophila associate with H. vermiformis cells in comparable numbers to that for wild-type
bacteria, suggesting that Mip was not involved in the attachment to and uptake into the host
cell (Cianciotto and Fields, 1992). Similarly, Mip does not appear to have a role in uptake of
L. pneumophila into macrophages (Cianciotto, et al., 1989b). Despite a 20-1000-fold
reduction in viable cells following uptake, depending on the bacterial species and type of host
cell, and a prolonged lag phase, L. pneumophila, L. longbeachae and L. micdadei mip mutants
multiply at rates often comparable to that of the wild-type (Cianciotto, et al., 1989b, Doyle, et
al., 1989, Doyle, 2000, personal communication, O'Connell, et al., 1995). Thus, the common
phenotype of mip mutants is the reduced ability to survive immediately after entry into the
host cell. More recently, a mutant strain of Salmonella enterica serovar Typhimurium, with a
defective fkpA gene, which encodes a homologue of mip, similarly show reduced ability to
survive intracellularly in a macrophage-like cell line (Horne, et al., 1997). In apparent conflict
with these findings is the demonstration that Mip is one of three antigens upregulated during
intracellular infection, being maximally expressed four to eight hours after uptake (Susa, et
al., 1996). To be consistent with the findings from the mutational studies, and in agreement
with the observation that intracellular-grown L. pneumophila are more invasive in establishing
a new intracellular infection, upregulation of mip expression could be part of the increased

invasiveness which promotes the re-establishment of a new intracellular infection.

Mip exhibits peptidyl-prolyl cis/trans isomerase (PPlase) activity of the FK506
Binding Protein (FKBP) class (Fischer, et al., 1992). FKBPs are one of two protein PPlase
super families, the other being Cyclophilins, that constitute the immunophilin class (Hacker
and Fischer, 1993), so named because of their ability to bind immunosuppressive peptide

derivatives. FKPBs bind an experimental compound FK506, and cyclophilins are capable of
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binding to the cyclic undecapeptide cyclosporin A. Recently, a third class of PPIases termed
parvulins, has been described (Rahfeld, et al., 1994a, Rahfeld, et al., 1994b, Rahfeld, et al.,
1995, Rudd, et al., 1996). PPlase activity catalyses the slow conformational interconversion
around the angle ® of the imidic bond of proline in oligopeptides, bringing about
conformational change to the secondary structure of the target protein. Although sharing some
functional similarity in acting as PPIases, all three classes are structurally dissimilar, and their
amino acid sequences do not exhibit any noticeable homology to each other (Hacker and

Fischer, 1993, Rahfeld, et al., 1994a).

Immunophilins are housekeeping proteins widely distributed in both procaryotes and
eucaryotes, and FKBPs and cyclophilins seem to assist the folding and maturation of proteins;
for example, transferrin and collagen in the mammalian endoplasmic reticulum, the
translocation of mitochondrial precursor proteins, and rhodopsin in the Drosophila eye
(Wintermeyer, et al., 1995). In the ligand-bound form, complexed with their respective
immunosuppressive peptide, and also to a significantly reduced extent in the unbound form,
these proteins are additionally known to interfere with signal transduction in T cells, by
interacting with the protein phosphatase calcineurin, thereby inhibiting the nuclear transport
of the transcriptional factor NF-AT, a critical step in T-cell activation (Schreiber, 1991). Gel-
permeation chromatography, SDS-PAGE, small angle X-ray solution scattering and enzyme
activity studies have revealed that L. pneumophila Mip is principally active as a homodimer,
with the contact regions between the two monomers probably located between the N-terminal

regions (Schmidt, et al., 1994, Schmidt, et al., 1995).

Mip-like analogues, some of which have been demonstrated to exhibit PPIase activity
of the FKBP class, have been detected in many procaryotes, such as Neisseria meningitidis,
Chlamydia trachomatis, Coxiella burnetii, Bartonella (Rochalimaea) quintana, Erwinia

chrysanthemi, Pseudomonas aeruginosa, Escherichia coli, Aeromonas hydrophila,
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Salmonella enterica serovar Typhimurium as well as other Enterobacteriaceae, and also 1n
eucaryotic cells such as Neurospora crassa, Saccharomyces cerevisiae, Trypanosoma cruzei,
bovine calf thymus cells, human Jurkat T-cells and a human cancer cell line (Cianciotto, et al.,
1995b, Home and Young, 1995, Horne, et al., 1997, Lundemose, et al., 1992, Mo, et al.,
1995, Moro, et al., 1995, Pahl and Keller, 1992, Pissavin and Hugouvieux-Cotte-Pattat, 1997,

Rahfeld, ef al., 1994b, Rahfeld, et al., 1996, Rockey, et al., 1996, Wong, et al., 1997).

The C-terminal region of Mip shows significant homology to FKBPs from other
procaryotes and eukaryotes. In addition, 10 residues have been determined to be involved with
the interaction of human FKBP and FK506. Many of these are conserved in microbial FKBPs;
six for L. pneumophila Mip (Hacker and Fischer, 1993) (Note: the reference states
erroneously that eight out of ten are conserved, but the alignment included reveals only six.
The error has been confirmed by the authors (personal communication, 1997)). By using site
directed mutagenasis, Ludwig, e al. (1994) were able to show that three of these residues
conserved between human and L. pneumophila FKBPs, namely Asp-162, Tyr-205 and Phe-
222, as well as an additional residue, Phe-161 (also conserved in human FKBP) are involved
in the enzymic-activity and probably binding of FK506 by L. pneumophila Mip. Since some
of these residues are separated from each other by as many as 22 residues, it is postulated that
this region of the protein, which contains a number of sheets, is substantially folded to bring
the residues into proximity with each other to form the active PPlase site (Hacker and Fischer,
1993). These similarities confirm that there are strong structural and functional similarities for
all FKBPs. Hacker and Fischer have postulated that L. prneumophila Mip is anchored to the
outer surface membrane by the N-terminal region, with the C-terminal active region projected
from the surface by the large o-helical domain, to bridge the distance between the bacteria
and putative partner molecules (Hacker and Fischer, 1993). While monoclonal antibodies
specific for epitopes in close proximity to the PPlase site will react with whole cells,
suggesting that the active site is surface exposed (Helbig, et al., 1995), the more traditional
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model proposed by Engleberg, et al. (1989), where the hydrophobic f-sheet regions form a
series of trans-membrane domains, and the a-helical section projects from the cell surface, is
more likely. Wintermeyer, et al. (1995) assessed the ability of L. pneumophila mutants,
expressing only altered Mip proteins with little residual PPlase function, to survive
intracellularly in epithelial cells, monocytes and 4. castellanii. These studies suggested that
the mutants behaved like the wild-type, with no reduction in the ability to survive
intracellularly, further implying that PPlase activity is not associated with Mip-dependent
intracellular survival. One possible explanation is that PPIase activity is being supplied by a
second protein or protein complex. An 18-kDa cyclophilin exhibiting PPIase activity has been
reported for L. pneumophila (Schmidt, et al., 1996). However, if the cyclophilin was acting as
a helper, the ability of mip mutants to survive would be similarly preserved, but this does not

occur.

Thus the role of Mip in intracellular life, its mode of action, and host target has not
been elucidated to date. Mip may be acting as a foldase in the conformational maturation of
other Legionella derived proteins involved with uptake by the host and intracellular survival
mechanisms. Other possible functions include the denaturation of host proteins or structures
involved with host defence, perhaps in the cell wall or lysosome vacuole membrane, or in
targeting host receptors or polypeptides, which trigger events inhibiting normal host defence
mechanisms (Hacker and Fischer, 1993). Conversely, since it is not even known if L.
pneumophila Mip is acting in a manner similar to that of other PPlases in this ubiquitous,
important class of proteins, it may have an entirely novel role in the intracellular life of

legionellae.

Virulence traits of Legionella species other than L. pneumophila.
While L. pneumophila is the most reported species causing Legionnaires’ disease,
other species, predominantly L. micdadei and L. longbeachae, have been associated with

39



disease (Table 1.1). Only a few studies of the virulence mechanisms of these species

compared to those of L. pneumophila have been performed.

Joshi and Swanson (1999) compared four clinical isolates of L micdadei with a well
characterised strain of L. pneumophila, assessing differences among the strains for seven
virulence traits, namely infection and replication in cultured macrophages, evasion of PLF,
contact-dependent cytopathicity, sodium sensitivity, osmotic resistance and conjugal DNA
transfer. Three of the four L. micdadei strains were less virulent by nearly every measure.
However, one L. micdadei strain was a surprising exception, evading lysosomes and
replicating in macrophages as efficiently as L. pneumophila, despite lacking both contact-
dependent cytopathicity and regulated sodium sensitivity. The authors note that L. micdadei
lacks phospholipase C, and Msp, although the latter, based on the work of Dowling, et al.
(1992) may be erroneous. Sequence showing significant similarity to the mspA/proA gene has
been detected in L. micdadei although the expression and functionality of its product is not
known (see Chapter Five). They also note that internalisation of L. micdadei via coiling
phagocytosis and association with the host ER has never been observed, including the
exceptional L. micdadei strain. The authors conclude that the differential virulence between L.
micdadei and L. pneumophila is not the result of a single phenotypic or genetic trait, and
postulate that Legionella is a diverse genus and different species including L. micdadei utilise

different strategies to parasitise host cells.
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Chapter One (continued)

Introduction to bacterial classification and phylogeny

Because of the broad nature of the issues dealt with in this study in relation to Legionella, it is
necessary to extend the introduction to cover additional topics. Some of the material included
is a more basic introduction than in the previous sections, as these subjects are not as widely

understood.

Identification of Legionella

The identification of most clinically significant bacteria utilizes their ability to exhibit
various biochemical abilities as a result of their genetic capability (Berdal and Olsvik, 1983,
Mauchline and Keevil, 1991, O'Brien, et al., 1983). Commonly this is based on the presence
of enzymes enabling the degradation of various substrates to form a detectable product such
as the fermentation of various sugars producing a reduction in pH. It may also include the
ability of an organism to grow in the presence or absence of certain compounds, such as the
presence of high salt, citrate as the sole source of carbon, or aerobic or anaerobic atmospheres.
However, apart from a requirement for cysteine, which is used as a presumptive identification
test, Legionella are considered biochemically inert by such identification systems commonly
found in most laboratories (Hookey, et al., 1996, Maiwald, et al, 1998, Winn, 1995).
Commercial identification systems are similarly of little use, although the expensive BIOLOG
substrate utilisation system (BIOLOG Inc., Hayward, USA) was used successfully after

extensive modification (Mauchline and Keevil, 1991).
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By far the most successful identification technique involves the serological
characterisation of isolated strains (Maiwald, ef al., 1998). Monoclonal antibodies (Mabs)
have been used to identify strains to genus level, or as L. pneumophila in the case of a
commercially available Mab recognising an outer membrane protein (Gosting, et al., 1984).
The genus-specific Mabs recognise the 58- to 60-kDa heat-shock protein (Steinmetz, et al.,
1991) or Mip (Helbig, et al., 1995). Polyclonal serogroup specificity for Legionella is
primarily based on LPS epitopes (Conlan and Ashworth, 1986). The reactivity of such
polyclonal antisera, usually extensively cross-absorbed to increase specificity, has enabled
legionellae to be sero-grouped. L. pneumophila is the most complex species serologically,
(currently 15 serotypes), and several other species, including L. longbeachae, L. feeleii and L.
bozemanii have at least two serogroups. The anti-sera is used in agglutination or ELISA
reactions, or fluorescein-conjugated in fluorescent microscopy. However, polyclonal antisera
has been reported to cross-react with a number of other bacteria, such as Bordetella (Benson,
et al., 1987), Francisella tularensis (Roy, et al., 1989), Pseudomonas (Edelstein and
Edelstein, 1989), Bacteroides fragilis (Edelstein and Edelstein, 1989), and Corynebacterium
(Summersgill and Snyder, 1990). In addition, many species and sero-groups. show
considerable cross-reactivity even after substantial cross-absorption, making the definitive
identification of some wild strains impossible (Harrison and Taylor, 1988). Further, a number
of currently unclassified new species are known to exist (Wilkinson, et al., 1990). Until the
sero-specificity of such strains is known, wild strains from these species are likely to be miss-
identified, and even then cross-reactivity may prevent speciation. As an example, red-
pigmented strains of L. faurinensis are serologically indistinguishable from L. spiritensis (V.
Drasar, 1998, personal communication) whereas DNA homology studies indicate they are

related to L. rubrilucens (Lo Presti, et al., 1999).
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As a result of such difficulties, other workers have investigated the use of
chromatographic finger-printing, and developed profiles of fatty acids and ubiquinones for
each species (Lambert and Moss, 1989, Wilkinson, et al., 1990). Originally promising when
approximately 20 species were classified, the apparently unique profile for some species was
determined to be no longer clearly distinguishable from the newly characterised species,
especially when wild-strain variation was included (Diogo, et al., 1999, Wilkinson, et al.,
1990). The methods, and especially fatty acid analysis using gas chromatography, were also
shown to be affected by the preparative methods and equipment used (Wilkinson, et al.,
1990), necessitating each laboratory to prepare its own profiles. Such a task required access to
all type strains and a comprehensive range of wild strains, was expensive and very time
consuming. The inclusion of hydroxylated fatty acids improved the discrimination, but as this
required the analysis of both mono-and di-hydroxylated fatty acids, the extraction methods
and chromatography are even more time consuming, and the resulting profiles so complex

that computer-assisted analysis is advised (Diogo, et al., 1999, Jantzen, et al., 1993).

As molecular techniques became more feasible, such techniques have been evaluated
for Legionella. Typing using allozyme profiles, ribotyping, RFLP and PFGE were all found to
be very useful, but primarily at a sub-species level, when determining the relationships
between strains during epidemiological studies, and such techniques remain extremely
valuable (Haertl and Bandlow, 1991, Harrison, et al., 1990, Lanser, et al., 1992, Riffard, et
al., 1998, Schoonmaker, et al., 1992). Recently, a method utilising random amplified
polymorphic DNA (RAPD) analysis was reported (Bansal and McDonell, 1997, Lo Presti, et
al., 1998b). Also used predominantly in intraspecies strain discrimination, its successful use
in species identification has been reported for such taxa as Leptospira, Candida and
Enterococcus (Descheemaeker, et al., 1997, Lehman, et al., 1992, Ralph, et al., 1993).
However, Lo Presti, et al. (1998) reported that the method of Bansal and McDonnell (1997)

required optimisation to obtain reproducibility with the previously published profiles,
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necessitating the availability of all the type strains and many wild strains. RAPD analysis is
quick and economical to perform, but its robustness in other laboratories for the identification
of legionellae is uncertain. Recent reviews question both the reproducibility and robustness of
RAPD compared with other methods (Jones, ez al., 1997, Koeleman, et al., 1997). A more
reliable method, termed amplified-fragment length polymorphism (AFLP) has been reported
for quite a variety of life forms, including bacteria, fungi, parasites, plants and animals
(Savelkoul, et al., 1999). The method is analogous to RFLP, as it involves digestion of
genomic DNA with restriction endonucleases (RE). However, following digestion,
oligonucleotide adapters are ligated to each end of the restriction fragments, and the fragments
amplified by stringent amplification before the ladder of different-sized fragments are
visualised by staining after polyacrylamide gel electrophoresis. This method has been used for
typing L. pneumophila strains (Valsangiacomo, et al., 1995) but its usfulness for typing other

species, or to speciate strains is unreported.

Gene-sequencing methods have become more widely available, economical and
simple, following the introduction of improved sequencing methods such as PCR amplicon
sequencing with dye terminator chemistry. In turn, this has increased the amount of published
sequence, making sequence-based identification the method of choice for some taxa which are
difficult to identify by traditional biochemical methods (Amann, et al., 1988, Collins, et al.,
1994, Dewhirst, et al., 1992, Lehman, et al., 1992, Ludwig and Schleifer, 1994, Pascual, et
al., 1995, Ruimy, et al., 1994, Sallen, et al, 1996). Genotypic schemes have the great
advantage of being unaffected by colony age and growth conditions, and in contrast to
chromatographic methods, also unaffected by preparative methods, analysis conditions and
type of equipment used. Additionally, because a gene sequence is essentially a long digital
string, with each digit being one of only 4 nucleotides, genotypic schemes are less ambiguous
and can utilise significantly more discriminating data than phenotypic ones, and in a form that

lends itself to widely available computer analysis software. Finally, the access to increasingly
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comprehensive sequence data bases such as GeneBank via the internet, means that the

maintenance of personal databases and analysis software is no longer essential.

Many genotypic schemes utilise variation in the rRNA genes, targeting the conserved
regions with universal primers, to amplify and sequence regions of variability between the
conserved regions (Collins, et al., 1994, Dewhirst, et al., 1992, Ludwig and Schleifer, 1994,
Ruimy, et al., 1994, Sallen, et al., 1996). Such regions of high conservation and increased
variation reflect regions of the ribosome affected by different rates of functional constraint on
mutation events. However, the regions of high conservation predispose rRNA genes to
homologous recombination events leading to horizontal gene transfer (Stritz, ef al., 1996). In
addition, ribosomal RNAs are encoded by tandem genes, a rare phenomenon in bacteria. As a
consequence, recombination events which produce non- or less-functional gene products that
are fatal within other genes can be tolerated within the rRNA genes, increasing the frequency
of recombinational events (Ambler, 1996). Thus more than one species within a genus may
possess the same rRNA gene sequence, and very recent gene transfer events would cause
erroneous identification of such recipient strains. The practical reality of the latter erroneous

identification is unknown, but remains a theoretical possibility.

In contrast, protein-encoding genes are less constrained from mutational events as a
consequence of the redundancy in the genetic code, especially at the third codon position.
Thus sequences from protein-encoding genes are likely to contain more genetically
informative sites. In addition, they are less likely to be involved in homologous recombination
events compared to ¥RNA genes as they usually lack the characteristics which predispose
¥RNA genes to recombination events (Achtman, 2000). Genes such as those encoding
antigenic determinants should be avoided as they may contain mechanisms which promote
mutational events to a point where the rate of substitutions masks earlier events (see the later

discussion on substitution saturation in Phylogeny). Genes coding for “house keeping”
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proteins make more suitable targets. However, the increased sequence variability in protein-
encoding genes may limit the availability of universal primers able to generate amplicons for
all species within the genus of interest. The practical outcome of these considerations, if
universal primers can be determined, is that genotyping schemes targeting protein-encoding
genes are usually able to resolve taxa to species level, and often show intra-species sequence

variation which may be additionally informative.

Phylogeny

Phylogeny is the study of relationships, and more importantly the grouping of various
life forms into an ordered arrangement, based on shared, derived similarities. Such groupings
or classifications have been attempted for centuries, using phenotypic characteristics and
features to infer relationship and order among living organisms. Understanding of the
evolutionary processes of mutation and natural selection, the rules of inheritance, and
especially the nature of genetic material, the genetic code and how it is expressed, has greatly
increased over the last 50-100 years. In turn, this has produced a burgeoning of interest in
phylogenetic relationship, and an increased sophistication and accuracy in the methods used to
infer such relationships. Nowhere has this increase been more marked than with the
availability of molecular markers. Beginning in the 1950s and 1960s with protein
electrophoretic mobility, it was followed by the analysis of restriction fragment-length
polymorphisms (RFLPs) in the 1970s and 1980s. RFLP methods utilised the newly described
existence of specific restriction endonucleases and improved laboratory techniques such as
Southern hybridisation for observing molecular alterations. Most recently, and perhaps most
significantly, interest in phylogenetic relationships has been fostered by the availability and
use of the gene sequence itself. This has been made more accessible by polymerase chain
reaction (PCR) and sophisticated, economical and widely used automated gene sequencing
techniques. A fundamental assumption is made when applying sequence data to phylogeny,

that the relatedness of life forms is directly proportional to the similarity of their gene
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sequences. Mutations in the sequence progressively accumulate over time from random errors
made during DNA replication, and the number of mutations and hence evolutionary
relatedness is quantifiable by comparing the level of sequence similarity. While there are
flaws in these basic assumptions, nevertheless the availability of gene sequence data has

revolutionised phylogenetics.

The usefulness of molecular data is several fold (Avise, 1994b).

1. Molecular data are genetic, and thus involve the most basic information available on
phylogenetic relationships.

2 Molecular data are universal to all life. Consequently, relationships can be analysed based
on essentially any gene or gene product present in very diverse genera.

3. Molecular markers, and especially gene sequence, contain orders of magnitude more
information, and in a less ambiguous form than phenotypic data. For a phenotypic trait
such as the ability of an organism to express a biochemical phenotype such as glucose
fermentation, only two states are possible, positive or negative. Often the result is not
clearly differentiated, and all shades of expression from negative, through equivocal to
positive may be found among the population being studied. By comparison, the utilisation
of the gene sequence or sequences coding for the phenotypic trait, may contain several
thousand base pairs, each and every one can be unambiguously determined, as only four
distinct character states are possible for each base site, represented by one of the four
nucleotide bases. The difference can be likened to a single “analogue” phenotypic
character, compared with many “digital” genetic sequence characters.

4. Molecular markers can distinguish one of the central problems of phenotypic phylogeny,
in that they can distinguish the component of biological similarity due to descent from

common ancestry (homology) from that due to convergence from different ancestors

(analogy).
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5. Molecular markers allow direct comparisons of relative levels of genetic differentiation
among essentially any groups of organisms. Consequently, it provides a common “ruler”
for measuring divergence, which has lead to the concept of the molecular chronometer.

6. Sequence-based molecular data contain previously inaccessible information about the
fundamental basis of evolutionary change. Since it is the evolutionary substitution of
nucleotide bases which eventually flows through to phenotypic diversity, sequence data

allows mechanistic appraisals of the evolutionary process.

The recognition that evolutionary distance between two life-forms is rarely in exact
direct proportion to the accumulated nucleotide substitutions has lead to a plethora of
mathematical models which attempt to correct for bias. However, as the actual evolutionary
history of a life form is not known, the effectiveness of the correction methods can only be
assessed using mathematical inference, and the testing of hypothetical data, to determine
when the assumptions are valid, and more importantly, under what conditions they fail. The
issues which need to be considered, and which can introduce bias, are as follows.

1. Alignment. All sequence-based phylogenetic models rely on an alignment of the gene
sequences. Each alignment position or site is considered to be a character, with the four
possible nucleotides (or a gap in the alignment, the result of an insertion or deletion) being
character states. Only characters (alignment position) containing variable character states
(nucleotides or gap) are phylogenetically informative. Similar sequences can be aligned
with little or no ambiguity, so the phylogenetically informative alignment positions are
casily apparent. However the alignment of disparate sequences (either the whole of a
sequence or a particular region) is often unclear, with the consequence that bias is
introduced into the number and content of informative alignment positions. For this reason
sequence alignments, which are usually performed with the assistance of a computer-

based alignment program, must be manually verified, and alignment ambiguities excluded
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from further analysis. How a phylogenetic model deals with gaps (considered a character
state, or excluded either pair-wise or globally) also needs to be considered.

Gene trees versus organism trees. An assumption is made that the evolutionary tree
obtained from a gene sequence alignment reflects the evolutionary history of the
organism. However, this is not necessarily true. Genes which experience artificially high
rates of mutation (e.g. genes coding for antigenic structures), or are involved in
recombinational events leading to insertion of heterologous genetic material, or have
experienced convergent evolution, are all examples of influences which cause the
evolution of a gene to diverge from and not reflect the evolution of the organism. The
presence of this type of bias is often not apparent. The use of sequence from multiple
genes of types not known for high rates of mutation or recombination will increase the
likelihood that the recovered phylogenetic tree does reflect the evolution of the organism.
Bias in the rate of substitution of each type of nucleotide base. Based solely on
statistical chance, substitutions should be spread equally among the four nucleotide bases.
This should ultimately lead to the ratio of A:T:G:C at substitution sites to be 25:25:25:25.
In reality, this rarely occurs, and the substitution rate will be biased toward one or several
bases. In such cases a method must be chosen which does not assume equal rates of
substitution for each base.

Transitional and transversional substitutions. Substitutions can be defined as a
transition (ts) when one nucleotide base type ie purine (A and G) or pyrimidine (C and T)
is replaced by a base of the same type ie a purine with a purine, or a pyrimidine with a
pyrimidine. Transversions (tv) occur when a purine is replaced with a pyrimidine, or vice
versa. Again, based solely on statistical chance, the rate of each should be equal i.e. ts/tv
ratio is one. If the ts/tv ratio does not equal one for a given data set, a method which
allows for the bias must be chosen.

Synonymous and non-synonymous substitutions. Substitutions which do not change the

overlying amino acid , as is often the case for substitutions in the third codon position, are
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termed synonymous substitutions. Those which do change the overlying amino acid are
termed mon-synonymous substitutions. Frequently, the newly encoded amino acid
resulting from a non-synonymous substitution has a deleterious affect on the function of
the protein encoded by the gene, and the cell does not survive. As a result, the rate of non-
synonymous substitutions is very much less than the rate for synonymous substitutions.
Substitution rates within the three codon positions are almost always least in the second
codon position, and highest in the third codon position (Yang, 1996). Substitution rates
can also vary in different regions of the gene as a consequence of the degree with which a
non-synonymous change is tolerated. Mutations are very restricted in critical regions of a
protein sequence such as those coding for the protein active site, but can be tolerated to a
much greater extent in non-critical regions. Substitution rate variation along a sequence is
a major cause of bias in phylogenetic inference, and measures such as the gamma (y)
distribution are used to accommodate the measured substitution distribution bias (Yang,
1993).

Different substitution rates along branches. Most models assume an equal rate of
evolution for each taxon. Taxa which have evolved more rapidly than “sister” taxa
introduce bias which is very difficult to compensate for, and usually affects the resolution
of the tree.

Very divergent taxa. Sequence data from very divergent taxa are very difficult to analyse
with confidence. Firstly, the data are “saturated” for substitutions, in that substitutions are
being themselves substituted, with the loss of the relationship information contained in the
replaced substitutions. Secondly, as mentioned above, the sequence alignment can only be
approximated, introducing statistical bias. Both information loss and alignment bias are
difficult to compensate for with any degree of confidence. Fundamentally, alternative gene
sequence which is less divergent, and less saturated needs to be determined for such taxa.

Often, meaningful information can be obtained by excluding third codon positions, where
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saturation is potentially most evident, or targeting rRNA sequences where functional

constraints on the substitution rate is higher.

Phylogenetic studies in procaryotes have targeted rRNA (Woese, 1991). Since it is
abundantly expressed, it was amenable to sequencing by early chemical cleavage techniques,
or later by reverse transcription techniques. In addition, it is universally present and relatively
stable genetically, comparable to mitochondrial sequences in animals. PCR and improved
sequencing techniques such as dye-terminator sequencing have enabled direct sequencing of
the RNA genes from the genome, making reverse transcription unnecessary. Additionally,
fRNA contains regions of high conservation constrained from evolutionary change by
ribosome function, but interspersed with more variable regions less constrained by function,
and as a consequence rich in phylogenetic information. Thus the utilisation of “universal”
primers specific to the conserved regions, enables the amplification and sequencing of the

genetically informative variable regions (Ludwig and Schleifer, 1994).

However, when only data from a single gene are available, it is difficult to
discriminate between phylogenetic history and the effects of selection and/or horizontal
transmission (Woese, 1991). Recent comparisons using nucleotide sequences of protein
encoding genes reinforce this concern (Amann, ez al., 1988, Kamla, et al., 1996). Biaumler has
argued that the evolution of virulence in Salmonella is the direct result of horizontal transfer,
and that genetic exchange is still occurring at high frequency in Salmonella enterica
(Biumler, 1997). Echeita and Usera (1998) recently reviewed eight different outbreaks of
typhoid fever and concluded that genetic rearrangements by homologous recombination in the
rrn gene can occur during the emergence of an outbreak. Of particular concern with the
widespread use of »RNA genes is that they are present in multiple copies in prokaryotes and
are highly conserved at the sequence level. These characteristics may predispose rRNA

operons to a higher likelihood of involvement in homologous recombination especially as the
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degree of homology of sequences is an important determinant of the frequency of
recombination (Shen and Huang, 1986). Indeed Stritz, e al. (1996) have used these properties
to transform rRNA operons with orthologous sequences from distantly related bacteria.
Additionally, Cilia, et al. (1996) determined that point mutations occurring within the »RNA
genes for Escherichia and Salmonella tended to be propagated to other »RNA genes within the
bacterium, by conversions involving short domains. However, they determined that the
sequence homogenisation produced by such conversions did not necessarily involve the whole
gene. As a consequence, when such homogenising events were rare, some of the nodes within
a phylogenetic tree may represent the conversion events rather than the evolution of the
organism; a »RNA gene iree rather than a “species” tree. There is a need to test the many
available 16S ¥RNA bacterial phylogenies with relationships based on other loci (Woese,

1991).

Methods of phylogenetic analysis

Phylogenetic relationships are commonly visualised as a phylogenetic tree, with the
topology (branching pattern) inferring the nature of the relationships between the member
taxa. Since the true topology is unknown, the construction of a phylogenetic tree is a
statistical inference of the true tree. This involves two processes, namely an estimation of the
topology, and an estimation of the branch lengths (Nei, 1996). There is a dilemma when
estimating a topology where the number of taxa is large, since the number of possible
topologies is very large, and it becomes very difficult to select the correct one. It is usual to
use a phylogenetic algorithm to search among the possible topologies to choose the most
likely one based on the presence of desirable properties according to some specified
optimisation criteria e.g. fewest character state changes under parsimony. While the statistical
foundation for such optimisation is not well established, computer simulations show that they
generally work well under biologically realistic conditions (Nei, 1996). There are three main

groups of methods used in phyolgenetic inference; parsimony methods, distance methods
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and likelihood methods. Each method employs different algorithms based on various
optimisation criteria to infer relationship, and each inherently includes assumptions about the
nature of the data it is analysing. If the data set does not conform to the assumptions on which
a method is based, the topology of the phylogenetic tree deduced will be false. However, as

the true topology is not known, the error in the inferred one may not be immediately obvious.

Parsimony Methods

Parsimony is a common notion in science, in that simpler hypotheses to explain
observations are preferred over more complicated ones. Maximum parsimony involves the
construction of all possible topologies for a given set of taxa, and then determining the tree or
trees which minimise the total tree length, which is a measure of the number of evolutionary
steps (transformations from one character state to another) required to explain a given set of
data (Sober, 1983, Sober, 1989, Swofford, et al., 1996). Exhaustive enumeration of all
possible trees is only feasible for a few taxa (up to 10-15). Given that there will be 2 x 10%
possible trees for 20 taxa, parsimony methods require a shortened search algorithm for >10-15
taxa. In the branch-and-bound search method, the tree length is scored from a root,
extending out along each possible branch in series. As the total tree length is being scored for
each possible topology, only the shortest is retained. The analysis for any new topology can
be discontinued as soon as the total tree length exceeds the current shortest length, as can any
other topology which shares the same branching to that point. When the data set is very large,
a heuristic method of optimisation must be used, which while sacrificing the guarantee of
always determining the most optimal topology, shortens computation time to realistic limits.

An awareness of data bias which increases the likelihood of optimisation error is essential.

These methods choose a topology according to some criteria, and proceed to rearrange
it to minimise the total tree length (Swofford, et al., 1996). Stepwise addition starts with

three taxa only, perhaps the triplet in the data set possessing the shortest possible total branch
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length, followed by testing the addition of each taxon in the data set to select which additional
taxon produces the tree with the shortest total branch length, and is to be used in the next step.
Star decomposition starts with all taxa connected to a central node as a star tree. All possible
trees resulting from paring of taxa are assessed by the criteria determining which is optimum
(see Fig. 1.3). In the optimal tree, the pair is collapsed to a single branch, and paring of the
remaining taxa or branches is reassessed for the optimal tree. The criteria used to assess the
optimal tree for branches which contain multiple taxa merged as a result of preceding step/s,
is averaged, so that the composite branch behaves as if it were a single taxon. The second pair,
which may now include the merged taxa branch, is collapsed to a single branch within this
tree, and the process repeats itself, stepwise collapsing the pair which produces the optimal
tree to a single branch. Stepwise addition and star decomposition often do not find the optimal
tree unless the number of taxa is small or the data contains few ambiguities. Rearrangement of
the initial estimated optimal tree by swapping branches (subtree pruning and regrafting, or
tree bisection and reconnection) in predefined rearrangements may allow selection of the true

optimal tree.

When more than one tree is determined, a strict consensus tree can be constructed
where the bifurcations of branches, which are conflicting within the trees, are collapsed to a
common node. A significant advantage in parsimonious methods, and perhaps why they are
so widely used, is that the number of trees produced is a measure of the phylogenetic
informativeness of the data set being analysed. However, while parsimony methods do not
require explicit models of evolutionary change, they do make assumptions, the violation of
which can lead to problems. The difficulty is knowing precisely what those assumptions are.
One example where parsimony is an inconsistent estimator of the true topology, occurs when
grossly unequal rates of change occur along different branches, termed “long branch
attraction” (Swofford, et al., 1996). It is also difficult to treat the phylogenetic inference in a

statistical framework, as there is no natural way to compute the means and variances of
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minimum numbers of base substitutions obtained by the parsimony procedure (Net, 1996). It
is, however, the only method that can easily handle insertions and deletions of nucleotides,

which sometimes give important information.

Distance methods

In distance methods, an evolutionary distance is calculated for all pairs of taxa to
produce a matrix of estimated pairwise distances between taxa, and a tree is constructed using
optimisation criteria. The evolutionary distance used for this purpose is usually an estimate of
the number of substitutions at each site. There are many distance measures available, each one
attempting to compensate for bias such as occurs when the rate of substitution for each
nucleotide is unequal, or sufficiently large that sites may be saturated for change 1.e.
substitutions are occurring over the top of, and thus masking, previous substitutions. The
simplest distance measure is the p-distance, and is a measure of the number of sites at which
two sequences differ. A p-distance of 0.01 is an average of one substitution every 100 bases.
In all but very similar sequences, this is usually a poor measure of the actual number of
evolutionary changes, and usually underestimates the actual amount of evolutionary change
due to substitution saturation (Page and Holmes, 1998). Other distance measures attempt to
correct the observed distance by estimating the amount of substitutions which have been
overprinted. For instance, the Jukes-Cantor model (Jukes and Cantor, 1969) assumes all four
bases are present in equal amounts, and that the ts/tv ratio is one. If the base frequencies are
substantially unequal, but the ts/tv ratio is close to one, the Tajima-Nei model gives a better
correction (Tajima and Nei, 1984). Where bias exists in both the base frequencies and the ts/tv
ratio, the Tamura or Tamura-Nei correction models give a better prediction of the actual
evolutionary distance (Kumar, et al., 1993). Thus, it is imperative that the data be analysed
statistically so that the most appropriate distance measure can be chosen. As a general rule, if
two distance measures give similar distance values, the simpler one is preferred, because it

has a smaller variance (Kumar, ef al., 1993).
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UPGMA cluster analysis

The simplest distance method employs the “Unweighted Pair Group Method with
Arithmetic Averages” (UPGMA) cluster analysis (Sneath and Sokal, 1973). The tree is
constructed (see Fig. 1.4) in a manner similar to star decomposition, by linking the least
distant pairs of taxa to form a single cluster which is then treated as if it were a single taxon,
with the distances to other taxa being the average of the distances to the taxa it contains. This
is repeated stepwise with the next least distant pair of taxa, one of which may now be a cluster
of taxa, to form a second cluster, and so on, linking each pair of least distant taxa or clusters,
until the last two clusters are merged into a single cluster containing all the original taxa
(Swofford, et al., 1996). The tree is displayed as a dendrogram with the location of the node
of each cluster scaled to designate the average distance between the taxa it contains. The scale
may be expressed as distance or percentage similarity. The tree is rooted implicitly at the
point where the last two clusters (ie the deepest) are joined. The terminal taxa are right
justified to zero distance or 100% similarity, and the branch lengths from a node are not

scaled (Avise, 1994a).

Neighbour-joining method

The neighbour-joining method is related conceptually to cluster analysis, eg UPGMA,
but also allows for unequal rates of molecular change among branches. In contrast to cluster
analysis, neighbour-joining keeps track of nodes on a tree rather than taxa or clusters of taxa
(Saitou and Nei, 1987, Swofford, et al., 1996). It does so by constructing, at each step of the
analysis, a modified distance matrix, that has the net effect of adjusting the branch lengths
between each pair of nodes on the basis of the mean divergence from all other nodes. The tree
is constructed by linking the least distant pair of nodes as defined by the modified matrix at
each step similar to that for UPGMA, but modifying the distance matrix at each step. Unlike

UPGMA, the branch lengths can differ (Avise, 1994a).
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Maximum likelihood methods

Maximum likelihood (ML) methods attempt to evaluate possible models of
evolutionary history which would give rise to the observed data, and selects the one with the
higher probability as the preferred “most likely” model using a heuristic tree search procedure
(Cavalli-Sforza and Edwards, 1967, Felsenstein, 1981, Felsenstein, 1993). Each possible tree
topology is determined, and branch-lengths assigned to determine the maximum-likelihood
estimate for each. The branch-length optimisation procedure is very tedious, and because the
number of possible trees grows exponentially with the number of taxa, computation time
required to perform the analysis on even moderate numbers of taxa has been prohibitive, even
with heuristic search techniques (Olsen, et al., 1994). However, ML methods have become

much more popular with the increased availability of powerful computers.

The value of the methods are debated. Swofford, et al. (1996) argue that ML predicts
with more consistency, yields estimates which have a lower variance and often outperforms
distance or parsimony methods. On the other hand, Nei argues that the ML models are
complicated, may not give a higher probability of obtaining the true tree compared with
simpler models, require enormous computational time, and for protein-encoding DNA
sequences which are distantly related, have problems due to transition/transversion bias, and
higher rates of synonymous to non-synonymous change (Nei, 1996). He does accept that the
latter criticisms have largely been overcome by the protein-likelihood method, which
hypothetical modelling suggests will produce reasonably true trees for distantly related

protein sequences.

A recent innovation of ML is quartet puzzling (QP), in which the ML tree of every
possible quartet of sequences is constructed, then the quartet trees are repeatedly combined to

an overall tree using a form of Bayesian probability weighting (puzzling step), followed by a
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final computation of the majority rule consensus of all intermediate steps to give the QP tree
(Strimmer, et al., 1997, Strimmer and von Haesler, 1996). The authors determined using
computer simulation that QP was always equal to or better than NJ in reconstructing the true
tree, out-performing NJ 10-fold when the ts/tv bias is high. Cao, ez al. (1998) determined that
repeated local rearrangements of the quartet trees sometimes became trapped in local optima,
and did not always guarantee the highest possible ML tree. They recommended that trees
inferred by NJ or other methods should be used as starting trees, or the tree with the highest

likelihood from several analysis runs should be used to avoid this problem.

Rooting trees

While most methods do not require a tree to be rooted, it is often desired, in which
case the root must be located using extrinsic information. This is most commonly inferred by
the inclusion in the data set of one or more assumed outgroup taxa. The location at which the
outgroup joins the unrooted tree containing the ingroup taxa implies a root with respect to the
ingroup taxa. This assumes that the ingroup taxa are monophyletic, a state which also needs to
be extrinsically justified. Rooting is frequently the most precarious step in any phylogenetic
analysis. If a too distantly related outgroup is chosen, there may be so many changes in the
branch connecting the outgroup to the ingroup, that the sequences become effectively
randomised, which can lead to “long branch effects” causing artificial rooting along longer
ingroup branches (Swofford, et al., 1996). It is preferable to leave a tree unrooted if only
highly divergent outgroups are available. Alternatively, if rooting is important, the analysis
can be performed on the ingroup taxa first, followed by the connection of the outgroup taxon

to the unrooted tree.

Reliability of a tree
Virtually the only way to perform a phylogenetic analysis on a data set is with one of

the many computer software phylogenetic packages available, such as MEGA, PAUP, or
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PHYLIP. However, it is often the case that the user has no appreciation for the validity of the
tree produced. Maximum parsimony methods will produce multiple trees if implied, each
equally valid for the data set, and as a consequence does inherently contain an indication of
the likely reliability of the predicted tree to the real tree. However, distance methods will
produce only one tree, but the data may not support such an exact result. One way of testing
the reliability of a tested tree is to examine the reliability of each interior branch (Nei, 1996),
commonly done by performing a bootstrap test (Efron and Gong, 1983, Efron and Tibshirani,
1993, Felsenstein, 1985). It is important to note that the bootstrap test tests for ambiguities
within the data, i.e. how consistently a node is supported. Nodes which are the result of only a
small number of substitutions will not receive high boot strap values, even though the data is
unambiguous for those nodes. The test is performed as follows. From an alignment of the
nucleotide sequences making up the data set that produced the phylogenetic tree, a pseudo-
replicate set of the same size is constructed, by randomly choosing sites from the original set
for inclusion in the pseudo-replicate set. Sites chosen for inclusion in the pseudo-replicate set
are not removed, so can be randomly chosen again. As a consequence, when the pseudo-
replicate set contains the same number of sites as the real set, some sites will be included
more than once, and others will be absent. A tree is constructed from the pseudo-replicate set,
which may vary from the original as a consequence of the randomised inclusion of sites. This
process of the creation of a pseudo-replicate set from which a tree is constructed, is repeated
many times e.g. 500-1000. The trees so produced are then analysed to see how many times
cach branch bifurcation, or node, is present. If the frequency is high, then the node is
unambiguously supported, and is consequently considered to be statistically significant.
Significance is usually expressed as a percentage, and while disagreement occurs between
researchers, 70% and above is considered to imply the node is well supported by the data.
Lower values indicate that other topological arrangements involving the node are also
supported, and that the selected node is the result of stochastic effects within the data. One

such effect is as a consequence of the saturation of individual base sites for change, where the
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intermediate substitutions have themselves been substituted. If this has happened for a
significant number of sites, the true relationship/s may no longer be apparent, and the inferred
relationship/s erroneous. This can commonly occur for synonymous substitutions which
occurred early in the evolution of the genus. Lack of functional constraints on the rate of
substitution means these site are likely to have undergone additional substitutions, resulting in
the loss of information about the more deeply resolved nodes. For a heavily saturated set of
sequences, only the most recent “tip” nodes may be supported by high boot strap values, with

the topology of the more deeply resolved nodes no longer being clear.

Ecological diversity

For close to 20 years, a bacterial species has been somewhat arbitrarily defined as a
phenotypically distinct group of strains with at least 70% whole chromosome homology, as
measured by DNA-DNA hybridisation (Johnson, 1986, Wayne, ef al., 1987). The definition
has been universally applied to all bacteria, and frequently the groupings of bacteria based on
70% DNA-DNA homology are the same as those based on phenotypic characteristics.
However, the arbitrariness of the cut-off value is increasingly being questioned for its ability
to always group bacteria into true ecological units (Vandamme, ef al., 1996). Such a cut-off
value is not predicted by any genetic evolutionary theory or model, and it is not clear what

determines the fraction of genomic segments that anneal.

The rapid increase in availability of gene sequences, and their use in systematics, has
lead to the concept of “sequence space” to clarify the true nature of a species. “Sequence
space” is a multidimensional visualisation of the clusters of sequence variation within a gene,
group of genes and ultimately within the whole genome, expressed by individual strains
within the population of strains comprising the species (Ambler, 1996). The question then is
whether the space between the species cluster in “sequence space” is void, or does it contain a

background of intermediate strains? Is the boundary surrounding each strain cluster defined,
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or diffuse and arbitrary, as the edges of the species cluster gradually merge with the
background of sequence variation? Ambler presents data from Rhodospirillaceae (purple
photosynthetic bacteria) and the pseudomonad group which suggests that the sequence
clusters are entire, the boundaries defined and the intervening spaces devoid of intermediate
forms, although he did find some species are “tight” in that the sequence variation is limited,
whereas other species possessed more intraspecies variation ie they are “loose”. Species of
Salmonella, the pathogenic Neisseria, and E. coli have similarly been reported to exhibit
sequence clusters within sequence space and to be devoid of intermediate forms (Maynard
Smith, 1970, Spratt, et al., 1995). Irrespective of the “tightness” of the sequence divergence
among strains of the same cluster, the average divergence among these strains is much less
than the average sequence divergence between strains from different clusters. Recent theory
by Cohan (1994a, 1994b, 1996, 1998) suggests that each sequence similarity cluster
corresponds to an ecologically distinct population and is a better basis from which to define
“species”, and on which to construct a classification scheme (Palys, et al., 1997). It is possible
that the absence of intermediate forms between species is an artefactual consequence of
examining too few strains (Ambler, 1996). While only the determination of more sequences
from more strains will truly clarify this issue, the evidence to date suggests that even if there
are intermediate forms, they are sufficiently rare that the concept of species clusters in

“sequence space” is likely to remain valid.

Cohan has refined his theories into a Coalescence Model (Fig. 1.5) of neutral sequence
divergence within and between ecological populations of bacteria, to explain the presence of
distinct “sequence space” strain clusters (Cohan, 1994a, Cohan, 1995, Palys, et al., 1997). The
model proposes that adaptive mutation or genetic acquisition events can confer a competitive
advantage on a cell, resulting in a selective advantage for that cell and its descendants, such
that they out-compete all other cells within the population. Such natural selection events

consequently purge genetic diversity within the population, at all loci, as only the genome
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sequence from the dominant strain remains within that population. However, the natural
selection events resulting from the selective advantage do not effect members of other
populations outside the ecological niche, although they too are subject to similar natural
selection and diversity purging events within their populations. Repetitive rounds of natural
selection within the same population, termed periodic selection, as well as within related but
distinct populations, promotes the distinctness of ecological populations as separate sequence
clusters, at all loci, whether or not the particular gene of interest is responsible for the

selective advantage driving the diversity purging events.

Concurrent to the increased diversity occurring between populations as a result of
periodic selection, is the possibility of recombination events between the populations in the
loci being examined, to produce sequence homogenisation and reduction of between-
population diversity. The effect of such events can be substantial even when rare, as there is
no fitness penalty when incorporating another species’ gene sequence, as the encoded protein
(whole or part) is already functionally suitable (Palys, et al., 1997). It is the interplay of the
diversifying effect of periodic selection, and the homogenising effect of interpopulation
recombination which will eventually define the observed sequence cluster size and

distinctness.

The natural outcome of this model is that ecologically distinct populations should
eventually diverge into distinct sequence clusters at virtually every locus. Based on current
sequence diversity data, groups known to be ecologically diverse have shown a distinctness
ratio (between/within) of 2 or greater. Thus future sequence cluster divergence analysis where

the distinctness ratio is = 2 should similarly indicate distinct populations (Palys, et al., 1997).

The model predicts the definition of a species to be a distinct population occupying the

same ecological niche, and that the distinctiveness should be evident from analysing most
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loci, especially those coding for house-keeping functions. However, because of the effects of
inter-population recombination, the formal classification of bacteria should consider the
sequence variation at more than one unlinked protein-encoding loci, to ensure that such
horizontal recombination events do not confuse the classification (Achtman, 2000, Enright
and Spratt, 1999, Palys, et al., 1997). Classification based on such criteria does not need to be
at the exclusion of 165 rRNA gene sequences, DNA hybridisation, and phenotypic
characteristics. Rather it is probable that classification based on each will reveal significant
similarities, and with the combination of methods, the nature of discrepancies will be better

understood, and the true classification and inter-species evolutionary relationships clearer.
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Aims and objectives

The mip gene sequences from L. pneumophila, L. micdadei and L. longbeachae have
already been determined. Southern hybridisation studies suggest mip-like homologues exist in
other species, but that differences between the homologues are likely. Using the known
sequences as a basis, the first objective is to determine the nucleotide sequence for the mip
gene from as many other Legionella species as 1s possible, either by cloning and dye primer

sequencing, or by gene amplification and dye terminator sequencing.

Using these mip gene sequences , the following objectives were determined:

e From the inferred amino acid sequence, assess the structural and potential functional
differences between species, to determine if such differences account for the variation in
disease association among Legionella species.

e Phylogenetically analyse the Legionella genus utilising variation present in the mip gene
nucleotide sequences.

e Compare the phylogenetic topologies determined for Legionella from the mip gene with
other published analyses based on different genes.

e Develop a genotyping scheme for the Legionella genus utilising variation present in the
mip gene nucleotide sequences, and compare wild-type strain genotypes with
identifications determined from other classification schemes.

e Compare the clonality of wild-type strains from different Legionella species.
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Table 1.1. Legionella species currently formally characterised, and published association with
human disease. Note that the association of L. cherrii with disease is based on serological

evidence only.
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Association

Organism with human Reference(s)

disease
L. adelaidensis No Benson, et al., 1991
L. anisa Yes Gorman, et al., 1985, Thacker, et al., 1990
L. birminghamensis Yes Wilkinson, et al., 1987, Fang, et al., 1989
L. bozemaniisg1 & 2 Yes Brenner, et al., 1980, Fang, et al., 1989
L. brunensis No Wilkinson, et al., 1988
L. cherrii Yes Brenner, ef al., 1985, Fang, et al., 1989
L. cincinnatiensis Yes Jernigan, et al., 1994, Thacker, et al., 1988
L. dumoffii Yes Brenner, et al., 1980, Fang, et al., 1989
L. erythra No Brenner, et al., 1985
L. fairfieldensis No Thacker, et al., 1991
L. feeleiisg1 &2 Yes Herwaldt, et al., 1984, Thacker, et al., 1985
L. geestiana No Dennis, et al., 1993
L. gormanii Yes Morris, et al., 1980, Fang, et al., 1989
L. gratiana No Bomstein, et al., 1989
L. hackeliae sg 1 & 2 Yes Brenner, ef al., 1985, Wilkinson, et al., 1985b
L. israelensis No Bercovier, et al., 1986
L. jamestowniensis No Brenner, et al., 1985
L. jordanis Yes Cherry, et al., 1982
L. lansingensis Yes Thacker, et al., 1992
L. londiniensis No Dennis, et al., 1993
L. longbeachae sg 1 & 2 Yes Lim, et al., 1989, McKinney, et al., 1981
L. bytica Yes Hookey, et al., 1996
L. maceachernii Yes Brenner, et al., 1985, Wilkinson, et al., 1985a
L. micdadei Yes Hebert, et al., 1980, Fang, et al., 1989
L. moravica No Wilkinson, et al., 1988
L. nautarum No Dennis, et al., 1993
L. oakridgensis Yes Orrison, et al., 1983, Lo Presti, et al., 1998a
L. parisiensis Yes Lo Presti, ef al., 1997
L. pneumophila sg 1 -16 Yes Brenner, et al., 1979
L. quateirensis No Dennis, et al., 1993
L. quinlivaniisg 1 & 2 No Benson, et al., 1989, Birtles, et al., 1991
L. rubrilucens No Brenner, et al., 1985
L. sainthelensi sg 1 & 2 Yes Benson, et al., 1990, Campbell, et al., 1984
L. santicrucis No Brenner, ef al., 1985
L. shakespearei No Verma, et al., 1992
L. spiritensis No Brenner, et al., 1985
L. steigerwaltii No Brenner, et al., 1985
L. taurinensis No Lo Presti, et al., 1999
L. tucsonensis Yes Thacker, et al., 1989
L. wadsworthii Yes Edelstein, et al., 1982, Fang, et al., 1989
L. waltersii No Benson, et al., 1996
L. worsleiensis No Dennis, et al., 1993



Figure 1.1. Microbial uptake by multilayered pseudopods compared with zipper-type
phagocytosis. (a) According to the classic model of zipper phagocytosis (Griffin, et al., 1975),
particles are engulfed by a circumferential, cup-like pseudopod. The phagocytic cup is sealed
by fusion of the approaching membranes, which enables a closed phagosome to bud off from
the plasma membrane. (b) During uptake of yeast or zymosan particles (Rittig, et al., 1998b),
~2% of the cups are not sealed, and the approaching rims overlap (overlapping phagocytosis).
Depending on the experimental settings, the overlapping pseudopods either fuse to a confluent
phagosome wall or slide past each other and build up pseudopod stacks before transforming
into a phagosome wall. This discontinuous transformation is manifested by intracellular
remnants of the former membrane gap. (¢) Up to 80% of all phagocytosed Leishmania spp.
promastigotes (Rittig, et al., 1998b), 60% of Borrelia burgdorferi (Rittig, et al., 1992) and
100% of Legionella pneumophila (Horwitz, 1984) are enveloped by a unilateral pseudopod
that rolls into itself rather than fusing with its stem (coiling phagocytosis). With Leishmania
promastigotes, the resulting pseudopod whorls fuse to a confluent phagosome wall,
manifested by the presence of remnants of the former membrane gap. With B. burgdorferi, the
dissipation of the internalized membranes leaves the bacteria in the cytosol. L. pneumophila
somehow ends up in a ribosome-studded replicative vacuole, but this transformation has not

been observed (indicated by the dotted arrow) Reproduced from Rittig, et al. (1998a).
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Figure 1.2. (a) Linkage map of the two icm/dot regions. Region I contains the icmV, W, X —
dot A, B, C, D genes, and region II contains the icmT, S, R, O, P, O - IphA —icmM, L, K, E, G,
C,D,J, B - tphA - icmF or the dot M, L, K, J, I, H, G, F, E, N, O genes. Coding regions are
indicated by arrows, and the different tints indicate the predicted location of the protein in the
bacterial cell. The icm gene designations are marked above the gene map, and the dot gene
designations are marked under the gene map. (b) A model for the L. pneumophila virulence
transfer system. Some of the icm/dot gene products are expected to interact with one another
to form a protein complex, which will form a channel through the bacterial inner and outer
membrane and will constitute the the Icm/Dot transfer system or transferosome. Other icm/dot
gene product(s) are expected to be effector molecules. Some of the icm/dot gene products may
be involved in assembly of the complex, and the energy required for assembly and/or transfer
of the effector molecule may be provided by nucleotide triphosphatase activities of several
ATP/GTP-binding proteins. Another substrate that is able to be transferred by the Icm/Dot
transfer system is the plasmid RSF1010-nucleoprotein complex, which has been shown to
conjugate between bacteria in a icm/dot-dependent manner. (c¢) There are three possibilities
for the location of the effector protein(s): in the phagosome membrane, in the macrophage
cytoplasm or in the phagosome 