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Abstract

Listeriaeare Gram positive, facultative, saprophytic bacteria capable of causing
opportunistic infections in humans and animals. This thesis presents three separate lines of
inquiries that can lead to the eventual convergence of a global viestefia as pathogen in
the light of evolution, genomics, and function.

First, we undertook to resolve the phylogeny of the gérmsisria with the goal of
ascertaining insights into the evolution of pathogenic capability of its members. The
phylogeny oflListeriaehad not yet been clearly resolved due to a scarcity of phylogenetically
informative characters within the 16S and 23S rRNA molecules. The gstersa contains
Six species:L. monocytogenes, L. ivanovii, L. innocua, L. seeligeri, L. welshicuedi.
grayi; of theseL. monocytogeneandL. ivanoviiare pathogenic. Pathogenicity is enabled
by a 10-15Kb virulence gene cluster found.irseeligeri, L. monocytogenaadL.
ivanovii. The genetic contents of the virulence gene clistgras well as some virulence-
associated internalioci were compared among the six species. Phylogenetic analysis based
on a data set of nucleic acid sequences fisnldh, vclAyclB,iap, 16S and 23S rRNA
genes identified.. grayi as the ancestral branch of the genus. This is consistent with previous
16S and 23S rRNA findings. The remainder 5 species formed two groupings. One lineage
represents. monocytogenesndL. innocua while the other contairis. welshimeri, L.
ivanoviiandL. seeligerj with L. welshimeriforming the deepest branch within this group.
Deletion breakpoints of the virulence gene cluster withimnocuaandL. welshimeri
support the proposed tree. This implies that the virulence gene cluster was present in the
common ancestor d@f. monocytogenes, L. innocua, L. ivanovii, L. seeligadL.
welshimeri;and that pathogenic capability has been lost in two separate events represented by

L. innocuaandL. welshimeri
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Second, we attempted to reconstiuténnocuaof its deleted virulence gene cluster,
in its original chromosomal location, from themonocytogenek2 Kb virulence gene
cluster. This turned out particularly difficult because of the limits of genetic tools presently
available for the organism. The reconstitution was partially successful. The methods and
approaches are presented, and all the components necessary to complete the constructs are at
hand for bothH.. innocuaand the parallel, positive control lof monocytogenasutant
deleted of its virulence gene cluster.

Third, the sequencing of the entire genome.afionocytogenesGDe was
undertaken as part of an EU Consortium. Our lab was responsible for 10% of the labor
intensive gap-closure and annotation efforts, which | helped coordinate. General information
and comparisons with sister spediesnnocuaand a close Gram positive relatBacillus
subtilisare presented in context. The areas | personally investigated, namely, sigma factors
and stationary phase functions, are also presehtadonocytogenesndL. innocuaboth
possess surprisingly few sigma factors: SigA, SigB, SigH, SigL, and an extra-cytoplasmic
function type sigma factor (SigECF). The stationary phase gehesnainocytogends
compared to the well-studied, complex, stationary phase netwoBkssabtilis This
showed that while genetic competence functions may be operative in unknown circumstances,
non-sporulatind.isteria opted for very different approaches of regulation fnsubtilis
There is virtually no overlap of known, stationary phase genes behwsteria and Gram

negative model organisi coli.
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Zusammenfassung

Listerien sind Gram-positivefakultativ intrazellulare saprophytische Bakterierdie in der
Lage sindbei Menschund Tier opportunistische Infektionen hervorzurufé@ie vorliegende
Arbeit veranschaulicht drei unterschiedlichersuchsansatzegie schlief3lich hinsichtlich
Evolution, Genom- und Funktionsanalysen zur Konvergenzgtidralen Sichtweise von

Listeriaals pathogener Mikroorganismus fihren kénnen.

Zunachst wurden phylogenetische Analysen durchgeféierteinen Einblick in die Evolution

des pathogenen Potentialgon Mitgliedern der GattungListeria gebensollten. Aufgrund
mangelnder phylogenetischer Informationen beziglich 1d$ und 23S rRNAs wagine
genaue phylogenetische Entschliisselung der Gattistgria jedoch nichtmdglich. Die
GattungListeria umfal3tsechsverschiedene Speziek: monocytogened.. ivanovii, L.
innocug L. seeligerjL. welshimeriundL. grayi, wobeilL. monocytogenesndL. ivanovii

zu den pathogenen Bakterien zahlen. Die Pathogevwiitdthierbeidurchein 10-15 kb grol3es
Virulenzgencluster determiniedas inL. monocytogened.. ivanovii sowie inL. seeligeri
vorzufinden ist undneben einigen Virulenz-assoziierten Internalin-Genen zum genetischen
Vergleich der sechs verschiedenen Speziewangezogenvurde. Die im Rahmen der
phylogenetischen Analysen untersuchten Nukleinsauresequenzen deprGeluh, vclA,

vclB, iap sowie die derl16S und 23S rRNA-Gendeuteten darauhin, daRL. grayi dem
gemeinsamen Vorlaufer der Gattugsteria am néchstensteht, wasmit den bisher
verfugbaren 16S und 23RNA-Daten Ubereinstimmbie verbleibenderfinf Speziesilden

zwei Gruppen,die sich zum einerausL. monocytogenesndL. innocuaund zum anderen
ausL. welshimerj L. ivanovii und L. seeligerizusammensetzemie Positionen der im
Virulenzgencluster voh. innocuaundL. welshimeridentifizierten Deletionen bestatigen den
hier vorgeschlagenen Stammbaum, was darauf hindeutet, daf3 im gemeinsamen Vorfahren von

L. monocytogenesL. innocua L. ivanovii L. seeligeri und L. welshimeri das
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Virulenzgencluster vorhandemar und dafl3 dagathogene Potential in. innocuabzw. inL.

welshimeridurch zwei unabhangige Ereignisse verloren ging.

Weiterhin wurde versucht, das 1Rb-Virulenzgenclustervon L. monocytogenesn der
ursprunglichen Lokalisation in das Chromosom der Spézi@snocua die eine Deletion des
Virulenzgenclusterawufweist, zu integriererDieser Ansatzrwies sich aufgrund deterzeit
limitierten Methodikzur genetischen Manipultatiafieses Organismus als sgitoblematisch
und fihrte bisher nueilweise zumErfolg. Die angewandten Strategien zur Klonierung der
erforderlichen Konstrukte, die zur Erstellung der beschrieben@mocuaMutante undeiner

L. monocytogeneBlutante mit Deletion des Virulenzgenclusters erforderlickind, werden

vorgestellt.

Der dritte Schwerpunkt derArbeit befaldtesich mit der vollstandigen Sequenzierung des
Genoms vorl.. monocytogeneEGDe,die im Rahmen eineSU-Konsortiums durchgefihrt
wurde. UnselLaborwar zu 10 % an der LiuckenschlieBung zwischen den Sequenz-Contigs
sowie an derAnnotierung beteiligt,fir deren Koordinierungich verantwortlich war.
Vergleicheder Genomsequenzen van monocytogened.. innocuaund dem verwandten
Gram-positiven BakteriumBacillus subtilis werden vorgestellt, wobeein besonderer
Schwerpunkt auf den Genen fir Sigma-Faktoren und Stationarphase-Funktionen liegt.
Sowohl L. monocytogenesind L. innocua enthalten mitSigA, SigB, SigH undeinem
extrazytoplasmatischeSigma-Faktor, SigECF{iberraschend wenige Sigma-Faktoren. Die
Stationarphase-Gene voh. monocytogenesverden mit dem gut untersuchten, sehr
komplexen Stationarphase-Systemon B. subtilis verglichen. Dies zeigte, dal3, obwohl
genetische Kompetenz unter nicht bekanntémstandeneine Rolle spielerkdnnten, in
Listeria vollig unterschiedliche Mechanismen der Genregulati@rksam sind. Es ist
keinerlei Uberlappung mit den bekannten Stationarphase-Gendes Gram-negativen

Modellorganismug&scherichia colfestzustellen.
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Chapter 1. Introduction

Pathogenesis is an anthropomorphic concept. The only aim of ‘pathogenic’ bacteria,
whether obligate or opportunistic, is to live. An opportunistic pathogen is an organism that
occasionally or accidentally encounters another organism, whereby both parties incur collateral
damage. The host simultaneously presents myriad threats as well as unexplored niches to the
‘pathogen’. Virulence is a measure of the fithess cost to the host upon supporting and/or
resisting the exogenous lodger. Therefore, virulence does not necessarily translate to bacterial
success in conquering new and stable niches in a given host.

Two out of 6 bacterial species of thisteriagenus are such opportunistic pathogens.

L. monocytogends a mammalian foodborne pathogen potentially lethal in humans and
animals; it is a major concern for the food handling and processing industriganovii

often infects ungulates via silage, and is thus an economic concern for the livestock industries.
The other four species of the genus are nonpathogenic. incksie L. innocua, L.

seeligeri, L. welshimergndL. grayi. All Listeriaeare non-sporeforming, motile, rod

shaped, facultative-anaerobic, Gram positive bacteria. The predominant resdrigigrife

is environmental and widespread. With the exception of clinical specimebistatiaecan

be found in the same environments, namely soil, rotting vegetation, sewage, rivers, salt water
estuaries, digestive tracts of healthy animals including humans and their feces (Jones 1992;
Rocourt & Seeliger 1985).

Human exposure thisteria spp via ingestion is extremely common. Listeriosis is
rare despite constant exposure, but occurrences tend to present as outbreaks traceable to
manufactured foods. Their ability to grow between®@# 50°C increases their
contamination risk in diary products, meats, seafood and other processed food products via
selective enrichment during refrigeration. As in animals, listeriosis in humans, particularly
neonates, the elderly and the immunocompromised, is an invasive disease characterized by
bacteremia, including occasional central nervous system involvement leading to meningitis and
death. The liver, central nervous system, and fetuses are the favored targets of these
organisms, and this latter preference translates to high risk for involuntary abortions in
pregnant carriers (Farber & Peterkin 1991; Lorber 1997). Thus, the immune status of the host
largely determines the clinical outcome of the encounter with this pathogen. However, there is
mounting evidence that when taken in high doses @@anisms in contaminated milk),
monocytogenesan cause febrile gastroenteritis in healthy adults (Dalton et al 1997; Schlech
1997), which may lead to occasional cases of invasive disease. The extent to which these two
clinical manifestations are due to strain differences or dosage effects is unknown. There is no
documentation of the disease spreading from person to person.
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Listerial pathogenesis is mainly attributed to the bacteria’s ability to invade and grow
intracellularly in mammalian hosts cells, including macrophages. Without any involvement of
virulence factorsl.isteria spp.can cross the intestinal barrier passively and reach deep tissue
organs within 15 minutes in the rat ileal loop model. Enteritis associated intestinal lesions
occur only with large doses of innoculuei(’° CFU/loop) (Pron et al 1998). Uptake and
replication in M cell associated macrophages (Siebers & Finlay 1996) and dendritic cells
(Guzman et al 1995) may allow bacteria to travel via lymph or blood to deep tissue organs and
establish systemic infection. The majority of bacteria concentrate and replicate in the liver
where they are eventually killed by resident macrophages and migrating neutrophils (Cousens
& Wing 2000; Ebe et al 1999). For those that evaded killing, they can grow exponentially
and spread from cell to cell between macrophages and hepatocytes and among hepatocytes.
Depending on the immune status of the host, bacterial proliferation may lead to further
infection of other organs, especially fetal and nerve tissue, resulting in abortion or fatal disease
(Cousens & Wing 2000).

Genes attributed to virulence phenotype

The virulence gene cluster genes:

Major virulence functions of pathogeric monocytogendbat allow its intracellular
lifestyle in hosts have been localized to a cluster of six genes, 9-10 Kb in length, referred to as
the virulence gene cluster. Three members oListeria genus possess some form of this
virulence gene clustel.. ivanoviihas a very similar virulence gene cluster to that of
monocytogenesvhile nonpathogenikt. seeligericontains a more elaborate cluster with five
additional genes. The contents and evolution of the virulence dustar each of the listerial
species are discussed in detail in Chapter 2 (see Chp2. Fig.1).

The six characterized virulence genes omonocytogeneare primarily under the
positive control of master regulator PrfA (see Figure 1.1). pfffegene itself is included in
this cluster and is therefore positively autoregulated via the promoter dslefagndprfA.
Disruption ofprfA can lead to a 3 log decrease in virulence in mice (Camilli et al 1991; Camilli
etal 1993). PrfAis a 27Kd DNA binding protein of the Crp-Fnr family (Leimeister-Wachter
et al 1990) and (Lampidis, unpublished data) with specific affinity to a 14bp palindromic
sequence (PrfA box, consensus: 5 TTAACANNTGTTAA 3) located at approximately -41bp
relative to the transcriptional start site (Freitag & Portnoy 1994; Freitag et al 1993; Williams et
al 2000). Presence of PrfA is necessary but insufficient to activate global virulence gene
expression (Renzoni et al 1997, Klarsfeld, 1994 #45). The virulence phenotype appears to be
co-regulated by other pathways such as catabolite repression (Milenbachs et al 1997) and
stress (Sokolovic et al 1993). Environmental signals that influence virulence gene expression
include medium composition (Bohne et al 1996; Ripio et al 1996), temperature (Leimeister-
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Wachter et al 1992), stress conditions (Sokolovic et al 1993), carbon sources (Milenbachs et
al 1997; Park & Kroll 1993), iron (Bockmann et al 1996), and contact with intact mammalian
cells or mammalian cell extracts, or bacterial internalization into host cells (Renzoni et al
1999). Nothing is known about the environmental sensors and their signal relays that
eventually activate PrfA. Although the exact factors involved are unkriowitro

observations suggests that co-regulated PrfA-dependent transcription is mediated through an
alternative component of RNA polymerase--possibly by an alternative sigma factor or a
modifier of PrfA (Bockmann et al 2000; Dickneite et al 1998).

PrfA
]
27KDa

5

(@)
»y

hly mpl actA pcB X Y Z
1.8Kb 1.8Kb | 3.6 Kb -
1.8Kb 5.7Kb |

Figure 1.1. The virulence gene cluster bf monocytogeneis under the control of PrfA. PrfA homodimers

(red ovals) bind preferentially to the PrfA boxes located in the promoter regions of the virulence gene operons.
Note the transcription start sites (green boxes), PrfA boxes (black boxes), transcriptional terminators (hairpins),
and the resulting transcripts observed. The functions of open reading frames X, Y and Z have not been
characterized. (Schematic diagram not to scale, @egelbrecht 1999)

The gene product absolutely essential for the virulence phenotype is the sulfhydryl
(SH)-activated, pore-forming hemolysin, or listeriolysin (LLO) encodetdlpy LLO
facilitates bacterial escape from the primary phagosomes of host cells into the host cytosol
before they are killed in the phagolysosomes (Bielecki et al 1990; Cossart et al 1989; Davies
1983). In addition, LLO mediates bacterial escape from the double membrane vacuole upon
entry into the neighboring cell during cell to cell spread (Gedde et al 2000). Inactivation of
hly results in a 5 log reduction of virulence in mice (Gaillard et al 1988).strains are
nonpathogenic.

Together with LLO, two phospholipases facilitate the breaching of host cell
membranes in the processes described algeé encodes a phosphatidylinositol-specific
phospholipase C (Mengaud et al 1991@§B encodes a phosphatidylcholine phospholipase
C with a broad spectrum of substrates (Goldfine et al 1993). PIcB requires a metalloprotease
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encoded bynpl for proper maturation and activity (Raveneau et al 1992). While the
disruption of either phospholipase only caused very slight reductions of virudokeylcB
double mutants showed a 2.5 log increase in the 50% lethal doggifLiDice infected
intravenously. Moreover, they were defective for primary phagosomal escape and impaired in
cell to cell spread (Smith et al 1995).

ActAendowdListeriaewith actin polymerization capability to drive intracellular
movement within host cellsActAdeletion mutant showed a 3 log reduction of virulence in
mice (Brundage et al 1993). Using actin polymerization at one pole of the bacterium,
intracellular bacteria form extrusions from the infected cell to the neighboring cell. These
projections are phagocytized by the neighbors, resulting in bacteria contained in first cell’'s
membrane that are engulfed by the phagosome of the target cell (Tilney & Portnoy 1989). The
dissolution of this double membrane requires the produtty gblcB mpland to some
extent,plcA (Gedde et al 2000; Marquis et al 1995; Smith et al 1995). Therefore, the gene
products of the entire virulence gene cluster are required for the full efficiency of cell to cell
spread.

The internalins:

Besides the virulence gene cluster, the internalins constitute a major virulence gene
family whose members are found scattered in the genontesrafinocytogeng&ngelbrecht
etal 1996; Gaillard et al 1991; Lingnau et al 1995; Raffelsbauer et al 1998),izaubvii
(Engelbrecht et al 1998a; Engelbrecht et al 1998b). Some but not all internalins identified to
date contribute taisteria’s host cell tropism. The internalin genes encode extracellular
proteins containing varying numbers (6-16) of characteristic, 22 amino acid long, Leucine rich
repeats (LRRs). LRR proteins are wide spread in eukaryotes and prokaryotes and they
mediate protein-protein interaction for diverse purposes. Bacterial LRR proteins are found in
Yersinia, Shigella, SalmonellandBurkholderig but they differ slightly from the listerial
specific motif (reviewed in (Kobe & Deisenhofer 1995; Marino et al 2000)).

The LRR regions alone, of either InlA or InIB, are necessary and sufficient to confer
their respective invasive activities towards mammalian cells (Braun et al 1999; Lecuit et al
1997). The 1.86 A resolution X-ray crystal structure of the LRR region of InIB has been
determined (Marino et al 1999), see Figure 2.2. Each LRR (XLXXLXLXXNXLXDIXXLXXLX)
corresponds to a structural unit consisting Bfsarand and aa-helix. Conserved positions
(L or N) form the core of the 22 amino acid repeat unit. These units stack onto each other in a
right-handed manner. Asparagine residues at position 10 mediate the interaction with the
above LRR,; thus, conservation of the Asn10 in the first LRR is not necessary. In the first
LRR, position 20 is always a hydrophobic residue and is thought to interact with the N-
terminal sequence, which stabilizes it. The highly conserved, inter-repeat sequence is
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expected to form an analogous cap to stabilize the last LRR. The outward facing positions
(Fig 2.2B), particularly over the concafestrand surface, are available for external protein-
protein interactions (Marino et al 2000).

A M L

CX7

Figure 1.2. A. Structure of the InIB LRR region (residues 77-242). The right-handed coil of the LRR
alternates betwedstrands and,ghelixes. The3-strand forms the concave face of the molecule and have a
superhelical twist not observed in other (non-listerial) LRR proteins.fHt@nd region is predicted to form

the interface for potential protein-protein interactioBs.Structure of a single InIB LRR. Internal positions
2,5,7,10, 12, 14, 15, 17, 18, 21 are conserved for structural reasons. The remaining positions are solvent
exposed and variable. Frdfvlarino et al 2000)

All internalins ofL. ivanoviireported to date (i-InIC, i-InID, i-InlE, i-InlF) are small,
secreted, and controlled by global virulence regulator PrfA. In contrast, only one such
internalin, InIC, is reported ih. monocytogenesSmall internalins usually consist of six
LRRs and no C-terminal domains. In intravenously infected mice, InlC deficient
monocytogenesiutants caused a 1.5 log increase in(Bngelbrecht et al 1996), while i-
InlE-InlF deficientL. ivanoviimutants cause®il.5 log increase in L (Engelbrecht et al
1998b). Their eukaryotic targets are not known.

Many cell surface associated,‘large’ internalins have been identified in
monocytogeneshese include InlA, InIB, InI¢ InID, InlE, InIG, InlF and InlH. All except
InIB share the cell wall anchor signal commonly found in Gram positive bacteria, which
destines them to be covalently bound to the cell wall petidoglycan by the enzyme sortase. This
signal consist of the LPXTG motif, a C-terminal hydrophobic domain and a charged tail (Dhar
et al 2000; Navarre & Schneewind 1999; Schneewind et al 1993). Of these ‘large’ internalin
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genes, onlynlA andinIB are controlled, partially, by global virulence regulator PrfA. InlA
targets eukaryotic E-cadherin containing Proline in residue 16, and this specificity defines
InlA’s affinity to human, chicken or guinea-pig epithelial cells, but not to the mouse or rat
counterparts (Lecuit et al 1999; Mengaud et al 1996). InIB’s eukaryotic target is mammalian
complement receptor gC1qg-R (Braun et al 2000). InIB confers invasiveness towards a large
range of cell types (Braun et al 1998; Parida et al 1998), but this effect depended largely on
the multiplicity of infection (m.o.i.) of bacteria to host. Unexpectedly, InIB may be important
for intracellular replication in mouse liver beyond permitting initial invagionivo (Gregory

etal 1997).InlIAB double mutants showed a one log increase ig lcDmice infected
intravenously (Dramsi et al 1997). The phenotypes of the remaining large internalins of
monocytogenelsave not been clearly deciphered. Individual mutantd©fDE, inlC,,

inID, inl E, inlF, are not defective in invading the usual battery of cultured cell lines (Dramsi

et al 1997). Even more curiously, deletionsnd®, inlH, inlE, andinlGHE caused increases

of invasiveness in all cell types tested except in macrophages, which remained the same as
wildtype (Bergmann and Raffelsbauer, personal communications). Invasiveness may not be
the exclusive function of internalins. The concerted action of internalins with each other or
with other gene products may have additive, synergistic, antagonistic, or competitive effects in
different environments. Possibly, some non-PrfA controlled internalins may not be involved
in pathogenesis at all.

Although certain virulence functions are well defimeditro, their roles in the actual
pathology and persistence of infectiarvivo are not well understood. There are clearly
multiple pathways foL.isteriato end up replicating in the liver, albeit with unequal
efficiencies. Mutants deficient in cell to cell spread (ActA or PIcB), or invasion of
hepatocytes, epithelial and endothelial cells (InlA and IniIB), were all able to invade and
proliferate in neutropenic mouse livers. This finding led to the hypothesis that there are two
separate pathways fhisteriato persist in the liver: cell to cell spread and external invasion
via the internalins and p60--see below (Appelberg & Leal 2000).

Other virulence associated functions:

Additional proteins are involved in virulence functions. The “invasion associated
protein” (ap) locus encodes a murein hydrolase, and has two separate functions. IAP, also
termed p60 for its molecular size of 60KDa, is necessary for proper cell division and for the
invasive phenotype in mouse fibroblasts, hepatocytes and macrophages (Bubert et al 1992b;
Hess et al 1995; Kuhn & Goebel 1989; Wuenscher et al 1993). A handful of yet to be
characterized factors are implicated in adhesion functions. Some of these bind eukaryotic
fibronectin, a glycoprotein prevalent in the extracellular matrix and cell surfaces (Gilot et al
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1999). The Ami protein, an autolysin with amidase activity that is not essential for septation,
is also implicated in virulence (Milohanic et al 2000).

Stress proteins are essential for listerial intracellular survival in professional
phagocytes. In addition to the importance of immune evasion, these host cells are routes of
dissemination to other tissues from the gut. Sigma B driven, (Class Il) general stress
response genes appear not to be required for virulence (Wiedmann M 1998). However,
listerial homologues dB. subtilisClass Il heat shock response proteins (ClpC, CIpE, ClpP)
are crucial for virulence as well as stress tolerante monocytogenesCIpP is a serine
protease, while ClpC and CIpE are regulatory ATPases of the HSP100 class of chaperones.
These Clp proteins, when complexed with other ATP binding Clp proteins that dictate
substrate specificity (e.g. CIpA, ClpX, ClpY), conduct ATP-dependent degradation of
abnormal or short-lived regulatory proteins and disassembly of protein complexes and
aggregates. Clp proteins therefore ensure, not only proper protein folding, but also regulate
transcription of important cellular functions such as competence (Schirmer et al 1996).
Listerial clpC mutants have reduced heat and salt tolerance, phagosomal escape, adhesion and
invasion of mouse hepatocytes, and impaiingd, inIB andactAtranscription. ThelpE
mutant is defective in stationary phase survival, andlf@E double mutant is salt and heat
sensitive as well as disabled in cell-division. When virulence is measured in mice infected
intravenously, the L[ of clpC andclpE mutants increased 2 to 3 logs and 2 logs
respectively, but thelpCE double mutant increased 4 logs as compared to the wildtype (Nair
etal 1999, Nair et al 2000; Rouquette et al 1998; Rouquette et al 1996). Deletpdh of
resulted in diminished availability of active LLO, and in the bacteria’s decreased readiness to
escape phagosomal vacuoles of macrophages. ThefldpP mutants showed a 3.5 log
increase against the wildtype (Gaillot et al 2000).

The regulatory interface between stress response functions and virulence functions is
not well understood. How ClpC modulateB\, inIB andactAgene transcription is
unknown. Under conditions that normally induces virulence genes during exponential
growth, the activation of PrfA suppresses ClpC expression; but entry into stationary phase
overrides this suppression (Ripio et al 1998). This finding agrees with observations in cell
culture. In 2D gel analyses, stress response protein profiles are not observed in replicating
Listeriain the cytosol (Hanawa et al 1995). The Clp regulon is negatively controlled by the
transcriptional regulator CtsR (Nair et al 2000a). Whether PrfA suppression of CIpC is
exerted via the activation of repressor CtsR, or by an indirect route, is not known.

A two-component signal transduction system encodd$BY, is reported to
influence virulence (Cotter et al 1999). Mutants deletddldf the histidine kinase sensor,
showed 1 to 2 log reduced virulence in mice infected intraperitoneally. In addition, they have
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increase ethanol and stationary phase associated acid stress tolerance, but profound sensitivity
to acid stress in growth phase. The role of LisRK in virulence regulation is unclear.
Intracellular replication also requires specific adaptations such as the activation of
transporters to sample environmental signals from different host cellular compartments or take
up nutrients from the host cytosol. Nonpathogénitinocuais unable to replicate
intracellularly when they are introduced by microinjection into mammalian cells (G6tz and
Goebel, personal communications). Since glucose-1-phosphate (G-1-P) is the primary
degradation product of glycogen, it is readily available in liver cells. Utilization of glucose-1-
phosphate is strictly under positive PrfA controLirmonocytogenesMoreover, growth on
G-1-P does not appear to trigger catabolite-repression of PrfA, unlike growth on glucose,
cellobiose and various other carbon sources (Ripio et al 1997). The decoupling of G-1-P
utilization from catabolite repression is in agreement with the demand that carbon catabolism
occur concurrently with other virulence functions, this ensures successful intracellular
replication and cell to cell spread. The G-1-P transporter is encodedpy laomologue in
L. monocytogenesnd possesses a PrfA box in its promoter (Beck et al., personal
communications). The OppABCDF system is essential for the uptake of oligopeptides greater
than 3 amino acids ib. monocytogenesAlthough the LI, is not affected by the deletion of
oppAin comparison to the wildtype, the mutant shows impaired phagosomal escape in
macrophages, and delayed bacterial growth in the livers and spleens of infected mice (Borezee
et al 2000b).

Genetic diversity and exchange inListeria spp

There is great heterogeneity in the natural populatidn wionocytogenesDNA-
DNA optical comparisons of different isolates revealed a large spectrum of intraspecific
relatedness with possibly some overlap witinnocua(Hartford & Sneath 1993). Virulence
gene polymorphisms revealed three distinct lineages withimonocytogenesTwo of these
are derived from human and animal isolates: | (serotype 1/2b and 4b) and Il (serotype 1/2a,
1/2c and 3a). Lineage | is linked to human epidemics. Lineage lll (serotype 4a) is non-human
animal associated with a different ribotype (Wiedmann et al 1997).. Adanoviiisolates
collected so far belong to serotype group 5 and appears to be much less divdrse than
monocytogeneas a group as measured by DNA-DNA relatedness. There are less samplings
and less data on the intraspecific relatedness in the nonpathogenic strains, although DNA-DNA
hybridization studies also indicate diversity within these species (Rocourt 1982).

Lateral gene transfer is a powerful phenomenon accounting for numerous cases of
pathogenic trait acquisition (James B. Kaper 1999). Two telltale signs indicate the occurrence
of lateral transfer events. One is the intrinsic differences between the segment of DNA in
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guestion and its resident genome: overall GC content difference, changes in codon usage
patterns, frequencies of di- or trinucleotides, and associated remnants of mobile genetic
elements such as flanking sequence repeats, integrases and transposes. The second is the
similarity discrepancies of genes or blocks of genes not seen in other members of the group,
but show close homology to phylogenetically distant organisms. As in the laboratory, bacteria
can acquire foreign DNA via bacteriophages, natural transformation, and conjugation.
However, the fact that bacteria maintain small, limited sized genomes indicate that assimilation
and maintenance of any non-essential DNA over time is highly restrictive, and depend highly
on the selective value they conferred. There are no demonstrated cases of virulence genes
acquired via lateral gene transfellisteriato date.

The prevalence of genetic exchangeisteriain nature is unknown. Bacteriophages
are common iristeria spp, but they tend to have extremely narrow host ranges that fall
within small numbers of serovars of the same species (Hodgson 2000). They also tend to
exhibit the same GC content profiles as their host (Loessner et al 2000; Loessner et al 1994).
Thus, the known listerial phages are not likely to account for the acquisition of novel traits
from distantly related organisms, and the transfer they effect between closely related
organisms are likely undetectable. Natural competence has never been demonstrated in
Listeria spp in the laboratory, but this cannot be ruled out in nature. The efficiency of
recombining non-mobile foreign DNA into the genome falls exponentially with DNA sequence
divergence due to mismatch correction systems (Vulic et al 1997, Majewski & Cohen 1998).
Sexual isolation is further exacerbated by the rarity of nearly identical stretches of sequences
between donor and recipient DNAs that allow strand invasion events to initiate recombination
(Majewski & Cohan 1999). However, as demonstrated by naturally acquired antibiotic
resistances, genetic exchange betwasteria and diverse organisms are facilitated by
rampantly promiscuous conjugative transposons such as Tn916 and Tn1545 (Clewell et al
1995; Poyart-Salmeron et al 1992), and broad host range plasmids (Poyart-Salmeron et al
1990). These routes of genetic exchange require that donors and recipients be present at the
same time and in the same place, while transduction and transformation do not.

Aims:

The various studies presented here evolve around the central question: What makes a
pathogen? Given a lineage of organisms containing both pathogens and non-pathogens, what
engender these different lifestyle choices? What pre-adaptations are shared to allow the
pathogen-host interaction? What new components are acquired and old components modified,
disabled or discarded to optimize flexible adaptation to multiple niches? These questions
motivate the three studies presented here. The first approach presented in Chapter 2 examines
the historical relationship between the members of this lineage, and inquires the basis from
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which they diversified. The second approach presented in Chapter 3 is reconstitution, which
can eventually identify the changes needed to convert a non-pathogen to its pathogenic relative.
The third approach presented in Chapter 4 catalogs the genome contents of pdthogenic
monocytogene®r comparison with its nonpathogenic relativennocua Since the last two

projects are ongoing and too wide in scope for one individual lifetime, | am merely presenting
my participation in the launching of these studies.



Chapter 2

Evolution of the genukisteria
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Solving the phylogeny of genuslListeria

In order to understand in the nature of the differences in pathogenic vs. non-pathogenic
pairs of closely related organisms, it is crucial to know their genealogical relationship to each
other. Moreover, since the genomes ofmonocytogeneandL. innocuaare currently being
sequenced, an evolutionary context is crucial to provide a framework with which to view each
organism’s genomic contents, their differences, and the development of their individual traits.

The records of evolutionary histories reside in the organisms’ DNA. 16S or 23S
ribosomal RNA have been the favored molecules for phylogenetic studies because of their
universality, constancy of function, resistance to horizontal gene transfer, phylogenetically
informative content covering varying spans of evolutionary distances. Using 16S rRNA, the
genudlisteriawas finally correctly established as a distinct taxatihéClostridium-
Lactobacillus-Bacillusoranch of the eubacterial tree (Ludwig 1985; Stackebrandt 1981).
Within this branch, it is most closely related to geBuschothrix(Ludwig 1984). However,
because of the great conservation of rRNA function and thus its great selective constraint, it is
an unsuitable chronometer for measuring relatively recent events. Till now, establishing the
phylogenetic relationships within the geriisteria, except forL. grayi, have been
problematic because of the highly similar listerial 16S rRNA or 23S rRNA molecules (Collins
etal 1991; Rocourt 1988; Sallen et al 1996).

Unlike L. gray (murrayi)which were sufficiently divergent for 16S and 23S rRNAs to
distinguish them as a separate lineage, the remaining mix of listerial-like organisms were often
loosely classified as.: monocytogenes'These included bacteria exhibiting varying
hemolytic and pathogenic properties, the latter was defined as by their role as disease culprits
or the ability to infect mice in the laboratory. This loosely defined bunch was discovered to
contain 5 distinct groups using DNA-DNA hybridization (Rocourt 1982). The groups were
later defined ak. monocytogenesontain members that are generally hemolytic and
pathogenic, the non-hemolytic and non-pathogenic groupocuahyperhemolytic and
pathogenic (particularly to sheep)ivanovii non-hemolytic and non-pathogetic
welshimerj and mildly hemolytic but non-pathogenicseeligeri For typing schemes, refer
to (Jones 1992).

Because of the high level of homogeneity among all the spediésteria exceptl.
grayi, several schemes of relatedness among the five species have been forwarded. Using
multilocus enzyme electrophoresis (MLEE) on 18 enzyme loci, Boerlin et al. proposkd that
seeligeriandL. ivanoviiform one group whilé. innocua, L. welshimeandL.
monocytogene®rm another. In this schemle, welshimeriandL. innocuaare the most
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recently derived sister species of that group (Boerlin et al 1991). However, the 16S rRNA
phylogeny reported by Vaneechoutee et al. pldacedonocytogenesndL innocuaas sister
branches, with.. welshimeriforming a deeper branching within the group (Vaneechoutte et
al 1998). Clearlyl. innocuaandL. welshimeriare closely related, but. monocytogenes
andL. innocuaare equally closely related, and these two species are often physiologically
indistinguishable, although one is potentially pathogenic and the other benign.

This study attempts to trace the evolution of the pathogenic lifestyle withirstiesia
genus using selected sequence data from all six species. For each of the six species, DNA
sequences flanking and including the virulence clusterswere either obtained for this study
or assembled from existing sources. Aside from the virulence gene cluster, sequence
information from other chromosomal regions known to encode virulence associated internalins
in some species were obtained for others. Along with house-keeping flanking genes of the
virulence gene cluster, 16S and 23S rRIN#, thelocusencoding the murine hydrolase of
dual cell-division and virulence roles was also recruited to augment the data set for
phylogenetic reconstruction. This represents the entire available set of DNA sequence
information common to the 6 listerial species at this time. The phylogenetic studies were
undertaken with the collaborative efforts of Michael Wagner and Michael Schmid at the
Lehrstuhl fur Mikrobiologieof Technische Universitat Munchevhich furnished the
software and facilities for the phylogenetic computations.

The genetic contents of each of the species, in the context of the further resolved
phylogenetic relationships of the gerusteria also presented here, leads us to postulate the
following: 1. The main virulence gene cluster represents an assembly of genes constituting a
“virulence cassette” once shared by the common ancedtistefia monocytogenes, L.
innocua, L. ivanovii, L. seeligeandL. welshimeri 2. Were this cassette ever acquired
from a foreign source, it no longer shows exogenous signs or traces of acquisition. 3. Within
this genus, the virulence gene cluster and hence the pathogenic lifestyle, has been lost in at
least two separate and independent events represented by thelspen@suaandL.
welshimeri 4. Today’s ‘internalins’ are frequently duplicated and rapidly evolving genes
with listerial-specific motifs. Genes encoding internalin-like, LRR-containing sequences seem
to be present genus-wide as secreted or cell-wall anchored proteins; their diversification to
specific pathogenic functions likely reflects recent species-specific or even strain-specific
adaptations.
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RESULTS: Virulence gene clusterloci of Listeria spp

The complete virulence gene cludtai of the 6 listerial species.

In order to obtain the complete genomic organization of the virulence gene loicisser
in all the listerial species, all existing virulence cluster sequences were assembled from public
data bases. The data set was then completed using borders defined by conserved sequences
within the genegrs andldh, housekeeping genes respectively flanking upstream and
downstream of the virulence clustecus Conserved primers were designed complementary
to signature regions of these housekeeping genes and the subsequently obtained PCR products
were cloned and sequenced. The chromosomal sequences of the virulenclciadter
innocug L. welshimerjL. grayi, the 5’ and 3’ fragments @f. seeligeri,and the 5’ and 3’
fragments oL. ivanoviiare reported here. Table 2.1 lists the optimized PCR conditions,
PCR product information, and the accession number for each of the sequenced fragments.
Table 5-B.4 (Chapter 5) lists the primers used.

To avoid redundancy and confusion in the nomenclature found among the previously
published descriptions of various sequences, it is necessary to rename the previously
designateddrf_" here as virulence clustircus(vcl ). The previously knowarfA andorfB
of L. monocytogenggccession number M82881(Vazquez-Boland et al 1992)) is designated
here awclA andB, while the previously designatedfA, BandC of L. seeligeri(X97014
(Lampidis 2000)), which are unrelated to tréA andorfB mentioned above, are renamed
here awclIC, vclDandvclE respectively. Homologues w€IB are present in allisteriae
while homologues ofclA are present in allisteriaeexceptL. grayi.

Figure 2.1 shows the comparative genomic organizations of this chromosomal region
in the six species dfisteria. The sequences derived from this study are represented by letter
codes, while information assembled from existing sources are noted by numbers. Table 2.2
shows the functional assignments of these open reading frames. Not surprisingly, the
virulence genes were not presant.. innocua, L. welshimedndL. grayi. Of note is that
vclB, putatively coding for an 110 amino acid, conserved protein of unknown function is
invariably present in all listerial species and is extremely conserved across the genus (70-92 %
nucleic acid sequence similarity; 79-100% amino acid identity). Within this chromosomal
region, the invariable elements ars, vclBandldh, while the regions between them appear
rather plastic, accommodating the virulence gene cluster and/or other genes in the different
species.

The map otL.. grayiis most unlike that of the other listerial species in Wai is
adjacent tqrs, while 5 other coding sequences (CD&)C, vclJ, vclF1, vclG1l, velG2and
vclF2 not shared in other species precklte vclA, whose function is unknown, is present
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Virulence Gene Cluster Loci: Region betweenprs and Idh in Listeria spp.
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Figure 2.1. A schematic diagram of the virulence clusgtaus(vcl) flanked by the housekeeping genes
(black boxesprs, vciBandldh in the six member species of the gehisteria Genes that are proven, or are
potentially controlled by master virulence regulator PrfA are shown with black arrows. Red boxes above denote

PrfA boxes, and stemloops are predicted transcriptional termination signals.

vclAis present in all species excéptgrayi. vclPis present irL. welshimeri, L. seeligedandL. ivanovii
vclZis present irL. monocytogeneandL. innocua vclY andVCIX are inverted irl. seeligeriwith respect to
all otherloci carryingvclXY. Species-specific genes (stippled boxes) not under PrfA control inaililde

vclF1, velGi, vel G2, vel F2 of L. grayi; andvclCof L. seeligeri.

Sources: Sequences presented in this study are defined as (letter code, accession number).

a, AJ249804; b, AJ249806; c, AJ249805; d, AJ249807; e, AJ249738; f, AJ249808; g, AJ249739. Sequences
assembled from public sources are defined as (number code, accession number (reference)). {(Q0eaa42

et al 1994)2, M55160(Leimeister-Wachter M 19903, x54618(Leimeister-Wachter et al

1991; Mengaud et al 1991a) x15127(Domann & Chakraborty 1989, x54619Domann et

al 1991)e6, m82881(Vazquez-Boland et al 1992) x72685(Lampidis et al 19948, X60462

(Haas et al 19929, u19035Gouin et al 1995; Kreft et al 1995p, X97014Lampidis

2000) 11, X97014, pending updafeampidis 2000)
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Table 2.1. Extending Listerial chromosomal information: Optimal PCR conditions, products obtained, and

accession numbers of sequenced products.

Chromosomal regiory Organism Product Product  Accession Primer Pair DNA Optimal
amplified obtained contains  Number polymerase Annealing
additional  (Designation in Temp (C)
genes Figl)
Virulence gene L. monocytogenes 11 Kb yes NA prs1> <Idhl rTth, XL 50
cluster EGD
L. innocua 2.8 Kb yes AJ249804 (a) prsl1> <ldhl Deep Vent 54
Sv6b
L. ivanovii 3.4 Kb yes AJ249805 (c) ivan-plcb1> <ldhl rTth, XL 53
ATCC 19119
L. seeligeri 4.5 Kb yes AJ249738 (e) see-vclH1> <Idhl rTth, XL 50
SLCC 3954
L. seeligeri 0.8 Kb no AJ249738 (e) see-plch1l> <see-vclHZep Vent 54
SLCC 3954
L. welshimeri 2.9 Kb yes AJ249808 (f) prs1> <ldhl rTth, XL 53
SLCC 5334
L. grayi 6.2 Kb yes AJ249739 (g)  prsl> <ldhl rTth, XL 53
L. murrayi 6.2 Kb yes NA prs1> <Idhl rTth, XL 53
Extending 5’ L. ivanovii 0.8 Kb NA AJ249806 (b)  con-prsl> <ivan-prsl Taq 52
of prs ATCC 19119
L. seeligeri 0.8 Kb NA AJ249807 (d)  con-prs1> <ivan-prsl Taq 52
SLCC 3954
inlC locus L.monocytogenes 2.4 Kb NA NA rpls2> <infC1 Taq 54
EGD
L. innocua 2.7 Kb yes AJ249401 (i) rpls2> <infC1 Taq 54
Sv6b
L. ivanovii 2.1 Kb yes AJ249400 (h)  rpls2> <infCl Taq 54
ATCC 19119
L. seeligeri non-specific  NA NA rpls2> <infC1 Taq none
SLCC 3954
L. welshimeri 2.4 Kb yes AJ249399 (j) rpls2> <infC1 Taq 53
SLCC 5334
L. grayi non-specific  NA NA rpls2> <infC1 Taq none
L. murrayi non-specific  NA NA rpls2> <infC1 Taq none
i-inIDC locus L. monocytogenes 1.2 Kb no AJ010599 (k) li-inID4> <li-emr5 Taq 45
EGD
L. innocua 2.8 Kb yes AJ249398 (1) li-inID4> <li-emr5 Taq 45
Sv6b
L. ivanovii 3.9 Kb NA NA li-inlD4> <li-emr5 Taq 50
ATCC 19119
3’ of i-inIDC L. monocytogenes 2 Kb no AJ1010600 li-emr6> <li-emrl Taq 45
locus EGD
L. innocua 2 Kb no NA li-emr6> <li-emrl Taq 45
Svéb
L. ivanovii 2 Kb NA NA li-emr6> <li-emrl Taq 45
ATCC 19119
inlGHE locus L. monocytogenes 6.7 Kb NA NA pGluco2> <desucl rTth, XL 54
(inlIC,DE) EGD
L. innocua 1.4 Kb no AJ249403 (n) pGlucol> <desucl Taq 45
Sv6b
L. ivanovii 1.4 Kb no AJ249402 (m)  pGlucol> <desucl Taq 54
ATCC 19119
L. seeligeri 1.5 Kb no NA pGluco2> <desucl Taq 47
SLCC 3954
L. welshimeri 1.6 Kb no NA pGluco2> <desucl Taq none
SLCC 5334
L. grayi 0.8 Kb ? no NA pGluco2> <desucl Taq none
L. murrayi 0.8 Kb ? no NA pGluco2> <desucl Taq none
NA = not applicable.

For details o f PCR reactions under each enzyme, please see section 2.4 Materials and Methods.
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Table 2.2. Coding sequences (CDS) identified in the listerial chromosomal regions of the virulence gene
cluster, betweemls andinfC, and between then and drug efflux pump operons.

Location | CDS Presentin Size Features Greatest similarity Organism with best Blast score P(N)
matches
Virulence | vclA all exceptgrayi 223-224aa - - - - -
gene cluste)
vclB all 110aa - conserved hyp. protein V. cholerae BlastP 333 3E-31
(pir:G82395)
vclX monocytogeneslO7aa SP - - -- -
ivanovii 32+77aa
seeligeri 115aa
vclYt monocytogenes59aa SP, membrane numerous similar proteins L. mono EGDe (894.1)BlastP 458 1.2E-47
innocua aa anchor. in L. monocytogenes
seeligeri 469aa PrfA box seg (not similar to VcIC)
vclZ monocytogenesl53aa SP hyp. lipoprotein E. coli (sp:P3335% BlastP 255 2.4E-35
innocua 5laa
vclP welshimeri 264-287aa - conserved hyp. protein, Thermotoga maritima BlastP 240 1E-19
ivanovii probable phosphoesterasgpir:G72200)
seeligeri
vclC seeligeri 902aa SP, C alpha antigen precursor Strep. agalactiae BlastP1298 E-144
5x 78-80aa (Bca) (sp:Q02192)
repeats,
membrane
anchor
vclD seeligeri 228-248aa  PrfA box (Aprcl)Db)abIe sugar isomerage. coli (prf:1303258C) BlastP 364 3E-68
ral
vclE seeligeri 423aa PrfA box - - - -
vclK  seeligeri 187aa - - L. seeligeri -- -
vcll  seeligeri 304aa-284aaSP, 5 LRR", Internalin (InIB) L. mono(M67471) BlastP 311 5E-28
no anchor. also VcIC and Vcld L. seeligeri and L. grayi
vcld  grayi 716aa SP, 1x LRR", L. monoEGDe (1490.1, L. monoEGDe BlastP 1.3E-120
3x78-79aa  1738.1), also (1490.1)* 1168 7.2E-115
repeats, L. seeligeri VcIC, L. monoEGDe BlastP 2.3E-18
membrane C alpha antigen (1738.1)* 1078 E-11
anchor. L. seeligeri BlastP 147
Strep.agalactiae BlastP 165
(PD018579)
vclF1 grayi 125-127aa - transcription regulator of e influenzae BlastP100 8.50E-17
MerR family (sp:Y186_HAEIN)
vclF2 grayi 126aa - transcription regulator of Archaeoglobus fulgidusBlastP 88 2.50E-19
the MerR family (pir:A69334)
vclG1 grayi 241aa - hyp. Oxyacyl (acyl carrier Agrobacterium BlastP 279 4.70E-44
protein) reductase tumefaciens
(AtsC, gpu:U59485_33)
vclG2 grayi 253aa -- hyp. Oxyacyl (acyl carrier Agrobacterium BlastP 360 1.90E-44
protein) reductase tumefaciens
(AtsC,
gpu:U59485_33)
BetweenrplS| -- innocua 119aa - hyp. protein (YtcD) B. subtilis (pir:B69989) BlastP 334 3.00E-31
andinfC
- innocua 177aa - putative NAD(P)H B. subtilis(pir:C69779) BlastP 420 4.00E-41
oxidoreductase (YdeQ)
--  welshimeri 142aa - hyp.transcriptional regula®r firmus BlastP 133 1.00E-07
(BFU89914_7)
-~ welshimeri 287aa - E:\c(»nsg)rved hyp. protein  B. subtilis( pir:H69795)BlastP 237 2.00E-19
es
Betweernr | orfl innocua 109aa - - - -- -
and efflux
pump emy
regulator
orf2 innocua 215aa - - - - -

SP is signal peptide predicted
T velY in L. monocytogeneandL. innocuais present only as a truncated sequence.

~ LRR stands for Leucine Rich Repeat, a 22amino acid unit (XLxXLXLxXNXLxDIxxLxxLx), which is characteristically preseny,insuall
tandem, in the internalin proteins lof monocytogeneandL. ivanovii See Figure 2.2b below.

*data obtained from theisteria monocytogengsenome Project. The number is the Individual Protein File (IPF) designation.
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downstream and adjacentwolB in all ListeriaeexceptL. grayi, although remnants efclA
sequence appear betweartF2 andldh of L. grayi vclP, coding for a putative phosphate
transfer enzyme, is specific ko seeligeri, L. welshimeandL. ivanovii However, traces
of vclIP intragenic sequences could be detected betwaéandvclF1 of L. grayi vclZ,
coding for a putative membrane protein with similarity to a hypothédicebli protein, is
specific toL. monocytogenaeandL. innocua Database searches revealed no known proteins
similar to VcIX, which is present ib. monocytogenes, L. ivangvandL. seeligeri

Three prime to the established virulence gened,.teeeligerivirulence gene cluster
contains a few intriguing coding sequenacasy, vclX, vcllandvclP, which are potentially
under PrfA control by virtue of the presence of a PrfA box in the promoter region@Yof
Analysis ofvclY revealed that this is the entire gene corresponding to the truncated sequences
seenin L. monocytogeneandL. innocua and potentially encodes a cell-wall anchored
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Figure 2.2a.(above) Alignment of. seeligeriVcll to L. monocytogenelarge internalin InIB and small
internalin InIC. Black boxes denote amino acid identity, gray boxes denote similarity. Signal peptide cleavage
sites for InIB and InIC are at amino acid 35 (VQA-ET/S); the predicted cleavage site for Vcll is AHA-SG. Vcll
has almost 6 LRRs; and terminates at a similar place as the small internalins in the inter-repeat region. The

remainder of the InIB sequence contains the B-repeats and the cell wall association region.
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Figure 2.2b.(below) Alignments of the Listerial specific, 22 amino acid Leucine Rich Repeats from InIB,
InIC and Vcll according to the structural interpretation of Marino et. al., 20G9Leu/lle conserved structural
residues (Val, Met, Phe, Ala also tolerated); o = unconserved external facing residues thought to be important
for protein-protein interaction, especially over the b strands which form the concave side of the protein. N =
Asn residue () is important for stacking of the repeat unit to the one above. * denotes the hydrophobic,
external facing residue of the first LRR thought to be important for contact with the N-terminalatapy =

hydrophobic residue®ed= negatively charged residueBlue = positively charged residues.

Alignments of LRRs from InIB, InIC and Vcll.

LRR] B strand 3,oHelix
AApos. o L | ooLolLo |oNoLooL |ooLoo |Lo
N *

B 77 [S L [ DQLLAN [NSDLKSV [QG QY ] P
99| NV [ TKLFLN [GMLTDL |KPLTN |LK
121| NL [ GWFLD | ENKLKDL [SSLKD |[LK
143| KL | KSLSLE |HNG.SDL [NG.VH |LP
165| QL | ESLYLG [NMLTDL |[TVLSR |LT
187| KL | DTLSLE |DNQSDL [VPLAG |LT
209| KL [ QNLYLS |[KNHLSDL [RALAG |[LK
231| NL [ DVLELF |SQ

C 76 |G V| ON'N@® [NSNQS [AGWx H T
98| NL [ KELHLS [HNQSDL |SPLKD |LT
120 KL | EELSVN [RNR KNL [NG.PS |AC
141| _L | SRFL D [NNELRDT [DSLLH |LK
163| NL | ELLSLR |[NNKLKSL [VMIG= |LS
185| KL | EVLD H|GNELTNT [GG.TR |l K
207| KV | NWDLT |GQ

| 69 T L [ LQ-DAE |[YCDLKSL [SG/EE ] K
91| NL | ASVNLN | SNKLVDL |SPLKD [LK
113| EL | KVLNLN |NNLLKQ. [KPLSN [LR
135/ TL | RVLELN |[ENLLSDV [DSLKN (LS
157| EL | RLLLMN |SNKLVDL [SCVGN |MQ
179| KL | FVLEAD |[NNS.TNVI [QR.

surface protein because of the presence of the Gram positive, cell-wall anchor signal sequence
LPNTG (Schneewind et al 1993). Several proteins similar to VclY are present wittin the
monocytogenegenome. There appears to have been a genetic inversion event in at least one
of the virulence cluster carrying species or ancestral species as the atd&rawfdvclY is
inverted inL. seeligeriwith respect to the. monocytogenegrrangement.

The deduced Vcll protein @f. seeligeriexhibits a remarkable amino acid sequence
and structural resemblance to the internaliris eionocytogenegarticularly to InIB. Vcll
contains a predicted signal sequence, the N-terminal cap region, 5-6 listerial specific LRRs,
and terminates within the inter-repeat region at a place similar to the terminations of the small
internalins; see Figure 2.2. Vcll is the first internalin protein to be describhedéligeri
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(For a detailed discussion of the otheseeligerivirulence genes, please see Lampidis et al.
(Lampidis 2000)).

Since PrfA is the positive master-regulator of a majority of the known virulence genes,
the presence of a PrfA box may implicate a potential virulence function of a gene in question.
Figure 2.1 illustrates the locations of PrfA boxesseeligeri’'ssequence predicts that a PrfA
controlled promoter can drive the transcriptiovdiy, vclX, vcliandvclP on one
polycistronic message; thus these genes are potentially important for virulehce. In
monocytogenesclX andvclY, along withvclZ can be transcribed via the PrfA controlled
promoters ompland possiblyactA(Mengaud et al 1991b; Vazquez-Boland et al 1992).
Unlike in L. seeligerj thevclP of L. ivanoviiandL. welshimeriandvclX of L. ivanovii
areprobably not controlled by PrfA as no PrfA boxes are present in the immediate upstream
promoters of these configurations. For a discussion of PrfA boxes, see Brehm et al. (1996)
and Williams et al. (2000) (Brehm et al 1996; Williams et al 2000).

Horizontal gene transfer?

The GC content of the virulence cludtari genes was examined in order to detect
significant differences that might indicate its acquisition via horizontal gene transfer. The
average GC contents of the virulence genes of the cluster under PrfA control were 36%, 36%
and 34% folL. monocytogenes, L. ivanowindL. seeligerirespectively. The average GC
contents of the virulence clusteci including all open reading frames betw@esandldh
were 36%, 36% and 35% far monocytogenes, L. ivanoandL. seeligerirespectively.

There were no large discrepancies seen in the individual virulence genes from the reported,
total genomic GC contents of 37-39% formonocytogene87-38% forl. ivanovii and

36% forL. seeligeri(Jones 1992). Therefore, there are no marked deviations in GC content
between the virulence clusteci from the total genome. Likewise, the GC contents of the
virulence clustetoci of L. innocua(37%),L. welshimeri(37%), and.. grayi (41%)

resemble their genome averages of 36-38%, 39% and 45% respectively. The only difference
of note isvclF2 of L. grayi with 34%GC vs. the genome content of 45%GC.

Furthermore, no insertion sequences (1S), obvious transponson, phage, or plasmid
genes were detected. No direct repeats, ‘59-base elements’ of integron gene capture systems,
or partial identities there of flanking ORFs were identified.

Instead, thé.. innocuavcl locusappears ak. monocytogenasinus theprfA-plcA-
hly-mpl-actA-plcB-vc>genes. The borders of this apparent deletion were degenerate, such
that the precise event(s) could not be reconstructed from sequence information. There were
likely multiple deletion events that led upltoinnocua’spresent state as searches of the
intergenic region oprs andorfY showed some short matches to the deleted virulence genes.
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Figure 2.3. Region inL. innocuabetween and including the 3’ pfs andorfZ forms a large inverted repeat
(a/a’+b). This region contains motiéisa’ andb are found in other intergenic regions in bbthinnocuaand
L. monocytogenesnost motif b’s can form hairpin structures and often coincide with transcriptional

terminators.

A peculiar structure was found between pinegene and truncatemfY in L. innocua See

Figure 2.3. This intergenic sequence contains a large inverted repeat of approximately 110bp.
This inverted repeat contains within it 3 smaller regions designated here asapetdéadb

which appear in the intergenic sequences throughoutthaci of bothL. monocytogenes

andL. innocua Motif b is itself an inverted repeat which coincide with several transcription
termination signals. Although the value of these observations are dubious, they became
important later for practical reasons during the cloning ok tmeonocytogenedrulence

gene cluster in Chapter 3.

Results: Various internalin loci of Listeria spp

Besides the main virulence cluster, an ever growing family of internalin genes are
discovered to contribute to virulencelinmonoctogeneandL. ivanovii These genes are
known to be scattered in different sections of the genomes of both species. Using PCR with
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Chromosomal context of some internalins and their corresponding regions bisi@mitae

Region betweemnplS andinfC Region betweemascB anddapE
1. ivanovii [ - _ (h) » N m)
IS infC ascB dapE
L.mono. I > e (12) > I N N (14,15)
plsS inic infC ascB  inlG/C2  inlH/D inlE dapE
L.innocua I, > > s o) > n
plS conserved  hyp. NAD(P)H infC ? ")
hyp. protein oxidoreductase ascB ap
L. welshimeri ? p— > po— > - T 0 > e
pl yp. Transcriptional conserved hyp. in
regulator protein ascB dapE
L. seeligeri »> =
ascB dapE

Region betweemrn and putative drug resistance efflux purap() operons

L. ivanovii I > > . (13
m [-inlD [-inlC emr-
regulator
L. mono. =, ST (K
m emr-
77777 regulator
L. innocua | - L »> o ()]
m ?function ?function emr-

regulator

Figure 2.4. A schematic diagram of some chromosomal regions carrying internalin genes and the
correspondingoci in otherListeriae inIC, i-inID, i-inIC (white boxes) are under strict PrfA control, while
inIGHE (black boxes) are not. Regions of sequence divergence are defined by vertical dashed-lines sp

alignments. Note the diversity of genetic content bordered by invariable housekeeping genes.

Sources: Sequences presented in this study are defined as (letter code, accession number) h, AJ249

Anning the

100; i,

AJ249401; j, AJ249399; k, AJ010599; I, AJ249398; m, AJ249402; n, AJ249403. Sequences assembled from

public sources are defined as (humber code, accession number (reference)). 12, YO7640 (Engelbrecht

et al 1996;

Engelbrecht et al 1998a); 13, Y07639 (Engelbrecht et al 1998a); 14, AJ007319 (Raffelsbauer et al 1998); 15,

U77368 (Dramsi et al 1997).

primers targeting house-keeping genes flanking some oflh@see attempted to examine

the corresponding chromosomal regions in the ditsteriae Although many primer pair

combinations were tried under different annealing temperatures for all six species, only some
of these yielded specific products. Primers that amplified successfully are listed in Table 5-
B.4 (Chapter 5), and the applied PCR conditions and obtained results are summarized in Table

2.1. This approach allowed the identification of the correspondi@gL. monocytogengs
genomic location irk. ivanovii, L. welshimeri and L. innocutheinlGHE (L.

monocytogenesegion inL. innocua, L. ivanovii, L. welshimeand L. seeligeriand the
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i-inIDC locus(L. ivanovii)in L. monocytogenesndL. innocua Figure 2.4 is a schematic
illustration of these regions, Table 2.2 contains the functional assignment of the new open
reading frames. ThalGHE genes of.. monocytogeneare located between thsecB(or
bglH) gene encoding 6 phospho-beta-glucosidase, arahfite(or msgB gene encoding
succinyl-diaminopimelate desuccinylase. The fragment size of the products resulting from
PCR using primers targeting regions within #seBanddapEgenes showed that both genes
are located directly adjacent to each other within the genoimerofocua, L. ivanovii, L.
welshimeriandL. seeligerj indicating thatnlIGHE orinlC,DE (Dramsi et al 1997;
Raffelsbauer et al 1998) are unique insertion(&) imonocytogenesrThis finding was
confirmed by sequence analysis of thevanoviiandL. innocuafragments.

Thei-inIDC genes ot. ivanoviiare located between a ribosomal RNi) operon
and a multi-drug efflux pumpe(nr) operon (Engelbrecht et al 1998a). Using specific primers
that hybridize within thisrn operon and within the putative transcriptional regulator gene of
the efflux pump operon, we identified two potential open reading frames encoding proteins of
unknown function irL. innocua but found no additional genetic content betweemnrthand
efflux pump operons ih. monocytogenes

Although theinlC gene ofL. monocytogenesncodes the closest homologue-iolC
of L. ivanovii it is situated in a different chromosomal location: betweerpliseand the
infC genes which respectively encodes ribosomal protein L19 and translation initiation factor
IF3 (Engelbrecht et al 1998a). The cloned and sequenced PCR products from PCR reactions
using primers topls andinfC revealed, as in the casel-ohIDC described above, remarkable
heterogeneity of genetic content between these extremely conserved house-keeping genes. In
L. innocua two genes exist in place miC, one resembles an NAD(P)H oxidoreductase and
the other encodes a conserved hypothetical proteiwelshimericontains two genes entirely
different from the above, a potential transcriptional regulator and another conserved
hypothetical protein. Interestingly, downstream of the latter gene remains a fragment of
sequence resembling the 3’ end of the NAD(P)H oxidoreductase folunchimocua
indicating that the.. innocuagenetic arrangement is the ancestral state arid thelshimeri
version is a more recent replacemdntivanovii on the other hand, contains a stretch of
DNA that has no apparent coding sequences.

Results: Phylogeny of genud.isteria

16S and 23S rRNA had been used in earlier attempts to decipher the phylogenetic
relationships of the members of the gehisseria, which form a monophyletic grouping
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Figure 2.5. Polymorphic sites within the genes used for listerial phylogenetic inferénf@evious page)prs, Idh

andvclB genes.B (below): iap genes. The vertical numbers denote nucleotide positions from the start site of each
gene. Numbers 1, 2 or 3 below the sequence alignments denote the codon position of each variable site. The
underlined nucleotides signify changes that induce amino acid replacements. The alignments are done by Michael
Schmid and Michael Wagner at thehrstuhl fir Mikrobiologieof Technische Universitat Minchen.

A prs Polymorphic Sites
55555556666666666666666666666666667777777777777TT77777TT77777777777777888888888888338888883888888889999999999999999 9
7777899000001112333445666777888999000011122222222333445566677778889999000011112222334445667889999990000111222334444 5
4567547013692581369284679258147369256814701345679258270302812470360258124702360358140465479281245780369258137392568 1

consensus GCGCTTATCTGTACAACCTTAATATTTTTTTTAACACTTAAATACGTGATCGAACATGATTATTAAAATTAGAAATCACGTTACTCTATTATAACACTCATAACACTAATATGTA

prsLmo ............. GT...cccc..Ceen. TG ATLL.CTAGT.....G...T....C...CAT. GT.T........T.C
prsLin .. e T... T..C.CC.CC...G.. .GCTC... T...AC.... GIL.T.GT....T.C

prsLwe ......C.ACTT.GTTC..T..... Tl TG IG.CIGTAC.T........G......TGT.GA......

prsLiv ...G.C.A..TT.TG.A....C.TTAA.GCT........ TT..AC..TG....G..T...T.C I..G.G..TA GA....
prsLse ..GG.....T.TC....C.T...G....AA.TT..G...CG.C.. C.GG...T.GTT....C.

prs Lgr CGCG.CAA.GTC.T.CG.C CGCCCC.AG.TAAC CCTAAAATCTCT. A..A. GACC.G..T.G.T.TACCGT..TG.TC.G.G.G.G.GC.G.

cod.pos 1231333313333333333333313333333333331333331312313333133313331333331333313332331133333133333333131313333333323333313 3

Idh Polymorphic Sites

00000000000000000000000000111111111111111111111111111122222222222222222222222222222223333333333333333333333333333333 33333333333
00022333344455556677889999001222234445555566677788889911112223334444556666777788888990000111222222333445555566666777 78888999999
1231703695680179460547036928103698147034692582470169020369258147036728014703692568947036928912347934989014 7903467256 81478345679
consensus GAATATTTTTATAATAGTCTCTTCATTTAACCTCTTTCAGTCATTCTCTACTCATAATCTTATATTTACTACCCAAAATCCTCCTTTTCACTAAACCAAAAAAACAATBEAABARAA
ldhLmo ...CTCCC....... G. T TT..ACC.T...TAA..G.T..CC...TAT..C....C.T...T.....C...TC..........
ldhLin .....C.C.....C.T..C..T..ACC.TG...TAG...G.T...CC..

Idh Lwe ... GG..... .

ldh Lse GCC A.GGT.TT.C..AT..GTC..TG.TAG. G........ . . . AT.TGG..T.G..T

ldh Liv ....... AC.A....C..C...C....AC T Covre ALTG.CT..A.CAT....T AT.....T....C

ldh Lgr .......G. TIC.C. A AACCTCCC.CG..GGCCTGA.TAAA. CGC.CG..A.C.C TA.T.T.CTAA AG.CTG GCCICGIOEOGIGCTT. CG5TGAXG..GTTT TAGCCG
cod.pos. 12333333331323321313333333333333333333313333313331331333333333333331332333333333131333333331312332313312333233131331 33331312313

vcIB Polymorphic sites

00000000000000000000000000000001111111111111111111111111111111111111111122222222222222222222222222222222222333333333 333
000011122334445566677788889999900011111222233344444555666667 777 )9900000111112223333444456667788889999000011111 222
67892583736258140393581457013462581457803692581234706902568147903678928901478234692891467034681473602891347036923589 012

consensus TGTAACAATCATCATACTCGATTCGTCTTAGCTAAACTAACCCTATACAATTTACATACTTGAAATAGAAACAACGAATATCACGTTGTTTATATAATCTATATCATGATTTACAG
vclbLmo .....T.. .C...G.TCAC.C...T..C....

vclb Lin
velb Lwe

vebLse ..T..T.... ACT. T

H:

TCGT.....T.ACAC.CCCCT..A.GAA...
TG AL A..A  CCC..G.CA...C..C..C..A.
vebLv ...T....G. A T.T..... TCC.T..A....CGT..A..T.. AG..GC..CA.A.G.C.GT..A..T..TG.T.
veblgr C  ACGAQIC.CT.GAT.CCA ACTGATATT ACQCCT.C.C GGE.A.CC CACACGS@GAG A CTAGAC.CG ACCC.. GCGT..CGA T. TTICAC.G.GGTAAA
cod. pos. 31233332333333333331333313313133333313133333333123333313313333233312333123331231333313323331333333313313233333331331 231
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B. iap Polymorphic sites

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

000000000000000000
00000000000000000000000000001111111111111111111111211111111111111111222222222222222222222222222222222333333333333333 333333333333333333
22223333344456667777788899990012222223333334455555666666777777788899000111112233333344445777788899999000000111111222 233334444445555666
16780136925873790245834703680510367890124581412346034568124567805958589134565814567901 7822369358156 79015689023578124

701390256781347123
consensus TCGGTAATGTGTTAATACCACGCTAATAGA CAAAGTAAGTTGCACTAGCAACTCAACATTACTTTCAGA--TGATAGCCTGACGGCATTATATCTGCGGATTEARGEAAGAACTTACA
LmEGD AGA.....C.T.CA AT

Linn . .AC..G.C....C A. CC. C. AT.T
Lwe A ACT-..... T T T CT.. .CC. G.
LS€ o Cove T, GA. ICA..TA.T. A AT ACT-GnCoBnon CT.CT.TT
[EYR— Corerereresenn [T Y N T AACT-.A..~..CTT.G....co....... CCT...CG.... T.T
Lor G TTTCGTAATCCTTIGGTT@®ATAGTECITAGC TCC.AACTT.C CAA CCTCT ATGAC.G.GA. ACACAAM. GCF OGIATACG. TCA CTCACCAAGAAMAC.CC CT. GTICAAAGT
coding pos 32313133333333131323323333321333331231232333312313112313313123132333112131233333123231123233313331232312323131323313 331331331233233123
00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000 000000000000000000
3333333333333333344444444444444AAA0MAAAAAMMAANAMMAAANAMMAAANAMAAAAAAAAAAAAAAAAAS S5 5555555555555555555555555555555555 555555555555555555
66777788899999999000111122233334444444444555555555566666666777777788883899999990000000111111111222222223333333444556 666666777777777888
460258247013567890251467036678901234567890123456789012456780236789013789234578901567890123456780123467901 23478046291 456789012345678023
consensus ACTATCACATATATGGCGAATTACTTCGGTGACGCAGCAGTAAGCGCTCCAGTTCTCCAACAAAGTGAA—AACACTACT-———-CAGCTGCCCGCTGCAAAABBAGCAACTACTACGG-
LMEGD ..TC. M. T. T.CT AC.. AA.. A....A.C T T. A. A...A C..
Linn .A.CT ACA. AA.. A I .GA— T. AA. A. G.. CATA. CACPA. GCIG
Lwe G T ALCAA.GA. M........ - CTGCC.T.
Lse A G  TIC. A G-.T.CAAG  GA..AGCGGCT CCTCCT.. :
Liv.G ACT— AT.. CAAG.GCCCA.—.A- GAA......GCG..........G.......T.G I.CT-
LgrT T AA‘I‘I’ TACA TC.... AA.C GO.A.T.C T.AG. GCTGACCCCBG.. AAGT@CTGCTACTTGECAC GTAAA TGT-G- CG-.
coding pos 13133313331323123133332333312312312312312312312312312323123212231231312331232312312312312312312123121212312331313313 312312312312312131
00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000 000000000000000000
55555555556666666666666666666666666666666666666666666677777777777777777TTTTTTTTTTTT7TTT77777777833888883888888388888 883888883888888388
88888999990011111111222333333344444455566667788889999900011111133445566666666777778888888899999000011112222333334444 445555555566666777
456783478906013456781340123569025689014036928456703678029124789024736012345891578901456 78935789126 7045623891246 74567 890234567801478234
consensus ~CCACAA—GGAACT--ATATACAATTATTCTACTTCTCATACGTTACCGCTTGCAAGTCTATTATAAGATTTGTCAACTG——ATCTGTCAAAGTGGGTCAGACTIMGPCCA—TAAAGATA
LMEGD ...T LI CA..ACG..TT.ATT..Tou......

C A A. A [C T T...

CAC.A.  ACC...GGTT.TT....A CCAA. CAA.AMAA TA.. AC T T
G AGun AT A.A......GC.GCTAAA..........A...

Lse.. _GAATAGTATAic.AGCTI' CG...AA...CTCT C....G..T.CAA.G.GCTAAA...~..T. A C.

Liv...T-G..A ACGMACTTCT.. C. TAATC..T.. AGT. A. A.....A GTTC..G  GAAGCTAAA.. TA.G.. A... GIT GTCCA

I. IC AMATGCTT.CT.T CAATGCGATGCT.C.CAA GG GGCTAAAG CAACT. A- OOGTCT. GTCGT CGAC AAAGGC-—-
coding pos 23123233123312123123323312323313313123333333331233331213131331213333312312331313123112312313231312331233131313231231

231312312323331231
00000000000000000000000000000000000000000000000000000000000000000000000000000000000001111111111111111111111111111111 111111111111111111
38583383538880999999099959995999999999999999999999999999999995999999999999999999999990000000000000000000000000000000 000000000000000000
77788888999990000001111111122222223333333334444444555555556666667777783888889999999990000000011122233333334444444555 555555566666677777
67902679012780124560345678913456890123567890234569124567890123460568912457890123457890234578915945701345780123579012 345678901267924568

consensus TACAAAC—GAAAGAAAAG—-ACAGACGCAAAACAACAACAAA-—AGACAGCTCAAGCTGACTCTGACAGT-—ACAACAAAATCTATAAAAAAAACAATCAAAAAAG-—ACAAAAA,

LMEGD........... B G. CT..... A AG..
Linn AT GGAACT.T.T T Tl
Lwe AT-—..-T.. I..GTA— ACTACT.GT..........GT..GOCTGCA
Lse..T TACTAT. T I.T..ACA..“TA.... A.T.CCA
Liv. CAT—..... C..GTT..  CI-...AT. .C..CT.CCA
Lgr - - G CCGCTCGKCA. AA CGCTGCT/GA. GTGC GIT. T. TCCAAGCG AAC GCC ACAGCGAC. AGTGTAAGCAGGCCGGTGACCAACGTSIRIAGTACABGGTCCTG
coding pos 313131212313131212311231231323121231 2323123131231 13131231 23123131313131313123123121231312323131212112123232312132312 312312312312113121
11111112112121121122122112211221121122122112211221122122112112212217121122112112212211221221712112211221122122112112211211 1111111111211171111
00000000000000000000011111111111111111111111111111111111111111111111111111112111111111111111111111111111111111111111 111112222222222222
78888888888999999999900000000001111111111222222222233333333334444444444555555555566666666667777777777888888888899999 999990000000000111
9012345678901234567890123456789012345678901234567890123456 7890123456 7890123456 7890123456 7890123456 78901 2345678901234

567890123456789012
consensus - -

LmEGD

Linn ..AACACAAAT.

.................. AAAA CA.. AACACAACA
Lwe TTAACACAAATGCATCTACTTATACTGTAAAAAGTGGTGATTECTAAGTAAGATTGCTBACATTTGGAACAEGTTTCCAAAATCAAAGCACTTAATTTAACTAGCGATAATCTACAAGTTGGAA

Lse TTAATACAAACGCTTCTTCTTACACAGTAAAAAGTGGCGATACATTAGGCAAAATTECTACATTTGGAACTACTGTTTCTAAAATTAAAGCACTTAACGGCTTAACAAGTGATAACCTTCBATGTTGGA
Liv TTAACACTAACGCTTCTTCTTACACAGTAAAAAGCGGCGACACTTTAAGCAAAATTGCTACAACATTTGGAACTACAGTTTCCAAAATTAAAGCACTTAATGGCTTAMTBGIGMGTTGGAG

Lar GGAAATCGAOTCCCTATC. AMAGTTTCA...... GTAQCTGATCTAACARCTGGARAACTTGAATGCAACCATCACGATCTATGCTGGTCAAGARTTGAGGTAAAA
coding pos 23123123123123123123123123123123123123123l23123l23123l23123123123123123123123123123123123123123123123123123123123123 123123123123123123
11111111212121212121212121212121212121212121212121212121212121212121212122121212712222222122122122171212121212121212121211212 1111111===/===1111
22222222222222222222222222222222222222222222222222222222222222222222222222222222222222233333333333333333333333333333
111111122222222223333333333444444444

555555555666666666677777777778888888888999999999900000000001111111111222333333

34567890123456789012345678901234567890123456789012345678901234567890123456789012345678901234567890123456789012333333
consensus

LmEGD o
Linn AACAACAATACA......... AAT GCAAGC.....AA.=
Lwe GTGTTAAAAGTGAAAGGTACTGTACCAACTACTAACACAAACAATAACAGTABRACTGCACCAACAACAAATACAAGCAACAACAATACTAGC..TCTAATACA.....AGTT. A,
Lse GTTTTAAAAGTAAAAGGTACTGTCCCA GCTACAAATACCAATACT......... GCAACTGCTCCAACAACAAATACA... AATAATAATACAAGTTCATCTAATACA.....AGTT...G=
Liv GTGTTAAAAGTAAAAGGTACAGTACCAACT GCTAATACAAACAGTAATAGCAATGCTACTGCTCCAACAACGAACACA.. AATAATAATACTTCA.....AATACAAGTACAAGT

LgrG CCAGTGCICAAAACCAAACCAGCTGCTOCTGCAAACCAGCAGT TCTAAAGCTGCTACCAGACAOCAGCTAAAGTAICACCAACEATACAACAAATAAC.
coding pos 12312312312312312312312312312312312312312312312312312312312312312312312312312312312312312312312312312312312312312312

...AGCGA AAC:
333132331233233123

11111111112112112112121212121212121212121212121212121212121212121212121212122122121222222122222121221212121212121211211212121212 1111111111111
444444444480 444804 4400 A AAAA55555555555555555555555555555555555555555555666666666666666666666666666666666667777777777 T Ty
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Table 2.3. Pairwise

comparisons pfs, vciB, Idh, iap16S and 23S rRNA amongsteria species. This table is derived from alignments
done by Michael Schmid and Michael Wagner atltblrstuhl fir Mikrobiologieof Technische Universitat Miinchen.

Similarity
nucleic
acid
[%]

Identity
amino acid
[%]

L. monocytogenes
EGD

L. innocua

Sv6b

L. welshimeri
SLCC 5334

L. ivanovii

ATCC 19119 or SLCC 2379

L. seeligeri
SLCC 3954

L. grayi

Idh JvciB] prs| iap] 163 23F

239]

Idh] velH prs] iad 16

6S 43S Jidh {cIB Jprs [iap

16S 23S

L. monocytogenes |Idh

EGD vclB

prs

iap

16S

23S

9

92

93

idh vclB pls idp 1S 2
4

87

99.6
99.1

3S [dh ciB prs [iap [16S
88

84
88
85
99.4

99.

87

83

87

84

98.7

87

88

5 235 Idh vdB pIs idp 1
86

83

99.3

99,

76
73
81
65

L. innocua Idh

Sv6b vclB

prs

iap

16S

23S

99
100
99
89
n.a.
n.a

90
84
87
84
99.4

99.

90

85

87

80

98.7

86
86

89

81

99.4

99

77
73
79
65
96.3

L. welshimeri ldh

SLCC 5334 vclB

prs

iap

16S

23S

98
99
97
87
n.a.
n.a

98

99

98

85

n.a.

n.al

90

84

91

85

99.1

87
84

89

85

99.5

99.

78
70
79
62
96.7

L. ivanovii ldh

ATCC 19119 or |vcIB

SLCC 2379 prs

iap

16S

23S

98
99
98
83
n.a.

99

99

97

80

n.a.

n.ga.

98
98
96
86
n.a.

88
88

87

86

78
72
79
61
96.7

L. seeligeri Idh

SLCC 2379 vclB

prs

iap

16S

23S

98
97
98
84
n.a.

97

97

98

81

n.a.

n.ga.

97
96
97
89
n.a.

98

98

99

86

n.a.

76
73
78
61
96.8

L. grayi ldh

vclB

prs

iap

16S

23S

84
80
90
56
n.a.
n.a

85

80

90

58

n.a.

n.g.

84
80
90
54
n.a.

n.q.

85

80

90

52

n.a.

83

79

90

54

n.a.

n.a. Not applicable

The similarity values were calculated based on regions for which sequence information is available for all listerial species.
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within the Gram-positive bacteria with a low DNA G+C content (Collins et al 1991; Sallen et

al 1996; Vaneechoutte et al 1998).grayi had consistently appeared as the most ancestral
branch of the genus in these studies. However, due to the high sequence similarities of 16S
(98.7-99.6%) and 23S rRNA genes (99.5-99.7%) between the other members of the genus
Listeria, the divergence of these species could not be resolved using these molecules. In order
to enhance the resolution capacity of phylogenetic analysis for thelgstaui, all available

genetic information for the 6 listerial species were combined in a concatenated data

set. This data set included in addition to the 16S and 23S rRNA molecules, the housekeeping
genegrs, vclB, andldh flanking the virulence cluster, and tizg gene sequences located
elsewhere in the listerial genome.

The data were aligned and analysed using various phylogeny software packages
available at theé.ehrstuhl flr Mikrobiologieof Technische Universitat Minchéy our
collaborators Michael Wagner and Michael Schmid from the above institution.

Table 2.3 lists their pairwise nucleic acid similarities and amino acid identities of these
genes among the 6 listerial species. Due to the high similarity of the deduced amino acid
sequences of Prs, VcIB and Ldh, most probably reflecting a very recent radiation among the
members of the genulissteria, phylogenetic inference was based on comparative analysis of
nucleic acid sequencesldh, prs, vciIB, iap16S and 23S rRNAs. Figure 2.5 illustrates the
character states of the polymorphic positionddby prs, vclB andiap nucleic acid sequences
used for treeing. Please refer to Collins et al. 1991 (Collins et al 1991) for the 16S rRNA data
set, and Sallen et al. 1996 (Sallen et al 1996) for the 23S rRNA data set. Phylogenetic
analyses were performed for each of the genes included in the alignments as well as for
different concatenated combinations.

The data set.

Ldh codes for lactate dehydrogenase (LDH) which is generally about 310 amino acids
in length. The region encompassing the last 134 amino acids was available for all 6 listerial
species. This region represents the last 2 of the 6 conserved amino acid blocks of LDH as
determined by the ‘Blocks’ database. For phylogenetic analyddhigenes oBacillus
caldolyticus Bacillus caldotenaxBacillus stearothermophilysBifidobacterium longum
Deinococcusadiodurans Lactobacillus caseiLactobacillus sakeiLactococcus lactis
Mycoplasma genitaliupMycoplasma hyopneumoni&treptococcus mutans
Streptococcus pneumoniBhermotoganaritima Thermus aquaticusgiere obtained from
GenBank, aligned and used as outgroups. Phylogenetic treesltir ¢femes were estimated
from the nucleotide data set by distance, parsimony, and maximum likelihood methods. For
all methods, the listeriddih genes formed a monophyletic cluster Witlgrayi as the deepest
branch. The branch lengths of the other listerial species were extremely short and with the
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exception of a consistent groupinglofmonocytogenes and L. innogume common
branching patterns could be observed using the different treeing methods (data not shown).
Prs encodes ribose-phosphate pyrophosphokinase, a 318 amino acid prbtein in
monocytogenesTheprs data set used for the 6 listerial species encompasses sequence
information from residues 191 to 318, which contains the last 2 of 5 conserved amino acid
blocks of PRS as determined by the ‘Blocks’ database. Phylogenetic treespisrgbres
were estimated from the nucleotide data set by distance, parsimony, and maximum likelihood
methods. In distance and maximum likelihood methodgayi had the longest branch
length. Considering. grayias outgroup, two stable groupings, L(iimonocytogenesnd
L. innocuaand (ii)L. ivanovii L. welshimeriandL. seeligerj were supported by all
methods (data not shown). Independent from the treeing method. sealigerialways
represented the deepest branch withinLth@anovii L. welshimeriandL. seeligericluster.
VcIBis a conserved protein of unknown function found in all 6 listerial sp&tlas
cholerae-closest known homologue, other Gram positive bacteria and Archaea. Phylogenetic
trees for thevclB genes were estimated from the nucleotide data set by distance, parsimony,
and maximum likelihood methods. Results obtained were almost identical to thoseofer the
genes. However, the branching order withinlthesanovii L. welshimeriandL. seeligeri
grouping differed depending on the treeing method used (data not shown). If the respective
vclB homologues oE. coliandB. anthraciswere included in the analysis, grayi always
represented the deepest branch within the monophiistearia cluster.
lap has been described earlier. Both 16S rRNAiapdgene and mRNA) have been
exploited as target molecules for the detection and identificatibistefiae (Bubert et al
1992a; Greisen et al 1994; Wagner et al 1998; Wang et al 1992; Wang et al 1993). The P60
sequences dfisteriaeconsist of conserved N-terminal and C-terminal domains flanking a
variable region containing varying numbers of TN repeats. Phylogenetic analysisapf the
genes using the different treeing methods supporteld tmenocytogened.. innocua
grouping if maximum likelihood or maximum parsimony methods were applied. However,
both species were not monophyletic in neighbor joining trees. All methods consistently
suggested a clustering bf ivanovii L. welshimeriandL. seeligeri(data not shown). In
this clusterL. welshimerialways represented the deepest branch.

Trees derived from combined data sets.

In order to combine the phylogenetic information existing in the different genes, a
composite tree was calculated based on the nucleic acid sequences of the concatenated
16SrRNA-23SrRNA@p-vclB-prs-Idh data set (Figure 2.6). Independent of the treeing

method applied,.. grayi always had the longest branch. The remaining 5 species consistently
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Listeia monocyt ogenes

Listeia innoc ua

Listeria ivanovi i

Listeria seeligeri

Listeria w elshim ei

Listefia grayi 0.10

Figure 2.6 The composite phylogenetic tree of the gdngteria based on comparative analysis of the
concatenated nucleic acid sequences of 16S and 23S i&Ngvith the variable TN repeat region omitted)

prs, vciB,andldh. Tree topology and branch lengths were obtained from maximum likelihood analysis.
Bootstrap values for branches were calculated using maximum parsimony (1000 resamplings). The bar
indicates 10% estimated sequence divergence. Michael Wagner and Michael Schmid produced the treg at the

Lehrstuhl fir Mikrobiologieof Technische Universitat.

fell into two distinct groups. One grouping represént:monocytogenesndL. innocua

while the other containis. welshimeri, L. ivanoviandL. seeligerj with L. welshimeri

forming the deepest branch within this group. Sinceaihgenes contain the majority of the
informative sites in the concatenated data set, we were concerned that this molecule carried
undue weight in the composite tree. Thus we applied filters which included only selected
regions of theap gene for phylogenetic analysis. Filters covering the 5’ conserved block
(alignment positions 1-1342), the 3’ conserved block (pos. 1429-1755), and the 5’ and 3’
conserved blocks together were applied. In an additional analysis, theagngjemes were
omitted from the concatenated data set. None of the above mentioned permutations
significantly affected the composite tree topology.

While the different phylogenetic analyses provided mostly consistent results, the exact
branching order within the. welshimeri, L. ivanoviandL. seeligericould not be resolved
unambiguously (see above). To obtain additional phylogenetic information, we also
performed comparative sequence analysis o¥thegenes, which are present inlalteriae
exceptL. grayi. Unlikeprs, Idh, vciBandiap, the nucleic acid similarity (73.7 — 90.5%) and
amino acid identity values (75.8 — 94.5%)0fA are significantly lower between the 5
listerial species (Table 2.3) thus allowing the use of both nucleic acid and amino acid based
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phylogenetic analyses. The results confirmed the phylogenetic positiomvefshimerin
the composite tree described above. Using both amino acid and nucleic adid data,
welshimeriappeared almost equi-distant to bbthnnocua / L. monocytogenasd thel.
ivanovii / L. seeligerbranchegdata not shown). Further supporting this topology, the
nucleic acid and deduced amino acid sequencedi®fyenes (present only In welshimeri,
L. ivanoviiandL. seeliger) show that thé.. ivanoviiandL. seeligerisequences are more
similar to each other than either are tolthevelshimericounterpart (nucleic acid similarity /
amino acid identity betwedn ivanoviiandL. seeligeriis 82% / 86%, 77% / 80% between
L. welshimeriandL. seeligerj and 73% / 74% betwedn welshimeriandL. ivanovii.

DISCUSSION
Evolution of the virulence gene cluster.

Phylogeny of the genussteria and the loss of virulence capabilitylininnocuaand L.

welshimeri

We used a variety dbci including genes for 16S and 23S rRNA, “invasion associated
protein”, lactate dehydrogenase, ribose-phosphate pyrophosphokinagelBaactconserved
protein of unknown function, to determine the phylogeny of the gestexia. The
resulting, composite, nucleic-acid tree (Figure 2.6) was further corroborated by phylogenetic
analyses of theclA or vclP genes, and VCclA proteind.. grayi represents the oldest branch
of the genus while the remaining five species radiated recently into two lineages from a
common ancestor. One lineage containsionocytogenesndL. innocua while the other
containsL. welshimeriL. ivanoviiand L. seeligeri In the latter groupL. welshimeri
occupies the deepest branch of this group.

This bifurcation of the.. monocytogenes / L. innocliaeage from thé.. welshimeri
/ L. seeligeri/ L. ivanovigroup predicted by the phylogenetic tree is independently
supported by the deletion pattern seen around the virulence gene cluster, and the presence or
absence of the genomic markectP andvclZin the respective organismk. welshimeri, L.
ivanovii andL. seeligeriform one group containing the intactiP gene at the 3’ end of the
virulence gene cluster, which encodes a putative phosphate transfer enzyme.LNeither
monocytogenesor L. innocua which form the other group, contain argtP sequence.
Likewise,vclZ, encoding a hypothetical lipoprotein, is present only in_themonocytogene's
L. innocualineage. BottvclP andvclAappear ancestral in the genus even though they no
longer exist as coding sequences in present.dgyayi.



Evolution of the genukisteria 39

The phylogenetic tree we propose here implies that the virulence cluster genes of
Listeriahave been shared by the progenitor species bisédiriaeexceptL. grayi(if vclPis
disregarded). Whether the progenitot.ofrayi, and indeed of allisteriag had already
carried these virulence functions cannot be inferred to date. However, we can conclude that
the virulence gene cluster has been lost in two independent events, presently_seen as
innocuafrom one group and as welshimerifrom the other group of the two recently
divergent listerial lineages.

Our findings based on nucleic acid sequences disagree with an earlier interpretation
offered by Boerlin et al. based on MLEE (Boerlin et al 1991). While the positiorngodyi
is in agreement, the members forming the two bifurcating groups differed. The MLEE
analysis placed. innocuaandL. welshimerias sister species in themonocytogenes
group. L. seeligeriandL. ivanoviiformed the other bifurcating group. This interpretation
implies that the loss of the virulence gene cluster could have occurred once in the progenitor of
L. innocuaandL. welshimeri None of our phylogenetic trees derived from two independent
chromosomal locations, nor the chromosomal deletion breakpoints of the virulence gene
clusters loci oL. innocuaandL. welshimerisupport the Boerlin scenario.

The discrepancies may be due to the different nature of the data from which the
scenarios are derived. Recombination (lateral gene transfer) and evolutionary convergence of
enzymatic functions may have obscured the MLEE data, giving misleading phylogenies if
undetected. In MLEE analyses generally, the genes, their chromosomal location, the extent
and nature of changes corresponding to the enzymes examined are unknown, and therefore
cannot be assessed for occurrences of lateral gene transfer. Likewise, the exaymme=d
cannot be verified to correspond to the same DNA sequences and not derived from paralogous
gene products exhibiting similar enzyme activities between the species.

Our proposed tree also differ from that offered by Vaneechoutte et.al.(1998), which
was based on 16S rRNA, using the neighbor joining method alone. This placed
welshimerias a deeper branch of themonocytogenes / L. innocgeoup instead of thi.
ivanovii / L. seeligergroup. We failed to get consistent tree topologies using Maximum
likelihood, neighbor joining, and distance methods with 16S rRNA data. Sallen et al. (1996)
and Collins et al. (1991) also failed to definitively resolve these species using 16S rRNA.

This is obviously due to the shortage of phylogenetically informative sites on the molecule.
The genetic organizations of the various virulence gene cluster loci do not oppose the
Vaneechoutte tree, singelP appears ancestral to the genus, and is likely replacedin

the progenitor of.. monocytogenesndL. innocua

While the exact position df. welshimerimay still be debatable, the relationshig.of
monocytogeneandL. innocuaas sister species is clear from the collective data. When
genome-wide data is available for several species, then the extent of lateral gene replacements
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can be assessed, and perhaps, the uncontestable, definitive poditiaretshimerican
emerge. The problem of lateral gene transfer in the present data set is discussed below.

No evidence that virulence gene cluster arise recently via horizontal gene transfer.
The unremarkable variance of GC content observed in the virulence genes versus the
house-keeping genes does not fit the, by now, classic model of a “pathogenicity island”

acquireden blocfrom a foreign source. However, this does not completely exclude horizontal
gene transfer as a method of acquisition of these virulence traits; since any trace of GC content
difference would not be detectable now if the GC content of the original source did not differ
from that ofListeriaeor the progenitor ofisteriag or if the differences has been obliterated

over time. In the latter case, the acquisition occurred long enough ago for the genetic content
of this fragment to have fully adapted to the constraints of the listerial genomes.

The natural ecological niches of hlkteriaeoverlap, and are predominantly
environmental. All six species are commonly found in soil, rotting vegetation, sewage,
contaminated waters of rivers, canals, and estuaries. All six species also can be found in the
intestinal tract of healthy animal carriers, dnadnonocytogenes, L. ivanqwdndL. innocua
were often found in the stools of healthy humans (Farber & Peterkin 1991; Rocourt & Seeliger
1985). Some of the environmental distribution may be attributed to fecal contamination, while
the majority may indicate a saprophytic lifestyle of masteriae(Jones 1992). Since
Listeriaeoften share the same habitats, genetic exchange among the species is theoretically
possible, although the frequencies of these events are unknown.

Notwithstanding the fact that the virulence gene clusters reside in the identical
chromosomal location in all the carrying species, one could theoretically invoke the possibility
of horizontal gene transfer within the genus to account for its presence in bioth the
monocytogeneand thel ivanovii / L. seeligeri L. welshimerilineages. Given that the
host range and the virulence cluster genetic organizatidnsnodnocytogenesndL.
ivanovii are more similar than with that bf seeligerj one could postulate that gene transfer
would more likely have occurred between the former two species. However, the phylogenetic
analysis performed demonstrated a close evolutionary relationship of the genes of the virulence
cluster betweeh. seeligeri and L. ivanovithus supporting the notion that no such lateral
gene transfer took place betwdermonocytogeneandL. ivanovii Moreover, the
phylogenetic relationships of these species based on the concafeaaldil, vclBgenes
located in the virulence clustierci are consistent with the phylogeny derived fromiaipe
genes, which are located in a different chromosomal site. For the phylogeny ¢td¢hase
simultaneously agree, two lateral gene transfer events between ditfistenaewould have
to be invoked, rendering this possibility even more unlikely.



Evolution of the genukisteria 41

The ancestral virulence gene cluster.
Although we cannot know what exactly constituted the “ancestral” virulence gene

cluster from their present day manifestations, it must have included girfdagiicA, hly,

mpl, actA, plcB, vclXandvclY; the latter present in full ib. seeligeribut only as relic
sequences L. monocytogeneandL. ivanovii SincevclP is linked to PrfA control only in

L. seeligerj we cannot discern fcIP is “ancestral” to the virulence gene cassette or a specific
adaptation irL. seeligeri WerevclP a part of the ancestral virulence cassette, this could
imply thatL. grayi has had pathogenic capability as w#ltll, the first internalin-like gene to

be reported i.. seeligerj appears potentially PrfA regulated. This linkage of PrfA control
with an internalin-like gene to the virulence gene cluster may represent an ancestral
arrangement that gave rise to the PrfA-controlled, internalin genes found widely dispersed in
the present day genomeslofmonocytogeneandL. ivanovii Whether potentially PrfA
controlledvcID and vclEand the non-PrfA-controlleec|C, represent recent insertions irto
seeligerior deletions from the “ancestral” clusterlinivanoviiandL. monocytogenes

cannot be determined. The content differences between these virulence gene clusters, the
genetic inversion event(s) e€lX andvclY, and the presence of the partially duplicaiked

gene inL. seeligeriare testaments to the dynamic history of thesieas they underwent
adaptations in their resident species.

Evolution of the internalin-like proteins.

The internalin genes represent a different scenario airistggiae The internalins of
L. monocytogenesvith the exception of InlC, are larger thianivanovii's and are cell
surface bound or associated (Navarre & Schneewind 1999). This cell wall anchoring is
enabled by their additional C-terminal domains, which are missing frdmia#inovii
internalins reported to date. The smaller, secreted internalinswanoviiknown to date are
all under strict PrfA control (Engelbrecht et al 1996; Engelbrecht et al 1998a; Engelbrecht et al
1998b), whereas only some of the larger internalins ofonocytogeneare partially
controlled by PrfA (Dramsi et al 1993; Linghau et al 1995; Raffelsbauer et al 1998). Most of
the known internalin genes bf monocytogenesndL. ivanoviireside in numerous and
diverse locations in their respective genomes. Many of these genes are present in multiple,
divergent, tandem copieslAB (Gaillard et al 1991)nIGHE (Raffelsbauer et al 1998) or
inIC,DE (Dramsi et al 1997)-inIDC (Engelbrecht et al 1998a)inIFE (Engelbrecht et al
1998b). Some of these insertion sites are shown here to be unique for the species described as
their corresponding chromosomal locations in the other species invariably contain either
nothing or something else bordered by the same highly conserved housekeeping genes, which
no doubt mark genomic locations less tolerant of change. In addition to frequent duplications,
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illegitimate recombination is evidently the mechanism that gendrdk¢€df our EGD strain
(Raffelsbauer et al 1998) fromiC, andinlD of the EGD strain used by Cossart’s group
(Dramsi et al 1997). ThielC,DE locuslikely containanlGC,DE as the 5’ reported sequence
of inIC,DE matches the partial corresponding sequenad®@fexactly (Raffelsbauer,

personal communications). This gene conversion event thus resulted in a new internalin
(inlH) and a net reduction of one internalin unit in this tandem gene array.

As suggested by Engelbrecht et al. (1998), interspecific gene transfer may have played
arole in the dispersal of internalins. BecauséDC reside next to interrupteéBNAgenes,
which are frequently targets of integration sites by exogenous mobile genetic elements
(Ochman et al 2000), Engelbrecht noted that this insertion might have been mediated by a
lysogenic phage carrying thénlD, i-inlC and the multi-drug efflux pump (emr) operon
((Engelbrecht et al 1998a), personal communication). It is not apparent what mechanism
introduced the internalin genes into tlisus There are no integrases, recognizable IS or
phage elements in the vicinity (using thanonocytogenegenome). Themrgenes are
present in botlh.. monocytogenesndL. innocua,but neither species carry internalins in this
locus, therefore it is likely that the existence of #niw operon is historically independent of
thei-inIDC genes. Nevertheless, in the context.anonocytogenethe small secreted
PrfA-controlledinIC could have originated from the ivanoviihomologue-iniC. The
mechanism(s) to account for the apparent mobility of these genes within and between genomes
need further definition.

The leucine-rich repeat (LRR) motif, which is especially important in defining the
biological activities of internalins (Braun et al 1999; Mengaud et al 1996), is found here to be
present also in the non-pathogenic members of the genus. As mentionedvehrikseanL.
seeligeriinternalin gene. Were it expressed, Vcll would likely be secreted as it possesses a
predicted signal peptide and lacks the C-terminal cell-wall anchor sequences. One LRR motif
was also observed In grayis deduced VclJ (data not shown), which represents a large,
anchored, surface protein with similarity to VclClofseeligeri Both VcIC and VclJ contain
multiple 78-79 amino acid repeat units very similar to those observed in the C-alpha antigen
encoded by thbcagene ofStreptococcus agalactia;units are present in VclC while 3
units are found in VclJ. Preliminary information from the yet incomplebenocuagenome
also indicates the presence of multiple LRR proteins. Thus, it is likely that the listerial-specific
LRR motifs are rampant entities in the genus. It might exist in a large variety of rapidly
evolving surface molecules, each characterized by varying numbers of divergent LRR units,
variable N-terminal and C-terminal amino acid sequence contexts as is exemplified by the
small internalins, the large internalins, and now VclJ with its C-alpha antigen repeats. These
different combinations presumably perform different functions while sharing the listerial
LRR’s mode of action.



Evolution of the genukisteria 43

Evolution of Listeriae as Pathogens.

L. monocytogeneandL. ivanoviiare facultative, intracellular, mammalian
pathogens. The general mode of transmission is foodborne. Although frequently found in the
intestinal tracts of healthy human and diverse animal cardenspnocytogendaa humans
(and animals) and. ivanoviiin animals (and rarely in humans) are also associated with
severe infection involving septicemia and meningoencephalitis in fetuses, infants, the elderly
and the immunocompromised with a high mortality rate (Jones 1992geligeripresents
an enigma for this genus. The functiorLogeeligeris PrfA controlled and potentially
virulence genes is still a mystery since this species is considered non-pathogenic. This non-
pathogenic status is defined by the experimental mouse model, and by the fasetdageri
had not been known to cause disease except in one documented case (Rocourt et al 1986).
ExperimentallyL. seeligeriwas not able to express its virulence genes under laboratory
conditions which were found to induce themonocytogenesounterparts. Thi. seeligeri
listeriolysin genel§o) was however shown to be functional whenlthenonocytogengsfA
gene was introduced into seeligeriand expressed under conditions determined.for
monocytogene@arunasagar et al 1997). These findings point to our lack of understanding
at present of how and whénseeligeriutilizes its virulence mechanisms, and indeed, to
whom this pathogenic potential is primarily targeted. In other words, the entire host range of
Listeriaemost likely has not yet been determined.

Recently, PEST sequences have been identified in the Hly hemolysin of
monocytogeneasnd were demonstrated as essential for pathogenecity and prolonged
intracellular survival in mouse macrophages (Decatur & Portnoy 2000). These PEST motifs
are eukaryotic in origin and target proteins for phosphorylation and/or degradation. By
targetting HIly for host cytosolic inactivation, Listeria can effectively escape from the host
phagosomes while preventing the host cell membrane from becoming compromised by
residual Hly activity. This particular modification allowssteria to maximally use the
eukaryotic host cell as a haven against nutritional deprivation and immune attack. These PEST
motifs are also present in thé/ genes ot. ivanoviiandL. seeligerj indicating that all three
species have been adapted for prolonged survival within eukaryotic cells.

The similar content and organization of the virulence gene clusters of
monocytogeneandL. ivanoviimight reflect their adaptation to mammalian hosts, while the
L. seeligericluster with its additional genes might reflect adaptations to unknown host(s).
One group reported in laboratory conditions, the ability.ahonocytogenesndL. seeligeri
to survive and escap&canthamoeba castellarandTetrahymena pyriformigigestion by
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rupturing the predatory protozoan (Ly & Muller 1990a; Ly & Muller 1990b). This survival
mechanism is reminiscent bf monocytogenesndL. ivanovii s pathogenic capability of
breaching host cell compartments such as escaping the phago-lysosome of professional
phagocytes and invading neighboring cells in their mammalian Hastsria’'s probable
environmental association with protozoan opens the possibility that the virulence gene cluster
could have evolved as a listerial defense mechanism against becoming protozoan food.

The recent estimate of the infectious dose calculated from outbreaks to induce listerosis
in humans is 10to 10 organisms in normal adults (Farber et al 1996). This is in contrast
with infectious doses of 10 to 100 organisms sufficient to cause shigellosis in volunteer
studies forShigella flexner{DuPont et al 1989), and the less thahdi§anisms of
Salmonella sppcalculated for Salmonellosis outbreaks (Blaser & Newman 1982). Compared
to these more dedicated, pathogenic bacteria that also attack the gastrointestinal tract of humans
and other mammals, the most virul&mteriag i.e.L. monocytogenestill represents a
relatively ill-adapted human pathogen. The high infectious dose, the finding that two listerial
species exist in similar natural and mammalian environments after losing their pathogenic
potential, and the fact that the environment contains the predominant distribution of
monocytogeneand otheListeriag indicate that their dominant lifestyle is not parasitic.
Listeriaés pathogenicity to humans is thus better characterized, in the present window of co-
evolution, as ambivalent but opportunistic, rather than the classic parasite-host relationships
represented bghigellaeand Salmonellae
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Reconstituting the virulence gene cluster in nonpathogenit. innocua

The number of genetic components responsible for a speaifipkeotrait can be
bewildering. While mutagenesis is crucial for finding individual components involved in a
particular phenotype, it cannot assess the contribution of yet unidentified genes in conjunction
with the known ones. Positive reconstruction offers perhaps the most direct way of defining
the genetic and environmental components that are necessary and sufficient to yield a specific
phenotype. Reconstruction of course is of little use until enough components are already
defined that contribute to the trait in question. The sum of the known components can then be
used as a platform to test the role of other suspect components.

A number ofL. monocytogenedrulence functions are well defined, particularly the
genes of the virulence gene cluster and internalins A and B. The question now is how many
more genes and how much do they contribute to form the virulence phenotype. For this
guestion, the pathogenic-nonpathogenic palr. shonocytogenestrain EGD) and.
innocua(strain Sv6a) present a unique testing ground for virulence function accounting.
Though they are very closely related (see Chaptér. #)nocuahas none of the virulence
associated phenotypes obseriretl. monocytogenesThe anticipated completion of the
sequencing and the subsequent comparative analysis of the genomes of these two organisms
will undoubtedly generate major new insights into new, suspect, virulence genes. Therefore
at this moment, we are poised to benefit from a reconstruction model which allows multiple
factor analyses and testingiofsilico predictions in a modified. innocuacontaining defined
virulence genes df. monocytogenes

The first step of such a reconstitution is to re-create amocuawith the full
complement of the virulence gene clustet.ofnonocytogeneskfforts to do this are
presented here. This construct, when completed, will shed light on the magnitude of
differences in adaptations towards pathogenesis not accountable at the sequence level between
the two species, and can be used for measuring the contribution of known virulence genes as
well as test suspect ones for specific phenotypes. Unknown functions of interest include the
components of the signaling and regulatory componergfafactivation, the metabolic
adaptations to allow intracellular growth, and additional factors that confer or define host cell
tropism. Aside from these identification and accounting purposes, progressive reconstitution
can also be viewed as a pseudo-reverse evolution experiment to understand the divergence of
these two species.
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RESULTS

The virulence gene cluster locus spans 9 to 12 Kb imonocytogengstrain EGD)
depending on how the borders are defined. Since the subsequent studies desire a construct of
L. innocua(strain Svbb used) that is as similat.tanonocytogeness possible to avoid
potential polar effects and copy number induced artifacts, the goal was to insert the contents of
the virulence gene cluster into the identical location irL.thenocuachromosome, which had
discarded its version (see Chapter 2).

Genetic tools irListeria spp. are severely limiting because of the lack of natural
competence and the inefficiency of transformation by artificial means. Allelic exchange in
Listeriarequires cloning the desired fragment into a Gram positive/Gram-negative conditional
shuttle vector whereby the plasmid DNA can be propagated and harvested fibrodhe
host in sufficient amounts (2-5ug) to transfdristeria via protoplasting or electroporation.
Because no positive selection system are available for the detection of double cross-over
chromosomal integrands asliisteria, the chromosomal integration procedure is time and
labor intensive, routinely involving 20 or more continuous passages of a singly integrated
population in non-selective media af@Q@o encourage recombination, followed by
subsequent PCR screens to discriminate the double cross-over events. For these reasons, the
best strategy is one that requires the least number of integration events. However, this is
hindered by a biological limitation &:. coli, which does not tolerate large plasmids, or large
sequences of Gram positive DNA with very different GC compositions from its own. This
difficulty is only mildly alleviated by using. coli host strains DH10B or HB101, which
carries thaloeRmutation, rendering them more forgiving of larger plasmids.

The shuttle vector p?WH1509E, whose replication in Gram positive bacteria is
temperature sensitive, was used because it offered an additional antibiotic marker (Ampicllin or
Tetracycline) for the screening of insert presence during cloniBgadnli. The Ampicllin
(Amp) site was the chosen cloning site because its inactivation relieved further safety concerns
over the introduction of Ampicillin resistance iritisteria, since ampicllin is currently an
antibiotic of choice for treating Listeriosis. Erythromycin (Erm) was the selective agent in
Listeria, and Tetracycline (Tet) was usedEncoli. See Figure 3.1.

Because of the anticipated difficulties in this exercise, all cloning procedures
undertaken here included the following controls and tests in parallel: positive control for ligase
activity, background controls for vector that failed to be properly digested, the ligatability of
the fragments in question, the amounts of each fragment and vector used, the transformational
efficiencies of the competent cells, the antibiotic plates, the specificity of the screening
primers, and the activity of the polymerase for PCR. These controls at every step ensured that
any failure to obtain proper transformants could not be caused by trivial technical reasons.
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The following results describe the development of a workable strategy for integrating
the virulence gene cluster intoinnocua and in parallel, into the positive contrbl,
monocytogenesutant, PKP1, whose virulence cluster genes are deleted excpgidfor
(Engelbrecht et al 1996). The ability of the genes carried on each successive construct to
recomplement PKP1 provide a proof of function for the genes introduced intoitim®cua

background, whose display of the phenotype in question may be dependent on additional,
unknown components.

First strateqy for integrating the monocytogenedrulence gene cluster inta innocua

Q
Loinnocua - CIEHECEN

[ | [ | [ | [ |
o ‘0 Qo 0 o
Lmono. NSRS - ISR - E-DETERE
prs prfA  plcA hly mpl actA plecB xly Z B A Idh
12 Kb insert
Gram 03;
negative A >
ori pBr322 Aat i
e,
v Amp

Gram negative - Gram positive
(temperature -sensitive)

Shuttle Vector for Allelic y
Exchange
pPWH1509E

p T 6.9Kb :
Additional vectors tried: Gfa.'p
pLSV1 (ts) shuttle vector and \ B gﬁsp')l'z"fg 4
low copy number Gram negative (ts)
vector pWSK30 (as intermediate). Erm

Figure 3.1. Direct cloning of the entire virulence gene cluster into a shuttle vector or an internkediate
vector. Chromosomal integration would require cross-species tolerance at both 5’ and 3' homologous
recombination sites (5’ prs-prfA; 3’ =orfX/Y, Z, B, A, Idh).
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Cloning the entire 12 Kb fragment with homologous but non-identical sequences for

integration intd_isteria.

The chromosomal maps of the virulence gene cluster lodusrefocuaandL.
monocytogeneevealed the known sequences available for recombination between these two
species (Figure 3.1). A 12 Kb, blunt ended, PCR product was obtainet.from
monocytogeneshromosomal DNA by PCR using long range polymerase rTth (Perkin Elmer)
which had been spiked with Deep Vent polymerase with editing function to reduce error rate,
and primergrs2(Sal)> 4dh5(Eco). This fragment was either directly ligated to vectors
linearized with restriction enzymes producing blunt ends (for p?wH1509E, the Sca | site within
the Ampicillin gene), and transformed irito coli DH10B cells, or phosphorylated with T4
polynucleotide kinase and then ligated to linearized vectors that were dephosphorylated with
shrimp alkaline phosphatase (SAP), and processed as above. The shuttle vector pLSV1, and
E. colilow copy number plasmid, pWSK30, were used in parallel as alternative cloning
vectors. Sixteen tetracycline resistant {FeAmpicillin sensitive (Amp) pWH1509E based
transformants (both phosphorylated or not), 36 white pWSK30 (with dephosphorylation)
based transformants (standard blue/wfitgalactosidase activity screen), and 200 pLSV1
based transformants (phosphorylated) were screened by PCR to detect the correct insert.
Positive clones yielded a 312bp product using prirh> and snpk targeting théaly and
mpl genes.

Seven pWH1509E (dephosphorylated)* &t p® clones, 1 white pWSK30 based
clone, and a handful of pooled pLSV1 based clones were positive on the first day of
screening. Upon propagation either by plating or in broth, all of these clones lost their inserts
when subsequently checked by PCR with the same diagnostic primers above. This
phenomenon was seen repeatedly, in each of the different vectors used, and the PCR signal
decreased proportional to the degree of propagation. Thergfaalj proved unable to
stably replicate 12Kb of Gram positive DNA in any of the vectors used. Remarkably, all the
clones lost the entire inserts and none were seen with varying sized inserts. Upon closer
examination of the 12Kb sequence, several very similar sequences representing the
transcriptional termination signal regionspo$, orfZ, Bandldh were detected (see Fig 2.3 in
Chapter 2). Since these locations represented the extreme ends of the 12Kb fragments, it is
conceivable that their presence promoted deletions of what looked like the entire insert as
viewed on agarose gels.
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Strateqy for cloning the virulence gene cluster in 2 parts
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Figure 3.2. Attempt in cloning the virulence gene cluster in 2 parts, with 2 subsequent chromosomal
integration steps. The first step employed subcloning of the virulence gene cluster deleted strain PKP1
(subclone 1), which offered a reduced size fragment but contained the appropriate 5" and 3’ integration
sequences. Its subsequent integration provide a Kanamycin marker, whose loss could indicafaetge co
integration of subclone 2. (Sequences for chromosomal recombination are underlingwidaéess L.
monocytogenesequence. Blue indicatesinnocuasequences. Black indicates sequences introduced in the

prior established integrand).
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Cloning of the virulence gene cluster in 2 parts.

The second strategy was designed with the goals in mind to decrease the fragment size
for cloning while avoiding the presence of multiple repeat sequences, and maximizing the ease
of performing the subsequent two chromosomal integrations. This would employ the mutant
PKP1 that carrie@rfA, partialplcA/plcB, interrupted in between them by a Kanamycin
resistance marker (Kn.). The first integration clone would carry sequences contéiiofy
L. innocua which would permit homologous recombination in the 3’ border, fused to the
5Kb fragment from PKP1 representipgs to orfX/Y. The second integration clone would
carry the virulence genes deleted from PKBICA, hly, mpl, actAandplcB. Its successful
integration could be identified by the loss of the Kanamycin resistance of the first integrand.
Both constructs would be made in pWH1509E. See Figure 3.2.

The preliminary cloning of. innocua orfZa 500bp PCR fragment generated with
Deep Vent polymerase (primemsfZ8-inn(Xhol)> <orfZ9-inn), ligated into the Scal site of
pPWH1509E, occurred with ease. The resultant plasmids were named pENO1 and pENO02
depending on the insert orientation. pENO1 and 2 were linearized with Xhol, a site introduced
into the 5" end of thé. innocua orfZAragment. These were used to clone the 5Kb PCR
product generated by rTth/DeepVent polymerase from PKP1 chromosomal DNA, using Xhol
sites engineered into the PCR primepssL(Xhol)> and ©orfX1(Xhol)). The 8 Kb fragment
containingplcA, hly, mpl, actA, plcBrvas similarly obtained by PCR from monocytogenes
EGD chromosomal DNA (primegcAl> <plcBl), phosphorylated with T4 PNK, and
ligated into Scal linearized, SAP dephosphorylated, pWH1509E.

Neither clonings were successful. No"Kransformants were select, and PCR
screens of 65 pENO1 based clones and 65 pENO2 based clones proved empty (diagnostic
primers: plcB2> <orfZ9-inn). Two different sized Tétolonies were observed for the 8Kb
cloning, many of the small colonies failed to propagate (not satellites), the 72 propagatable
Tetf/Amp® transformants were PCR screened (primteg2> <mpl2), but they too were
empty. Using MAX Efficiency DH10B competent cells (BRL: transformation efficiency at
10° transformants/ug pUC19 DNA) as opposed to homemade electrocompetent DH10B
(transformation efficiency at 1@ransformants/ug puUC19 DNA, and 5%16r pWH1509E
DNA) also failed.

At this stage, switching the intermediate cloning filéncolito a low GC content,

Gram positive bacterium as an intermediate host was considgaedlus megatheriurand
Staphylococcus carnosugere examined for feasibilityBacillus protoplast transformations
were plagued with numerous technical problems, Whilearnosigprotoplasting only yielded
10° transformants/ug pWH1509K DNA (Kn. selection, data not shown), this efficiency was
not promising for difficult, direct transformation of ligation products. This route was
abandoned.
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Strateqy for cloning the virulence gene cluster in three parts
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Figure 3.3. Three overlapping fragments containing thenonocytogenegrulence gene cluster were
cloned separately into the shuttle vector. The first two clones pEN03 and pEN04 employed pENO1 as a base

which provided thé.. innocua orfZsequence the 3’ border for chromosomal integration.

Cloning the virulence gene cluster in 3 parts
It is apparent that the insert sizes need to be further reduced in the cloning of listerial

DNA into E. coli. A third strategy was devised using three subclones. This is illustrated in
Figure 3.3. Three PCR fragments were generated with rTth/Deep Vent polymerase.
Fragment “I”, carryingprs, prfA, hly, and 5’ ofmpl, is 4498bp (primergprs5(Aat2)>
<mpR(Xhol)), fragment “II”, caringnpl andactAincomplete, is 4093bp (primers:
hly3(Aat2)> <ActAl(Xhol)), and fragment “llI”, spanning the 3’ endadftA, plcB, orfXYZ
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to orfB-incomplete, is 2815bp (primer#&ctA2> <orfB3). At this point, two methods were

tried. The first attempted cloning these directly into the shuttle vector, and the second involved
cloning these fragments via &n coliintermediate vector using the topoisomerase based

TOPO TA cloning kit (Invitrogen). The second method yielded positive clones for all three
fragments as confirmed by “cracking’to examine supercoiled plasmid size, and insert-plasmid
junction sequencing. TOPO plasmids carrying fragments “I” and “II” were digested with

Aatll and Xhol, and these inserts were gel isolated and ligated to pENO1, which had been
similarly prepared. Fragment “llI” was released from the TOPO vector using the two EcoR1
sites provided by the vector flanking the insert. The sticky ends of this fragment were
removed using DeepVent polymerase, and the resultant blunt-ended product was ligated to
Scal linearized pWH1509E. All were electroporated itcoli DH10B cells.

Three out of 30 transformants were positive for “I” when PCR screened (diagnostic
primers: hly2> <orfZ9-inn), 1 out of 62 transformants screened was positive for “II”
(primers: ActA2> <orfZ9-inn), 3 “llI” transformants were isolated from the 8 Aifijef® out

of 100 Tet colonies examined (diagnostic primers for both orientations: orfB2(Eco)>
<3’AmpPst and orfB2(Eco)> <orfB3). The resultant plasmids were named pENO3 for “I”,

pPENO4 for “II”, and pENO5 for “IlI”.

Chromosomal integrations into innocuaand PKP1 required further modification of pENO3

and pENO4
To test the experimental feasibility of chromosomal integration using cross-species,

homologous but non-identical sequences, pENO03 was electroporated into inothcua

Sv6b and.. monocytogeneBKP1. The first crossover events were selected for in non-
permissive temperatures under Erm selection. Temperatures operablméorocytogenes

(41 to 43C) were found to be lethal f&r. innocua but single crossover events were
successfully isolated ib. innocuaat 40C. However, all crossover events observed took

place at species-specific sequences.LAthonocytogengsrimary integrations occurred

usingL. monocytogengss-prfA while allL. innocuaprimary integrations took place at the

L. innocua orfZ The second integration event was promoted through continuous passage by
diluting 0.5 to 1ml of culture in 20ml BHI, and grown at@@vith no drug, which

represented about 10 doublings per passage. A simple screen for the loss of Kanamycin
resistance in the PKP1 primary integrand was used to identify second crossover events. The
Kn. screens were done periodically between passages 20 to 50, but none were positive. At
passage 50 or after 500 doublings, zero of the 2500 clones screened WeThikindicated

that recombination between similar, but non-identical sequences (nucleic acid identity at >90%
for prs, and 82% foorfZ over 500bp), occur at prohibitive frequencie&isteria.
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Final strategy: include identical 5’ and 3’ recombination sites for both
L. innocua Sv6b and L. monocytogenes PKP1 control.
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Figure 3.4. Final constructs carried on temperature sensitive shuttle plasmid pWH1509E contained all the
required sequences for integration into the respekisteria spp Three sequential chromosomal double
crossovers (" pENO8 “11” pENOG “lll” pENO05 will place the entird.. monocytogenegrulence cluster into

L. innocuaSv6eb and the positive contrbl monocytogenedrulence gene cluster deletion mutant PKP1.
Integration of 1" proved successful in both innocuaand PKP1. Integrations ofi" and “lll” are pending.
(Sequences for chromosomal recombination are underlinedinéledtes L. monocytogenssquence. Blue

indicated_. innocuasequences. Black indicates sequences introduced in the prior established integrand).

Since it is essential that the same construct be integrated into the test and control pair,
the plasmids pENO3 and pEN04 were modified such that each carried 5’ and 3’ integration
sequences specific for both species. pENO5 needed no modification. Figure 3.4 illustrates the
modifications made. Both “I”, pENO3 and “lI” pENO4 were co-modified to carrtthe
monocytogenearfX to allow 3’ integration into PKP1. The 540bgdX insert was generated

by Taqg polymerase (primergtcB2(Xhol)> <orfX2(Xhol), digested by Xhol, and ligated into
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pENO3 Xhol site. PCR checks confirmed the orientations (primers fohly2>
<orfX2(Xhol), “II": ActA2> <orfX2(Xhol) and proper insert numbers (primers for Hly2>
<orfZ9-inn, “lI”:  ActA2> <orfZ9-inn). These constructs were named pENO7 for “I”, and
pENOG6 for “II”. pENO7 needed further modification to includennocuaspecificprs
sequence to form its 5’ recombination site. A 64Dbjmnocua pransert was generated by
Deep Vent polymerase (primems8-inn(Aat2)> prs9-inn(Aat2)), digested with Aatll, and
ligated into the Aatll site of pENO7. The insert orientation and number was confirmed by
PCR (primersprss(Aat2)> 9rfA3). This final construct of “I” was named pENOS.
Because pENO08 was constructed out of 4 consecutive clonings, and now encompasses
a 6.1Kb insert of listerial sequences, one final PCR test was used to confirm that the
arrangement and contents were stably maintained (pripre8sinn(Aat2)> PprfA3, prss-
inn(Aat2)> prfA3, hly2> <orfX2, hly2> <orfZ9-inn, andplcB2> <orfZ9-inn). It was.

Chromosomal integration of pENO8 carryipdA, pIcA, hly into L. innocuaand PKP1

PENOS8 was electroporated into innocuaSveb and.. monocytogeneBKP1.

Primary integration was effected in non-permissive temperatures under Erm selection. Five
prime recombination events in innocuaSv6b and.. monocytogeneBKP1 were identified

by PCR from small scale chromosomal DNAdes with respective primers sgiss4-inn>
<prfA2 and cormprs2> <mpl2(Xhol). Three prime recombination events were detected
likewise in both species by primérly2> <orfB10. Both 5’ and 3’ integration events were
detected in Sv6b primary integrands, while only one 5’ and no 3’ integrands were found in
PKP1. Primary integrands from each species were passaged 18 times. Second crossover
events were identified by the loss of Erm resistance and subsequent PCR screen using the
same methods as for the first crossover. Species identity was confirmed using species-
specific primers that discriminate thmIDC locus of each speciek. (nnocua: DC1-inn>
<emr2-inn,L. monocytogenesDC2-egd> <emrl-egd). See Chapter 2 for a description of
the region betweermn andemrin these species.

The resultant. monocytogenestrain was named “PKP1+1”, and the resultant
innocuaSv6b strain was named COR1 (for “corrupted1’).monocytogeneBKP1+1, now
complemented with thglcA andhly genes, fully recovered the hemolytic phenotype,
indicating that pENOS8 carried at least a workable cogyhof But surprisinglyL. innocua
COR1, with the newly acquirgfA, plcAandhly, did not gain the hemolytic phenotype as
anticipated (Rauch, personal communications). At the time of this writing, the second and
third integrations are still pending. Figure 3.5 illustrates the integration schemes.
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Chromosomal integrations of “I”, “lI” and “llI” into
L. innocuaSv6b and.. monocytogeneBKP1 control
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Figure 3.5. Successive chromosomal integrations to movmonocytogeneBGD virulence gene cluster
into L. innocuaSv6b, and parallel integrations into PKP1 as proof of function for the genes being moved. At

this time, COR1 and PKP1+1 have been constructed. (Red alleleslamm@fiocytogenesrigin, blue alleles

are ofL. innocuaorigin).
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DISCUSSION

After a seemingly sisyphian exercise, a working strategy for integrating the virulence
gene cluster df. monocytogendasto thelL. innocuachromosome is finally at hand. All of
the components for integration has been successfully clofedoli intermediates. The first
segment “I” conferring functions mediated by PrfA, PIcA, and Hly has been integratéd into
innocua(COR1), and the positive control, themonocytogenedeletion mutant, PKP1.

The second segment “II” was also readily transformablelinionocua(data not shown).

The difficulties encountered with cloning listerial DNA Hacoliintermediates is well
known. Here, thecl had to be divided into three overlapping pieces of less than 5Kb each
for successful cloning. Although not unanticipated, the limits of cross-species recombination
is unknown inListeria simply because of a lack of precedence. Sequence divergences over
>500bp betweeh. monocytogenesndL. innocuaof 7% forprsand 18% foorfZ were
beyond tolerance levels of the reciprocal recipients, and are expectedly so in the light of recent
findings.

The reluctance of inter-species homologous recombination, or sexual isolation, is
observed to be exponentially related to sequence divergence in all Gram negative and Gram
positive organisms examined (Majewski & Cohan 1999; Majewski et al 2000). These are
primarily due to mismatch repair systems (MutSL) and the scarcity of “minimum efficiently
processed segments”, which are short regions of near identities between donor and recipient
DNAs required for successful strand invasion to initiate recombination. Surprisingly, the
contribution of either mechanism to sexual isolation vary largely among organisms. For
example, mismatch repair forms the predominant recombination barrier between different
species of Gram negative bacteria sBalmonella sppandE. coli (Vulic et al 1997), but is
less important irStreptococcus pneumoniéidajewski et al 2000), and is negligible in
Bacillus subtilis(Majewski & Cohan 1998). On the other haBdsubtilisrequires identity
between donor and recipient at both ends of the donor DNA ®&hdeli only requires
identity at the 3’ invading end (Majewski & Cohan 1999), Busubitilisis tolerant of very
divergent DNA as long as enough identical flanking sequences of a required stability (melting
temperature) are available. The extent to whiskeriais similar toB. subtilisin
mechanisms of sexual isolation is not known. Nonetheless, these studies were done using
conjugation and transduction in Gram negative bacteria, and natural competence in the Gram
positive bacteria cited. Since the foreign DNA substrates are presented in single strand form
through these uptake mechanisms, they largely escape the activity of the host restriction-
modification systems. Such mechanisms of DNA uptake are not obsemsteng, thus
sexual isolation is likely even more profound.isteria than in its Spneumoniae@ndB.
subtilisrelatives
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Potential Uses:

Although COR1, thé.. innocuaconstruct carryingrfA, plcAandhly genes, does not
possess the full complement of the virulence gene cluster, it is already sufficient as a testing
ground for functions related to the regulation of PrfA, with Hly acting as the reporter. A
guestion still remains whethprfA is fully functional since CORL1 is questionably hemolytic
while the positive control PKP1+1 regained its hemolytic activity. The only difference
between these construction processes is that PKP1 possessedatffogene prior to
integration of pENO8. This can be directly addressed by the sequencing of PCR products
derived from the chromosomal fragment spanningltté promoter to therfA structural
gene of COR1. If no meaningful sequence changes are observed in the spfétgehe or
in the promoters gbrfA andplcA, which driveprfA transcription, this non-hemolytic
phenotype can be attributed to regulatory differencesinrmocua InterestinglyprfA-plcA-
hly constructs introduced inta innocuaon multiple copy humber plasmids can express
hemolytic activity and can escape primary phagosomal compartments (Goebel and Gotz,
personal communications). This implies that under those specific conditions, the number of
PrfA molecules present In innocuawas at sufficient levels in the ‘activated’ form to drive
virulence gene expression. In additibnjinnocuatransformed with plasmids containing the
prfA can be triggered to turn on Ribroduction upon exposure to eukaryotic factors (Renzoni
et al 1999). This latter case indicate that the sensor for eukaryotic contact dxigteatua
to signal virulence gene production. If @A gene of CORL1 is not defective, then these
observed differences between an integral copy versus multicopies reflect mechanisms
governing the sensitivity of regulation of PrfA activity.

Identifying requlators of virulence gene expression:

Many pieces of evidences lin monocytogeneshow that the abundance of PrfA per
se does not translate to PrfA activity (Klarsfeld et al 1994; Renzoni et al 1997). This apparent
co-regulation via other means are under the influences of environmental factors including
stress (Ripio et al 1998; Sokolovic et al 1993) and medium composition enhancement of
virulence gene expression (Bohne et al 1996; Ripio et al 1996), catabolite repression of
virulence genes under growth of certain carbon sources (Milenbachs et al 1997; Park & Kroll
1993), and activation of PrfA upon encountering eukaryotic cells (Renzoni et al 1999).
Moreover,in vitro transcription assays using purified RNA polymerases isolated in different
growth conditions show that this co-regulation may be mediated via alternative components of
RNA polymerase (Lilac and Goebel, 2000, personal communications) and (Bockmann et al
2000). In this light, alternative sigma factor loading of RNA polymerase seems highly
plausible since they form well documented, developmental switches in bacteria, governing life
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cycle events such as entry into stationary phaSar( E. coli andH in B. subtilis) and the
varying stages of sporulation B subtilis(cH, oF, oE, oG, oK); reviewed in (Wosten

1998). A likely candidate would be an alternative sigma factor linked to stress response, but
unexpectedly, the general stress response sigma faBtas probably not responsible for

the expression of virulence gened.isteria as its inactivation did not affect virulence in mice
(Wiedmann M 1998).

An in silico search of th&. monocytogenegenome for alternative sigma factors
(described in Chapter 4) yielded a total of 5 sigma factors. Beside theoAaod the
general stressB, homologues tolL, oH and an extracytoplasmic type factor (referred to
here assECF) was identifiedoL regulates the degradative levanase operdh subtilisand
L. monocytogeneand is under investigation by another group (Robichon et al 1997). We
have chosen to further investigate tii¢ andoECF.

The prototype SigH, encoded kyoH (sigH) in B. subtilis is particularly active in
transition phase gene expression although it is also produced during growth phase. SigH is
crucial for the induction of the mutually exclusive pathways of competence development or
sporulation, and also for DNA damage inducible responBadaillus. Pathogenic adaptation
of Listeria can perhaps be regarded as a transition function between different lifestyles, and
may be subjected to similar regulatiddacillus SigH is regulated via transcriptional
suppression by AbrB, a global regulator suppressing post-exponential phase functions during
active growth; and also by increased message stability and efficiency of translation upon entry
into stationary phase (Haldenwang 1995). Several factors are known to control SigH post
transcriptionally. These includes specific degradation upon acid stress by LonAB protease
(Liu et al 1999), degradation upon exiting the initial stages of stationary phase by ClpC
regulatory ATPase / chaperone (Nanamiya et al 1998), and direct activation of SigH
dependent transcription via unknown means by ClpX regulatory ATPase / chaperone (Liu &
Zuber 2000). ClpX is the first chaperone to be directly implicated in transcriptional activation
in conjunction with a sigma factor. Since activation of PrfA controlled genes seems also to
require an activator besides PrfA, a chaperone should also be considered in this role.

The second candidate resemble ECF sigma factors, which are named for their
involvement in controlling extracytoplasmic functions ranging from heavy metal efflux, iron
scavenging, virulence, to cell envelope maintenance in both Gram positive and negative
bacteria. They are usually associated with membrane bound proteins which presumably act as
sensors and as their anti-sigma factor. Upon receiving the appropriate signal, the membrane
sensor releases tiECF for transcription activities (Missiakas & Raina 1998). This type of
regulation also appear plausible for the control of PrfA. Signals such as MEM shift, charcoal,
or host cell factors may cause release of aais€F which activate PrfA dependent
transcription.
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The construction of knockout mutantsaii andoECF inL. monocytogeneare
underway to assess the role of these sigma factors on virulence gene expression (done by
Michael Herler and Marcus Rauch). Complementing the knock out strategy is the cloning of
oH andoECF under a constitutively expressed promotgsjfn a multi-copy shuttle vector
(data not shown). The rationale of the latter approach is first to makedditlegioECF
abundantly available, and to test if this availability cause activation of PrfA in conditions where
PrfA is not normally activated. Alternatively, in-vitro assays of run-off transcription can be
assessed in these extracts, with the additon of other factors, such as Clp chaperones, to
directly assay transcriptional activity.

If COR1’s lack of hemolytic activity is genuinely caused by regulatory phenomena,
then it can be used to assay for hemolysin activation upon introduction of either aftthese
andoECF constructs, or for that matter, any other positively acting candidate regulators.
These putative regulatory factors can exert their influence indirectly on PrfA via modification
of other factors or PrfA itself. But whether directly or indirectly, if a sigma factor exerts a
positive effect on virulence gene expression, it would hopefully be detectable in COR1 or
COR1 extracts.

What roles do internalins play in vivo?

How much known genes contribute to virulenceivo are still enigmas because clear
in vitro results such as lack of invasiveness of mammalian cells or inability to spread from cell
to cell do not directly translate to the capacity for bacteria to surviigo. For example,
mutants defective in gene products ActA and PIcB, important for intracellular spreading, and
mutants defective in InIB and InlA, which confer invasiveness to extracellular bacteria were
both found to be alive and replicating intracellularly in mouse livers (Appelberg & Leal 2000).
Clearly, multiple components are required for a complex trait such as the ability to persist in
the host liver. How much each component contribute to the overall phenotype can be tested
when individual components are selectively added to the COR constructs.
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The genome ofL. monocytogenes Introduction

The designatioh. monocytogena®presents a diverse population. Comprehensive
surveys ol.. monocytogeneasolates collected worldwide from clinical and environmental
sourcegyrouped the population into three distinct lineages, which encompasses all 13 known
serogroups. Group | contains serotype b strains derived from human and animal sources. All
food-borne epidemic isolates fell into this group. In particular, serotype 4b is associated with
64% of the epidemic outbreaks in humans, and serotype 1/2b and 4b combined accounts for
74% of all human isolates (McLauchlin 1990). Group Il contains serotype a and c strains
derived from human and animal sources not associated with epidemics. Group Il contains
only non-human derived isolates and is associated with serotype 4a. These groupings are
consistent with all existing evidence of typing by flagella antigens, multilocus enzyme
electrophoresis (MLEE), randomly amplified polymorphic DNA, restriction fragment linked
polymorphism (RFLP) ofly andinlA, DNA sequence typing @fctA, hly, iapand flagellin
(flaA), and chromosomal pulsed-field gel electrophoresis (Piffaretti et al 1989; Rasmussen et
al 1995; Wiedmann et al 1997). Cumulatively to date, all the studies showed strong linkage
disequilibrium among the variolsci examined which indicate a marked lack of horizontal
gene transfer among the separate lineages, and that the population structure of
monocytogeneis primarily clonal.

Strain EGDe of serotype 1/2a is being sequenced by the Consortium. This particular
isolate was clinically derived and has undergone numerous passages in mice. It falls into
lineage Il of the above-described scheme. It is not known how different the present EGDe
strain is from the original clinical isolate. This EGD isolate was chosen because passages in
mice ensured the presence of genes required for the virulence phenotype.

Chromosomal maps of thrée monocytogenestrains are available. Lineage Il
strains EGDe (genome size 3.0 Mb (von Both et al 1999)) and Lo28 (serotype 1/2c, genome
size 3.15 Mb (Michel & Cossart 1992)) exhibited the same chromosomal map. However,
lineage | strain Scott A (serotype 4b, genome size 3.21 Mb (He & Luchansky 1997)) showed
different mapping patterns from the other two. These gross differences in the chromosomal
maps may be due to genome rearrangements or the presence of different lysogenized phages in
addition to differences in genetic backgrounds.

The sequencing of tHe monocytogenegenome was the effort of the European
Listeria sequencing project Consortium. The Consortium consisted of ten laboratories in
France, Spain and Germany and was centrally coordinated at the Pasteur Institute in Paris by
Pascal Cossart and Philippe Glaser. See the list of the Consortium participants on page 113.
Our lab represented 10% of the effort in gap closing, sequence verification, and annotation.
The project officially commenced in the Spring of 1998 with library construction in Paris. The
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genomic DNA of strain EGDe was cloned as libraries varying from small (1-2Kb), medium
(10-20KDb), to large bacterial artificial chromosome (BAC, 60-70Kb) clon&s aoli hosts.

The LION and Charkraborty groups constructed the BAC libraries. The shotgun-sequencing
phase employed primarily the small insert library, and began in the Fall of 1998 and was
concluded in the Spring of 1999. Sequencing was done from both ends of each insert clone.
The Phred-Phrap-Consed Software written by Phil Green at the University of Washington
was used as the tool for sequence quality assessment and global contig assembly. At the
beginning of closure phase, greater than 40,000 sequences representing 6.5X chromosomal
coverage were obtained by the Consortium and these were assembled into approximately 250
contigs--depending on the stringency of the assembly parameters (Phred score requirement).
Gaps were predicted by a mixture of methods including inference from medium size library
clones and BAC clones, sequence comparison with kiavenbtilisgenome sequence, and

by recombinatorial PCR of unmatched contig ends. These activities were handled by Philippe
Glaser and Lionel Franguel at Pasteur. All consortium members took part in the annotation of
theL. monocytogenagenome sequence. Thereafter, the Pasteur Institute used the annotated
L. monocytogenesequence to facilitate the assembly, annotation, and the comparative
analysis of thé&. innocuagenome.

My role in this project was in the planning, implementation and coordination of our
lab’s effort in gap closure, sequencing, and the preparation of the annotation réport of
monocytogenegparticularly in the area of post-exponential phase functions. Most of this
took place between May 1999 through July 2000. The manuscript on the genome comparison
of L. monocytogeneandL. innocuais currently being prepared by Philippe Glaser and the
Consortium. Once published, the respective sequences will be publicly accessible via the
Pasteur Institute website (http:/genolist.pasteur.fr/).

RESULTS:

Gap closure phase began with the successful assembly of approximately 200-250
contigs. Predicted gaps were tested by PCR from EGDe chromosomal DNA template using
primers designed from the two predicted contig ends. When a unique PCR product was
obtained, the fragment was sequenced in full to close the gap. Predicted gaps that failed to
yield unique PCR products under various PCR conditions were erroneous predictions. Most
gaps were smaller than 3Kb in size. Besides gaps closings, low quality sequence areas of
assembled contigs were likewise verified by bridging the low quality area with PCR from
chromosomal DNA template, and sequencing of the products.

We attempted two sequencing approaches, but only one was successful. Sequence
output obtained from the ABI systems was compatible with the Phred-Phrap assembly
software but output obtained from the Licor system was not optimally adapted, and the Licor
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system was thus abandoned. In addition, we also had technical problems with primer quality
for the Licor IRD-800 dye system. The sequence outputs from ABI systems were processed
with locally installed Phred-Phrep-Consed software to ensure that the sequence quality met
with the required standard of Phred Score >19. Sequences on both strands meeting the
required Phred score were needed to close each gap. In total, we processed 22 gaps and 41
verifications, accounting for 285 ABI sequences.

Annotation proceeded prior the final closure of the genome. Automated bioinformatic
searches for open reading frame (ORF) prediction, ORF sequence comparison and
identification (e.g. Blast results) for all ORFs above 70 amino acids and known, smaller gene
products were done by the Pasteur Institute and LION bioscience AG. Automated results
were subsequently verified by all Consortium members between December 1999 through July
2000. Each group was assigned certain biological areas in which to finalize the annotation and
extract information. My task was stationary phase functions. In addition, in light of our
institute’s interest in mechanisms of PrfA control, a sigma factor study was done.

The Listeria monocytogene&gnome:

The genome was closed when the final remaining contig (chromosome) was
circularized. According to the results of the Consortium, the total length of the dircular
monocytogeneBGDe genome is 2,944Kb. It contains one phage (129 Kb phage A118,
inserted incomK) and three copies of an IS element. At a coding density of 90%, it encodes
estimated 2932 genes with an average size of 912bp. There are 6 separately located ribosomal
operons, 41 surface anchored (LPXTG) genes of which 19 were internalin-like, 61 other
lipoproteins, and most remarkably, monocytogengsossess 42 phospho-transfer systems
(PTS) accounting for 6% of the total genome. The circular map in Figure 4.4 illustrates the bi-
directional origin of replication and variolexi, including virulence genes.

Sigma Factor Search:

In order to identify all coding sequences resembling known sigma factars in
monocytogenesn exhaustive search was performed using each sigma factor sequence
identified inB. subtilisagainst thé.. monocytogenegenome.B. subtilisis the closest
relative with a sequenced genome. tanonocytogenesnd possesses the most prolific and
well-studied list of sigma factors. This procedure was repeated with all khosah sigma
factors. The resultin. monocytogenegenes identified as sigma factor-like were used to
search against the general database to confirm its identity, andnfm@ocytogendsank to
further identify any paralogs that might have escaped earlier detection.

Surprisingly, only five sigma factors were identified.inmonocytogenesompared
to the 18 identified from thB. subtilisgenome (http://genolist.pasteur.fr/SubtiList/) and the
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seven known ir. coli (http://genolist.pasteur.fr/Colibri/). Three of these, SigA, SigB and
SigL, have been previously identifiedlinmonocytogenesThe two unknowns fall into the

070 class of sigma factors. They respectively resemble SigH and an extra-cytoplasmic factor
(ECF)-type sigma factor similar to SigW or SigVEBfsubtilis Figure 4.1 shows alignments
with the closest known, extracytoplasmic function (ECF) type, sigma factor homologs.

Figure 4.2 shows alignments to the closest known SigH homologs. Table 4.1 shows the
entire search findings. Figure 4.3 illustrates the chromosomal context of these genes.

Table 4.1. Sigma factors i.. monocytogenes

“Sigma factor _ Alternative  Size Amino acid identityto _ Previously reported
name B. subtilisortholog
SigA RpoD,c43 374aa 81% (primaryo) (Metzger et al 1994)
SigB RpoF,037 259aa  67% (general stresy (Becker et al 1998;
Wiedmann M 1998)
SigL RpoN,c54 447aa 37% (alternative, levanase)(Robichon et al 1997)
SigH RpoH,030 20laa 45% (transition phase) -

Sig-ECF type (Lim01568.1) 166aa 29% tooV or oW --

Figure 4.3. Chromosomal context and locationssafH andsigECFE (Genes are designated by their
individual protein file (IPF) numbers unless function can be definitively assigned. Alllothremocytogenes
genes presently appearing on the Pasteur’s ListiList website are precededlyyelgM iM01568.1).

440 Kb putativecA promoter 445 Kb
from ori from ori
1571.1 1570.1 1569.1 1568.1 1566.1
O O
- > Il = ] < —————
conserved unknown rod shape determining  ? SigECF  sugar transporter
protein factor (rodA-like)?
258 Kb putative A promoter 263 Kb
from ori from ori
cysk cysS 3394.1 3393.1 3392.1 sigH seceEL nusG
O O O
< S > [ > - [ » B >
(3400.1) serine cysteinyl tRNA YazC tRNA-rRNA YacP (3391.3) transcriptional
acetyltransferase  synthase (3398.1) homolog methyl homolog protein  anti-terminator

unknown transferase? unknown translocase
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1.2 (transition to 2.1 (RNA pol.
open complex formation) binding)
1 50

{H_Blic} MNLONN (GKF SKEQ-SKERF CQLEDEQVIE WHVGDSDAL DYLITKYRN
{H_Bsub} MNLONN HGKF NKEQ.....F CQ LEDEQVIE KVHVGDSDAL DYLITKYRN

H_Bmeg} ~~ MDNYGR. .... KLHAHF EQREDEI'VWDLVH KGDP DAL EYLI HKYKNF
{H_Lm} VDNS VNQEELAMLE L ARSGITEAL EY FFSKYQS/
2.1 2.2 2.3 (DNA melting) 2.4
51 100

H_Blic} VRAKARSYFL IGADREDIVQ EGMIGLYK SI RDFREDKLTS FKAFAELCIT
{H_Bsub} VRAKARSYFL IGADREDIVQ EGMIGLYK S| RDF KEDKLTS FKAFAELCIT
{H_Bmeg} VRAKARSYFL IGADREDIVQ EGMIGLYK Al RDFREDKLTS FKAFAELCIT

{H_Lm} YVKSTQYFL| QGAERDDLI Q EAMIGLFKA RD YDKTKEAS F RSFAEMCI N

2.4 (-10 recognition) 3.1 (truncated, HTH) 3.2

101 150
{H_Blic} RQIITAIKTA TRQKHIPLNS YVSLDKPIYD EESDRTLLDV ISGAKV VNPE
{H_Bsub} RQIITAIKTA TRQKHIPLNS Y ASLDKPIFD EESDRTLLDV ISGAKT|LNPE
{H_Bmeg} ROITAIKTA TRQKHIPLNS YVSLDKPIYD EESDRTL MDDV ISG TKMANPE

{H_Lm} RQ| LLSAvVKRA SROKNIPLNN SVSLDIPVAE DDVDWLLDv IS EKAAETPE

3.1

(truncated) 4.1 (activator contact) 4.2 (-35 recognition)

151 200
H_Blic} EL | INQEEFD DIELKMGELL SDLERKVIAL YLDGRSYQEI SEELNRHVKS
IH_Bsub} E | MIINQEEFD DIE MKMGELL SDLERKVLVL YLDGRSYQEI 8ELNRHVKS
{H_Bmeg} EL LIN REKFD DIELKMAELL SDLERKVLVL YLDGBYQEI SEELNRHVKS
{H_Lm} DFLI KNBDLT HVARQLEQVT S EFEKEVLKQYL EGKSYQBV ALFFNKKEKA

4.2 (-35 recognition)

201 223
{H_Blic} IDNALQRVKR KLEKYLE LREISL
{H_Bsub} IDNALQRVKR KLEKYLEIRE ISL
{H_Bmeg} IDNALQRVKR KLE RYLEIREI| TM
{H_Lm} IDNALQRVK KK MVKQLE~~~ ~~~

Figure 4.2. Alignment of sigma factor H df. monocytogenewith cH of Bacillus spp.
(B. licheniformisM29694,B. subtilisM29693,B. megatheriunX59070). Functional
domain designations are based on alignments with kmdW@rstructures (Lonetto et al 1994,

Wosten 1998). Amino acid identities are shown in black, similarities in green.
HTH = helix-turn-helix, DNA binding motif.
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2.1 (RNA pol. binding) 2.2
1 50
{ECF_Lm} MTELEEIGIH INSIEN TEQI] SQLMDNYSDD VIH LVFSYV KN RTTAEDLT
{ECF_sigV_Bs} ~~~~~~~~~~ MKKKQTTKAL|LVTCITDHKQD FYRLAFS KN QDIALDI V
{ECF_sigM_Bs} MT] DEl YOMYMND VYRFLLSMTK DKHLAEDLL
{ECF_sigW_Bs} ~ NMEMMIKKRI KQVKKGD®@A FA DIV DI YKD KI YQLCYR G NVHEAED A
{ECF_YlaC_Bs} MKHBRS|] EDLYRQYYQ El LNYLFRRT|HH_.ETAKDLA
2.2 2.3 (DNA melting) 2.4 (-10 recognition)
51 100
{ECF_Lm} QE | FIK CYEK | LDQFNNKSSI KTWLYRIA | N HCHDYI GSWA YRKLN.F ND.

{ECF_sigV_Bs} QE SIKKALSS |VETVRNPETIK SWFYKI LVRT AID FLRK.. QKKRVMDD.
{ECF_sigM_Bs} QETF MFRAYIH || HSYD.HSKV K PWIFQVARN AFIDY VRK.H KK EVTIS DDL
{ECF_sigW_Bs} QE AFI RAYVN|I DSFDI NRKF STWLYRIATN LTID Rl RK. K K|PDYYLDAEV
{ECF_YlaC_Bs} Q| DTFVKALNG|LASFRGHSS RTWLYIIA HH TFI NWRR. D VK.Y CQFTEI

41
(activator contact)
101 150
{ECF_Lm} ...... KIWD YLPSKSKH\E E EVIA KDVAN S LMSAVMOLP VKYREVWFLH
{ECF_sigV_Bs} ...... ETIEF LS KGK..ED HY..K D. TDLHEALDH.P YRYKTIlI ILR
{ECF sigM_Bs} | G... SLFQNAV...... Q SPAHQVEKE VLTGWSELP D NYREALTLY

{ECF sigW Bs}  AGTEGLTMYS Q VADGVLPE DAVWSLELSNT | QQKI LKLP DKYRTVIV LK
{ECF YlaC_Bs} SKNEGLT..Q TTYD. QPE QYLSRTVKSE TL RQELLKLK D QHGVLILR

4.1 4.2 (-35 recognition)

151 195
{ECF_Lm} Y YEELPLAN  SKI TGUNINT LKTRLKQARE LL KNKMKKEV ~~~~~
{ECF_sigV_Bs} FFEDLKLEEI AElI TGENTINT VKTRLYRALKL MR QLTKED LS~~~
{ECF_sigM_Bs} Y = LKELNYKEA SH MNI SEAN FKSVLFRARD RL.K ALYNRG VNDE~
{ECF_sigW_Bs} Y | DELSLIElI CGEILN PVA VKTRI HRGRE ALRKQLRDL~ ~~~~~
{ECF_YlaC_Bs} EFCELSYEEI AEI LGNVSISKV NTTLHRAR. E LKKNMTKSR EEERI

Figure 4.1. Alignment of ECF type sigma factor (gene designationQis68.1) ofl.
monocytogenewith known ECFoV, oM, oW, and ECE-like YlaC of B. subtilis
(http://genolist.pasteur.fr/SubtiList/). Functional domain designations are based on alignments
with knowna70 structures (Lonetto et al 1994; Sorokin et al 1997; Wosten 1998). Amino
acid identities are shown in black, similarities in green.

Stationary phase geneslin monocytogeness compared witB. subtilisandE. coli

For the purpose of this report, stationary phase is defined as any other time when the
cell is not growing exponentially. This can be induced by gradual nutrient limitation or by
sudden environmental changes such as temperature, chemical, or osmotic shocks. Because an
organism’s entry into stationary phase can be precipitated by multiple causes, leading to
various differential pathways, this report contains but does not exhaustively define all the
genes representing each of the further differentiation states. For example, during entry into
stationary phasd. subtiliscan commit into several differentiation paths: competence
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development and sporulation are mutually exclusive decisions, but the development of
motility, the production and secretion of antibiotics and degradative enzymes are not exclusive
functions. This report attempts to identify the presence or absence of the most important genes
actively involved in the decision window, but does not try to list every gene of the competence
machinery, or sporulation program, or osmotic shock response, etc. These further specific
functions are presented by other individuals of the annotation team.

In order to identify genes that are potentially important for stationary phase functions in
L. monocytogene8. subtilisandE. coliwere used as reference organisms. Key word
searches against the literature and the respd&tisebtilisandE. coligenomes include: post-
exponential, stationary phase, transition phase, diauxic shock, and other shock or stress
responses. Genes that are known to be specific and/or important for post-exponential growth
and survival formed a set of reference genes to be searched agdinshtmocytogenes
genome. In addition, the same key words were used to scan the first pass annotation results
of theL. monocytogenedata. This allows the overlapping set of genes to confirm each
other, as well as to identify potential stationary phase gernesnonocytogenasot present
in B. subtilisandE. coli, but are known in other organisms. Most of the genes presented
here were identified directly from known stationary-phase genes. The first pass annotation of
theL. monocytogenegenome offered scant information.

Table 4.2 catalogs the presence and absence of genes potentially involved in stationary-
-transition phase managementimmonocytogenesThe primary function and a brief
description are provided. Potential paralogs withimonocytogeneare also identifiedL.
monocytogenegenes are presented as their individual protein file (IPF) number. In addition
to the annotation provided by Subtilig. (subtilisdatabase) and Colibit( coli database),
references used to define the list include the following: (Antelmann et al 1997; Becker et al
1998; Braun et al 1996; Dons et al 1994; Flanary et al 1999; Fuge et al 1994; Galsworthy et
al 1990; Ishihama 1997; Lazazzera 2000; Msadek 1999; Padilla et al 1998; Peel et al 1988;
Sivasubramaniam et al 1995; Strauch 1993). Referentesnmnocytogendsomologs
described in this list include the following: (Borezee et al 2000a; Borezee et al 2000b; Gaillot
et al 2000; Nair et al 2000a; Nair et al 1999; Nair et al 2000b; Rouquette et al 1998).



Table 4.2. Stationary phase genes bf monocytogenes

GENE

in L.

mono ?
IPF no.

in
B.sub

FUNCTION

DESCRIPTION

Paralogs in L.
monocytogenes

abrB

978 1

transition states
regulator

Transcription regulator: regulation of transition state genes.
Represses most post-exponential genes during exponential
growth, activate others at transition phase

Unique in L.mono

ahpC

no

general stress, H,0,,
stationary phase

B.sub class Il stress response, alkyl hydroperoxide reductase.
See Oxidative Stress Report.

Ortholog not in L.mono,
paralog 2875.1 (YkuU)

aprg

no

stationary phase only

Serine alkaline protease (subtilisinE), extracellular

cheA

652 1

chemotaxis

2-component histidine kinase sensor, regulates expression of
chemotaxis genes, SigD regulated in B.sub. L.mono: no sigD,
role in stationary phase unknown.

cheY

651 1

chemotaxis

2component response regulator, regulates expression of
chemotaxis genes, sigD regulated in B.sub. L.mono: no sigD,
role in stationary phase unknown.

clpC

3135 1

transition phase

class lll stress response-related ATPase, chaperonin. In L. mono,
CIpC is required for heat, salt, iron limitation, oxidative stress,
and intracellular survival in macrophages, adhesion and invasion
of mouse hepatocytes, affects transcription of virulence genes
(inlAB,ActA tested to date). c/pC mutant: 2log increase in LD50.

Paralogs in L.mono:
3635.2, 866aa=ClIpB
(E. coli,

2338.2, 748aa=ClIpE

clpE

2338 2

heat shock

Chaperonin. In B.sub, ctsR heat shock regulon, not required for
stress tolerance, induced by heat, puromycin, similar to mecB. In
L. mono, regulates pleiotropic stress functions including heat
stress response, cell division and virulence. cIpE mutant: 2log
increase in LD50

clpP

754_1

stationary phase

Serine Protease. In B.sub: activity induced by heat, EtOH, salt.
Important for stress, heat, starvation, regulation of competence,
motility, degradative enzyme synthesis, sporulation. In L. mono:
heat, salt stress, macrophage survival, virulence. c¢/pP mutant:
3.5log increase in LD50

Paralog in L.mono 224.1
(220aa) 41%ID, 60%-+.

clpQ

2901 1

heat shock

Protease. Possible beta-type subunit of the 20S proteasome,
similar to the heat shock protein HslV of E. coli
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GENE in L. in FUNCTION DESCRIPTION Paralogs in L.
mono? | B.sub monocytogenes
IPF no. ?
clpX 3722.1 y stationary phase ATP-dependent Clp protease ATP-binding subunit. In B.sub,
needed for stress, starvation response, essential for sporulation
and competence.
comA no y competence, 2component DNA binding response regulator In B.sub, respond to
sporulation regulation| comP, comX, comQ mediated quorum sensing.
comF 3162_1 y competence DNA uptake, requires ComK for transcription; similar to the
DEAD family of ATP-dependent RNA/DNA helicases; similar to
PriA of E. coli
comK 495 1 y competence In B. subtilis, final inducer of competence, regulated by ClpC, Unique in L.mono, inactive.
regulation ClpP, MecA, ComA, ComP, ComS, DegU, DegS, AbrB and itself. First 49aa truncated by
prophage Al118
comP no y competence, 2component histidine kinase sensor for comA in B.sub; respond to
sporulation regulation| ComX, ComQ mediated quorum sensing.
comQ@ no y competence Quorum sensing in B.sub. Produces ComX pheromone, which
regulation stimulates competence via ComP sensor and ComA response
regulator
comS no y competence In B.sub, 48aa peptide induced in response to quorum-sensing and
regulation nutritional stress; required for ComK synthesis; releases active
ComK from complexed ComK/MecA/ClpC and allows comK to
stimulate competence
comX no y pheromone, B.sub pheromone, 10aa (produced by comQ); stimulates
competence sporulation and competence
regulation
cspB 4189.1 y stationary, cold Cold shock response, In B.sub, induced in entry to stationary Paralogs in L.mono:
shock phase, deletion of cspB/C leads to lysis during stationary phase. |[4189.1, 4186.1, 4158.1
cspC 4158.1 y stationary, cold Cold shock response, In B.sub, induced in entry to stationary Paralogs in L.mono:
shock phase, deletion of cspB/C leads to lysis during stationary phase. [4189.1, 4186.1, 4158.1
Designated cspA or cspL in L.mono
cspD 4186.1 y cold shock, not Cold shock response, but in B.sub, not used in stationary phase Paralogs in L.mono:

stationary phase

4189.1, 4186.1, 4158.1
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GENE in L. in FUNCTION DESCRIPTION Paralogs in L.
mono? | B.sub monocytogenes
IPF no. ?
CtsR 3129.1 y transition phase, DNA binding protein. In B.sub and L.mono: Negatively regulates
shock clpC, clpE, clpP transcription. L.mono ctsR constitutive mutant:
2log increase in LD50 by i.v. infection; no change for oral
infection; ctsR mutant: no effect on virulence
dacC = no y stationary phase Penicillin binding protein, expressed only early stationary phase |Notin L.mono
pbp via sigH
degQ no y degradative enzyme |In B.sub, regulates hyperproduction of levansucrase and other Not in L.mono
synthesis regulation |extracellular degradative enzymes (AprE, NprE, AmyE), require
DegU/S for effect
degS no y stationary phase, 2component Histidine Kinase sensor. In B.sub, regulates Ortholog not in L.monol/
competence, degradative enzyme synthesis, phosphorylates paralog in L.mono:
DegU, stimulated by high salt 2839.1(YvqE)
degU 3158.1 y stationary phase, 2-component response regulator. In B.sub, regulates competence, |Paralog in L.mono: 2838.1
competence, protease production, osmotic response; induced by high salt.
degradative enzyme | Phosphorylated by DegS
synthesis
dps 3846.1 y general stress, Metallo-DNA binding-protecting protein, non-heme Fe Ferritin. In | Unique in L. mono, paralog
(E.coli) stationary phase B.sub, induced by heat, EtOH, entry to stationary phase. in B. sub MrgA
ytkB Controlled by SigB. In E. coli, Dps alters DNA conformation to
(B.sub) stimulate stationary phase sigma (SigS) transcription.
flgM no y motility, flagellum In B.sub., coupling of late flagellar gene expression (SigD-dep.) to
synthesis the assembly of the hook-basal body complex (SigA-dep.)
fnr 2292 1 y anaerobic stress Transcriptional regulator. In B.sub., induced by oxygen limitation
via ResD
kat(X) 727_1 y stationary phase, The only catalase in L.mono, more similar to the fore-spore
oxidative stress specific KatX than KatA or KatB of B.sub.
katA no y stationary phase, In B.sub, vegetative catalasel, induced by H,O, and entry into
oxidative stress stationary phase under Fe, Mn limitation; secreted in stationary
phase in rich medium
katB no y general stress In B.sub, catalase2; induced by heat, salt, EtOH, glucose
starvation; not by oxidative stress, not in forespores
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GENE in L. in FUNCTION DESCRIPTION Paralogs in L.
mono? | B.sub monocytogenes
IPF no. ?
lonA no y stress response, Class Il stress response-related ATP dependent protease, induced| Paralogs in L.mono: Clp
transition phase. by stress. In B. sub, post-translationally regulate SigH proteases, ClpB 2248,
concentration. ClpC 0242.
lonB no y stress response, Class Il stress response-related ATP dependent protease, induced| Paralogs in L.mono:
transition phase. by stress. In B.sub, post-translationally regulate SigH 3136.2, 1116.4, ClpE
concentration. protease 1011.
malL = 949.1 y sationary phase, In B.sub, maltodextrin utilization; oligo-1,4-1,6-alpha- Many paralogs in L.mono.
yvdL maltodextrin glucosidase; induced in stationary and by maltose, starch, closest is 3616.1 (TreA),
utilization amylose, glycogen; catabolite repression by glucose and fructose |[and 1329.1, 1898.2
mcpC no y stationary phase, In B.sub, chemotaxis towards cysteine, pro, thr, Ortholog in L.mono,
chemotaxis gly,ser,lys,val,arg; SigD dependent, methyl accepting membrane |paralog in L.mono : 697.1
receptor; induced by entry to stationary phase (TIpA)
mecA 799_2 y stationary phase, In B. sub., negatively regulates competence via comK; Unique in L.mono
competence CIpC/MecA/ComK or ComS complex degraded by ClpC/P when
regulation dissociated; activate autolysin (LytC, LytD) synthesis; stimulate
sigD motility genes. In L. mono: also regulatory role, targets not
well defined.
nfrA = 11583_1 y early stationary, Nitroflavin reductase/ SigD dependent transcription in excess Possible paralogs in
yweG glucose and glutamate, essential L.mono: 2486.1 247aa
OppA 3312.2 y stationary phase, In B.sub., Quorum sensing. ABC transporter, di-peptide binding,
competence, internalizes CSF(from PhrC) pheromone, which stimulates
sporulation, competence, sporulation, surfactin and degradative enzyme
production.
oppB 3310_1 y stationary phase, In B.sub., Quorum sensing. ABC transporter permease;
competence, internalizes CSF pheromone, which stimulates competence,
sporulation, sporulation, surfactin and degradative enzyme production.
oppC 3309_1 y stationary phase, In B.sub., Quorum sensing. ABC transporter permease;
competence, internalizes CSF pheromone, which stimulates competence,
sporulation, sporulation, surfactin and degradative enzyme production.
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GENE in L. in FUNCTION DESCRIPTION Paralogs in L.
mono? | B.sub monocytogenes
IPF no. ?
oppD 3307_1 y stationary phase, In B.sub., Quorum sensing. ABC transporter ATPase; internalizes
competence, CSF pheromone, which stimulates competence, sporulation,
sporulation, surfactin and degradative enzyme production.
oppF 3306_1 y stationary phase, In B.sub., Quorum sensing. ABC transporter ATPase; internalizes
competence, CSF pheromone, which stimulates competence, sporulation,
sporulation, surfactin and degradative enzyme production.
phoP 795_1 y Phosphate limitation |2component response regulator. In B.sub., regulates alkaline
phosphatase synthesis and phosphate levels via phoA, phoB, phoD,
resABCDE, tagAB, tagDEF, tuaA-H.
phoR 794 1 y Phosphate limitation |2component histidine kinase sensor. In B.sub., regulates alkaline
phosphatase synthesis and phosphate levels via phoA, phoB, phoD,
resABCDE, tagAB, tagDEF, tuaA-H.
phrA no y sporulation Pheromone in B.sub, cleaved by signal peptidase |, exported, Not in L.mono
regulation, quorum processed to the active penta-peptide inhibitor, and re-imported
sensing by the oligopeptide transport (Opp) system, inhibits RapA
phosphatase activity
phrC no y competence, Pheromone CSF (5aa) in B.sub, regulates competence gene Not in L.mono
sporulation, expression, stimulates the ability of cells at low cell density to
degradative enzyme |sporulate at high concentrations
synthesis, quorum
sensing
ppK no n stationary phase- Polyphosphate kinase. Polyphosphate accumulation is essential Not in L. mono
E. coli for E. coli stationary phase survival
rapA no y sporulation Response regulator, aspartate phosphatase. In B.sub, repress Not in L.mono
regulation, quorum sporulation, repressed by SpoOA (not dependent of AbrB),
sensing inhibited by PhrA pheromone, induced by the ComP/A signal
transduction system; glucose starvation inducible
rapC no y competence, Response regulator, aspartate phosphatase. In B.sub, repress srfA| Not in L.mono
sporulation, surfactin production, inhibited by phrC product CSF pheromone

degradative enzyme
quorum sensing
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GENE in L. in FUNCTION DESCRIPTION Paralogs in L.

mono? | B.sub monocytogenes
IPF no. ?
resD 3169_1 y aerobic/anaerobic 2component response regulator (of ResE) in B.sub. for
response aerobic/anaerobic respiration; induced in phosphate limitation;

repressed by SpoOA; autoactivate, induces PhoP, suppress PhoP,
ResD during sporulation

resk 3168_1 y aerobic/anaerobic 2component histidine kinase sensor in B.sub. for

response aerobic/anaerobic respiration; induced in phosphate limitation;
repressed by SpoOA; autoactivate, induces PhoP, suppress PhoP,
ResD during sporulation

rmf no n stationary phase- Important in E. coli stationary phase: RMFcomplexed with 70S Not in L. mono
E. coli ribosomes render them inactive during stationary phase.
sacB no y degradative enzyme |Levansucrase; modified by sucrose, DegU, DegQ Not in L.mono
synthesis
secA 2834_2 y exponential phase Translocase ATPase. In B.sub, highest expression (by SigA) at Paralog in L.mono: 2741.1

secretion, transition [transition phase and greatly increase secretory activity
phase secretion

sigB 1287_1 y alternative sigma Sigma37. In B.sub, activated by either a drop in intracellular ATP|Unique in L.mono
factor: general or exposure to environmental stress
stress, stationary
phase
sigD no y alternative sigma Sigma28. In B.sub, its regulon includes genes involved in flagellar | Not in L.mono
factor: motility, synthesis, motility, chemotaxis, autolysis
chemotaxis,
autolysis
sigH 3391_3 y alternative sigma Sigma30. In B.sub, appears in early sporulation, repressed by a Unique in L.mono
factor:  transition mechanism responding to amino acids levels; post-translationally
phase negatively regulated in response to external low pH
sigS = no n E. coli alternative Transcription regulator. In E. coli, globally activates stationary Not in L. mono
ropS sigma factor: phase specific genes.
stationary phase
SinR no y stationary phase Transcription regulator. In B.sub, stimulates competence, Not in L.mono
subtilisin and flagellar synthesis, autolysin; represses
sporulation.
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GENE in L. in FUNCTION DESCRIPTION Paralogs in L.
mono? | B.sub monocytogenes
IPF no. ?
Spo0A no y sporulation 2-component global response regulator of sporulation in B.sub. Not in L.mono
Represses abrB, kinA, kinC, spoOA, stimulates spollA, spollE,
spollG
SrfAA no y competence, In B.sub, contains comS, stimulated by DegU Not in L.monol domains
surfactin synthesis found in fatty acid
regulation phospholipid metabolic
genes
srfAB no y competence, In B.sub, stimulated by DegU; srfAB gene contains comS (48aa) Not in L.mono/ domains
surfactin synthesis found in fatty acid
regulation phospholipid metabolic
genes
SrfAC no y competence, In B.sub, stimulated by DegU Not in L.mono/ domains
surfactin synthesis found in fatty acid
regulation phospholipid metabolic
genes
SrfAD no y competence, In B.sub, stimulated by DegU Not in L.mono
surfactin synthesis
regulation
tipA 697_1 y chemotaxis Chemotaxis protein, methyl accepting transmembrane receptor Unique in L.mono/ domain
overlap in 3649.1
yaaD 1933_2 y stationary phase, Highly conserved stress response gene in bacteria, yeast, plants. | Unique in L.mono
diauxic shock In Yeast, stationary phase induced (SNZ), coregulated with SNO
(YaaE homolog). Oxidative stress induced in B.sub. Ethylene stress
induced in Para rubber trees
yaaE 1932 1 y stationary phase, Highly conserved stress response gene in bacteria, yeast, plants. | Unique in L.mono

diauxic shock

In Yeast, stationary phase induced (SNO), coregulated with SNZ
(YaaD homolog).
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Figure 4.4. The circular map of the L. monocytogenesgenome.

Red denotes proven virulence associ#ted the virulence gene clusteap, inlAB, inlG
oppA(oligopeptide transporter), amthpT (glucose-6-phosphate transporter, Marcus Beck-
personal communications). Black-bold denotes chaperone proteins and protp&@sefpE,

clpP (classlll heat shock genes) with demonstrated pleiotropic effects on stress response and
virulence functions. Black-not-bold denotes other class Il heat shock genes and regulators
whose functions are not fully understood.irmonocytogenesOrange denotes loosely
defined, “potential” virulencéoci, these includanlGHE, inlF (LPXTG genes)gtcA(cell-

wall teichoic acid glycolyating protein), afiop (fibronectin binding protein). Black dots
denoteiap and otherap-like genes. Blue denotes sigma factors. Green denotes phage
A118.
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DISCUSSION

To highlight the findings of.. monocytogendsGDe, this genome is compared to its

closest, non-pathogenic relatite,innocua and reference organigé subltilis See Table

4.3. Because. innocuds sequence is not entirely completed, the numbers presented are
representative but not precise. These comparative figures are obtained from the Consortium

and theB. subtilisgenome (Kunst et al 1997).

Table 4.3.Comparison of.. monocytogenewith L. innocuaandB. subtilisgenomes.

U

Bacillus subtilis | L. monocytogenes L. innocua
168 EGDe Svb6a
Genome Size 4214.8Kb 2944Kb ~2988KD
%GC 43.5% 37-38% -
rRNA operons 10 6 6
Coding sequencegy 4107 2932 +/- 3000
(CDS)
Average CDS sizg 891bp 912bp --
Coding Density 87% 90% --
Insertion 0 3x1IS, > L. mono.
Sequences (IS) 1xTn916
Phages 10 3 6
Plasmids 0 0 1 (81Kb, contains
transposons)
Specific Genes -- 400 230
LPXTG genes -- 41, 19 internalin like 12, 9 internalin lik
Sugar transport 16 42 35
systems (PTS)
Sigma Factors 18 5 Same 5 ak. mono.
2-Component ~34 13 --
systems
Synteny Not well preserved, Reference Strong synteny with
some small blocks of L. mono.
conservation
Orthologs ~60% sequence Reference >85% sequence
conservation among conservation with
orthologs with L. mono.
L. mono.
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The genomes df. monocytogenesndL. innocuaare highly similar, most genes
exhibit greater than 85% nucleic acid similarity. The pronounced differences are due to the
presence of species specific genes interspersed throughout their respective gendmes (400
monocytogenespecific genes, 230. innocuaspecific genes), the abundance of phages (1 in
L. monocytogenes$ inL. innocug and the presence of an 81 Kb plasmid.imnocua
The extent that these differences are specific only for these strains as opposed to being
consistent differences between the species is not known.

Figure 4.4 illustrates the distribution of various loci of interest on the genome map of
L. monocytogenesThe known genes associated with virulence capability are scattered on the
chromosome. The. innocuaSv6a sequence lack the virulence gene clustemihB, inlC,
inIGHE, inlF, anduhpTloci. LikeL. monocytogenes. innocuacontains the orthologous
sigma factorsgigA, sigB, sigH, sigL, sigEGFgtcA (teichoic acid glycosylase), and the
many loci simultaneously important for virulence and other cellular functions: the class lli
stress respons#p genes, theppABDCDFpolypeptide uptake system, aiagh for cell
division. ThelL. innocuaSv6a sequence confirmed all our findings previously reportdd for
innocuastrain Sveb. Our limited sequence fragments of Sveb (Chapter 2) are nearly identical
to that of Sv6a (data not shown).

A brief comparison between thésteria andB. subtilisgenomes show poor
conservation of synteny (two adjacent genes of one genome remaining adjacent in the other),
low level of nucleic acid conservation among orthologous genes, exaggerated multiplicity of
PTS systems ihisteria (42 inL. monocytogenes$5 inL. innocua 16 inB. subtilig, and
very different decision making-regulatory networks.

Listeria sigma factors

While B. subtiliscontains 18 sigma factors and 34 two-component systems,
monocytogenesas 5 sigma factors and 13 two-component systems. The dearth of sigma
factors cannot be fully attributed to non-sporulatiohigteria. The break down d.
subtilis 18 sigma factors is as follows: SigA is the primary sigma factor, SigB governs
general stress, Sigl is induced by heat shock, SigD controls flagellar synthesis, motility and
chemotaxis, SigL induces the levanase producation, 5 sigma factors (SigE,F,G,K,H) govern
post-exponential--sporulation functions, 7 are attributed to extracytoplasmic functions (SigM,
SigV, SigW, SigX, SigY, SigZ, ylaC), and an unknown, phage associated sigma Xpf
((Haldenwang 1995; Kroos & Yu 2000; Wosten 1998; Zuber et al 2001) and Subtilist). Of
these, only SigA, SigB, SigL, SigH and one ECF-type sigma are predestana.
Listeriaappears to have very different regulatory strategies Bosubtilis whose complex
differentiation programs are characteristically controlled by specific sigma factors.
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Environmental signal relays also differ sindsteria has relatively few two-component
systems (histadine-kinase sensor + DNA-binding response reguator) and no quorum sensing
phenomenon has been reported to date.

These observations raise the following questions. Dis¢sria favor controlling its
physiology in large networks of simultaneously cross-talking PTS intermediary signals over
well-defined differentiation programs? Does encounter with eukaryotic host cells trigger
discrete differentiation programs via specific alternative sigma factors such as SigH or Sig-
ECF? Doed.isteria effectively occupy different ecological niches fr@nsubtilisthough
superficially, both are found in soil and decaying matter?

Listeria Stationary phase genes

Regulatory differences are again illustrated by the comparison of the post-exponential
functions between the two organisms. Post-exponential—transition—stationary phase is
perhaps the dominant growth condition encountered by environmental bacteria. Virtually

nothing is known about stationary phase adaptatiohsnmonocytogenesThe best-studied
stationary phase network is subtilis In conditions not conducive to exponential growth,

I_ | _ -
X ComP {
(via OppABCDF)
ClpP /CIpC-MecA

Aer high —

} }( Q_\\

late competence genes

Competence

Figure 4.5. Transition—stationary phase regulatory scheme bas&d subtilis. Distilled
from (Lazazzera 2000; Liu et al 1999; Msadek 1999)). Orthologs that are present in

monocytogeneare shown in black, the absent ones in gray.
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theB. subtiliscomplex network regulates the induction of transition state functions such as
the secretion of degradative enzymes to scavenge alternative food sources, chemotaxis and
motility to search for food or escape noxious agents, and the production of antibiotics to
eliminate competitors in the immediate ecosystem. Most importantly, it finely regulates the
commitment to two separate developmental pathways: 1) competence for DNA uptake, repair,
recombination; and 2) the decision of last resort, sporulation (reviewed in (Lazazzera 2000;
Msadek 1999)).

In non-sporeformind.. monocytogeneshe entire stationary phase network based on
theB. subtilisdisintegrates; illustrating that sporulation is the heart @ .atlubtilistransition
functions. See figure 4.5. The quorum sensing-pheromone systemmXandphrC
(CSF), and most of the major 2 component regulators of competence and sporulation are
absent irL. monocytogenesThese components exist to finely regulateBhsubtilis
developmental fates of sporulation versus genetic competence and other functions. Although
reports vary (Dons et al 1992; Galsworthy et al 1990; Peel et al 1988), chemotaxis / motility is
thought to be a temperature dependent phenomenasténia; there is presently no evidence
that flagellar based maotility is a stationary phase function.

However Listeria possesses nearly the entire set of genes encoding the genetic
competence machinery (Consortium results: late competence genes, prepared by Berche et al.)
This implies that.isteria had once been, or still is capable of genetic competence under
unknown circumstances. In monocytogenestrain EGDe as ih. innocuastrain Sv6a, this
function is putatively disrupted by the insertion of phage A118 within the structural gene of
comK the key positive regulator of this inferred competence network. A recent report of
monocytogenesontaining intaccomKand deletednecAfailed to exhibit competence unlike
the positive controB. subtilis168 (Borezee et al 2000d}. subtilisgenetics is based on
strain 168’s competence capability, a trait unnaturally derived from UV and X-ray
mutagenesis. Although competence is a highly desirable trait for genetic manipulation in the
laboratory, it is apparently a rarely used optiohisteriaand wildB. subtilisstrains under
natural circumstances.

A comparison of listerial genes against kndsvrcoli stationary phase genes yield
almost no overlap between the two organisms. In Gram ne@atoa, transcription of
stationary phase genes are regulated by either stationary phase specific sigma factor RpoS, or
by other transcriptional factors independent of RpoS . RpoS is not found in Gram positive
bacteria. RpoS driven transcription is enhanced by decreased superhelicity of the chromosomal
DNA. In stationary phase, the colichromosome drops in superhelicity and becomes more
compacted by DNA protecting, histone-like proteins H-NS, IHF, and stationary phase specific
Dps/PexB.dps encoding a metallo-DNA binding protein is preseritisteria andB.
subtilis (ytkB) B. subtilisDps (YtkB) is stress and stationary phase induced, and is under
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SigB transcriptional control. Translation is limited in stationary pEasm®li by the 55 amino
acid ribosome modulation factor (RMF) which convértgoli 70S ribosomes to inactive
100S dimers, rendering them more nuclease and protease insemsifii'enot found in
Listeriaor B. subtilis The accumulation of inorganic polyphosphate (polyP) is mediated by
polyphosphate kinase (PPK) and appears crucial for stationary phase surkiveblof ppk
is not found inListeria or B. subtilis

The genome df. monocytogenesffers interesting insight in the regulation of its
various functions. The pronounced abundance of phospho-transfer systems and the scarcity
of sigma factors both show that Listeria use very different regulatory strategies even though
the apparent ecology of saprophytisteria overlaps that of soil bacteria subtilis The
discovery of SigH and the ECF-type sigma factor provide intriguing possibilities in their roles
in regulating virulence gene expression, since present evidence point to an unidentified sigma
factor as essential for this function (see Chapters 1 and 3). Moreover, sporulation alone
appear to be the key function in the design of the contplexbtilispost-exponential phase
network. With the exception of AbrB, SigH, and the highly conserved Clp chaperons and
proteases, non-sporulatihgsteria do not possess many genes that largely regBlate
subtilisstationary phase functions, including the components of two important quorum
sensing systems. Neithiermonocytogenesor B. subtilisstationary phase genes bear

resemblance to Gram negatizecoli's stationary phase functions.

SUMMARY

In conclusion, evidence presented in Chapter 2 indicate that pathogenic capability
resided in most if not allisteriaeonce, and that the presently non-pathogenic specles of
innocuaandL. welshimerhave most likely lost their virulence gene cassettes in two separate
events. The genome sequencek.ahonocytogenesGDe and.. innocuaSv6a support this
hypothesis. Knowh. monocytogenedrulence genes scattered throughout the genome
appear deleted or never acquired.imnocua If our proposed phylogeny remains accurate
with accumulating genome-wide data across the genus, then this is an unusual finding. This is
unlike other bacterial pathogens, especially those associated with metazoan guts. Of these, the
pathogenic enteric "species" and strains su@asrmonella, Shigelland pathogenik. coli
strains, were commensal, ancesatolithat have progressively, repeatedly, and often
independently acquired pathogenic genes via horizontal gene transfer. /istetide
favor losing pathogenic functions while the enteric group showed repeatedly, selective
advantage in gaining pathogenic functions? Is this betastegiaeare better adapted for a
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free-living lifestyle, or that overall selective pressure favors one lifestyle more than another, or
thatListeriaehave not overcome the problem of efficient transmissibility, limiting their
capacity to develop into efficient parasites?

This evolutionary scenario is important for functional assessmentslusmgcuaas
a testing ground fdr. monocytogenedrulence genes. While these species are reassuringly
closely related, it cannot be assumed thatnocuais truly ‘innocent’ of virulence genes and
adaptations. However, this pair presents a wonderful opportunity to study adaptations and
selective trade-offs of the sporadically pathogenic versus entirely free-living lifestyles. The
construction of the COR mutants. {nnocuawith re-instated virulence cluster genes)
presented in Chapter 3 will hopefully facilitate the verification of virulence functions, and
dissect the regulatory adaptations for pathogenicity. The genome data has yielded a host of
internalin-like genes and two important regulators for testing: sigma H and sigma ECF, and
other regulatory chaperones and proteases that might regulate them.
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Chapter 5-A. Materials and Methods for Chapter 2:
The Evolution of the genusListeria

Bacterial Strains. All Listeria strains used here were from the strain collection maintained
at the University of Wirzburg, some of these are also obtainable from the $stersh

Culture Collection (SLCC) at the Institute Pasteur or the American Type Culture Collection
(ATCC). The strains arel.. monocytogenestrains EGD and LO28, of serotype 1/2a and
1/2c respectivelyt.. innocuastrain serotype Sv6h, welshimeriSLCC 5334L. ivanovii

ATCC 19119 (SLCC 2379),. seeligeriSLCC 3954, Lgrayi. Species identity of all strains
has been confirmed using species specific primers foathgene (Bubert et al 1992a; Bubert
et al 1992b).E. colihost strain TOP10 used for cloning was provided in the TOPO TA
Cloning Kit (Invitrogen).

Media. Brain Heart Infusion (BHI from Difco) was used for the growth of all listerial
strains. E. colistrains used for cloning were grown on Luria-Bertani (LB) medium.
Antibiotic selection used in the cloning procedure was Ampicillin 200 pg/ml in LB (stock
solution 100mg/ml in diD).

DNA extraction methods. Chromosomal DNA was obtained from edgsteria in the
following manner. A single colony isolate was inoculated into 10ml BHI and grown
overnight with rolling at 37C. The cells were harvested 16 hours after inoculation and
pelleted. The pellet was washed with 5ml of 0.1x SSC (1x SSC: 0.15M NacCl, 0.15M
trisodium citrate, pH7.0) and re-pelleted. The cells were treated@f@&71 to 2 hours with
0.5ml of 25mg/ml lysozyme (Sigma) dissolved in TES (30mM Tris/HCI pH8.0, 50mM NacCl,
5mM EDTA pH 8.0, 20% sucrose). Lysis was effected with the addition of 4.5ml Lysis
Buffer (10mM Tris/HCI pH 8.0, 1imM EDTA pH 8.0, 1% SDS, 0.5mg/ml Proteinase
K(Merck)) and incubated at 32 for 1 hour. DNA was extracted by gentle inversion using
one or two extractions with phenol, followed twice with phenol/CHCIL) and once with
CHCI,. DNA was precipitated by the addition of 500ul of 3M Na(OAc) and 10ml ethanol,
and collected by spooling with a glass rod. It was briefly washed in 70% ethanol and finally
resuspended in 400ul of sterile distilled water. This spooling method of harvest as opposed to
centrifugation gave larger molecular weight molecules and greatly enhanced the success of
long range PCR. Plasmid DNA was isolated fiencoli cells using Nucleobond AX100
midiprep columns (Macherey-Nage@lccording to the instructions of the manufacturers.
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PCR Amplifications. The primers used successfully for the amplification of DNA
fragments described in this study are listed in Table 5-A.1. Many more primer pairs in
different permutations were tried. The range of trail annealing temperatures for various
reactions was 4%, 50°C, 52°C and 54C. The PCR machines used were Techne and
Perkin EImer GeneAmp 2400 for all the above protocols.

Table 5-A.1.PCR primers used for amplification of DNA fragments from
listerial chromosomal DNA in this study.

“Region of Interest Primer Name Primer Sequence 5 t0 3

Virulence Gene Cluster prsi> GCGCCGATTGCTATTATTGA
ldhl< GAATTCCCAGCATGGAGCCA
ivan-plcb1> AAATGCGAAACAGACCTGCG
see-plcb1> ACAAGGGCTTTCAGATTCTC
see-vclY3< TCATATGTAAAGCTGGATGATC
see-vclY1> GGTCTATTTAGTTAGAGGAGA

Extending 5’ ofprs con-prs1> GTGGTTGTCATGTATATGTTATTCAA
see-prsl< GTGGTGCTACAGACAGCTGT
see-prs2< GAGCAATGGAGTTAGTAACAACT
ivan-prsl< ACAGATGCATTTTCACGTACA
ivan-prs2< ACGATTGCTTCACCTAGCAGT

Loci corresponding tinlC rpls2> TCGAAGGCGCTGCAGTCAAACG
infC1< GTCTTCGCACGCTTTTGCA

Loci corresponding tinIGHE pGluco2> GTAAGTGCCTGCAGAAGCGAAATGTCC
PGlucol> AGTAAGTGCCTCCACAAGCG
desucl< TGTAAACATCTACCATCTCCAA

Loci corresponding téinlDC li-inlD4> GAGAGAGCAATCTTTCAAC
li-emrb< TTTCACCAACTAAAGCATTCAT
li-emr6> GAGGTGTTTTTTTGAAGGAGAA
li-emrl< GTGTATCCATCGTTAAGAACAT

~Only successful primers are listed.

For products less than 4 to 5 KiGenerally, the reactions were done using 2mM
MgCl, for Taq DNA Polymerase (Promega or Silver Star) and 2-4 mM M§8®eep Vent
DNA polymerase (New England Biolabs), the respective buffer provided by the manufacturer,
200uM of each dNTP, 30 to 50uM of each primer, 1ul of chromosomal DNA obtained as
described above, and 1U of Deep Vent or Taqg DNA polymerase in 100ul reaction volumes.

For trial reactions under different annealing temperatures, this 100ul was split into 3 x 33ul
reactions for economy and convenience. Standard cycling parameters were 30 cycles with
denaturation for 30 seconds at@4annealing temperatures are specified in Table 2.1 for each
primer pair used, extension times were calculated as 1 minute per K& at 72
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For products larger than 4 to 5 Kihe GeneAmp XL PCR kit (Perkin Elmer) was
employed. The conditions used for the PCR of the virulence gene cluster fragments up to 12
Kb: 1x XL Buffer Il, 200uM of each dNTP provided in the kit (do not substitute), 15uM of
each primer, 2mM Mg(OAg) 1-2ul chromosomal DNA template obtained by spooling
method described above, and 0.5-1U rTth DNA Polymerase XL in a 100pl final volume.
Enzyme was added after a 2-3 minuté®#eatment to denature the template DNA, i.e. the
‘Hot Start’ method. The cycling parameters for products up to 12Kb were 25 cycles in total:
the first 12 cycles consisted of 30 seconds denaturatiofi@t 3@ seconds annealing at
53C, 11 minutes extension at°&8 followed by 13 cycles of the above except with an
increase of 15 seconds of extension time for each proceeding cycle. This was followed by a
60-minute final extension at &8 before chilling to 4C.

Cleaning the PCR reaction®CR reactions were cleaned of protein and
unincorporated primers using the PCR purification kit (Qiagen). Up to 100ul of reaction
volume could be used at one time (manufacturer’s instructions). For volumes greater than
100ul, repeated loadings of 100ul + 500ul PB buffer can be added onto the same column,
spun down, before the WASH step. This was especially useful for concentrating low-yield
reactions. DNA was eluted with 30-50ul of AH

Cloning of the PCR products The TOPO TA cloning kit (Invitrogen) was

predominantly employed here as a rapid way to clone PCR products. Because this technique
depends on the presence of a 3' dATP characteristically generated by Taq DNA polymerase,
blunt-end templates had to be treated for adaptation to this kit. PCR products generated by
Deep Vent DNA polymerase and rTth DNA polymerase for the sake of greater amplification
accuracy and/or longer products are blunt ended. These reactions are cleaned using PCR
purification kit (Qiagen), and the 3’ A extension was effected by a 15 minute incubation at 72
in a 25l reaction containing cleaned PCR product, 1x Tag DNA polymerase buffer, 200uM
dATP, and 1U Tag DNA polymerase. The TA cloning protocol (Topoisomerase based
‘ligation’ and immediate transformation) as directed by the manufacturer followed
immediately. To economize, reactions were routinely scaled to 1/2 or even 1/3 of the
recommended volumes. Cells were selected and screened on LB-Ampicillin 200ug/ml-Xgal
plates, 16-24 hours incubation at’@7

DNA Sequencing. Greater than 40Kb of double stranded sequence was obtained for this
study. Sequences reported in this study are high quality and obtained for both strands. Most
sequence discrepancies were observed to be caused by cloning, and thus multiple clones and
independent PCR reactions were often employed.

Approximately half of this sequencing was done in-house on a Perkin-Elmer-
Biosystems ABI 310 capillary machine using BigDye chemistry. This included the
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sequencing of either PCR products or cloned PCR products. Reactions contained 200ng of
plasmid template DNA, or 50ng PCR product template DNA, 3.2pmoles of primer, 3ul
BigDye in a 20pl reaction volume. The reactions were cycle-sequenced as recommended by
the manufacturer in a Techne PCR machine. The reactions were cleaned by Sodium Acetate
and Ethanol precipitation as recommended by the manufacturer. The results were hand
checked and assembled. The average reliable read obtained was 0.35-0.4Kb, this was a
function of the capillary length, an inherent limitation of the ABI 310. Therefore, for
chromosomal walking type sequencing tasks, this was rather inefficient and costly in time and
money. Cost is driven by the turnover time, the number of reactions, and the number of
primers needed to cover a given stretch of DNA. Because of capacity saturation in-house, the
remaining half of the sequences were done by MWG on the Licor system with fluorescent
dye-primers (IRD-800) producing 0.7-1Kb long reads.

Computer analyses. Sequence information was managed using GCG version 10.0-UNIX
(the Wisconsin Package), DNA strider version 1.2 software (Mac), and Clone Manager (PC).
Internet sites used for the various queries are listed in Chapter 5-D.

Annotationwas done by hand. The sequences were translated into all 6 frames for
examination by eye, while electronic searches using varying sized fragments were subjected to
progressive blast searches. Orfs were confirmed, or discovered by eye using probable start
sites (ATG, TTG,GTG), ribosome binding sites, transcriptional termination sites, and
similarities to known sequences. Consensus motif searches and functional assignment
confirmation were done using the ProDom, Japan, and Blocks databases, and by eye.
Alignments of motifs were done against ProDom database using ‘MultAlin’ option. Predicted
Orfs were then checked for probable cellular localization using the signal peptide prediction
software. When multiple listerial homologs were discovered, these were aligned to examine
the extent of divergence using ‘pileup’ and displayed with ‘pretty’ or ‘prettybox’ in GCG.
Searches for repeats were done using ‘gap’, ‘bestfit’, ‘hairpin’ in GCG; progressive
segments were scanned and queried against itself, and against different sections of the
sequence in both orientations.

Phylogenetic analysesMichael Schmid and Michael Wagner performed these
analyses at theehrstuhl fir Mikrobiologieof Technische Universitadt MinchenFor
phylogenetic analyses, the ARB software package (Ludwig et al 1998) was used.
Phylogenetic trees based on nucleic acids were calculated using "Maximum Parsimony”
(PAR), "Maximum Likelihood” (ML) (Felsenstein 1981) and "Neighbor-Joining”(NJ) (Saitou
& Nei 1987) methods. Amino acid sequence based trees were calculated using NJ, ML, and
the Protein Parsimony methods (Eck 1966). In addition, amino acid trees were inferred from
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distances using FITCH with global rearrangements in the "Phylogeny Inference Package”
(PHYLIP) version 3.57c, from the Departments of Genetics, U. of Washington, Seattle.
Data for the phylogenetic study: in addition to DNA sequences reported in this study
for vclA, vclB, Idifpartial) andors (partial), all available sets of molecules fisteriaewere
employed. Sequence data for 16S rRNA molecules were from X5616®f(0cytogengs
X56149 (. welshimer), X56151 (. ivanovi), X56148 (. seeliger), X56150 (L. grayi)
(Collins et al 1991), X55473 (innocug (Czajka et al 1993). 23S rRNA sequences were
derived from X92951L(. monocytogen@sX92949 (. innocug, X92954 (. welshimen,
X92950 (. ivanovii), X92953 (. seeliger), and X92948 (L. grayi) (Sallen et al 1996). lap
or invasion associated protein (P60) sequences were derived from X52268 (
monocytogeneEGD), M80351 IL. monocytogeneslackeness), M8034 1 (innocua
Sv6a), M803491(. innocuaSveb), M80348L(. welshimerj, M80350 (. ivanovii,
M80353 (. seeliger) and M95579 (L. grayi) (Bubert et al 1992b). For phylogenetic
analyses of thielh genes:Bacillus caldolyticugacc.no.: M19394Bacillus caldotenax
(M19386),Bacillus stearothermophilugAB033627);Bifidobacterium longunfM33585),
Deinococcus radioduran@®B005539),Lactobacillus case{fM76708),Lactobacillus sakei
(U26688),Lactococcus lactigM88490),Mycoplasma genitaliunilu39733),Mycoplasma
hyopneumonigX67286),Streptococcus mutar{i172545),Streptococcus pneumonia
(AJ0O05815),Thermotoga maritim&x74302),Thermus aquaticu€©00858) were used as
outgroups. For phylogenetic analysevdB genes:E. coli (AE000188) and. anthracis
(AF188935) were used as outgroups.
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Chapter 5-B. Materials and Methods of Chapter 3:
Towards reconstituting a pathogenicListeria.

Table 5-B.1. Bacterial Strains and plasmids used in this study
Strains Genotype Source
L. monocytogeneBGD ‘wildtype’ S.H.E. Kaufmann

L. monocytogeneBKP1
(EGD vcl A mutant)

L. monocytogeneBKP1+1
L. innocua(serotype Sv6b)

plcA, hly, mpl, actA, plcB

mpl, actA, plcB
prfA, plcA, hly, mpl, actA, plcB

(Engelbrecht et al
1996)
constructed here
SLCC collection
(Andreas Bubert)

L. innocua(serotype Sv6a) | prfA, plcA, hly, mpl, actA, plcB NCTC 11288
L. innocuaCOR1 Sv6b; coplemented wittprfA plcA hly constructed here
E. coliDH10B F mcrAA(mrr-hsdRMS-mcrBC) ®80lacZ AM15 Gibco-BRL
AlacX74 doeRrecAlendAl araD139 A(ara-leu)7697
galU galK A" rpsL (StF) nupG
Plasmids Genotype Source
E. coli TOPO10F F{lacP Tn10 (Te®)} mcrAA(mrr-hsdRMS-mcrBC) Invitrogen

pWH1509E

pLSV1

PWKS30

pCR2.1-TOPO

PENO1

PENO2

PENO3

PENO4

PENO5

PENO6

®80lacZ AM15 AlacX74 recAl araD139 A(ara-
leu)7697galU galK rpsL (Stff) endAL nupG

ori pE194 ts, Erfi(Gram +); ori pBR322 TEtAmMp®
(Gram -)

ori pE194 ts, Erf(Gram +); ori ColE1

AmplacZ, low copy number

AmplacZ KnR; ori ColE1

PWH1509E; Tet Ernf ts(Gram +)L. innocuaorfZ in
Scal site, orientation 1

pPWH1509E; Tet Ernt® ts(Gram +)L. innocuaorfZ in
Scal site(orientation 2)

pWH1509E; insert..monoprs(3’) prfA plcAhly
mpl(5’), L. inn.orfZ

pWH1509E; insert.. monohly(3’) mplactA5"), L.
inn. orfZ

pWH1509E; insert.. mono.actA(5’) plcB, orfXYZ,
orfB (5"), L. inn.orfZ

pWH1509E; insert.. mono.hly(3’) mpl, actA5"),
orfX, L. inn.orfZ

(Rygus & Hillen

1992)
(Goebel et al 1991)

Strategene

constructed here

constructed here

constructed here

constructed here

constructed here

constructed here
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Table 5-B.1. Continue: Plasmids used in this study.

Plasmids Genotype Source

pENO7 pWH1509E; insert.. monoprs(3’) prfA plcAhly constructed here
mpl(5’), orfX, L. innocuaorfZ

pENO08 pWH1509E, insert. inn. prs(37); L.monoprs(3’), constructed here
prfA, plcA, hly, mpl(5"); orfX; L. inn.orfZ

pTOPO-I pCR2.1-TOPO,; inseit.monoprs(3’) prfA plcAhly constructed here
mpk5’)

pTOPO-II pCR2.1-TOPO; inseit. mono.hly(3’) mplactA5’) constructed here

pTOPO-III pCR2.1-TOPO; inseft. mono.actA5’) plcB, constructed here
orfXYZ, orfB(5")

Media. Brain Heart Infusion (BHI from Difco) was used for the growth of all listerial

strains. Antibiotic used for transformation procedures were Erythromycin 5 pg/ml in BHI
(stock solution 10mg/ml in 95% ethanol), and Kanamycin 50 pg/ml in BHI (stock 50 mg/ml
dH,0). E. colistrains used for cloning were grown on Luria-Bertani (LB) medium.

Antibiotic selection used in various cloning procedures included Ampicillin 200 pg/ml in LB
(stock solution 100mg/ml in dig), Tetracycline 7.5 pg/ml in LB (stock solution 10 mg/ml in
50% ethanol), and Kanamycin 25 pg/ml in LB (stock 50 mg/ml isDiiH3-galactosidase

driven, blue/white screens for insert presence during certain clonings were carried out using
Xgal in the selective media.( 2ml of 2% X-gal in DMF added to 1L of LB agar when cooled to
55°C).

DNA isolation methods standard for botlsteria andE. coli are as described in the

Chapter 5-A above, except for small scale, DNA-Zol (BRL), chromosomal DNA isolations
used for the screenings of chromosomal integrands. Typically, a small swap of cells was
suspended in 250ul TE pH8.2 containing freshly added 5ul of 120mg/ml lysozyme. This
suspension was incubated at@7Tor 20 to 30 minutes, spun briefly in a microfuge and the
supernatant was removed. 250l of well suspended DNA Zol solution was added to lyse the
cells, which yielded a cleared solution. 125pl (1/2 volume) of 100% ethanol was gently
mixed in by inversion. The supernatant was removed after a quick spin, the pellet was
washed twice with 200ul 95% ethanol, and dried briefly in air before being resuspended in
30ul 8mM NaOH solution. 1pl of this lysate was used in a 50ul volume PCR reaction.

Standard molecular biology techniques not mentioned here.Please refer to
Maniatis et al. (Maniatis 1982).
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Table 5-B.2. Primers used in this study.

5 Primer Name | Sequence

5’AmpScal> AAGAGTATGAGTATTCAACAT

ActA2> CCCAACAGAAGAAGAGTTGAAC

con{prs2> CACCGCAAATCCAAGGTTTCT

DC1-inn> CTTGTATTAGAATGTTTCGCTAG

DC2-egd> GATAATTTGTATGTTTCGCTAG

egdprs4> TAATCGAAACTGCTGGTGCA

hly2> ACCACGCTTTATCCGAAATAT

hly3(Aat2)> GGAAAAATTAACATC GACGTCTCTGGAGGATACGT
orfB2(Eco)> AGCGAATTCAAATCTTGCGCTTCGATGACAA

orfZ8-inn(Xhol)>
plcA1>
plcB2(Xhol)>
plcB2>
prsl(Xhol)>
prs2(Sal)>
prs4-inn>
prs5(Aat2)>
prs8-inn(Aat2)>

TCATCACTCGAGTTAGGTACTCTTAAATAGTACA
TTCGCAAAAGAAATGCATACA
AACCTACTCGAGCTAGACTAAGAGATTC
CTGGAGCTAGACTAAGAGATT
TTATCACTCGAGGCCGATTGCTATTATTGAT
TCTAGGETCGACGCGCCGATTGCTATTATTGA
TTCGCCTTCTAAGTARCTAIT
GTAAAATGGCTGGACGTCTGAAAGCGCCGATT
GATTTAGTTGACGTCTCACCTGACCAC

3’ Primer Name | Sequence

<3’AmpPst GATCTTCACCTAGATCCTT

<ActAL(Xhol) TGGTTTCATTTCCTCGAGATCGCTCTCTGTAGC
<emrl-egd TTCAGCCGAACATTCTGTAA

<emr2-inn AGCCGAACATTCTGCAAGAA

<ldh5(Eco) TCTAGGSAATTCCCATTACGGTATGAACGATAT
<mpk2 CTAATCTGACAGAGAGAGTTA

<mpR2(Xhol) CTAATCTGACAGCTCGAGTTAAGGACACGT
<orfB10 CAAGGCTATGAAGATGAACTTAT

<orfB3 GTGTTGATATTGATTATGAAGTGC

<orfX1(Xhol)
<orfX2(Xhol)
<orfZ8-inn(Xhol)
<orfZ9-inn
<plcAl
<plcB1(Xhol)
<prfA2
<prfA3
_<prs9-inn(Aat2)

TCATCACTCGAGAACCGCACTATTGCAATAGAT
AGATAT CTCGAGAACATTTCCCAACAAATAC
TCATCACTCGAGTTAGGTACTCTTAAATAGTACA
CTTCTTTAAAGCCTTGAGATT
TTTCAGGTGTATTAGAAACGA
TCATCGCTCGAGTATACATTTGGCTTACTTCCT
ACAGAAACATCGGTTGGCTAT
TTTAGCATGTCCTGCTACTTG
TTATCCCGACGTCAAGTTATCACACCCTCAT

Restriction sites are described in the primer name, and underlined in the sequences.
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Table 5-B.3. A summary of the primers and conditions used in the cloning and integration
of the virulence gene clustarc{) of EGD intoL. innocuaSv6b and.. monocytogenes
PKP1.

PCR
Experiment| Purpose Fragment Restric| Primer pair anneal Poly-
Size -tion temp merase
used °C

vclas1 Obtain vcl fragment from EGD "12Kb none prs2(Sal)> 50-54 rTth

piece <Idh5(Eco)

Test: insert presence 330bp - hly2> <mpl2 50 Taq
vclas 2 ObtainL. innocuaorfZ fragment 500bp none orfZ8- 52 DVent
pieces inn(Xhol)>

<orfZ9-inn
(PENO1) Test: insert, orientation (1) in 800bp - 5'AnpScal> 52 Taq
pWH1509E <orfz8-
inn(Xhol)
(PENO2) Test: insert, orientation (2) in 800bp - 5’AnpScal> 52 Taq
pWH1509E <orfZ9-inn

Obtain PKP1 vcl fragment 5Kb Xhol prsl(Xhol)> 50 rTth

<orfX1(Xhol)

Test: insert, orientation in pENO1  1070bp - plcB2> 52 Taq

<orfZ9-inn

Obtain EGDplcA-plcB fragment 7.9Kb none plcAl> 50 rTth

<plcB1(Xhol)

Test: insert in pWH1509E 330bp - hly2> <mpl2 50 Taq

vclas 3 Obtain fragment “I” from EGD 4.5Kb Aatll/ prs5(Aat2)> 54 rTth

pieces (3'prs,prfA,plcA, hly, 5’'mpl) Xhol <mpl(Xhol)
(PENO3) Test: insert, orientation in pENO1  830bp - hly2> 50 Taq
<orfZ9-inn
Test: 5’integration into 2103bp - prs4inn> 48 Taq
L. innocuaSveb <plcAl
Test: 3’integration into 965bp/ - hly2> 48 Taq
L. innocuaSv6h 1085bp <orfB10
Test: 5’integration into PKP1 2204bp - egdprs4> 48 Taq
<plcAl
Test: 3'integration into PKP1 1280bp - hly2> 48 Taq
<orfB10

Obtain fragment “II” from EGD 4.1Kb Aatll/ hly3(Aat2)> 54 rTth

(mpl, actAincomplete) Xhol <ActAL(Xhol
)
(PENO4) Test: insert, orientation in pENO1  1043bp - ActA2> 50 Taq
<orfZ9-inn
Obtain fragment “llI” from EGD 2.8Kb none ActA2> 54 rTth

(3’actA plcB, orfX,Y,Z,5'B) <orfB3
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Table 5-B.3. Continue...
PCR
Experiment| Purpose Fragment Restric| Primer pair | anneal Poly-
Size -tion temp merase
used °C
(PENO5) Test: insert, orientation (1) 476bp - orfB2(Eco)> 50 Taq
in pWH1509E <5’AmpSca
Test: insert, orientation (2) 725bp - orfB2(Eco)> 50 Taq
in pWH1509E <3'AmpPst
Madifying | ObtainorfX fragment from EGD 548bp  Xhol plcB2(Xhol)> 48 Taq
“pENO03,4” <orfX2(Xhol)
(PENO7) Test: insert, orientation 863bp - hly2> 50 Taq
in pENO3 <orfX2(Xhol)
Test: insert, number in pENO3 1370bp - hly2> 50 Taq
<orfZ9-inn
(PENO6) Test: insert, orientation in pENO4  1120bp - ActA2> 50 Taq
<orfX2
Test: insert, number in pENO4 1573bp - ActA2> 50 Taq
<orfZ9-inn
Obtainprs fragment from 643bp Aatll prs8- 48 DVent
L. innocua inn(Aat2)>
<prs9-
inn(Aat2)
(PENO8) Test: insert, orientation in pENO7  1037bp - prs5(Aat2)> 52 Taq
+407bp <prfA3
pENO8 in | Test: 5’integration into 1.6Kb - prs4-inn> 50 Taq
Sv6b L. innocuaSvéb <prfA2
(COR1) Test: 3J'integration into 1.6Kb - hly2> 50 Taq
L. innocuaSv6b <orfB10
pENO8 in | Test: 5’integration into PKP1 4.7Kb - cqus2> 50 rTth
PKP1 <mpR(Xhol)
(PKP1+1) Test: 3'integration into PKP1 1.6Kb - hly2> 50 Taq
<orfB10
Confirm L. innocua 2.1Kb - DC1-inn> 50 Taq
Species <emr2-inn
L. monocytogenes 500bp - DC2-egd> 50 Taq
<emrl-egd

[ ] Strains and plasmids constructed from these experiments are indicated in the left-hand column in parentheses.
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PCR primers used in the amplification of DNA fragments in this study are listed in Table 5-
B.1. Table 5-B.2 lists their respective uses and the conditions in which they were used in
each of the experiments described. The amplification procedures are as described in Chapter
5-A.

DNA sequencingemployed BigDye chemistry on an ABI 310 sequencing machine (in
house) was described in Chapter 5-A.

Cloning. Table 5-B.3 above describes the clonings ofL.themonocytogenegrulence gene
cluster (vcl) in this study. Direct cloning from PCR products using the TOPO-TA Kit
(Invitrogen) was previously described in Chapter 5-A. Additional procedures employed in
this study are described below.

Kinasing with T4 polynucleotide kinase (T4 PNKPCR products made by Deep
Vent or rTth/Deep Vent mixed polymerases have dephosphorylated ends. In order to use these
products with dephosphorylated vectors, the insert must be kinased for ligation to occur. To
enhance activity for blunt end substrates, DNA (1ug) was heat treaté@ 78 minutes
and placed on ice. The reaction mix containing 1X T4 PNK buffer, 1ImM dNTP, 10-50U T4
PNK (NEB) enzyme in a reaction volume of 50ul was incubated@tfd7 30 to 40 minutes,
and cleaned up with Qiagen Clean Up column, and eluted,@.dH

Ligation with dephosphorylated vectqreevents the vectors from self-ligating, and

reduces the number of false positives in the transformation. Dephosphorylation with shrimp
alkaline phosphatase (SAP) was carried out in the smallest volume possible containing the
amount of vector for one ligation reaction (50-200ng DNA). DNA was suspended in 1X SAP
buffer with 1U SAP enzyme (Boehringer Mannheim) and incubated@tf@87 1 hour. The
enzyme activity was inactivated by heat at®%or 15 minutes. Ligation followed directly by
augmenting buffer concentration to 2X, adding insert DNA and 1U ligase (Gibco-BRL).
Alternatively, ligase buffer was added at 1X concentration to the SAP reaction, insert DNA,
<1U ligase and diD to a volume of 10-20ul. Reactions proceeded as described below.

Ligationswith normal, phosphorylated vectors were set up with insert DNA and
linearized vector DNA, 1X ligase buffeg1U ligase (Gibco-BRL) and dJ@ to a volume of
10-20pl per reaction (10ul for 100ng vector as guideline). Less than 1U of ligase was used
for sticky ends reactions. Ligation reactions were carried out’&t déernight, or at room
temperature for 1 to 6 hours.

Desalting of DNASIs crucial for electroporation to prevent arcing. PEG precipitation

was used to desalt ligation reactions.,@kvas added to a ligation mix to achieve a 30pl

volume. 15pl of 30% PEGS8000 in 1.5M NaCl was mixed in and the DNA was precipitated

on ice for 30 minutes. The sample was spurf@ 80minutes at top speed in a microfuge.

The supernatant was removed and the pellet was washed twice with 0.5ml of 70% ethanol that
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was stored at -2C. The DNA was air dried and resuspendedlioul dHO. One to 2pl of
this was used in each electroporation (equivalent to about 10ng vector DNA).
Electrocompetert. colicellswere prepared from 1L of cells growing in LB, at

OD600 = 0.5, and not exceeding 0.7. Cells were chilled on ice 15-30 minutes, spun down at
4000g at 4C (5000rpm in a Beckman JA-10 rotor). Maximum amount of the supernatant
was carefully discarded, and the cells were gently resuspended in ice cold, sté€rite dH
10% filter sterilized, glycerol. This procedure was repeated 4 times, and cells resuspended in
progressively smaller volumes (1 volume, followed by 0.5 volume of sterij®,dbllowed
by 0.02 volume, and finally in 1ml of 10% filter sterilized glycerol). These cells were divided
into 40ul aliquots on ice, flash frozen in an ethanol-dry ice bath, and stored frozefCat -70
Cells routinely exhibited an efficiency of transformation &tté@.0 cfu/ug of pUC or other
vector DNAs.

Electroporatiorwas carried out with fresh or frozen competent cells prepared as above.
Desalted DNA was gently added to the 40ul of cells on ice. The mix was gently transferred to

pre-chilled electroporation cuvettes (0.2cm gap length), and electroporated at 2%pF, 200
2.5KV (BioRad Apparatus). Ice cold SOC (LB supplemented with 10mM MgBIinM
MgCl,, and 20mM glucose) was immediately added to the electroporated cells and gently
transferred into sterile, 10ml tubes. The cells were incubated with gentle rollin¥Cafio87
1hour for Amp selection, or up to 2 hours for Tet selection. The cells were plated at the
dilution desired on selective plates and incubated 16 to 24 hour*Cat 37

“Cracking” was used as a fast method to assess the size of plasiid®in
transformants. A swap of cells was suspended in 40-50ul of steril® dkh equal volume
of 2X Cracking buffer (0.1M NaOH, 0.05M EDTA pH8.0, 1% SDS, 0.05% Bromocresol
Green, 10% glycerol) was added and the mix was vigorously vortexed for 30-60 seconds, left
at room temperature for 10 minutes, and 15-20ul of this was directly loadesDBft6
agarose gel to run against supercoiled DNA standard (Gibco-BRL).

Transformation of Listeria. Electroporation was used to transfdcmsteria in this
study.Listeria cells (1-2ml overnight culture) were inoculated into 50ml BHI containing

0.02% Glycine in side-arm flasks and grown &C3With vigorous shaking till early to

midlog (80-90 Klett units). Penicillin G at 5Sug/ml was added (2.5ul of 200mg/ml Penicillin G
stock), and the cells were grown till 120-130 Klett units. The cells were placed on ice and
harvested by spinning at 6000 rpm in a Hereaus centrifuge for 10 minut€x atlde pellet

was twice washed with 5ml 3.5X SMHEM (952mM sucrose, 3.5mM MgCI2, 7mM HEPES,
final pH = 7.2, and sterilized in an autoclave), and spun down as above. The final pellet was
resuspended in 0.5ml 3.5X SMHEM, 100-200pul was used for each electroporation. Unused
cells were frozen at -7C.
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Two to 5ug of supercoiled DNA suspended@pl sterile d5O was mixed with 100
- 200ul of cells on ice, and transferred to pre-chilled 0.2cm gap length, electroporation
cuvettes. The mix was electroporated at 25uFQ1@R5KV (BioRad Apparatus), and
immediately suspended in a final volume of 1ml BHI. The cells were transferred to 10ml
sterile tubes and incubated with rolling at@dor 3 hours (all antibiotic selection except Erm)
or 6 hours (Erm selection). No more than 200ul of cells were plated on each selective plate.
Colonies appeared at or after 3 days of incubation @ g0r temperature sensitive
plasmids).

Chapter 5-C. Materials and Methods of Chapter 4
The Genome ofL. monocytogenes

MATERIALS: Perkin Elmer / Applied Biosystems

BIGDYE 4303149 (100reactions, at 8ul/reaction), cost: 1200DM

310 Capillaries 61cmx50um 4028202/pkg
(long capillaries, read>600bp), cost: 193DM

Analyser Tubes 401957500/pkg) cost: 75DM

Analyser Septa 401956500/pkg) cost: 217DM

TSR solution (8vials) + 3ml POP6 resin, 403076&ost: 300DM

CentriSep Columns(Princeton Separations), clean up unincorporated ddNTP
401762(100/pkg) cost: 338DMA01763(32/pkg) cost: 120DM

PRIMERS were purchased exclusively from ARC GmbH for quality and 24 hour delivery.

SOFTWARE: Phred / Phrap / Consedmounted on Linux platform was used to assess
sequence quality and perform local assembly within gaps. Phred / Phrap / Consed was provided
by Phil Green, University of Washington, Seattequencher-DemdGeneCodes) for

Macintosh was used for initial sequence alignments and display to facilitate primer design.
Proposed primers were tested against.thmonocytogendsank at Pasteur via Internet linkage.

Verifying Gaps with PCR from EGDe chromosomal DNA:

Conditions determined on case-by-case basis. Generally: Tag DNA polymerase, 94C
denaturing for 30sec, 50C annealing for 30sec, 3 min extension at 72C, 20 min final extension
after 30 cycles. Criteria: CLEAN products for purification for direct sequencing.
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PROTOCOLS DISTRIBUTED FOR GENOME PROJECT
NOTE: Use materials specified for the Genome Project. Avoid Dusfitesed solutions.
Store samples frozen, in tdark, the dyes are light sensitive. Label everything!

General Sequencing protocol for ABI:

Calculate the volume of template needed to make desired amount of DNA
Label the cycle-PCR tube

Place this DNA into the cycle-PCR tube

Dry DNA in speed vac (heat is OK for this). Assembly to fit in the speed vac:
nest the 0.2ml PCR-tube in a capless 0.5ml blue tube nested in another capless 1.5ml
eppendorf tube.

While DNA dries, dilute primers: (Reaction vol. - vol. of BIGDYE = vol.containing total
amount of primer in each reactioRpr example a 10yl reaction with 2ul BIGDYE,
30 to 100ng PCR product as template, 3 pmoles of primer....
3 pmoles = &l of 0.375pmol pul diluted primer.
(1.8 yl 10pmole/ul stock into 48.2ul HPLC water = 0.375 pmolul)
Double check before adding this:
Resuspend the correct DNA pellet with the correct diluted primer.

Add BIGDYE, close cap (close cap only once-- too fragile for repeats)

Cycling in Techne or PE2400 PCR machines:

Denature: 96C X 10sec

Anneal: 50C X 5sec (for normal primers) or 55C X 10sec (for long or high GC primers)
Extend: 60C X 4 minutes

25 cycles total, 4C hold.

Check program. Close lid. Start program , when temp = 96C, hit PAUSE button.

Put in samples, wait 30 - 60 seconds.

Hit PAUSE button to resume program.

Denature: 96C X 10sec

CLEAN UP methods for ABI samples:

2. Centri Sep columnfhydrated columns stored at 4C are good for a few days)
One column per sample

Gently tap column to make gel settle to bottom

Remove top cap, add 0.8ml HPLC water

Replace top cap, vortex column briefly to mix

Allow gel to hydrate 2 hours

Remove any bubbles by inverting and sharply tapping column, then let settle.
When bubble-free and settled, remove the top cap.

Then remove the bottom stopper
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Allow gravity to drain into the 2ml tube, if this doesn’t work, use a latex pipet bulb to apply
gentle air pressure to the top of the column. Approximately 20Qi25{l drain out.

Discard this fluid, refit the 2 ml tube to column

Use the orientation of the tube, (line up bump facing out of the rotor)

Spin the column 3000rpm for 2 min in Hereaus microfuge

Discard the 2 ml tube.

Blot the end of tube.

(DO Not at any point, let the gel in the column get dry)

Immediately add sample in the center of the column bed
(holding the column up to the light helps), avoid touching the gel, and do not let
sample touch the sides of the column. Fit sample collection(¢ab&ess 1.5ml tube)
onto column. Place column assembly into microfuge with the orientation mark facing
out.

Spin 3000rpm for 2 min
Dry samples in speedvac, about 20min. NO HEAT. Do not over-dry.

2. ETOH precipitation. (Back Up protocol)

0.1 volume 3M Sodium Acetate pH 5.2, 2.5 volume 95% ETOH, undenatured

Mix well, 15min at room temp.

Spin 20min at top speed in microfuge, room temp, (hinge of tube facing out).

Remove all supernatant without disturbing pellet (imaginary, in the bottom of the hinge side)
Wash with 250ul 70% room temp. ETOH, add gently!

Remove Supernatant, as above, careful to remove all.

Air dry 15 min in warm room (take precautions about dust!)
OR Dry in speedvac NO HEAT, 10 minutes. DO NOT OVER-DRY

FINAL PREPARATION:

Resuspend the cleaned-up and dried DNA in 20ul TSR

Transfer to ABI tube, top with rubber stopper.

Label with the designatelame of the sequencggthe name Paris wants to see).

No Bubblesin samples.

Rubber tops MUST BE must be placedptally flat against the rim of the tube.

Please double check these 2 things, because failure can stop or break the ABI310 machine.
Store at 4C in the dark. Do Not Freeze.

Double / Triple checktube order and designations.
Deliver samples to the Virology or Hygiene sequencing facility:
as specified by the work sheet for the day, samples on ice in transit.
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Chapter 5-D. Annotation tools on the Internet used in this thesis.

Inquiries into general, known protein banks and nucleic acid sequence comparisons were done
with BlastX2, BlastP2 and BlastN2 in the NCBI, GenomeNet at University of Kyoto or
Prodom databases.
URLSs: http://www.ncbi.nlm.nih.gov/BLAST/(NCBI)
http://www.blast.genome.ad.jglGenomeNet at University of Kyoto)

Inquiries into the genomes bf monocytogeneandL. innocuagenomes were done at the
Pasteur Institute server (these are temporary and not publicly available).
URLSs: http://berenice.pasteur.fr/Listeria/genome.¢grotein searches)
http://berenice.pasteur.fr/listeria/

(contig searches of incompldtemonocytogenegenome)
http://berenice.pasteur.fr/innocua/

(contig searches of incompldteinnocuagenome)
http://genomeweb.pasteur.fr/lfrangeu/lm/cqgi-bin/greplPE.html

(keyword search tool fdr. monocytogenesnnotation data)
http://genomeweb.pasteur.fr/lfrangeu/Im/cqgi-bin/IPF_reader.CGI?IPF_name=1669.1

(IPF reader, provide IPF information desired after “name=##")
Specific searches against defined databases:

URLSs: http://genolist.pasteur.fr/Colibri(E. coli database: “Colibri”)
http://genolist.pasteur.fr/SubtiLis{B. subtilisdatabase: “Subtilist”)
http://motif.genome.ad.ip(GenomeNet at University of Kyoto, motif search)
http://www.toulouse.inra.fr/prodom/doc/blast_form.htfitrotein Domains)
http://www.ncbi.nlm.nih.gov/COG(Protein families, evolutionary grouping)
http://ecocyc.PangeaSystems.com:1555/server.html

(E. colimetabolic enzymes, functions, definitions, networks)

Signal peptide predictions were performed using Signal P version 1.1 at the Technical
University of Denmark database.

URL: http://www.cbs.dtu.dk/services/SignalP/
Blocks searches were done to identify signature blocks of amino acids within a specific class
of enzymes. Blocks database is maintained by the Fred Hutchinson Cancer Research Center.

URL: http://blocks.fhcrc.org/blocks/blocks_search.html
Sequences were uploaded to EMBL.

URL: http://www.ebi.ac.uk/embl/Submission/webin.html
Literature searches of publications and published sequences.

URL: http://www.ncbi.nlm.nih.gov/Entrez/




100 Literature Cited

Literature Cited

Antelmann, H., Bernhardt, J., Schmid, R., Mach, H., Volker, U., Hecker,
M. 1997.First steps from a two-dimensional protein index towards a response-regulation
map forBacillus subtilis Electrophoresis18:1451-63.

Appelberg, R., Leal, I. S. 2000Mutants ofListeria monocytogenedefective inln
vitro invasion and cell-to-cell spreading still invade and proliferate in hepatocytes of
neutropenic micelnfect Immun68:912-4.

Becker, L. A., Cetin, M. S., Hutkins, R. W., Benson, A. K. 1998.
Identification of the gene encoding the alternative sigma factor sigmaB_fstenia
monocytogeneand its role in osmotolerancéBacteriol 180:4547-54.

Bielecki, J., Youngman, P., Connelly, P., Portnoy, D. A. 1998acillus
subtilisexpressing a haemolysin gene frbrsteria monocytogenasan grow in mammalian
cells.Nature 345:175-6.

Blaser, M. J., Newman, L. S. 1982A review of human salmonellosis: I. Infective
dose.Rev Infect Dis 4:1096-106.

Bockmann, R., Dickneite, C., Goebel, W., Bohne, J. 200®rfA mediates
specific binding of RNA polymerase bisteria monocytogends PrfA-dependent virulence
gene promoters resulting in a transcriptionally active compexMicrobiol 36:487-97.

Bockmann, R., Dickneite, C., Middendorf, B., Goebel, W., Sokolovic, Z.
1996.Specific binding of th&isteria monocytogendsanscriptional regulator PrfA to target
sequences requires additional factor(s) and is influenced byMariMicrobiol 22:643-53.

Boerlin, P., Rocourt, J., Piffaretti, J. C. 1991.Taxonomy of the genukisteria by
using multilocus enzyme electrophoresnd.J Syst Bacteriol41:59-64.

Bohne, J., Kestler, H., Uebele, C., Sokolovic, Z., Goebel, W. 1996.
Differential regulation of the virulence gened.dadteria monocytogendsy the transcriptional
activator PrfA.Mol Microbiol 20:1189-98.

Borezee, E., Msadek, T., Durant, L., Berche, P. 2000&entification inListeria
monocytogenesf MecA, a homologue of thgacillus subtiliscompetence regulatory
protein.J Bacteriol 182:5931-4.

Borezee, E., Pellegrini, E., Berche, P. 2000QppA of Listeria monocytogenes
an oligopeptide-binding protein required for bacterial growth at low temperature and involved
in intracellular survivallnfect Immun68:7069-77.

Braun, E. L., Fuge, E. K., Padilla, P. A., Werner-Washburne, M. 1996A
stationary-phase gene $accharomyces cerevisimea member of a novel, highly conserved
gene family.J Bacteriol 178:6865-72.

Braun, L., Ghebrehiwet, B., Cossart, P. 2000gC1qg-R/p32, a C1g-binding
protein, is a receptor for the InIB invasion protein of Listeria monocytogendso J
19:1458-66.

Braun, L., Nato, F., Payrastre, B., Mazie, J. C., Cossart, P. 1999he 213-
amino-acid leucine-rich repeat region of theteria monocytogendalB protein is sufficient
for entry into mammalian cells, stimulation of Pl 3-kinase and membrane ruiloig.
Microbiol 34:10-23.

Braun, L., Ohayon, H., Cossart, P. 1998The InIB protein ofListeria
monocytogeneis sufficient to promote entry into mammalian cdlil Microbiol 27:1077-



Literature Cited 101

Brehm, K., Kreft, J., Ripio, M. T., Vazquez-Boland, J. A. 1996.Regulation of
virulence gene expression in pathogdnsteria [published erratum appears in Microbiologia
1996 Sep;12(3):507Microbiologia 12:219-36.

Brundage, R. A., Smith, G. A., Camilli, A., Theriot, J. A., Portnoy, D. A.
1993.Expression and phosphorylation of thisteria monocytogene&ctA protein in
mammalian cellsProc Natl Acad Sci U S 20:11890-4.

Bubert, A., Kohler, S., Goebel, W. 1992aThe homologous and heterologous
regions within the iap gene allow genus- and species-specific identificatisstexfa spp by
polymerase chain reactioAppl Environ Microbiol 58:2625-32.

Bubert, A., Kuhn, M., Goebel, W., Kohler, S. 1992b.Structural and functional
properties of the p60 proteins from differ&mteria speciesJ Bacteriol 174:8166-71.

Camilli, A., Goldfine, H., Portnoy, D. A. 1991 Listeria monocytogenesmutants
lacking phosphatidylinositol-specific phospholipase C are aviruldeatp Med173:751-4.

Camilli, A., Tilney, L. G., Portnoy, D. A. 1993.Dual roles ofpIcA in Listeria
monocytogees pathogenesidlol Microbiol 8:143-57.

Clewell, D. B., Flannagan, S. E., Jaworski, D. D. 1998Jnconstrained bacterial
promiscuity: the Tn916-Tn1545 family of conjugative transposbreds Microbiol 3:229-
36.

Collins, M. D., Wallbanks, S., Lane, D. J., Shah, J., Nietupski, R., et al.
1991.Phylogenetic analysis of the geriisteria based on reverse transcriptase sequencing
of 16S rRNA.Int J Syst Bacteriol41:240-6.

Cossart, P., Vicente, M. F., Mengaud, J., Baquero, F., Perez-Diaz, J. C.,
Berche, P. 1989Listeriolysin O is essential for virulence bisteria monocytogenes
direct evidence obtained by gene complementalidact Immun57:3629-36.

Cotter, P. D., Emerson, N., Gahan, C. G., Hill, C. 1999ldentification and
disruption oflisRK, a genetic locus encoding a two-component signal transduction system
involved in stress tolerance and virulencé.isteria monocytogeneg Bacteriol 181:6840-

3.

Cousens, L. P., Wing, E. J. 2000nnate defenses in the liver durihgsteria
infection. Immunol Rev174:150-9.

Czajka, J., Bsat, N., Piani, M., Russ, W., Sultana, K., et al. 1993.
Differentiation ofListeria monocytogenemndListeria innocuaby 16S rRNA genes and
intraspecies discrimination afsteria monocytogenedrains by random amplified
polymorphic DNA polymorphismd&Appl Environ Microbiol 59:304-8.

Dalton, C. B., Austin, C. C., Sobel, J., Hayes, P. S., Bibb, W. F., et al.
1997.An outbreak of gastroenteritis and fever dukisteria monocytogenasa milk. N
Engl J Med 336:100-5.

Davies, W. A. 1983Kinetics of killing Listeria monocytogendsy macrophages: rapid
killing accompanying phagocytosis Reticuloendothel So84:131-41.

Decatur, A. L., Portnoy, D. A. 2000.A PEST-like sequence in listeriolysin O
essential fotisteria monocytogengsathogenicityScience 290:992-5.

Dhar, G., Faull, K. F., Schneewind, O. 2000Anchor structure of cell wall surface
proteins inListeria monocytogeneBiochemistry 39:3725-33.

Dickneite, C., Bockmann, R., Spory, A., Goebel, W., Sokolovic, Z. 1998.
Differential interaction of the transcription factor PrfA and the PrfA- activating factor (Paf) of
Listeria monocytogenesith target sequencellol Microbiol 27:915-28.

Domann, E., Chakraborty, T. 1989.Nucleotide sequence of the listeriolysin gene from
aListeria monocytogeneserotype 1/2a straifNucleic Acids Resl7:6406.



102 Literature Cited

Domann, E., Leimeister-Wachter, M., Goebel, W., Chakraborty, T. 1991.
Molecular cloning, sequencing, and identification of a metalloprotease gentiftenia
monocytogenethat is species specific and physically linked to the listeriolysin defeet
Immun 59:65-72.

Dons, L., Olsen, J. E., Rasmussen, O. F. 1998haracterization of two putative
Listeria monocytogeneagenes encoding polypeptides homologous to the sensor protein
CheA and the response regulator CheY of chemotBN# Seq4:301-11.

Dons, L., Rasmussen, O. F., Olsen, J. E. 199loning and characterization of a
gene encoding flagellin dfisteria monocytogeneMol Microbiol 6:2919-29.

Dramsi, S., Dehoux, P., Lebrun, M., Goossens, P. L., Cossart, P. 1997.
Identification of four new members of the internalin multigene familyisteria
monocytogeneEGD. Infect Immun 65:1615-25.

Dramsi, S., Kocks, C., Forestier, C., Cossart, P. 1993nternalin-mediated
invasion of epithelial cells blisteria monocytogenes regulated by the bacterial growth
state, temperature and the pleiotropic activator gvfél. Microbiol 9:931-41.

DuPont, H. L., Levine, M. M., Hornick, R. B., Formal, S. B. 1989.Inoculum
size in shigellosis and implications for expected mode of transmiskinfect Dis
159:1126-8.

Ebe, Y., Hasegawa, G., Takatsuka, H., Umezu, H., Mitsuyama, M., et al.
1999.The role of Kupffer cells and regulation of neutrophil migration into the liver by
macrophage inflammatory protein-2 in primary listeriosis in ni#eghol Int 49:519-32.

Eck, R. V., and M. O. Dayhoff. 1966Atlas of Protein Sequence and Structure.
Silver Springs, Maryland: National Biomedical Research Foundation

Engelbrecht, F. 1999 Die Genfamilie der kleinen Internaline lnisteria monocytogenes
und Listeria ivanovii In Doctoral thesis, Lehrstuhl fir Mikrobiologi&Virzburg:
Bayerischen Julius-Maximilians-Universitat Wirzburg

Engelbrecht, F., Chun, S. K., Ochs, C., Hess, J., Lottspeich, F., et al.
1996.A new PrfA-regulated gene bfsteria monocytogenesncoding a small, secreted
protein which belongs to the family of internaliivol Microbiol 21:823-37.

Engelbrecht, F., Dickneite, C., Lampidis, R., Gotz, M., DasGupta, U.,

Goebel, W. 1998aSequence comparison of the chromosomal regions encompassing the
internalin C genedr{IC) of Listeria monocytogeneandL. ivanovii Mol Gen Genet
257:186-97.

Engelbrecht, F., Dominguez-Bernal, G., Hess, J., Dickneite, C.,
Greiffenberg, L., et al. 1998b.A novel PrfA-regulated chromosomal locus, which is
specific forListeria ivanovij encodes two small, secreted internalins and contributes to
virulence in miceMol Microbiol 30:405-17.

Farber, J. M., Peterkin, P. I. 1991 Listeria monocytogenesa food-borne pathogen
[published erratum appears in Microbiol Rev 1991 Dec;55(4): Mi2tobiol Rev 55:476-
511.

Farber, J. M., Ross, W. H., Harwig, J. 1996 Health risk assessment bfsteria
monocytogenemm Canadalnt J Food Microbiol 30:145-56.

Felsenstein, J. 1981Evolutionary trees from DNA sequences: a maximum likelihood
approachJ Mol Evol 17:368-76.

Flanary, P. L., Allen, R. D., Dons, L., Kathariou, S. 1999.Insertional
inactivation of the.isteria monocytogenasheYA operon abolishes response to oxygen
gradients and reduces the number of flag€lEn J Microbiol 45:646-52.

Freitag, N. E., Portnoy, D. A. 1994 Dual promoters of th&isteria monocytogenes
prfA transcriptional activator appear essential in vitro but are redundant itMal/o.
Microbiol 12:845-53.



Literature Cited 103

Freitag, N. E., Rong, L., Portnoy, D. A. 1993Regulation of theprfA
transcriptional activator dfisteria monocytogenemultiple promoter elements contribute to
intracellular growth and cell-to-cell spreddfect Immun61:2537-44.

Fuge, E. K., Braun, E. L., Werner-Washburne, M. 1994 Protein synthesis in
long-term stationary-phase culturesSzfccharomyces cerevisiaeBacteriol 176:5802-13.

Gaillard, J. L., Berche, P., Frehel, C., Gouin, E., Cossart, P. 199Entry of
L. monocytogenesto cells is mediated by internalin, a repeat protein reminiscent of surface
antigens from gram-positivaocci Cell 65:1127-41.

Gaillard, J. L., Berche, P., Sansonetti, P. 1986Iransposon mutagenesis as a tool
to study the role of hemolysin in the virulenceLadteria monocytogenemfect Immun
52:50-5.

Gaillot, O., Pellegrini, E., Bregenholt, S., Nair, S., Berche, P. 200O.he
ClpP serine protease is essential for the intracellular parasitism and virulédsiste @
monocytogenedlol Microbiol 35:1286-94.

Galsworthy, S. B., Girdler, S., Koval, S. F. 1990Chemotaxis inListeria
monocytogene#\cta Microbiol Hung 37:81-5.

Gedde, M. M., Higgins, D. E., Tilney, L. G., Portnoy, D. A. 2000Role of
listeriolysin O in cell-to-cell spread disteria monocytogenemfect Immun 68:999-1003.

Gilot, P., Andre, P., Content, J. 1999Listeria monocytogenepossesses adhesins
for fibronectin.Infect Immun 67:6698-701.

Goebel, W., Chakraborty, T., Domann, E., Kohler, S., Kuhn, M., et al.
1991. Studies on the pathogenicity bisteria monocytogeneifection 19:5195-7.

Goldfine, H., Johnston, N. C., Knob, C. 1993Nonspecific phospholipase C of
Listeria monocytogeneactivity on phospholipids in Triton X-100-mixed micelles and in
biological membranesd. Bacteriol 175:4298-306.

Gouin, E., Dehoux, P., Mengaud, J., Kocks, C., Cossart, P. 199&ctA of
Listeria ivanovij although distantly related tdsteria monocytogenes actéestores actin
tail formation in arl.. monocytogenes actAutant.Infect Immun 63:2729-37.

Gouin, E., Mengaud, J., Cossart, P. 1994The virulence gene cluster afsteria
monocytogeness also present ihisteria ivanovij an animal pathogen, ahdsteria
seeligerj a nonpathogenic specidsfect Immun 62:3550-3.

Gregory, S. H., Sagnimeni, A. J., Wing, E. J. 1997nternalin B promotes the
replication ofListeria monocytogenea mouse hepatocytemfect Immun 65:5137-41.

Greisen, K., Loeffelholz, M., Purohit, A., Leong, D. 1994PCR primers and
probes for the 16S rRNA gene of most species of pathogenic bacteria, including bacteria
found in cerebrospinal fluidl Clin Microbiol 32:335-51.

Guzman, C. A., Rohde, M., Chakraborty, T., Domann, E., Hudel, M., et al.
1995. Interaction ofListeria monocytogenesith mouse dendritic celldnfect Immun
63:3665-73.

Haas, A., Dumbsky, M., Kreft, J. 1992 Listeriolysin genes: complete sequence of
ilo from Listeria ivanoviiand oflso from Listeria seeligeriBiochim Biophys Acta
1130:81-4.

Haldenwang, W. G. 1995The sigma factors dBacillus subtilis Microbiol Rev 59:1-
30.

Hanawa, T., Yamamoto, T., Kamiya, S. 1994.isteria monocytogenesan grow
in macrophages without the aid of proteins induced by environmental sttegsetsimmun
63:4595-9.

Hartford, T., Sneath, P. H. 1993.0Optical DNA-DNA homology in the genuisisteria
Int J Syst Bacteriol43:26-31.



104 Literature Cited

He, W., Luchansky, J. B. 1997 Construction of the temperature-sensitive vectors
pLUCHB80 and pLUCHSS for delivery of Tn917::Notl/Smal and use of these vectors to derive
a circular map oListeria monocytogenescott A, a serotype 4b isolat&ppl Environ

Microbiol 63:3480-7.

Hess, J., Gentschev, |., Szalay, G., Ladel, C., Bubert, A., et al. 1995.
Listeria monocytogend360 supports host cell invasion by and in vivo survival of attenuated
Salmonella typhimuriumnfect Immun 63:2047-53.

Hodgson, D. A. 2000Generalized transduction of serotype 1/2 and serotype 4b strains
of listeria monocytogene#ol Microbiol 35:312-23.

Ishihama, A. 1997 .Adaptation of gene expression in stationary phase bad@enaOpin
Genet Dev 7:582-8.

James B. Kaper, J. H., ed. 199%®athogenicity Islands and Other Mobile Virulence
Elementsfirst ed. Washington, D.C.: ASM Press. 352 pp.

Jones, D. a. S., H. 1992The Genud.isteria. In The Prokaryotes : a handbook on
the biology of bacteria : ecophysiology, isolation, identification, applicatiedse. a.
Balows A. pp. 4 v. (xliii, 4126 ). Vol. v.2. New York: Springer-Verlag

Karunasagar, |., Lampidis, R., Goebel, W., Kreft, J. 1997.Complementation of
Listeria seeligeriwith theplcA-prfAgenes fronk. monocytogeneactivates transcription of
seeligerolysin and leads to bacterial escape from the phagosome of infected mammalian cells.
FEMS Microbiol Lett 146:303-10.

Klarsfeld, A. D., Goossens, P. L., Cossart, P. 199E&ive Listeria
monocytogenegenes preferentially expressed in infected mammalian pklbs; purH, purD,
pyrE and an arginine ABC transporter geagJ. Mol Microbiol 13:585-97.

Kobe, B., Deisenhofer, J. 199%Proteins with leucine-rich repeatSurr Opin Struct
Biol 5:409-16.

Kreft, J., Dumbsky, M., Theiss, S. 1995The actin-polymerization protein from
Listeria ivanoviiis a large repeat protein which shows only limited amino acid sequence
homology to ActA from Listeria monocytogenes [published erratum appears in FEMS
Microbiol Lett 1995 Oct 1;132(1-2):181FEMS Microbiol Lett 126:113-21.

Kroos, L., Yu, Y. T. 2000.Regulation of sigma factor activity duriri@acillus subtilis
developmentCurr Opin Microbiol 3:553-60.

Kuhn, M., Goebel, W. 1989.Identification of an extracellular protein bfsteria
monocytogenegossibly involved in intracellular uptake by mammalian ciifect Immun
57:55-61.

Kunst, F., Ogasawara, N., Moszer, l., Albertini, A. M., Alloni, G., et al.
1997.The complete genome sequence of the gram-positive bactBaaitus subtilis
Nature 390:249-56.

Lampidis, R., M. Emmerth, |. Karunasagar, and J. Kreft. 2000. The virulence
gene cluster froniisteria seeligericontains large insertions and a partial gene duplication.
(manuscript in preparation)

Lampidis, R., Gross, R., Sokolovic, Z., Goebel, W., Kreft, J. 1994The
virulence regulator protein afisteria ivanoviiis highly homologous to PrfA froristeria
monocytogeneand both belong to the Crp-Fnr family of transcription regulaias.
Microbiol 13:141-51.

Lazazzera, B. A. 2000Quorum sensing and starvation: signals for entry into stationary
phaseCurr Opin Microbiol 3:177-82.

Lecuit, M., Dramsi, S., Gottardi, C., Fedor-Chaiken, M., Gumbiner, B.,
Cossart, P. 1999A single amino acid in E-cadherin responsible for host specificity
towards the human pathogkisteria monocytogeneEmbo J 18:3956-63.



Literature Cited 105

Lecuit, M., Ohayon, H., Braun, L., Mengaud, J., Cossart, P. 1997Internalin
of Listeria monocytogeneagith an intact leucine-rich repeat region is sufficient to promote
internalization.Infect Immun 65:5309-19.

Leimeister-Wachter, M., Domann, E., Chakraborty, T. 1991.Detection of a gene
encoding a phosphatidylinositol-specific phospholipase C that is co-ordinately expressed with
listeriolysin inListeria monocytogeneMol Microbiol 5:361-6.

Leimeister-Wachter, M., Domann, E., Chakraborty, T. 1992.The expression of
virulence genes ihisteria monocytogends thermoregulated. Bacteriol 174:947-52.

Leimeister-Wachter, M., Haffner, C., Domann, E., Goebel, W., Chakraborty,
T. 1990.Identification of a gene that positively regulates expression of listeriolysin, the
major virulence factor dfisteria monocytogene®roc Natl Acad Sci U S 87:8336-40.

Leimeister-Wachter M, H. C., Domann E, Goebel W, Chakraborty T. 1990.
Identification of a gene that positively regulates expression of listeriolysin, the major virulence
factor ofListeria monocytogeneProc Natl Acad Sci U S 87:8336-40.

Lingnau, A., Domann, E., Hudel, M., Bock, M., Nichterlein, T., et al. 1995.
Expression of th&isteria monocytogendsGD inlA andinlB genes, whose products
mediate bacterial entry into tissue culture cell lines, by PrfA-dependent and -independent
mechanismslnfect Immun 63:3896-903.

Liu, J., Coshy, W. M., Zuber, P. 1999.Role of Lon and ClpX in the post-
translational regulation of a sigma subunit of RNA polymerase required for cellular
differentiation inBacillus subtilis Mol Microbiol 33:415-28.

Liu, J., Zuber, P. 2000.The ClpX protein oBacillus subtilisindirectly influences
RNA polymerase holoenzyme composition and directly stimulates sigma-dependent
transcription Mol Microbiol 37:885-97.

Loessner, M. J., Inman, R. B., Lauer, P., Calendar, R. 2000Complete
nucleotide sequence, molecular analysis and genome structure of bacteriophage A118 of
Listeria monocytogenesmplications for phage evolutioMol Microbiol 35:324-40.

Loessner, M. J., Krause, |. B., Henle, T., Scherer, S. 199&tructural proteins
and DNA characteristics of 14steria typing bacteriophaged.Gen Virol 75:701-10.

Lonetto, M. A., Brown, K. L., Rudd, K. E., Buttner, M. J. 1994. Analysis of
the Streptomyces coelicolor sigiene reveals the existence of a subfamily of eubacterial
RNA polymerase sigma factors involved in the regulation of extracytoplasmic funétrogs.
Natl Acad Sci U S A91:7573-7.

Lorber, B. 1997. Listeriosis.Clin Infect Dis 24:1-9; quiz 10-1.

Ludwig, W., schleifer, K.H., and Stackebradt, E. 198416S rRNA analysis of
Listeria monoctogeneandBrochothrix thermosphact&EMS Microbiology Letters
25:199-204.

Ludwig, W., Seewaldt, E., Kilpper-Balz, R., Schleifer, K.H., Magrum, L.,
Woese, C.R., Fox, G.E., Stackebrandt, E. 198Fhe phylogenetic position
of StreptococcusndEnterococcus) Gen Microbiol 131:543-51.

Ludwig, W., Strunk, O., Klugbauer, S., Klugbauer, N., Weizenegger, M., et
al. 1998.Bacterial phylogeny based on comparative sequence an&ieitrophoresis
19:554-68.

Ly, T. M., Muller, H. E. 1990a. IngestedListeria monocytogenesurvive and
multiply in protozoaJ Med Microbiol 33:51-4.

Ly, T. M., Muller, H. E. 1990b. Interactions ofListeria monocytogenes, Listeria
seeligeri,andListeria innocuawith protozoans]. Gen. Appl. Microbiol.36:143-150.

Majewski, J., Cohan, F. M. 1998.The effect of mismatch repair and heteroduplex
formation on sexual isolation Bacillus. Genetics 148:13-8.



106 Literature Cited

Majewski, J., Cohan, F. M. 1999.DNA sequence similarity requirements for
interspecific recombination iBacillus Genetics 153:1525-33.

Majewski, J., Zawadzki, P., Pickerill, P., Cohan, F. M., Dowson, C. G.
2000.Barriers to genetic exchange between bacterial sp&tieftococcus pneumoniae
transformationJ Bacteriol 182:1016-23.

Maniatis, T., Fritsch, F. and J. Sambrook. 1982Molecular Cloning: a laboratory
manualNew York: Cold Spring Harbour Laboratory

Marino, M., Braun, L., Cossart, P., Ghosh, P. 1999Structure of the InIB
leucine-rich repeats, a domain that triggers host cell invasion by the bacterial pathogen
monocytogenedlol Cell 4:1063-72.

Marino, M., Braun, L., Cossart, P., Ghosh, P. 2000A framework for
interpreting the leucine-rich repeats of thsteria internalins Proc Natl Acad Sci U S A
97:8784-8.

Marquis, H., Doshi, V., Portnoy, D. A. 1995.The broad-range phospholipase C
and a metalloprotease mediate listeriolysin O-independent esdaigeed monocytogenes
from a primary vacuole in human epithelial celigect Immun63:4531-4.

McLauchlin, J. 1990. Distribution of serovars dfisteria monocytogenesolated from
different categories of patients with listeriogdtsir J Clin Microbiol Infect Dis9:210-3.

Mengaud, J., Braun-Breton, C., Cossart, P. 1991ddentification of
phosphatidylinositol-specific phospholipase C activityisteria monocytogenea novel
type of virulence factor®lol Microbiol 5:367-72.

Mengaud, J., Geoffroy, C., Cossart, P. 1991Hddentification of a new operon
involved inListeria monocytogeneasrulence: its first gene encodes a protein homologous to
bacterial metalloproteasdsfect Immun59:1043-9.

Mengaud, J., Lecuit, M., Lebrun, M., Nato, F., Mazie, J. C., Cossart, P.
1996.Antibodies to the leucine-rich repeat region of internalin block entystéria
monocytogenemito cells expressing E-cadherinfect Immun 64:5430-3.

Metzger, R., Brown, D. P., Grealish, P., Staver, M. J., Versalovic, J., et al.
1994.Characterization of the macromolecular synthesis (MMS) operonlfistaria
monocytogene$sene 151:161-6.

Michel, E., Cossart, P. 1992Physical map of th&isteria monocytogenes
chromosomeJ Bacteriol 174:7098-103.

Milenbachs, A. A., Brown, D. P., Moors, M., Youngman, P. 1997Carbon-
source regulation of virulence gene expressidasteria monocytogenebol Microbiol
23:1075-85.

Milohanic, E., Pron, B., Berche, P., Gaillard, J. L. 2000.dentification of new
loci involved in adhesion dfisteria monocytogends eukaryotic cells. Europedausteria
Genome ConsortiunMicrobiology 146:731-9.

Missiakas, D., Raina, S. 1998The extracytoplasmic function sigma factors: role and
regulation.Mol Microbiol 28:1059-66.

Msadek, T. 1999.When the going gets tough: survival strategies and environmental
signaling networks iBacillus subtilis Trends Microbiol 7:201-7.

Nair, S., Derre, ., Msadek, T., Gaillot, O., Berche, P. 2000aCtsR controls
class Il heat shock gene expression in the human pathdgfena monocytogenebiol
Microbiol 35:800-11.

Nair, S., Frehel, C., Nguyen, L., Escuyer, V., Berche, P. 199€IpE, a novel
member of the HSP100 family, is involved in cell division and virulendastéria
monocytogenedlol Microbiol 31:185-96.



Literature Cited 107

Nair, S., Milohanic, E., Berche, P. 2000bClpC ATPase is required for cell
adhesion and invasion bfsteria monocytogenetfect Immun 68:7061-8.

Nanamiya, H., Ohashi, Y., Asai, K., Moriya, S., Ogasawara, N., et al.
1998.CIpC regulates the fate of a sporulation initiation sigma factor, sigmaH protein, in
Bacillus subtils at elevated temperatur&4ol Microbiol 29:505-13.

Navarre, W. W., Schneewind, O. 1999Surface proteins of gram-positive bacteria
and mechanisms of their targeting to the cell wall enveldjgrobiol Mol Biol Rev 63:174-
229.

Ochman, H., Lawrence, J. G., Groisman, E. A. 2000.ateral gene transfer and
the nature of bacterial innovatiddature 405:299-304.

Padilla, P. A., Fuge, E. K., Crawford, M. E., Errett, A., Werner-

Washburne, M. 1998.The highly conserved, coregulated SNO and SNZ gene families in
Saccharomyces cerevisiegspond to nutrient limitation [published erratum appears in J
Bacteriol 1998 Dec;180(24):6794).Bacteriol 180:5718-26.

Parida, S. K., Domann, E., Rohde, M., Muller, S., Darji, A., et al. 1998.
Internalin B is essential for adhesion and mediates the invasiastefia monocytogenes
into human endothelial cellsiol Microbiol 28:81-93.

Park, S. F., Kroll, R. G. 1993.Expression of listeriolysin and phosphatidylinositol-
specific phospholipase C is repressed by the plant-derived molecule cellohitteria
monocytogenedol Microbiol 8:653-61.

Peel, M., Donachie, W., Shaw, A. 1988emperature-dependent expression of
flagella ofListeria monocytogenestudied by electron microscopy, SDS-PAGE and western
blotting. J Gen Microbiol 134:2171-8.

Piffaretti, J. C., Kressebuch, H., Aeschbacher, M., Bille, J., Bannerman,
E., et al. 1989 Genetic characterization of clones of the bacteriisteria
monocytogenesausing epidemic diseageroc Natl Acad Sci US/A6:3818-22.

Poyart-Salmeron, C., Carlier, C., Trieu-Cuot, P., Courtieu, A. L.,
Courvalin, P. 1990.Transferable plasmid-mediated antibiotic resistandesteria
monocytogenesancet 335:1422-6.

Poyart-Salmeron, C., Trieu-Cuot, P., Carlier, C., MacGowan, A.,
McLauchlin, J., Courvalin, P. 1992.Genetic basis of tetracycline resistance in clinical
isolates ofListeria monocytogenesntimicrob Agents Chemothe36:463-6.

Pron, B., Boumaila, C., Jaubert, F., Sarnacki, S., Monnet, J. P., et al.
1998.Comprehensive study of the intestinal stage of listeriosis in a rat ligated ileal loop
system.Infect Immun 66:747-55.

Raffelsbauer, D., Bubert, A., Engelbrecht, F., Scheinpflug, J., Simm, A., et
al. 1998.The gene clustanlC2DE of Listeria monocytogenesontains additional new
internalin genes and is important for virulence in midel Gen Genet260:144-58.

Rasmussen, O. F., Skouboe, P., Dons, L., Rossen, L., Olsen, J. E. 1995.
Listeria monocytogenesxists in at least three evolutionary lines: evidence from flagellin,
invasive associated protein and listeriolysin O geMiésobiology 141:2053-61.

Raveneau, J., Geoffroy, C., Beretti, J. L., Gaillard, J. L., Alouf, J. E.,
Berche, P. 1992Reduced virulence of laisteria monocytogengshospholipase-deficient
mutant obtained by transposon insertion into the zinc metalloproteaserjecielmmun
60:916-21.

Renzoni, A., Cossart, P., Dramsi, S. 199%®rfA, the transcriptional activator of
virulence genes, is upregulated during interactionigteria monocytogenasith
mammalian cells and in eukaryotic cell extrabtsl Microbiol 34:552-61.



108 Literature Cited

Renzoni, A., Klarsfeld, A., Dramsi, S., Cossart, P. 1997Evidence that PrfA,
the pleiotropic activator of virulence gened.isteria monocytogengsan be present but
inactive.Infect Immun 65:1515-8.

Ripio, M. T., Brehm, K., Lara, M., Suarez, M., Vazquez-Boland, J. A.
1997.Glucose-1-phosphate utilization histeria monocytogenas PrfA dependent and
coordinately expressed with virulence factdr8acteriol 179:7174-80.

Ripio, M. T., Dominguez-Bernal, G., Suarez, M., Brehm, K., Berche, P.,
Vazquez-Boland, J. A. 1996Transcriptional activation of virulence genes in wild-type
strains ofListeria monocytogends response to a change in the extracellular medium
compositionRes Microbiol 147:371-84.

Ripio, M. T., Vazquez-Boland, J. A., Vega, Y., Nair, S., Berche, P. 1998.
Evidence for expressional crosstalk between the central virulence regulator PrfA and the stress
response mediator ClpC knsteria monocytogeneBEMS Microbiol Lett 158:45-50.

Robichon, D., Gouin, E., Debarbouille, M., Cossart, P., Cenatiempo, Y.,
Hechard, Y. 1997.TherpoN (sigma54) gene frorhisteria monocytogenes involved in
resistance to mesentericin Y105, an antibacterial peptidelfemronostoc mesenteroidds
Bacteriol 179:7591-4.

Rocourt, J., Francine G., Grimont, P., Seeliger, H. 1982DNA relatedness
Among Serovars dfisteria monocytogenes sensu lafwurrent Microbiology 7:383-388.

Rocourt, J. 1988.Taxonomy of the genukisteria Infection 16:589-91.

Rocourt, J., Hof, H., Schrettenbrunner, A., Malinverni, R., Bille, J. 1986.
[Acute purulentisteria seelingermeningitis in an immunocompetent aduthweiz Med
Wochenschrl16:248-51.

Rocourt, J., Seeliger, H. P. 1989Distribution of species of the genlssteria].
Zentralbl Bakteriol Mikrobiol Hyg [A] 259:317-30.

Rouquette, C., de Chastellier, C., Nair, S., Berche, P. 1998he ClpC ATPase
of Listeria monocytogeneas a general stress protein required for virulence and promoting
early bacterial escape from the phagosome of macrophdgeMlicrobiol 27:1235-45.

Rouquette, C., Ripio, M. T., Pellegrini, E., Bolla, J. M., Tascon, R. I., et
al. 1996.Identification of a ClpC ATPase required for stress tolerance and in vivo survival
of Listeria monocytogeneMol Microbiol 21:977-87.

Rygus, T., Hillen, W. 1992.Catabolite repression of the/l operon inBacillus
megateriumJ Bacteriol 174:3049-55.

Saitou, N., Nei, M. 1987 The neighbor-joining method: a new method for
reconstructing phylogenetic tre#ol Biol Evol 4:406-25.

Sallen, B., Rajoharison, A., Desvarenne, S., Quinn, F., Mabilat, C. 1996.
Comparative analysis of 16S and 23S rRNA sequencesstefria speciesint J Syst
Bacteriol 46:669-74.

Schirmer, E. C., Glover, J. R., Singer, M. A., Lindquist, S. 1996.
HSP100/Clp proteins: a common mechanism explains diverse fundirensls Biochem Sci
21:289-96.

Schlech, W. F., 3rd. 1997Listeria gastroenteritis--old syndrome, new pathogsn.
Engl J Med 336:130-2.

Schneewind, O., Mihaylova-Petkov, D., Model, P. 199%ell wall sorting signals
in surface proteins of gram-positive bacteEembo J 12:4803-11.

Siebers, A., Finlay, B. B. 1996M cells and the pathogenesis of mucosal and systemic
infections.Trends Microbiol 4:22-9.



Literature Cited 109

Sivasubramaniam, S., Vanniasingham, V. M., Tan, C. T., Chua, N. H. 1995.
Characterisation of HEVER, a novel stress-induced geneHiewea brasiliensisPlant
Mol Biol 29:173-8.

Smith, G. A., Marquis, H., Jones, S., Johnston, N. C., Portnoy, D. A.,
Goldfine, H. 1995.The two distinct phospholipases Clasteria monocytogendsave
overlapping roles in escape from a vacuole and cell-to-cell sprdact Immun63:4231-7.

Sokolovic, Z., Riedel, J., Wuenscher, M., Goebel, W. 1993Furface-associated,
PrfA-regulated proteins dfisteria monocytogenes/nthesized under stress conditidvis]
Microbiol 8:219-27.

Sorokin, A., Bolotin, A., Purnelle, B., Hilbert, H., Lauber, J., et al. 1997.
Sequence of thBacillus subtilisgenome region in the vicinity of the lev operon reveals two
new extracytoplasmic function RNA polymerase sigma factors SigV and8igidbiology
143:2939-43.

Stackebrandt, E., and Woese, C.R. 198The evolution of prokaryotes. In

Molecular and cellular aspects of evolution. Society for General Microbiology, Symposium
32.pp. 1-31. Molecular and cellular aspects of evolution. Society for General Microbiology,
Symposium 32. Cambridge: Cambridge University Press

Strauch, M. A. 1993.AbrB, a Transition State Regulator. Bacillus subtilis and other
Gram-Positive Bacteriged. A. L. Sonenshein. pp. 757-764. Washington, DC: American
Society for Microbiology

Tilney, L. G., Portnoy, D. A. 1989.Actin filaments and the growth, movement, and
spread of the intracellular bacterial paraditsteria monocytogeneg Cell Biol 109:1597-
608.

Vaneechoutte, M., Boerlin, P., Tichy, H. V., Bannerman, E., Jager, B.,
Bille, J. 1998.Comparison of PCR-based DNA fingerprinting techniques for the
identification ofListeria speciesnd their use for atypicaisteriaisolatesint J Syst
Bacteriol 48 Pt 1:127-39.

Vazquez-Boland, J. A., Kocks, C., Dramsi, S., Ohayon, H., Geoffroy, C.,
et al. 1992.Nucleotide sequence of the lecithinase operonisieria monocytogeneand
possible role of lecithinase in cell-to-cell spreladect Immun60:219-30.

von Both, U., Otten, S., Darbouche, A., Domann, E., Chakraborty, T. 1999.
Physical and genetic map of thisteria monocytogendsGD serotype 1/2a chromosome.
FEMS Microbiol Lett 175:281-9.

Vulic, M., Dionisio, F., Taddei, F., Radman, M. 1997 Molecular keys to
speciation: DNA polymorphism and the control of genetic exchange in enterobdtecia.
Natl Acad Sci U S A94:9763-7.

Wagner, M., Schmid, M., Juretschko, S., Trebesius, K. H., Bubert, A., et
al. 1998.In situ detection of a virulence factor mMRNA and 16S rRNAigteria
monocytogene$EMS Microbiol Lett 160:159-68.

Wang, R. F., Cao, W. W., Johnson, M. G. 199216S rRNA-based probes and
polymerase chain reaction method to detésteria monocytogenealls added to foods.
Appl Environ Microbiol 58:2827-31.

Wang, R. F., Cao, W. W., Wang, H., Johnson, M. G. 1993 16S rRNA-
based DNA probe and PCR method specificlfigteria ivanovii FEMS Microbiol Lett
80:85-92.

Wiedmann, M., Bruce, J. L., Keating, C., Johnson, A. E., McDonough, P.

L., Batt, C. A. 1997.Ribotypes and virulence gene polymorphisms suggest three distinct
Listeria monocytogendmeages with differences in pathogenic potentidkct Immun
65:2707-16.



110 Literature Cited

Wiedmann M, A. T., Hurley RJ, Boor KJ. 1998. General stress transcription factor
sigmaB and its role in acid tolerance and virulenceistEria monocytogene$ Bacteriol
:3650-6.

Williams, J. R., Thayyullathil, C., Freitag, N. E. 2000. Sequence variations
within PrfA DNA binding sites and effects disteria monocytogenesrulence gene
expressionJ Bacteriol 182:837-41.

Wosten, M. M. 1998.Eubacterial sigma-factor&EMS Microbiol Rev 22:127-50.

Wuenscher, M. D., Kohler, S., Bubert, A., Gerike, U., Goebel, W. 1993.
Theiap gene ofListeria monocytogenas essential for cell viability, and its gene product,
P60, has bacteriolytic activity.Bacteriol 175:3491-501.

Zuber, U., Drzewiecki, K., Hecker, M. 2001.Putative Sigma Factor Sigl (YkoZ) of
Bacillus subtilis Is Induced by Heat ShodkBacteriol 183:1472-1475.



List of Abbreviations 111

List of abbreviations.

A

Amp, Amg¥®
ATCC

ATP

B.

BHI

bp

C

°C, C

CDS

cfu
C-Terminus
DMSO
DNA
dNTPs
ddNTPs
DTT

E.

EDTA

e.g.
Erm, En¥'®
et al.
EtOH

G

afp, GFP
hr

i.V.

i.p.

IP

IPTG

Kb

kDa

Kn, Km~/s
L.

L.

Adenosine
Ampicillin, Ampicillin-Resistance/Sensitivity
American Type Culture Collection, Rockville, MD, USA
Adenosine-triphosphate

Bacillus
Brain Heart Infusion

Basepairs

Cytosine

Degree Celsius / Centigrade

Coding Sequence (sequence unit predicted to code for a protein)
colony forming units

Carboxy-terminus

Dimethylsulfoxide
Deoxyribonucleic acid
Deoxyribonucleoside-triphosphate
Di-deoxyribonucleoside-triphosphate
Dithiothreitol

Escherichia (coli)
Ethylene-diamine-tetraacetate
for example IC. exempli gratia
Erythromycin, Erythromycin-Resistance/Sensitivity
and others

Ethanol

Guanosine

green fluorescent protein

hour
intravenous
intraperitoneal

Isoelectric Point
Isopropylf3-D-thiogalactopyranoside
Kilobase

Kilodalton
Kanamycin, Kanamycin-Resistance/Sensitivity
Listeria
Liter
Luria-Bertani
50% letal dose
Leucine-rich repeat
Molar
Minimum Essential Medium
micro liter
micro gram
micro Molar
milli liter

milli gram
milli Molar
Minutes
Multiplicity of infection (number of infecting bacteria per host cell)
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MRNA
NCTC
ng
nmoles
SLCC

N-Terminus

OD260
ORF

P

PBS
PCR
PEG
PenG
per se
PC-PLC
PI-PLC
pmol
RBS, rbs
rDNA
RNA
rRNA
rpm

RT

S

sec
spp.
Strep.
subsp.
Sv

T
Temp
Tet, Tef*
Tris
tRNA
uv

VS.

vol.
X-Gal
WT

Messenger RNA

National Collection of Type Culture, London, UK
nano grams

nano moles

SpecialListeria Culture Collection,

Institut fir Mikrobiologie und Hygiene, Wirzburg

Amino-terminus
Optical density, (260) nm

Open reading frame

Phosphate

Phosphate-buffered Saline

Polymerase chain reaction

Polyethylene glycol
Penicillin G

In or by itself, intrinsicall\( per s&
Phosphatidylcholine-specific Phospholipase C
Phosphatidylinositol-specific Phospholipase C
pica moles
ribosomal binding site

ribosomal RNA genes--chromosomal DNA derived sequence

Ribonucleic acid

ribosomal RNA

rotations per minute

Room temperature (20-25 degrees)
sedimentation units (e.g. 16S, 23S rRNAS)
Seconds

species

Streptomycine

subspecies

Serovar

Thymidine

Temperature

Tetracycline, Tet Resistance/Sensitivity
Tris(Hydroxymethyl)-aminomethan

transfer RNA

Ultraviolet

versus

volume
5-Bromo-4-Chlor-IndolyB-D-Galactopyranoside
wildtype
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