CHAPTER 1

LITERATURE REVIEW

1.1 INTRODUCTION

Legionnaires’ disease was first described after a pneumonia outbreak at an
American Legion Convention held in Philadelphia during 1976. In total, 182 delegates were
affected and 29 died before workers at the Centres for Disease Contral and Prevention
(CDC) in Atlanta, GA, isolated the causative organism during January 1977. The
organism was placed in the family Legioneliaceae, genus Legionella (Brenner et a/ 1979),
to commemorate the first victims of the disease and the first species was named
pneumaophila, Greek for ‘lung loving'. It soon became clear that these organisms were not
new: retrospective studies showed that an organism isolated by Tatlock in 1944 and
called T7atlockia micdadei, actually belonged to the genus Legionella. The organism was
subsequently renamed Legionella micdadei (strain TATLOCK) (Pasculle 1992). The first
strain of L pneumophila, (OLDA), was isolated in 1947 from a guinea pig that had
previously been inoculated with blood from a patient with ‘unknown febrile disease’
(Bozeman 18968). Another historical isolate, WIGA, was isolated in 1980 by Bozeman and
coworkers and named L bozemanii

The two decades following the discovery of the family Legionellaceae was marked
by rapid developments in Legionella detection and identification of numerous new species.
In fact, some workers dispute the creation of a single genus containing such a large
number of species (Pasculle 1982). Twenty-eight new Legionella species and two
Legionella-like amoebal pathogens (LLAPs) (LLAP-1 and LLAP-B) were isolated during the
1880s, mostly from sources in the USA. The 1990s were marked by an increase in
Legionella isolation from countries in Europe and Australia with fifteen new Legionella
species and LLAP-10 were described. LLAP-1, LLAP-6 and LLAP-10 are now known as .
drozanskir, L rowbothamii and L fallonii respectively (Adeleke et a/ 2001). The addition of
these three organisms to the genus now brings the total number of species to 48. L
lytica was previously known as Sarcobium lyticum while the TATLOCK strain of L micdades
is referred to as L pittsburghensis in some of the older literature. The currently known

Legionella species are listed in Table 1.1 and LLAPs in Table 1.2.



Table 1.1 Currently known Legionella species

ORGANISM ~ 8Gs  AUTHOR - YEAR SOURCE L PATHOGEN
L adelzidensis 1 Benson et al. 18391 Cocling water (Adelaide Australia) Unknown
L anisa 1 Gorman et &l. 1985  Faucet (Chicagol, tap water (LA] Yes

L beliardensis 1 * 2002 Water, France Unknown
L birminghamensis 1 Wilkinson et al. 1987  Lung biopsy (Alebama) Yes

L bozemanii 2 Brenner et al. 1880 Lung aspirate (Toronto) Yes

L brunensis 1 Wilkinson et al. 19838  Cooling tower water (Czechoslovakia) No

L cherrii 1 Brenner et al. 1985  Thermally altered water (Minnesota)l Yes

L cincinnatiensis 1 Thacker et al. 1988  Lung tissue (Cincinnatti) Yes

L donaldsonii® i = * * *

L drozanskii “-4°-1) 1 Adeleke et al. 2001  Tank of well water (Leeds 1981] Yes

L dumoffii 1 Brenner et al. 1980 Lung tissue Yes

L erythra 2 Brenner et al. 1985 Cooling tower water (Seattle) No

L fairfieldensis 1 Thacker et al. 1981 Cooling tower water (Fairfield Australia) Unknown
L fallgnii “LAP-10 1 Adeleke et al. 2001  Ship airconditioner (1894) Yes

L feeleii 2 Herwaldt et al. 1984  Grinding machine coolant fluid Yes

L geestiana 1 Dennis et al. 1993 Hot water tap, office building (London) Unknown
L gormanii 1 Marris et al. 1980  Bronchial wash of pneumonia patient Yes

L gratiana 1 Bornstein et al. 1991  Thermal spa water (France) No

L gresilensis 1 = 2002 Water, France Unknown
L hackeliae 2 Brenner et al. 1985  Bronchial biopsy (Ann Arbour) Yes

L israelensis 1 Bercovier et al. 1985  Water (Israel) No

L jamestowniensis 1 Brenner et &l. 1985  Wet sail (New York] No

L jordanis 1 Cherry et al. 1982  Water and sewage (Israell Yes

L lansingensis 1 Thacker et al. 1984  Bronchial washing, leukemia patient Yes

L londiniensis 1 Dennis et al. 1993  Office building cooling tower (London) Unknown
L longbeacheae 2 McKinney et al. 1982 Human lung (Longbeach Australial Yes

L lytica 1 Hookey et al. 19968  Previously Sarcabium lyticum Yes

L maceachernii 1 Brenner et al. 1985  Water (Phoenix) Yes

L micdadei 1 Hebert et al. 1980 Human blood via yolk sac Yes

L moravica 1 Wilkinson et &l. 1888  Cooling tower water (Czechoslovakial No

L nautarum 1 Dennis et &l. 1993 Hot water tap (London) Unknown
L oakridgensis 1 Orrison et al. 1983 Cooling tower water (Pennsylvanial Yes

L parisiensis 1 Brenner et al. 1985 Cooling tower water (Paris) Yes

L pittsburghensis 1 Pasculle et al. 1980  Synonym for L micdadei, strain TATLOCK Yes

L pneumophila 15  Brenner et al. 1878  Water (Pennsylvania) Yes

L guateirensis 1 Dennis et &l. 1833  Shower in hotel bathroom (Portugal) Unknown
L guinlivanii 2 Benson et al. 1990 Water in bus airconditioner (Australial No

L rowbathamii “LAP-€! 1 Adeleke et al. 2001 Water and sludge, industrial liquefier Yes

L rubrilucens 1 Brenner et al. 1985 Tap water (Los Angeles) Yes

L sainthelensi 2 Campbell et al. 1984  Spring water [Washington) Yes

L santicrucis 1 Brenner et al. 1985 Tap water (Virgin Islands) No

L shakespeari 1 Verma et al. 1992  Cooling tower water (England) Unknown
L spiritensis 1 Brenner et al. 1985  Lake water (Washington) No

L steigerwaltii 1 Brenner et al. 1985 Tap water (Virgin Islands) Nao

L taurinensis 1 Lo Presti et al. 1899  Water, hospital humidifier (Italy) Unknown
L tusconensis 1 Thacker et al. 1890  Pleural fluid, transplant patient (Arizona)l Yes

L wadswaorthii 1 Edelstein et al. 1983 Sputum Yes

L waltersii 1 Benson et al. 18968  Potable water system (Australial Unknown
L warsleiensis 1 Dennis et al. 1893  Industrial cooling water (England) Unknown

Sources: ATCC website, NCTC website, L donaldsonii mentioned once only in the literature (Adeleke 19551

Information regarding pathogenesis: De Gheldre et al. (2001); * no infarmation available at time of print.

The first Legionella-like amoebal pathogen (LLAP) was isolated from soil in Poland in

1954 and was named Sarcobium lyticum (Adeleke 1998). The next isolation of an LLAP

was in England more than 20 years later. Since then, LLAPs have been isolated from

various sources and found to infect a variety of amaebae (Table 1.2). Except for S lyticum,

LLAP-1, LLAP-3 and LLAP-5, all LLAPs were originally isolated



Table 1.2 C}ur‘r‘er\tly known Leglonella !|ke amoebal pathogens (LLAPS]

STRAIN . . HOSTS ORIGINAL SOURCE

Sarcobium lyticum A polyphaga 1954 Sail Yes
H vermiformis

LLAPR-1 A polyphaga 1881 Tank of portable water well Yes

LLAP-2 A polyphaga 1886 Garage steam cleaning pit Yes
H vermiformis

LLAP-3 A polyphaga 1986 Sputum from pneumonia patient Yes

LLAP-4 A polyphaga 1986 Hospital whirlpoaol bath Yes

LLAP-5 A polyphags 13988 Nursing home plant spray Yes

LLAP-B A polyphaga 1988 Factory liquefier tower Yes
H vermiformis

LLAP-7 A polyphaga 1991 Hotel whirlpool spa Yes
H vermiformis

LLAP-8 H vermiformis 1980 Haospital shower Yes

LLAP-9 A polyphaga 1992 Factory cooling tower Yes
H vermiformis

LLAP-10 A polyphaga 19894 Ship air-conditioning system Yes

LLAP-11 A polyphaga 1883 Furnace cooling system Yes

LLAP-12 A polyphaga 1884 Furnace cooling system Yes

Adspted from Adeleke 1996

from sources associated with confirmed cases or outbreaks of Legionnaires’ disease

(Adeleke 1936).

Legionnaires’ disease outbreaks have been documented from as early as 1857 in
Philadelphia (Terranova et &/ 1978), Wadsworth (Haley et a. 1978), Washington DC
(England et &/ 1981) and Minnesota (Osterholm et a. 1983). The first outbreak of

Pontiac fever was reported in Pontiac, Michigan,

in 1968 (Glick et a. 1878l

serious Legionnaires’ disease outbreaks are still regularly reported (Table 1.3).

Table 1.3 Recent Leglonnames disease outbreaks (1 999 2001)

Today

DATE e SITE AND SOURCE L

March 1899 Flower shaw, Netherlands: spa bath

June 19889 Hotel, Belgium: hot water system 4 i
February 2000 Hotel, South Wales: food display humidifier 5 3
March 2000 Office building, Melbourne: cooling tower 5 O
April 2000 Aguarium, Melbourne: cooling towers 110 2
June 2000 Public bath, Japan: hot water system 14 1
June 2000 Hospital, Maryland: hot water system 5 3
March 2001 Office building, Melbourne: cooling tower 5 2
March-April 2001 Ford plant, Ohio: burst pipe 6 2
March-June 2001 Hospital, Melbourne: source unknown 7 2
May-June 2001 Central London building: hot water system 3 0
February-June 2001 Las Vegas: source unknown 3 0
July 2001 Hospital, Paris: hot water system 12 B
July 2001 Murcia, Spain: cooling towers 315 2
August 2001 Hospital, Spain: hot water system 18 3
October 2001 Murcia Spain ] u
Octoher 2001 Melbourne Australia U U

Sources: http./www.g-net. net. su/~legion/Legionnaires_Disease 2001. html,
http:www. hoinfo. comy/outbreaks-news. htm#01075pain



1.2 CLASSIFICATION

The family Legionellaceae contains one genus (Legionella) and 46 species, together
consisting of 58 serogroups (SGs) (Table 1.1). L pneumophila contains 15, and L
bozemanii, L feeleil, L hackelise, L sainthelensi and L /ongbeachese each contain two
serogroups. Legionellae are distantly related to the purple sulfur bacteria and their non-
photosynthetic relatives. Hybridisation studies demonstrated that the legionellae were
closely related to common members of the Enterobacteriaceae and to Pseudomonas, all
of which are also related at the ribosomal level to the purple photosynthetic bacteria. The
guanine plus cytosine (G+C) content of the DNA of Legionella species ranges between 38
and 52 mol% (Brenner et a/1885). The different species in the genus Legionella were
created on the basis of their DNA relatedness. The various Legionella species share up to
67% DNA relatedness at optimal hybridization temperature while strains within a given

species have 70% or greater relatedness and <5% deviation in related sequences.

1.3 MORPHOLOGY

Legionella species are thin, obligatory aerobic, faintly staining gram-negative bacilli
that are non-spore forming and contain no capsules. Although legionellae are generally non
acid-fast, partial acid-fastness has been described in L micdadei and one strain of L
pneumaphila SG 6. All legionellae except L oskridgensis are motile (Brenner 1986, Winn
1984).

Legionellae are typically between 0.3-0.9 ym wide and 2-20 ym long. However,
coccobacillary forms measuring 1-2 um may be ohserved in clinical specimens and under
conditions of iron deprivation (Ristroph et a/ 1881) whereas long, filamentous organisms
may result from growth on certain culture media (Yu 1990). The organisms often appear
tapered at one or both ends but without the needle-shaped appearance of Fusobacterium
species (Winn et a/ 1884).

Although physically hardy and heat tolerant in nature, legionellae require special
laboratory media and technigues for isolation (Brenner et a/ 1984). Under laboratory
conditions, they can survive in distilled water for long periods of time (up to 138 days) and
in tap water far more than a year when kept at room temperature. Although they grow
and multiply in temperatures between 25-42°C, with an optimum of 35-37°C, they cannot
survive for long periods at temperatures above 50°C.

Legionella-like amoebal pathogens are nonculturable, protozoonotic, gram-negative

bacilli. They were named LLAPs because of their ability to infect amoebae and replicate



intracellularly, in the same way that legionellae infect protozoa and human macrophages.
They differ from legionellae in that they cannot be cultured on laboratory media (Adeleke

1886).
1.4 CELL ENVELOPE

The typical gram-negative cell envelope is a multi-layered structure composed of
two trilaminar membranes, the outer membrane (cell wall) situated outside a thin
peptidoglycan layer which is separated from the cytoplasmic (inner) membrane by a
periplasmic space. The cell envelope contains approximately 10-20% peptidoglycan and
polysaccharides, proteins and a glycalipid known as lipopolysaccharide (LPS). Toxins and
enzymes are located in the periplasmic space and are present in concentrations sufficient
to assist in the destruction of substances that may harm the organism (Craeger &t 4/
1980).

The cell envelope of Legionella species is similar to that of other gram-negative
bacteria consisting of two trilaminar membranes, each 75A wide (Chandler et a/ 1978,
Neblett et a/ 1979). Between the two membranes a fine peptidoglycan layer is visible by
electron microscaopy after plasmolysis or papain treatment. The two layers of the cell
envelope can be separated by sucrose density gradient centrifugation but not by
treatment with detergents (Gabay et s/ 13985).

The outer and cytoplasmic membranes of legonellae have very distinct protein
profiles, but their enzymatic activity and 2-keto-3-deoxyoctonate (KDO) content is similar
(Winn 1984). L micdadei contains an unusual, electron-dense layer between the trilaminar
membranes, visible after cultivation in eggs or cell culture, but not after culture on agar
media. The significance of this layer is unknown, but may be related to the partial acid
fastness of the organism. Complex surface structures, resembling capsules and
containing mainly polysaccharides, have been demanstrated in L pneumophils. However,
the superficial antigens of these structures are different from those normally found in
capsules; they migrate in the opposite direction from most polysaccharides when
subjected to counter-current electrophoresis. In addition, membrane-bound granules that
resemble beta-3-hydroxylbutarate granules have been demonstrated by freeze-fracture

methods (Winn 18984).



A2 B | Cell membrane

The main function of the cell membrane is to regulate the movement of materials
into and out of the cell by various transport mechanisms. The membrane also synthesises
cell wall (outer membrane) components, assists with DNA replication, secretes proteins,
carries on respiration and captures energy in ATP. Furthermore, it contains the bases of
flagella and responds to chemical substances in the environment. The typical cell
membrane consists of about 70% protein and 30% phospholipid by weight and contains
small amounts of carbohydrate. Twao forms of cell membrane (CM-1 and CM-2) were
detected in L pneumophila (Hindahl and Iglewski 1984). The CM-1 fraction was the purest
form of cell membrane while CM-2 was consisted mainly of cell membrane associated with
small amounts of peptidoglycan.

The phospholipids in the membrane form a bilayer and are in a fluid state with
protein molecules scattered among, and embedded in, the lipid molecules in the
membrane, forming @ masaic pattern. Some of the protein maolecules extend through the
entire membrane and act as carriers or form pares or channels through which materials
enter and leave the cell. Others are embedded in or loosely attached to the inner or outer
surface of the membrane. Proteins on the inner surface are usually enzymes; those on
the outside include proteins that make the cell identifisble as a particular organism
(Craeger et &/ 1992).The phospholipid compaosition of legianellae species is different from
that of other gram-negative bacteria in that they possess an unusually high content of
phosphatidylcholine. However, there are no marked differences in the phospholipid

composition of the different Legionella species.

g2 Peptidoglycan

Peptidoglycan, a macromolecule unigue to prokaryotes, is synthesised in the cell
cytoplasm and comprises 10-20% of the cell envelope. It surrounds the cell membrane,
providing rigidity, shape and mechanical protection to the cell. Peptidoglycan consists of a
glycan (polysaccharide) backbone containing mainly N-acetyl-muramic acid (murNAc] and
N-acetyl-glucosamine (gluNAc), which can be cleaved by the bacteriolytic enzyme
lysozyme. Peptide side-chains containing amina acids and in some instances
diaminopimelic acid are attached to the backbone and are cross-linked by peptide bridges
that vary in structure among bacterial species. The peptidoglycan layer is attached to the

guter membrane by a small, 75 kilodalton (kDa) lipopratein, which assists in ancharing the



peptidoglycan to the outer membrane and in maintaining the structure and organisation
of the cell. The peptidoglycan layer of a gram-negative cell differs from that of a gram-
positive cell in that it is thinner and more flexible although sufficiently strong to protect
the cell against osmaotic lysis.

The L pneumophila peptidoglycan layer was demonstrated for the first time in
1979 by electron microscopy, following plasmolysis or papain treatment (Chandler et al
1979, Neblett et a/ 1979). It is similar in composition to that found in most gram-
negative bacteria, except for the absence of diaminopimelic acid in most species.
Diaminopimelic acid has been demonstrated in some isolates of L pneumophila SG1. The
peptidoglycan of L pneumophila is composed of muramic acid, glucosamine, glutamic acid,
alanine and meso-diaminopimelic acid with a molar ratio of 0.8:0.8:1.1:1.7:1, sensitive to

lysozyme hydrolysis and insensitive to alkali dissolution (Amano and Williams 1883).

1. 4.3 Cell wall l[outer membranel

The cell wall, situated outside the peptidoglycan layer, is a porous structure
containing mainly proteins and lipopolysaccharide that performs two main functions. It
maintains the shape of the cell and prevents it from bursting when fluids flow into it by
osmosis. The phospholipids in the cell wall are similar to those in the cell membrane, being
primarily phosphatidyl ethanolamine and phosphatidyl glycerol. The remainder of the cell
wall comprises proteins.

Lipopaolysaccharide (LPS) or endotoxin is a complex glycolipid present in the outer
membrane of all gram-negative bacteria. LPS is essential for bacterial growth and
viahility. It contributes to the low membrane permeability and participates in physiological
functions of the membrane, increases the resistance of the cell to hydrophobic agents
and is the primary target for the attack of antibacterial drugs and proteins such as
components of the host's immune response (Wiese 1888). LPS consists of three
distinct, covalently bound regions: lipid A, core polysaccharide and O-specific side chains.

Lipid A, the biologically active part of the LPS molecule in which the toxicity of the
LPS resides, is embedded in the outer part of the cell wall. It consists of a carbohydrate
backbone of alternating pyrophosphate units and glucosamine and resembles a glycerol-
based phospholipid but is larger and more rigid. Long fatty acid side chains, usually
containing 10-18 carbons, are attached to the backbone. The core polysaccharide chain
contains mainly two sugars, 2-keto-3-deoxyoctulosonic acid (KDO) and heptose and is
attached to the inner partion of the carbohydrate backbone via the KDO. Other sugars

usually present in the core polysaccharide are glucose, glucosamine, galactose, rhamnose



and mannose (Sonesson et al 1989, Petitjean et a/ 1980). O-specific side chains are
attached to the terminal sugar of the core polysaccharide and extend outward into the
medium surrounding the cell. They consist of variable numbers (usually 10-50) of
repeating oligosaccharide units of 3-5, often very unusual, sugars egach. The O-specific
side chains enhance the toxicity of the cell by keeping the hydrophobic lipid A portion
water-soluble (Rietschel et a/ 1985, Wiese et &/ 19899). The major serologic
determinants of most gram-negative bacteria reside in the O-specific side chains;
organisms lacking these chains (rough or 'R’ type) are less virulent than their smooth (‘O
type) counterparts.

The LPS of Legionella species has a complex, unusual structure and chemical
features that may account for its importance as a bacterial virulence factor (Gabay &t &l
1885, Otten et 3/ 1986, Sonesson &t a/ 1983, Zahringer et a/ 1985, Yu 1880). All the
legionellae tested to date, except L /ongbeacheae and L dumoffii, produce a smooth form
of LPS (Sonesson et a/ 1994). Carbohydrates represent 10-20% of the total weight of
the L pneumophila LPS; 1-13% of the carbohydrate backbone consists of KDO (Ciecielski
et al 198B61).

The carbohydrate backbone of the Legionella lipid A is antigenically related to that
of Entercbacteriaceae but possesses some unique structural features (Ciecielski et &/
1986). It consists of glucosamine, quinovosamine and glycerol, in the molar ratio
3.9:1.0:3.4 with glycerol as a phosphaorylated moiety and contains phosphatidylcholine
(Lambert et a&/1989). The major constituent of L /ongbeachese, L bozemanii, L
israelensis, L. maceacherniiand L micdadei lipid A is 2,3-dideoxy-2,3-diamino-d-glucose. L
/sraelensis contains a substantial amount of d-glucosamine while L bozemanii and L
longbeacheae SG 1 lipid A contains d-glucosamine and glycerol as minor constituents of
the backbone structure (Sonesson et a/1988]

The core polysaccharide of L pneumophila contains rhamnose, mannose, glucose,
quinovosamine, glucosamine and KDO in the molar proportion 1.6:1.8:1.0:1.5:4.1:2.7.
Heptose is absent and glucose is mainly phosphorylated (Sonesson et &/ 1888]. The
outer core polysaccharide of L pneumophila exhibits hydrophobic properties due to the
presence of N- and O-acetyl groups and 6-deoxy sugars (Zahringer et g/ 1885). The inner
core contains KDO but lacks heptose and phosphate groups. Sonesson's group (1884)
demonstrated the presence of d-glucosamine, d-mannose, d-glucose, I|-rhamnose, d-
glycero-d-manna-heptose, I-glycero-d-manno-heptose, KDO and glycerol in the core
polysaccharides of L bozemanii and L /longbescheae. In their study, the core
polysaccharide from L /ongbeacheae appeared shorter, but composed of the same sugars

as L bozemanii, except for the absence of |-fucosamine. Glycerol- and glucosamine
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phasphate was present in both organisms and L /ongbeachese contained glucose
phosphate as well. The d-guinovosamine and I-fucosamine constituted 80mol% of the L
bozemanii core polysaccharide.

The core polysaccharides of L maceachernii and L micdadei both contain mainly |-
rhamnose, |-fucose, d-mannose, d-glucose, I-fucosamine, d-glucosamine, KDO and the
rare octaose yeersiniose A. The composition of the [ /sraelensis core is simpler and
consists of mainly I-rhamnose and 3-amino-3,6-dideoxy-D-mannose. In L /sraelensis and L
micdage/ the 2-keto-octonic acid is linked to the KDO (Sonessan et s/ 1994).
Phosphorylated sugars have been demonstrated in L /sraelensis, | micdadei and L
macescherni, whereas ethanolamine is only present in L maceachernii This group also
demonstrated that L micdade/ contains a higher proportion of the low molecular weight
constituents than L maceachernii and L israelensis.

The O-chain of L pneumophila SG 1 constitutes a homopalymer of an unusual
sugar, legionaminic acid, of which approximately 10-75 residues are present (Zahringer et
al 18835, Knirel et al. 199B). The lack of free hydroxyl groups of this homopolymer renders
the cell surface highly hydrophobic, thereby supporting adherence to the membranes of
target cells. Epidemiologic studies have shown an epitope situated in the enviranment of
the L pneumophila SG 1 legionaminic acid to be associated with virulence (Zahringer et al.
1985). The O-chain is linked to position 3 of the terminal rhamnaosyl group that, together
with the occurrence of the reducing KDO residue in multiple forms, contributes to the
heterogeneity of the core oligosaccharide. This highly O-acetylated core oligosaccharide is

unigue to legionellae (Knirel et a/ 19386).

1.5 CAPSULAR-LIKE ENVELOPE MATERIAL

Legionella species do not contain capsules but complex surface structures,
resembling capsules and containing mainly polysaccharides, have been demonstrated in .
pneumophila, L micdader and L dumoffii (Hébert et al 1984). The capsular-like envelope
contains approximately 35% carbohydrate, 2.6% protein, 1.8% phospholipid and 1% KDO

and has been a variable finding in more recent studies CYu 13390).

1.8 FLAGELLA AND FIMBRIAE

Flagella (H-antigens) are long, hollow, helical filaments, usually several times the
length of the cell and 10-20nm in diameter that are involved in cell movement. The number

and location of flagella are distinctive for each genus. Fimbriae (pili) are straight filaments



composed of protein subunits called pilin, are thinner and shorter than flagella, extend out
from the surface of the cell and are not associated with cell movement. They are present
only on gram-negative cells and are an example of a class of surface structures termed
adhesins that allow attachment of bacterial cells to other cell surfaces. As such they are
extremely important for bacterial survival in an animal host. Most fimbriae are lectins,
able to bind to specific sugar residues on glycoproteins and other surface components on
host cells.

Most Legionella species and serogroups possess single polar flagellae and fimbriae
on primary isolation (Hebert 1881, Yu 1880). The L pneumophila flagellum is composed of
one major subunit, the FlaA protein (Dietrich et a/ 2001). Recent studies have indicated
that expression of this flagellum is temperature regulated and influenced by the growth
phase of the organism, the viscosity and the osmolarity of the growth medium and by
amina acids (Heuner et g/ 1999). Flagellated legionellae are usually short forms (Chandler
et al 1880) whereas dividing organisms are seldom flagellated.

Fimbriae, approximately 10-11 nm in diameter and coiled and bent at irregular
intervals, similar to the fimbrise found on Pseudomonas aeroginosas, have been
demonstrated on L pneumaophila. The presence and expression of a type IV pilin gene may
provide an advantage for colonisation of lung tissues during infections and invasion of

amoebae in the environment (Stone and Abu Kwaik 139398).

1.7 CHEMICAL COMPOSITION

e Enzymes and toxins

Legionellae produce a number of enzymes and extracellular products (potential
toxinsl. These products are usually linked to virulence although their exact raole in
pathogenesis and tissue damage is still not clear, especially since some of these products
are produced by avirulent strains. The products produced by Iegionellae include
hemolysins, proteases, esterases, phosphatases, aminopeptidases and endonucleases (Yu
1990). Cianciotto (2000) reported the presence of acid phosphatase, zinc-
metalloprotease, maonoacylglycerol lipase, phospholipase A, lysophosphaolipase A, RNAse
and pNPCC hydrolase in the type |l p/0D-dependent exoproteins of legionellae.

Under natural conditions aminopeptidases are necessary for the degradation of
algal extracellular products in aquatic environments and are known to split the amino

acids used as carbon and energy sources off from appropriate compounds. In legionellae
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they may be involved in virulence together with esterases through their ability to degrade
peptides and proteins of the infected host.

Phosphatases are important bacterial virulence factors. They are believed to be
involved in pathogenesis of several intracellular bacteria, including L micdadei Although L
pneumophils possesses phosphatase activity, its exact role in pathogenesis is still
unclear. However, L pneumophila produces an organic pyrophosphatase during
intracellular survival but acid phosphatase is apparently not essential for intracellular
infection (Aragon et &/ 2000, Inglis et a. 2000). L pneumophila has been reported to
secrete phospholipase A but not phospholipase C (Cianciotto et g/ 2000).

Low catalase activity has been reported in L pneumophila, [ wadsworthii, L
oakridgensis and L gormanii whereas L jordanis, L longbeachease, L micdadei and L
bozemanif possess high catalase activity. Peroxidase activity has been demonstrated in L
pneumagphila, L gormanii and L dumoffii (Pine et al 1984). L pneumophils contains two
enzymes (KatA and KatB) with catalytic and peroxidatic activity (Bandyopadhyay and
Steinman 2000). KatA is induced during exponential growth and is the predominant
peroxidase in the stationary phase. When KatA is inactivated, the sensitivity of L
pneumophile to exogenous hydrogen peroxidase is increased and its virulence to
macrophages of the THP-1 cell line is decreased. KatB has similar characteristics, except
that its inactivation had no effect on the stationary phase in this study.

Superoxide dismutase (SOD) is present in L prneumophils, L wadsworthii, L
oakridgensis, L gormanii, L jordanis, L longbeacheae, L micdadel and L bozemanii at levels
ranging between 8.2 and 30.5 U/mg protein. L pneumophila contains three types of SOD:
iron-containing (Fe-S0OD), iron,zinc-containing (Fe,Zn-SOD) and copper,zinc-containing
(Cu,Zn-80D0). Cu,Zn-50D0 is not often present in bacteria but is widespread in eukaryotes.
St. John and Steinman (1886) reported an increase in the activity of Cu,Zn-SOD during
the transition from the expoenetial to the stationary phase of L pneumophila growth,
suggesting that this product probably contributes to the pathogenecity of the organism

but is not essential for intracellular survival or macraphage killing.

e = Fatty acids

Bacterial cells usually contain fatty acids with 16-18 carbons that exist in
saturated and monounsaturated forms. Small amounts of cyclopropane and branched
fatty acids, the latter containing large amounts of ubiquinones with mare than 10
isoprenes in the side chain, are often encountered. These fatty acids are relatively

uncommon in gram-negative bacteria except in 7hermus aquaticus and a thermaphilic
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flavobacterium but are comman in gram-positive bacteria like Listeria, Propionibacterium,
Bacillus and Staphylococcus species (Brenner 1888, Ehret et a. 1986, Moss et al
1977).

The fatty acid compaosition of Legionella species has been studied extensively. The
cell walls of Legionella species contain distinctive fatty acids, 80-80% of which are
branched-chain, containing 14-17 carbons. Lambert and coworkers (1888] found only one
type strain of L erythra that did not contain such a high percentage of branched-chain
fatty acids. Trace amounts (<0.5-5%) of ester-linked hydroxy fatty acids are present in
about 50% of Legionella species. The predominant fatty acids found in legionellae are
C'18:0, C®*15:0 and C17:0 (Ehret et a/ 1986, Lambert et g/ 1988). Ubiquinones Q11
and Q12 are major components in L pneumaphila and Q13 is present in small guantities
(Brenner et a/ 1986, Ehret et a/ 198B). The most recent findings regarding the fatty

acid composition of Legionella species are summarised in Tables 1.4 and 1.5.

Table 1.4 Major fatty acids of the genus Legionella

MET-B 0G0 UNSAT (%)  SAT (%) SAT-OH (%) BC-OH (%)  CYCLO (%  UNSAT-OH (%)
a11:0 (4] al15:1A (4] 14:0 (B6) 10:0 30H (2 i14:0 30H (58) a1 7:0 [77] 16:0 20H (8)
i12:0 2 al7:1A 1 15:0 (99) 11:030H (M i15:0 30H (1)

i13:0 4 16:1H (57) 16:0 (100) 12:030H (M) i16:0 30H (24)

a13:0 a 15:1"% (100 17:0 (83) 15:0 20H (18]

i14:0 (100) 16:1"  (51) 18:0 (79) 15:0 30H (8]

i15:0 (84) 168:1"7 (100 19:0 (54)

a15:0 (100) 18t 3 20:0 (74)

i16:0 (100) irs e (4)

168:0"M (1) 17:1%  (18)
i17:0 (73) a17:1"% (42

al17:0 (100]
i18:0 53)
i19:0 13
818:0 (24)
i20:0 (8)

MET-8: methy! branched; UNSAT: unsaturated; SAT: saturated; SAT-UH: satursted hydroxy; BC-OH: branched chain hydroxy;
CYCLO: cyclopropaane; UNSAT-OH: unsaturated hydroxy; (%J): percentage of Legionella species that contain this fatty acid;
Information adapted from Diogo et al. 1959.

1.4.4 Outer membrane proteins (ONMPSs]

Associated with the peptidoglycan layer, L pneumophila contains a major outer membrane
protein (MOMP) that acts like a parin by forming ion-permeable channels in contact with
lipid membranes (Gabay et a/ 1985, Hindahl et s/ 1888, Yu 1830). This MOMP is similar
to the £ coliK-12 OmpF, OmpD and LamB porins and can be partially dissociated from the
peptidoglycan layer in the presence of high salt concentrations (Hindah!l et a/ 1986). The
MOMP is similar in all Legionella species. The major protein in the L pneumophila MOMP

has a molecular weight of 28kDa and is exposed on the cell surface (Kniros et al 1998).
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It has been suggested that the Legionella MOMP is composed of 28kDa and 31kDa sub-
units, crosslinked by interchain disulfide bonds. It is covalently bound to the underlying
peptidoglycan via the 31kDa subunit (Butler et a/ 1990, Hoffman et &/ 1992a). Further
studies however revealed that the 31kDa subunit is in fact a 28kDa subunit containing a
19892al. (1890)
demonstrated that the banding patterns ranging between 31-45kDa and between 55-

bound fragment of peptidoglycan (Hoffman et &l Butler et al
B0kDa resolved as a single 31kDa protein when the material was treated with N-

acetylmuramidase.

Table 1.5 Major fatty acids in individual Legionella species
UNKNOWN L METHYL BBANCHED o UNSATURATED
15:0 (%) i16:0: %) a17:0 [56) _i14:0 (%) 16:1"-7(90] 1B6:117(5p)
cincinnatiensis anisa (24) cherrii (30) lansingensis(34) waltersii (U) feeleii* (24] adelaidensis (27)
fallonii hirminghamensis(32] erythra (30) londiniensis (22] geestiana [33)

lytica bozemanii (26) fairfieldensis (38) maravica (32)

rowbothamii brunensis (37) gratiana (26) guateirensis (32]

taurinensis dumoffii (37) longbeacheael(23) sainthelensii (28)
feeleii* (25) oakridgensis (25) worsleiensis (33)

gormanii (25)
hackeliae (36]
israelensis (38)
jamestowniensis(38]
jordanis (54)

pneumaphila (33]
rubrilucens (30)
santicrucis (27)
shakespearii (37)
spiritensis (30)

maceachernii (32)
micdadei (39)
nautarum (38])
parisiensis (28)
pittsburghensis(33)
guinlivanii (26)
steigerwaltii (27]
tusconensis (35])
wadsworthii (48)

Adeleke et al, 2001, Diogo et al. 2001, Lo Presti et al. 1935, Woods et al. 1988. *Diogo et al. reported
differences in fatty acid contents of L feeleii species tested. (%J):percentage of total fatty acids of the particular
species

1.5 ANTIGENIC COMPOSITION

Legionella antigens are high molecular weight complexes with the chemical
properties of a lipopolysaccharide (endotoxin) on the cell surface. Serogroup-spcecific
antigens are high molecular weight, protein-carbohydrate-lipid complexes containing the
major fatty acids and enzymes like hemalysins, proteases, esterases, phosphatases,
amino-peptidases and endonucleases. The majority of these antigens are situated in the
O-side chain of the LPS, contain small amounts of KDO, consist of lipid A and resemble
the endotoxin of other gram negative bacteria like § minnesota, C burnettiand C psittacs

(Ciecielski et a/ 1986).

13



composition of Legionella species
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The antigenic composition of Legionella species has been studied quite extensively
since the late 1970s, when the presence of serogroup-specific antigens was first
reported (Johnson et a/ 1879). By the early 1980s, 85 different family-, genus-, species-
and serogroup-specific antigens had been described (Collins et &/ 1983). Soon thereafter,
in 1984, L pneumophila alone was shown to possess at least 23 different antigens of
which 11 were heat stable and presumably non-pratein in composition (Winn 1984). The
caomplete chemical structure of the species- and serogroup-specific antigens and the rale
of individual antigens in pathogenesis were unknown at the time. It was suggested that
they play a role in attachment to mucosal surfaces, antibody binding and the coiling
phagocytosis characteristic of legionellae (Pearlman et a/ 1985, Ciecielski et a/ 19886).

The different antigens and their functions are summarised in Table 1.B.

1.8 GENETIC COMPOSITION

The Legionella genome is currently being sequenced in its entirety; to date
approximately 80% of the genome has been segquenced. The guanine plus cytosine (GC)
content ranges between 38 and 52mol% (Brenner et g/ 1988). Legionella species share
up to 67% DNA relatedness at optimal hybridisation temperature. Strains within one
species share =70% DNA relatedness with <5% deviation in related sequences. Although
not closely related the other groups of organisms, their closest relatives are the
Enterobacteriaceae and Pseudomonas species. They are also distantly related to the
purple sulfur bacteria. Plasmids of 85, 84, 80, 60 and 43Mdal (megadaltons) have been
described in some Legionella species in the early 1980s. (including L pneumaophila SGs 2,
3 and 4, L bozemanii, L dumoffii, L micdadei/ and L gormanji but not L pneumophila SGs 1,
5 and B) [Aye et 5/1881, Brown et a/ 1982, Maher et a. 1982). Nolte et a/ (1984)
detected a 21-Mdal plasmid in clinical and environmental strains of L pneumophila SG 1.

The genetic composition of legionellae is summarised in Table 1.7.

1.8 CLINICAL SIGNIFICANCE

Infections caused by legionellae are collectively known as legionellosis and include
Legionnaires’ disease and Pontiac fever. Subclinical infections have been reported.
Legionella infections occur worldwide, in people of all ages and race groups with no
evidence of person-to-person spread of infection (Kurtz 1988). The mode of transmission,

inoculum size, particle size and host susceptibility appear to influence the severity of the
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Table 1.7 Genetic composition of Legionella species

al CHARAGTERI NCTION
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infection (Girod et a/ 1982, Yu 1980). A seasonal distribution of legionellosis has been
reparted, with the majority of cases being identified during summer to autumn maonths in
most studies (Roig et a/ 1981, Tobiansky et a/ 1986). Approximately 50% of the
currently known Legionella species have been implicated in human infections. However, all

the legionellae should be regarded as potentially pathogenic under appropriate conditions.

4 b S | Legionnaires’' disease

Legionnaires’ disease is a severe multisystem disease with pneumonia as the
most predominant clinical finding. Symptoms may range from a mild cough and slight fever
to a coma with widespread pulmonary infilcrates and multisystem failure. Clinical features
of the disease are similar to those of other pneumonias and may lead to the formation of
lung abscesses. Asymptomatic infections have been reported; they occur more frequently
in L micdadei infections (also referred to as Pittsburgh pneumonial than in those caused
by L pneumnophila (Finch 1888, Roig et a/ 1981). Survivors usually recover completely
although lung fibrosis and some neurological abnormalities may persist in some cases.
Legionnaires' disease has a low attack rate with a ratio of 10-20% in sporadic cases. A
mortality rate of 12% in Britain and 15% in South Africa has been reported but this
figure may be as high as 50% in the absence of appropriate treatment (Zumla 13888).
Legionnaires’ disease may have a sudden or gradual onset and usually an incubation period
of 2-10 days.

Erythromycin was historically the drug of choice for the treatment of Legionnaires’
disease, but the newer macrolides, especially azithromycin, have superior in vitro activity
and greater intracellular and lung-tissue penetration. Quinolones have even greater in
vitro activity and better intracellular penetration than the macrolides and numeraus
successes have been reported with these drugs, especially with ciprofloxacin. Rifampin is
highly active both n vitro and in vivo against Legionella and is recommended as part of
combination therapy (with a macralide ar a quinclane) for patients whao are severely ill. The
total duration of therapy is usually 10-14 days; however a 21-day course may be needed
for immunocompromised patients or those with extensive evidence of disease on chest

radiographs.



1.8.2 Paontiac fever

Pontiac fever is an acute, self-limiting, flu-like illness without symptoms of
pneumonia. It is characterised by high fever, chills, myalgias and malaise but without the
pneumonia or cough typical of Legionnaires’ disease. Some authors suggest that it is a
hypersensitivity pneumonitis caused either by infection with Acanthamoeba filled with
legionellae (Vandenesch 19390) or as a result of a toxic reaction to the organism (Muder
et al 1986). The incubation period is short, ranging from 3-5 days, and the attack rate
high, exceeding 90% in some cases. The fatality rate is low. Pontiac fever symptoms
usually resolve spontaneously within one week, only symptomatic treatment is needed and
the chest radiograph is clear. There is no evidence of secondary spread of the infection in
Pontiac fever. Diagnaosis can only be made by seroconversion, which may be delayed for up

to B weeks after onset of symptoms.

1[I SHE] Incidence of legionellosis

The incidence of legionellosis varies from country to country and from region to region. In
the United States, Legionnaires' disease is considered fairly common and serious and
legionellae are amang the top three causes of sporadic, community-acquired pneumania.
However, many cases are still not reported, as Legionnaires’' disease is difficult to
distinguish from other forms of pneumonia. Although only approximately 1,000 cases are
reported to the Centers for Disease Control and Prevention (CDC), it is estimated that
aver 25,000 cases occur every year, causing more than 4,000 deaths.

The epidemiology of legionellosis in Australia is significantly different from that in
other parts of the world, in that L pneumophila SG 1 infections are rare and usually
associated with international travel, especially during winter months. The majority of
infections in this region occurs during spring and summer, is caused by L /longbeacheae
and is usually associated with the use of contaminated potting soil mixes and other
garden products.

Only ane outbreak of Legionnaires disease has been reported in South Africa to
date but the prevalence of antibadies in the general population is high. Ratshikhopha
(1990) reported antibodies to L pneumophila SGs 1-6 in B5% of healthy blood donors
from Gauteng. Furthermore, antibodies to L pneumophila SGs 1-4 were reported in 36%
of health minewarkers, compared to 10% of healthy factory workers and 16% of

pneumonia patients (Bartie and Klugman 1887). Maartens et &i. (1994) reported
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