View metadata, citation and similar papers at core.ac.uk brought to you by fCORE

provided by Helsingin yliopiston digitaalinen arkisto

QUORUM SENSING IN THE PLANT PATHOGEN
ERWINIA CAROTOVORA SUBSP. CAROTOVORA

Solveig Sjoblom

Department of Biological and Environmental Sciences
Division of Genetics
Faculty of Biosciences
Helsinki Graduate School in Biotechnology and Malac Biology

University of Helsinki

Academic dissertation

To be presented for public criticism, with permigsof the Faculty of Biosciences,
University of Helsinki, in auditorium 2 of the Vikk Infocentre, Viikinkaari 11, Helsinki, on
June ', 2009, at 12 o’clock.


https://core.ac.uk/display/14917494?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

Supervisors: Professor Tapio Palva

Reviewers:

Opponent:

Department of Biological and Environmental Sciences
University of Helsinki, Finland

Docent Gunter Brader
Department of Biological and Environmental Sciences
University of Helsinki, Finland

Academy Professor Jari Valkonen
Department of Applied Biology
University of Helsinki, Finland

Docent Benita Westerlund-Wikstrém
Department of Biological and Environmental Sciences
University of Helsinki, Finland

Professor Susanne von Bodman
Department of Plant Science
University of Connecticut, USA

ISSN 1795-7079
ISBN 978-952-10-5513-3 (paperback)
ISBN 978-952-10-5514-0 (PDF, online)

Yliopistopaino
Helsinki 2009



Dedicated to my father for everlasting encourageimen



TABLE OF CONTENTS

LIST OF ORIGINAL PUBLICATIONS

ABBREVIATIONS

ABSTRACT

A. INTRODUCTION
1. Plant pathogens

© © ©O© N o O

2. The soft-rot pathogen Erwinia (Pectobacterium)

3. Virulence deter minants of Erwinia carotovora subsp. 11
3.1. Plant cell wall -degrading enzymes 11
3.2. Secretion systems 13
3.2.1. The type Ill secretion system and effectotgins 13
3.3. Other virulence determinants 14
3.3.1. Motility 14
3.3.2. Siderophores and tolerance to oxidativesstre 14

4. Virulenceregulation in Ecc 15
4.1. Global activators and repressors 15
4.2. Two-component signal transduction systems 18

5. Céll-to-cell communication by quorum sensing 20
5.1. The AHSL signaling molecule and LuxI-type gios 21
5.2. LuxR-type proteins 23
5.2.1. Mechanism of action 24
5.3. Quorum sensing in the plant pathogewinia carotovorasubsp. 26
5.3.1. Quorum sensing regulatorssafc 26
5.3.2. Quorum sensing controls a wide variety otfions 27
5.3.3. Cross-talk between quorum sensing and thda®ry network 28
5.4. Quorum quenching 29

B. AIMS OF THE STUDY 30
C. MATERIALSAND METHODS 31
D. RESULTS AND DISCUSSION 34

1. The acyl side chain of AHSL sdefinesthe specificity of the communication system 34
1.1. Specificity of AHSL sensing iBcc 34
1.2. Identification of critical residues in the AHSynthase that determine acyl side chain length 35

1.3. Mutations causing changes in bacterial comoaiitn 36

2. ExpR1 and ExpR2 control virulence and quorum sensing specificity 37
2.1. ExpR1 and ExpR2 act as negative regulatoviraience 37
2.2. ExpR1 and ExpR2 bind AHSL and determine theSAlensing specificity dEcc 38
2.3. ExpR1 and ExpR2 control RsmA, a global negategulator of virulence 9 3
2.4. ExpR1 changes the communication language 40

3. Identification of new quorum sensing targetsin Ecc 41
3.1. Identification of a plant ferredoxin-like peat and the regulator Hor as quorum sensing targets 41
3.2. ExpR1 and ExpR2 control the expressiofedt andhor via RsmA 42
3.3. Contribution of Hor and FerE to virulence 43
3.4. Quorum sensing regulate oxidative stressantsr 44

E. CONCLUDING REMARKS AND FUTURE PERSPECTIVES 45
F. ACKNOWLEDGEMENTS 48
G. REFERENCES 50




LIST OF ORIGINAL PUBLICATIONS

This thesis is based on the following publicatiatsch are referred to by their Roman
numerals in the text.

I Brader, G., Sjéblom, S., Hyytidinen, H., Simsdganiemi, K. and Palva, E.T.
2005. Altering substrate chain length specificityan acylhomoserine lactone
synthase in bacterial communication. J Biol Che&f: 20403-104009.

Il Sjoblom, S., Brader, G., Koch, G. and Palvd,.2006. Cooperation of two
distinct ExpR regulators controls quorum sensireggjeity and virulence in
the plant pathogeBErwinia carotovora Mol Microbiol. 60:1474-14809.

Il Sjoblom, S., Harjunpéaa, H., Brader, G. and RBak.T. 2008. A novel plant
ferredoxin-like protein and the regulator Hor av®m sensing targets in the

plant pathogeirwinia carotovoraMol Plant-Microbe Interact. 21:967-978.

The publications have been reprinted with the kiadnission of their copyright holders.



ABBREVIATIONS

aa
acyl-ACP
AHSL
bp

C

Cel
CDS
Eca
Ecc
Echr
GUS
HR
HGT
Hrp
Leu
Met
PCR
PCWDE
Pel
Phe
Pme
Pnl
Prt
QS
ROS
RR
SAM
Ser
SK
subsp.
T2SS
T3SS
TCS
Thr

amino acid

acylated acyl carrier protein
N-acylhomoserine lactone

base pair

carbon

cellulase

coding sequence

Erwinia carotovoraubsp atroseptica(Pectobacterium atrosepticym
Erwinia carotovorasubsp carotovora(Pectobacterium carotovorum
Erwinia chrysanthen{Dickeya didantee
B-glucuronidase

hypersensitive response

horizontal gene transfer

hypersensitive reaction and pathogenicity
leucine

methionine

polymerase chain reaction

plant cell wall -degrading enzymes
pectate lyase

phenylalanine

pectin methylesterase

pectin lyase

protease

guorum sensing

reactive oxygen species

response regulator
S-adenosyl-L-methionine

serine

sensor kinase

subspecies

type Il secretion system

type Il secretion system

two-component signal transduction system
threonine



ABSTRACT

Erwinia carotovorasubsp.carotovora(Ecc) is a Gram-negative enterobacterium that causes
soft-rot in potato and other crops. The main vinale determinants, the extracellular plant cell
wall -degrading enzymes (PCWDES), lead to plarsugsmaceration. In order to establish a
successful infection the production of PCWDEs aoatwlled by a complex regulatory
network, including both specific and global activat and repressors. One of the most
important virulence regulation systemsHoc is mediated by quorum sensing (QS), which is
a population density -dependent cell-to-cell comivation mechanism used by many Gram-
negative bacteria. In these bacteNeacylhomoserine lactones (AHSL), act as diffusible
signaling molecules enabling communication betwédmcterial cells. The AHSLs are
structurally diverse and differ in their acyl chdength. This gives the bacteria signaling
specificity and enables the recognition and comeation within its own species. In order to
detect and respond to the AHSLs the bacteria usee@8ators, LuxR-type proteins.

The aim of this study was to get a deeper undeisig of theEcc QS system.

In the first part of the study we showed that ed#ferent strains oEcc use different dialects
and of physiological concentrations, only the cagmaHSL with the “correct” acyl chain is
recognized as a signal that can switch on virulgyerees. The molecular basis of the substrate
specificity of the AHSL synthase Expl was investeghin order to recognize the acyl chain
length specificity determinants of distinct AHSLnslyases. Several critical residues that
define the size of the substrate-binding pocketewdentified. We demonstrated that in the
EXxplscc: mutations M127T and F69L are sufficient to charige N-3-oxohexanoyl--
homoserine lactone producing Exgd: to anN-3-oxooctanoylk-homoserine lactone (3-oxo-
C8-HSL) producing enzyme. In the second study theams of sensing specificity and
response to the AHSL signaling molecule were ingastd. We demonstrated that the AHSL
receptor ExpR1 oEcc strain SCC3193 has strict specificity for the catgnAHSL 3-0xo0-C8-
HSL. In addition we identified a second AHSL reag@EXxpR2 with a novel property to sense
AHSLs with different acyl chain lengths. In the abse of AHSLs ExpR1 and ExpR2 were
found to act synergistically to repress the viraergene expression. This repression was
shown to be released by addition of AHSLs and aspiabe largely mediated by the global
negative regulator RsmA.

In the third study random transposon mutagenesis wsed to widen the
knowledge of theEcc QS regulon. Two new QS-controlled target genespdimg a DNA-
binding regulator Hor and a plant ferredoxin-likeotein FerE, were identified. The QS
control of the identified genes was executed byQ@eregulators ExpR1 and ExpR2 and as
expression of PCWDE genes mediated by the RsmAesspr. Hor was shown to contribute
to bacterial virulence at least partly throughadttrol of PCWDE production, while FerE
was shown to contribute to oxidative stress tolegaandin plantafitness of the bacteria. In
addition our results suggest that QS is centrdhéocontrol of oxidative stress tolerance in
Ecc



In conclusion, these results indicate tBat strain SCC3193 is able to react and
respond both to the cognate AHSL signal and theassgproduced by other bacterial species,
in order to control a wide variety of functionstire plant pathogeBcc



A.INTRODUCTION

1. Plant pathogens

Plant diseases, insects and weeds account forrarabloss of 25-80% (40% for potato) in
agricultural production worldwide (Oerke, 2006). dddition to fungi, which are the major
causative agents of plant disease, prokaryotic eudaryotic organisms such as bacteria,
viruses, protozoa, nematodes and parasitic plaotgribute substantially to agricultural
losses. Infections caused by plant pathogenic bacecount for approximately 14% of the
lost crop globally (Agrios, 2005). Of the 1600 k@l species known today, about one
hundred, cause plant diseases with distinct symptumh as leaf spots and blights, soft rots,
wilts, and cankers. The most common bacterial ghatitogen genera includgrobacterium
(causing crown-gall disease}javibacter (potato ring rot, tomato wilt, fruit spotErwinia
(blight, wilt and soft-rot), Pseudomonas(leaf spot, galls, wilt, blight and canker),
Xanthomonagleaf spot, cutting rot, canker and blight) étdeptomyce§potato scab and soll
rot) (Agrios, 2005).

In order to cause plant infection bacteria neeeriter the plant tissue. Most
bacteria do this via stomates, wounds or by the bélfeeding insects. After entering the
plant the aggressiveness of the plant pathogeesiaBiotrophs multiply and can stay within
the host tissue for a long time before killingvithile necrotrophs multiply fast in the host
tissue and are capable of destroying it rapidlyfgdd and Collmer, 1996). Bacteria-plant
interactions are highly coevolved and dynamic psees at molecular, cellular and colony-
tissue level. Understanding the different strategied mechanisms that bacteria use for plant
infection will aid in the development of better meao defend plants from bacterial diseases
(Alfano and Collmer, 1996).

2. The soft-rot pathogen Erwinia (Pectobacterium)

The bacterial disease soft-rot is caused by madoarat plant tissue by a massive amount of
extracellular plant cell wall -degrading enzyme€\{¥PDES) produced by the bacteria. This is
symptomised by a water-soaked lesion that enlaeges develops to a slimy mass of
disrupted cells and bacteria. One of the most comara destructive causatives of soft-rot
are bacteria from the gen&swinia, which has been renamed Rectobacteriun{Haubenet

al. 1998). Throughout this thesis the former ndeneinia will be used. The genusrwinia
and the relatively closely relate@antoeaincludes both necrotrophic (includingrwinia
carotovora subsp.carotovorg subsp.atroseptica subsp.betavasculorumsubsp.odorifera
Erwinia chrysanthemiErwinia rhaponticj Erwinia cyripedii Erwinia ananasand Erwinia
carnegiena and biotrophic bacteridfwinia amylovoraandPantoea stewartji(Pérombelon
and Kelman, 1980).



Different Erwinia species affect a wide variety of crops world-widem
tropical to temperate regionErwinia carotovorasubsp.atroseptica(Eca recently renamed
and reclassified aBectobacterium atrosepticyr@ardaret al 2003) has a narrow host range,
restricted almost exclusively to potato in tempenragions, whil&erwinia carotovorasubsp.
carotovora(Ecc; recently renamed and reclassifiedRestobacterium carotovorunGardan
et al 2003) has the broadest host range infecting @ wadiety of crops in both subtropical
and temperate regions (Pérombelon and Kelman, 198@h et al 2003). Erwinia
chrysanthemiEchr, recently renamed and reclassified Riskeya dadantji Samsonet al
2005) is most common in tropical and subtropicainates and has a wide host range
including maize, pineapple, potato and African @idBaintpaulia iaonathp which has been
used extensively as a model host system.

Bacteria belonging to the genusrwinia are Gram-negative, facultatively
anaerobic, straight rods and motile with peritrighdlagella. The soft-rdErwinias belong to
the Enterobacteriaceagéamily and are thus related to human pathogert) asEscherichia
coli and Salmonella entericaerovar Typhimurium. Many of the methods develofwdE.
coli can therefore be utilized iBrwinia research (Barrast al 1994). Comparison between
the genomes of the plant pathogéca and enterobacterial human pathogens reveals that
approximately three quarters of all CDSs are simikile one quarter was either unique to
Eca or similar to other plant pathogens (Tahal 2006). The unique part of the genome
comprises the majority of the pathogenic deterntmand it seems that many of these genes
have been acquired by horizontal gene transfer (H&3m non-enterobacterial plant
associated bacteria. Acquisition of novel biologfcactions seems to be more influenced by
physical rather than by phylogenetic proximity. Tgenomic data will aid in identifying what
makes bacteria belonging to Bnterobacteriaceaéamily a plant or an animal pathogen and
elucidate when these two classes have divergedtamoary (Tothet al 2006).

During its non-infective life-phasErwinias can be found living as epiphytes
and endophytes in plant and on their surfaces, @b ag saprophytes in the soil and in
groundwater. Little is known about the growth Exiwinia in these different environments.
The recently obtained whole genome sequendgcasuggests thaErwinia has the ability to
respond to a wide range of nutrient sources anda@mental cues, supporting the ability of
Erwinia to exist in various habitats (Bedt al 2004). Analysis of th&ca sequence data will
shed more light on the less known non-pathogefastiile and help to elucidate hdwinia
coordinates the onset of virulence processes aftixring plants and how the transition from
biotrophy to necrotrophy occurs. Latent infectidrpotato tubers is widespread aBdvinia
cells can remain dormant for several months evenlagye population. After entering a plant,
Erwinia resides within the apoplastic region until envirental conditions, including free
water, oxygen availability and temperature, becsmitable for disease development (Teth
al. 2003). The main environmental factor triggeringedse development is the presence of
water, which leads to anaerobiosis and impairménbxygen-dependent host resistance
systems (Pérombelon, 2002). Disease tends to gewely when host resistance is impaired.
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3. Virulence deter minants of Erwinia carotovora subsp.

Successful infection by a plant pathogen requiesrdinated production and secretion of
various virulence factors. PCWDEs are consideresl rimin virulence determinants of
Erwinia carotovorasubsp. In addition, several other factors and m@she such as motility,
production of lipopolysaccharides, exopolysacchemjcharpins and other effector proteins,
toxins, siderophores, Nep-l like proteins, factorstecting bacteria from oxidative stress and
other antimicrobial defenses of the host contriiotéhe disease development (Bareasl
1994; Tothet al 2003; 2006). Recent analysis of tiea genome revealed up to 393 coding
sequences (CDSs) as putative pathogenicity gertesweiny novel factors in soft-r&@rwinia
(Bell et al 2004).

3.1. Plant cell wall -degrading enzymes

Soft-rot bacteria produce enzymes that degradet jgelh wall components in primary and
secondary cell walls and middle lamella of plaritsc@ he degradation products are used as a
source of energy and nutrients (Collmer and Ke@861Barraset al 1994). These enzymes
are characteristically produced co-ordinately, dgpiand in large quantities, resulting in
extensive tissue maceration and eventually deatthe@fhost plant. The PCWDESs include
cellulases (Cel), proteases (Prt) and pectic engyipectinases), such as pectate lyases (Pel),
pectin methylesterases (Pme), pectin lyases (Rdlpalygalacturonases (Peh) (Table 1).

Pectinases are the major enzymes involved in disdaselopment by soft-rot
Erwinia. Pectinases break down pectin in the plant cell arad middle lamella into smaller
subunits that can be transported into the bactegdland metabolizedErwinia possesses
several isoforms of Pels that are expressed byraepaenes, possibly derived from
successive rounds of gene duplication (Bartgl 1987). The different isoforms of Pels
cleavea-1,4-glycosidic linkages of pectin trelimination, either within the polysaccharide
chain (endo-Pels) or from the ends (exo-Pels) (@ailand Keen, 1986). Pathogenicity does
not require activity of every type of Pel, indicagia wide substrate diversity and independent
regulation. Pnls, known also as pectin methyltrimseases, degrade both pectin and
polygalacturonic acid (PGA), but only if PGA is meglesterified. Pnl activity is suggested to
increase following exposure to plant-derived DNAw#aing agents (McEvogt al 1990).
Unlike the other pectinases Pme is not a depolwimgrienzyme, but instead removes
methoxyl groups from pectin, producing polygalachic acid that can be broken down by
other pectic enzymes such as Pehs. So far, only gam& encoding Pme has been
characterized irE. chrysanthemithough severaE. carotovorastrains have been shown to
produce Pme activity

Another class of PCWDEs are the Cels, which extébidoglucanase activity
and break down cellulose in the primary and seagndall walls of the host plant. In both
EccandEchr, two different Cels that hydrolyze tlel,4-glycosidic linkage of cellulose has
been described. The Cels act in synergy with theroéxtracellular enzymes and are not
essential for pathogenicity. However, inactivatairone of the Cels significantly reduced the
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maceration capacity of potato tissue compared td-type Ecc (Walker et al 1994). In
addition, several proteases with a minor role ithpgenesis have been described. Their
contribution to virulence is not yet fully understh but could involve provision of amino
acids for biosynthesis of bacterial proteins orrddgtion of host proteins associated with
resistance (Totlet al 2003). InEcg at least two, and i&chr, several proteases have been
identified (Ky0stitet al 1991; Maritset al 2002).

Table 1. The extracellular enzymes characterizet.icarotovorasubspcarotovora

Enzyme Strain Reference
Cellulases CelA LY34 Parkt al 1997
CelB LY34 Parket al 1997
CelS SCC3193 Saarilalgt al 1990a
CelVI SCC3193 Maet al 1995
CelVv SCRI193 Cooper and Salmond, 1993
Pectate lyases PelA EC Letial 1988
PelB EC Leiet al. 1988
Pel153 EC153 Trollingest al 1989
Pel-1 ECC71 Chatterjest al 1995a
Pel-3 ECC71 Liet al. 1994
Pelll ER Yoshidaet al. 1992
Pellll ER Yoshidaet al. 1991
Pell ER Itoet al 1988
PelX ER Itoet al. 1988
PelB SCC3193 Heikinheimet al 1995
PelB SCRI193 Hintoet al 1989
PelC SCRI193 Hintoet al. 1989
Pectin lyases PnlA ECC71 Chattergeal 1991; McEvoyet al
1990
Pnl ER Ohnishet al 1991
Polygalacturonases Peh EC keial 1992
Peh-1 ECC71 Liet al 1994
PehA SCC3193 Saarilalgt al. 1990b
Peh SCRI193 Hintoat al. 1990
Proteases Prt1 EC14 Kyodsgbal 1991
Prtw SCC3193 Maritst al 1999
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3.2. Secretion systems

To accomplish a successful infection it is esséntiat the PCWDEs and other virulence
determinants are secreted efficiently to the eeltalar environment. The secreted proteins
include both enzymes involved in attacking the ptessue and those involved in more subtle
interactions with the host plant, such as the &bfeproteins Svx (an AvrXca homolog of
Xanthomonas campesfriand Nepl-like proteins (a new family of well cenged proteins
that induce an HR-like response) (Pembedbal. 2004; 2005; Mattinert al 2004; Corbett
et al 2005; Tothet al 2003; Toth and Birch, 2005[Ecc possesses at least three secretion
systems (type I-111) all of which function very &éfently and are conserved between different
bacterial species. The type | secretion systerouad to secrete metalloproteases in a single
step process and seems to have a minor effecrulewce (Delepelairet al. 1991). The type
Il secretion system (T2SS) secretes pathogenieitgrchinants such as cellulases, pectinases,
Svx and a Nepl-like-protein by a two-step mechanRrateins are exported to the periplasm
by the Sec system followed by transport to theidatsf the cell through a channel spanning
the periplasmic compartment and the outer membranegpded by a 15 germut cluster
(Johnsonet al 2006). The importance of the T2SSHuc is highlighted in a study where
mutations affecting the T2SS resulted in an avirufghenotype (Pirhoneet al 1991). The
type lll secretion system (T3SS) is described below

Recently, based on genomic dataBHuoa strain SCRI11043 was shown to contain
at least three more independent secretion systgpes IV-VI1) (Bell et al 2004). The type IV
secretion system (T4SS) is used to translocate [MMA protein substrates, across the
bacterial membranes to the target cell. The T4S%isisd e.g. by the plant pathogen
Agrobacterium tumefacien® deliver DNA into the host cell (Liet al. 2008). Proteins
secreted by the type V secretion system are callkatransporters and are secreted by a two-
step secretion process (Hendersinal 1998). The type VI secretion system is a newly
described protein secretion system involved inlgimae and conserved in several pathogens.
In Ecait was found to secrete potential effector pratesuch as Hcp and VgrG (Bingeal
2008; Liuet al 2008).

3.2.1. Thetype lll secretion system and effector proteins

The T3SS is present in many Gram-negative plantaaimal pathogens. It consists of a long
pilus/needle that is capable of penetrating thatgall wall and translocates proteins into the
host cell (Lahaye and Bonas, 2001). In plant pathegthe system is used to secrete effector
proteins that alter plant defense pathways by acterg with host cell components (Alfano
and Collmer, 2004). Hypersensitive response (HR) defense-associated response in plants
elicited by the effector proteins. In Gram-negatbaeteria, the HR is elicited by products of
the hrp (hypersensitive response and pathogenicity) géuster that encodes the T3SS and
the effector protein HrpN (harpin) that is transited into the host plant by the T3SS (Alfano
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and Collmer, 1996; Lahaye and Bonas, 2001). Genesding harpins have been reported
from E. amylovora(Barny et al 1990),Eca (Bell et al 2004),Ecc (Mukherjeeet al 1997;
Rantakariet al 2001) andechr (Baueret al 1995). The exact role of T3SS Htc is still
unclear.Ecc does not normally elicit an HR in tobacco, buc#n do so when HrpN is
overproduced (Cuet al 1996). Thehrp gene cluster oEcc was assigned a role in virulence
when thehrcC gene encoding an outer membrane pore-forming iprat@s inactivated,
delaying the bacterial growth during early stage®\@bidopsisinfection (Rantakaret al
2001). Nevertheless, lpN mutant retains wild-type maceration capacity itegepetioles
(Mukherjeeet al 1997). Not alEcc strains contain ArpN gene. In a study, three out of eight
Ecc strains tested contained the gene and the otlaeked it, among thenkcc strain
SCC3193 (Mattineret al 2004). In addition to the harpins, the effectootpin DSpA/E is
translocated through the T3SS in plant pathogems€Eda and E. amylovorathe dspA/E
operon is located adjacent to the cluster (Holeveet al 2004). Recently it was suggested
that in E. amylovoraHrpN plays a significant role in the translocatimnDbsA/E into plant
cells (Bocsanczet al 2008). DspA/E has been reported to manipulatentist defense by
interacting with host proteins (Mergg al 2006). It is widely conserved in phytopathogens
and has been identified Er amylovoraEca,andEchr(DebRoyet al 2004).

3.3. Other virulence deter minants

3.3.1. Motility

Motility is an important characteristic of planttpagens in their natural habitat and many of
them possess flagella. Motility appears to be rsargsfor Erwinia for successful invasion
and infection of potato plants. Non-motile mutaot€£cc show reduced virulence, although
they produce wild-type levels of PCWDEs (Pirhomgral 1991; Hossainat al 2005). Free
water is essential for optimal disease developraedtmay allowErwinia cells to move more
easily through the plant tissue (Mulhollaetlal 1993). Motility may play an important role
in contamination of tuber lenticels in wet soil€(@®mbelon, 2002).

3.3.2. Siderophores and tolerance to oxidative stress

Iron is an essential cofactor for many bacteriayemes and is required for virulence in plant
pathogens, but is often in short supply (Exper@9)9Bacteria produce siderophores, which
are chelating compounds that capture iron fromettieacellular environment, as well as from
host- secreted proteinEca Ecc and Echr each have two siderophore systems (Ralhl
1996; Franzaet al 1991; Ishimaru and Loper, 1992). Studies on sjgleores have mainly
focused orEchr (Expert, 1999). IrErwinia, siderophores are postulated to have a protective
role, especially against toxic levels of iron thmight lead to the generation of reactive
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oxygen species (ROS) and oxidative stress (Ex@g€9). Echr mutants defective in
siderophore-mediated iron transport remain locdlizeiggesting that siderophores also have
a role in bacterial spreading throughout the p{&ntrdet al 1988).

One of the earliest pathogen induced defense respadn the oxidative burst, a
rapid and transient production of large amountRGIS at the site of attempted invasion
(Doke, 1983; Wojtaszek, 1997). ROS promotes plasistance to pathogens in several ways,
it can be directly harmful to invading pathogensi i also plays a central role in the
development of host cell death during the HR reactLamb and Dixon, 1997; Grant and
Loake, 2000). Many virulence-associated genes grrts&cterial cells from damage by ROS,
including some that utilize iron (Nachet al 2001; Tothet al 2003). Genes involved in
oxidative stress tolerance, such as shéoperon,sodA, msrAand ind genes, have mostly
been studied ikchr (Santoset al 2001; Hassouret al 1999; Reverchoat al 2002). InEcg
a mutant defective in the general stress sigmarf&poS was shown to be more sensitive to
oxidative stress and exhibited reduced virulengaanta(Anderssoret al 1999a).

4. Virulenceregulation in Ecc

Bacteria live in a constantly changing environmewitere the conditions vary rapidly and
unexpectedly. They have to respond to cues suctoxs and nutrient levels, acidity,
temperature, oxygen and nitrogen availability, olsmity, iron deprivation, various range of
plant compounds, e.g. released by the action op#tieogen, DNA-damaging agents and the
presence of other competing micro-organisms (Pacdkiret al 1995; Tothet al 2003).
Bacteria monitor their external milieu and adjusit gene expression pattern accordingly to
these environmental factors. For successful plafgction bacteria have to circumvent or
suppress the plant’s defense mechanisms andstmtitrol the production of pathogenicity
factors. This in order to save metabolic energy @nhbide from the plant until the bacterial
population is large enough to overwhelm the plafedse. The strength &rwinia is a co-
ordinated production of large amounts of PCWDEs athér pathogenicity factors at critical
stages of the infection process (Tahal 2003; Liuet al 2008). This is a result of a
sophisticated regulatory system, involving activet@nd repressors which regulate one
specific target or act globally on multiple targetsurthermore regulators also control
expression of other regulators, forming a hieraxahand complex regulatory network.

4.1. Global activatorsand repressors

A key point in theEcc virulence regulatory network is tHesmA/B/C-system (regulator of
secondary metabolism; hereafter referred to as stem) (Figure 1). RsmA is an RNA-
binding protein and acts as a repressor of a divees of pathogenicity-related functions such
as production of extracellular enzymes and polysagdes, flagellum formation and HrpN
production. ThersmA gene is found in various strains Bfwinia (Cui et al 1995; 1996;
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Mukherjeeet al 1996). InE. coli, the RsmA homolog CsrA (carbon storage regulatag
been shown to bind the target gene mRNAs and thiezebtrol their degradation (Liu and
Romeo, 1997). Each of the known target gene trgisccontains multiple CsrA binding
sites. Although considerable sequence variatiost@xmong these RNA targets, GGA is the
most highly conserved element (Dubsyal. 2005). A similar mechanism has been proposed
for Ecc where the transcript levels dfsll (gene encoding an acylhomoserine lactone
synthase)hrpN and genes encoding PCWDEs were found to be highan rsmA mutant
strain compared to wild-typecc (Chatterjeest al 1995b; Cuiet al 1995; 1996).

RsmA is antagonized by interaction with the 5 oegiof rsmB RNA, a
regulatory non-coding RNA (formerly callespH (Murataet al. 1994; Liuet al 1997; Liu
et al 1998). It is postulated that RsmA ansimB act antagonistically to modulate the
expression of genes that are expressed in a givabe-dependent manner (€uial 1999).
The third component in this system is the RsmCegpnotalso known as HexY), a cytoplasmic
protein that has been shown to incre@seAexpression and repress the transcriptiorsoiB
(Cui et al 1999). Therefore RsmC has a negative effect oWPE production (Cuiet al
1999). The RsmC protein has no known homologueshgmpookaryotes and was suggested
to be unique to soft-rdrwinia (Cuiet al 1999; Shiket al 1999).

The Rsm-system is a target of many regulators arcdrdral point in the
regulatory network oEcc It is modulated by regulators such as KdgR, REo$A and by
the population density -dependent system calleduwmposensing (QS) (Koiet al 2001;
Chatterjeest al 2002).

FIhDC | | HexA
ExpS-Exph Exph
/Rﬁmc\‘ Rpos
rsmB BMA | Rsm& — QS
Kdgh

A,
PCWOE 4— Rexz
Hor

Figure 1. Schematic representation of the complex regulatmeywork involved in controlling
PCWDE production irE. carotovorasubsp.carotovora Arrowheads indicate positive regulation and
flattened ends denote negative regulation. Adagteldmodified from Whiteheaet al. 2002.
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The global repressatdgR is a DNA-binding protein and a member of the IcIR
family of transcriptional regulators (Thomsenal 1999; Molina-Henarest al 2006). KdgR
from Echr has been characterized extensively (Hugouvieutechattatet al 1996). InEcc
KdgR has been shown to negatively regulate thestrgstion ofhrpN and genes encoding
PCWDEs (Liuet al 1999; Thomsoet al 1999; Hyytiaineret al 2001). The KdgR-mediated
repression is relieved by the presence of plahiadl degradation products such as 2-keto-3-
deoxygluconate. KdgR has also been shown to matit@t expression of the Rsm-system.
The expression afsmAis under positive control of KdgR, while the exgs®n ofrsmB is
under negative control (Liat al 1999; Hyytidineret al 2001). KdgR binds directly to three
conserved KdgR-boxes irsmB preventing interaction ofsmB with RsmA (Nasseret al
1994; Liu et al 1999). A KdgR homologRexZ, has been identified in onEcc strain.
Although sharing substantial amino acid identitythwiKdgR, RexZ was found to be
functionally different, acting as an activator €€\/WDEs (Thomsort al 1999).

Another modulator of the Rsm-system is the altévrasigma factoRpoS, a
transcriptional regulator of a number of genesvattid during the stationary phase and
required for survival when nutrients are limiteddafuring stress conditions (Venturi, 2003).
In Ecc RpoS acts as a negative regulator of extracelleteyme production antdrpN
expression. This has been shown to occur by RpaBiyaly regulatingrsmA expression
(Anderssoret al. 1999a; Mukherjeet al 1998). In addition RpoS acts as a positive reagula
of oxidative stress tolerance Ecc (Anderssoret al. 1999a). Expression of RpoS is itself
negatively regulated bgxpM, which is a response regulator identified in saMEBcc species
(Pirhonen et al 1991; Anderssoret al 1999b; Mukherjeeet al 2000). The ExpM
homologues oalmonella(MviA) and E. coli (RssB/SprE) have been shown to regulate the
stability of RpoS by acting as a recognition fadtmrthe ClpXP protease during non-stress
conditions (Anderssomt al 1999b; Hengge-Aronis, 2000ExpM, on the other hand, is
positively regulated byHexA, a DNA-binding LysR-type transcriptional regulattnat
negatively controls the production of PCWDEs thifolRsmA (Harriset al 1998; Mukherjee
et al 2000). A HexA homologue PecT has been charaetriz Echr (Hugovieux-Cotte-
Pattatet al 1996). In some strains Bicc HexA has also been shown to repress the production
of the quorum sensing signd;acylnomoserine lactone, as well as the expressidirpN
andrsmBRNA (Harriset al 1998; Mukherjeet al 2000).

Also FIhDC, the master regulator of flagellar genes, was régémtnd to be a
modulator of the Rsm-system (Cati al 2008). TheflhDC operon, with strong homology to
the E. coli flhDC was shown to control extracellular enzyme prodnceand hrpN gene
expression irEcc via GacA (ExpA) and HexA. In addition FIhDC wasufal to activate the
expression of RsmC, though the extracellular enzymoeluction was not restored in the
flnDC rsmCdouble mutant as could have been expecteddCali 2008) (Figure 1).

Besides the RsmA dependent regulators of PCWIEEs,also possess RsmA
independent regulators, for exampkeor (homology of rap), a DNA-binding protein
belonging to the SIlyA superfamily of regulatory f@ias identified in several strains Btc
In Ecc it is required for the full expression of extrligkar enzyme genes and acts as an
activator of the synthesis of thp-lactam antibiotic carbapenem (1-carbapen-2-em-3-
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carboxylic acid) (Thomsoet al 1997; Holderet al. 1998). The production of carbapenem
may protect the bacteria towards other microbea aompetitive environment. I8erratig
the Hor protein has also been shown to be regulaye@S (Fineraret al 2005). Additional
regulators affecting virulence i&cc include theRdgA-RdgB system, activating Pnl in
response to DNA damaging agents (McEebwl 1992; Liuet al 1997),CytR, a Lacl-type
regulator activating PehA and flagellum productidfatsumotoet al 2003) and the activator
AepA, a positive regulator of PCWDEs, which seems taitigue forErwinia (Murataet al
1991; Liuet al1993).

4.2. Two-component signal transduction systems

Bacteria use so called two-component signal tractgmiu systems (TCSs) to respond to the
environment and adapt their behaviour accordinglyypical TCS includes a sensor kinase
(SK) and a response regulator (RR). In a basic T&S$,external signal triggers the
autophosphorylation of a SK, which subsequently sphorylates the cognate RR. The
phosphate group of SK is transferred to an asgaregidue on the RR, leading to DNA-
binding of the RR and transcriptional activationdofivn stream genes (Parkinson, 1995). In
addition to responding to a diverse set of envirental signals the TCSs can cross-regulate
each other forming a network of functional inteiaas. The TCS have been most extensively
studied inE. coli, which contains approximately 40 TCS (Oshietaal 2002). The plant
pathogerEchr is predicted to contain 30 genes that encode iffarent TCSs (Venkatesét

al. 2006). At least thre@CSs, ExpS-ExpA, PehS-PehR and PmrB-PmrA, essefutial
virulence have been identified and described matensively inEcc (Erikssonet al 1998;
Fredericket al. 1997; Flegeet al 1997; 2000; Hyytidinent al 2003).

The sensor kinagexpS (GacS/RpfA) and the response reguld&spA (GacA)
form a TCS that is one of the key regulatory systeequired for production of PCWDES in
Ecc Consequently, aexpAmutant is avirulent (Erikssoet al 1998; Fredericlet al 1997).
Homologous systems have been identified in a watee of Gram-negative bacteria and
studied mainly inE. coli (BarA-UvrY) and Pseudomonasp. (GacS-GacA), where they
control the synthesis of secondary metabolites,logtmal fitness, stress tolerance and
production of extracellular enzymes involved inhmagenicity in both plants and animals
(Heeb and Haas, 2001). The input signal triggetimgresponse is unknown, as are the ExpA
target genes ikcc The ExpS-ExpA system is also a part of Bue regulatory network and
has been shown to interact with the Rsm-system t{giggn et al 2001; Cuiet al 2001).
EXpA negatively regulates the expressionrsihA but upregulates the expressionrsinB
RNA (Liu et al 1999; Hyytidineret al 2001; Lapouget al 2008) (Figure 1).

The PehS-PehR TCS of Ecc responds to low levels of extracellular divalent
cations such as calcium and magnesium and actitlagsroduction of one of the PCWDEs,
the PehA during theseonditions. On the contrary high levels (10 mM)dbfalent cations
repress thepehAexpression (Saarilahét al 1992; Flegoet al 1997; 2000). InEchr, the
PhoQ sensor kinase of the homologous PhoQ-PhoP Was,recently shown to involve
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regulation of at least 40 genes encoding protaiwslved in iron metabolism, membrane
transport, stress responses, toxin synthesis amddriptional regulators (Venkatesh al
2006). InSalmonellathe TCS PhoQ-PhoP is considered the major virglaegulator with
numerous target genes (Garcia Vésahal 1996; Groisman, 2001; Katt al 2008). Some
of the PhoP-activated genes are also regulated BmeB-PmrA TCS. In Ecg the
components of this TCS are the SK PmrB and the RRAPThe PmrB-PmrA TCS responds
to external changes in pH and to changes in ir@ahraagnesium levels. The production of
PCWDEs and the resistance to the antimicrobialigeolymyxin B have been shown to be
regulated by PmrB-PmrA (Hyytidinest al 2003). ApmrB mutant showed highly increased
resistance to polymyxin B and reduced expressiogeokes encoding for PCWDEs, while a
pmrA mutant had wild-type resistance to polymyxin B amitb-type levels of PCWDEs.
These differences in activity of PmrB and PmrA wewggested to be due to a negative
autoregulatory mechanism exerted by PmrB (Hyytiéiteal 2003).

The TCSs PehS-PehR and PmrB-PmrA have been propodss involved in
the following regulatory scenario: At the onsetimfiection the bacteria encounter an acidic
plant apoplast with low concentrations of ¥gnd C&". This favours the PehR-controlled
upregulation of PehA, which causes the initial dgen#éo the plant tissue (Saarilakt al
1992; Flegoet al 1997). Coordinate activation of PehR-dependewnt pdi-inducible PmrA
target genes are suggested to lead to modificaifothe cell surface properties, e.g. the
lipopolysaccharides, and increased resistance d@at @ntimicrobial peptides. Subsequent
plant tissue damage may lead to increased ion otrati®n in the apoplastic fluid, repressing
the PehR-controlled genes and activating the Prarget genes, including PCWDEs such as
Cels, Pels and Prts (Hyytidinenhal. 2003).

Following the multiplication of the bacterial poptibn, one of the key
virulence regulatory systems, QS, is activateda Iecent transcriptome study performed in
Eca it was shown that several of the above mentioregilators (RsmA, RsmC/HexY,
KdgR, RexZ, Hor, RdgA, AepA, ExpA and PehR) areutated by the QS system (Lat al
2008).
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5. Céll-to-cell communication by quorum sensing

The QS system is a bacterial cell-to-cell commuioca system that uses ail-
acylhomoserine lactone (AHSL) signaling moleculedeordinate group activities. An AHSL
based QS system has been identified in more thasp®8ies of Gram-negative bacteria
(Fuquaet al 2002). Howevert. coliandSalmonellado not possess AHSL synthases, but are
still able to respond to the AHSL molecules withuxR-type protein called SdiA (Waref

al. 1991; Ahmert al 1998).E. coli andSalmonellapossess another type of QS system that
has been described in both Gram-negative and Gresitiyvie bacteria, which is based on an
autoinducer-2 (Al-2) signaling molecule belongimgat family of furanones and synthesized
by the LuxS protein (Vendevillet al 2005). It has been suggested that Al-2 mediates
universal and/or interspecies cell-to-cell commatian. Additionally, Gram-positive bacteria
have an own QS system based on oligopeptides. HeréddHSL based QS system that is the
best described and most common systeRrateobacterias reviewed.

The QS phenomenon was originally discovered inhimduminescent marine
bacteriumVibrio fischeriin the early 1970s (Nealsat al 1970; Eberharét al 1972). This
bacterium colonizes the light organs of a varidtynarine fishes and squids, where it occurs
at a high population density (&ells/ml) and emits blue-green light. The emisgifright
was found to depend on an extracellular factom@oinducer, that regulates the synthesis of
the enzyme luciferase (Eberhatial 1972). This autoinducer was later shown toNs8-
oxohexanoyl- homoserine lactone (3-oxo-C6-HSL) (Eberherdl 1981).

In a basic QS system the AHSLs are synthesized latvabasal level by an
AHSL synthase, a Luxl-type protein first identifién V. fischeri (Figure 2) (Fuquaet al
1994). These signaling molecules diffuse freelyoasrthe membrane out of the cell. As
population density increases, the AHSL moleculesuamilate and their concentration
increase. When the concentration of AHSLs reacttaseahold level, a quorum, AHSL binds
to a LuxR-type transcriptional regulator. Subsedlyerthis complex binds to a 20 bp DNA
element of dyad symmetry, known as ttie box, modulating the target gene expression. In
V. fischerj target genes include the luminescence gen@€DABEG which are expressed at
a higher rate in response to the LuxR-AHSL compléhe increase in the expressionlwfl
gene, encoding the AHSL synthase, establishes #iveo$eedback-loop of AHSL and
luciferase synthesis, resulting in continuous eimissf light (Figure 2).

20



A. Low population density B. High population density

Bacterisl cell Bacterial cel

13

b
—‘ JuxR }—l:l—-{ il | Cl D‘ ,ﬂ‘ S‘ El
@ AHSL

—
.a 5

Figure 2. The basic QS system demonstrated by the regulafitoluminescence iW. fischeri.A.

At low population density, expression of the gef@sbioluminescencel{xiCDABEQ is weak and
insufficient for light emission due to low level$ AHSL. B. At high population density, a critical
concentration of AHSL is reached. AHSL binds to Rwand stimulates expression of the
bioluminescence genes, leading to rapid amplificaf the AHSL signal and light. Adapted and
modified from Whiteheaet al 2001.

5.1. The AHSL signaling molecule and L uxI-type proteins

The AHSL signaling molecule (also called autoindeteAl-1) is synthesized by the LuxI-
type protein, the AHSL synthase. AHSL is composkd fatty acyl chain ligated by an amide
bond to a homoserine ring. The AHSLs are producedfthe substrates S-adenosyl-L-
methionine (SAM) and an acylated acyl carrier grotacyl-ACP) with varying chain length.
SAM binds to the active site of the AHSL synthasel #he acyl group is then transferred
from the appropriately charged acyl-ACP, formingaanide bond with the amino group of
SAM. Subsequent lactonization of SAM results innfation of a homoserine ring and the
final synthesis of AHSL (Figure 3) (Schae&dral 1996; Whiteheadt al 2001; Watsomt al
2002).
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Figure 3. The schematic drawing illustrates the generalfestof the AHSL synthesis reaction. Two
substrates, acyl-ACP and SAM, bind to the AHSL bgse. After the acylation and lactonization
reactions, the product AHSL and holo-ACP and 5hygkhioadenosine are released. Adapted from
Watsonet al. 2002.

There is considerable structural variety betweenSAHsignaling molecules
from different bacteria and also between AHSLs Isggized by the same bacterium (Table
2). The acyl chain length can vary between four eigtiteen carbons and the third carbon in
the acyl chain may be a fully oxidized carbonyldioxylated or be in the reduced state
(Fuquaet al 2002; Marketoret al 2002). This variability is a result of the AHSYrghase’s
specificity for the acyl chain substrate and magodbe influenced by the available pool of
acyl-ACPs (Frayet al 1999; Watsoret al 2002). InP. aeruginosaa series of fatty acid
biosynthesisféb) genes are responsible for the production of &GRs and were shown to
be required for the synthesis of AHSLs (Ho@@l 2002). The overall acyl chain length and
chemical modification at the third carbon provideedficity to the distinct bacterial QS
systems (Fuquet al 2001).

Different Luxl-type proteins have been identifisdom more than 50
Proteobacteria They are 190-230 aa long and share 30-35% igefi#n residues clustered
in the N-terminal part are conserved within mosklktype proteins (Fuquat al 2002). The
structure of two Luxl-type proteins, Esal and Ldsdm the plant pathogeR. stewartiiand
the opportunistic human pathogBnaeruginosahave been determined (Watsetnal 2002;
Gouldet al 2004). The analysis show that the AHSL synthaseesstructural similarity with
N-acetyltransferases and revealed, that an N-tedm@fectrostatic cluster of conserved
charged residues is important for catalysis aregity of the active site (Watsat al 2002).
Further the structural studies of Esal and Laslictwlgenerate 3-oxo-C6-HSL and 3-oxo-
C12-HSL, respectively, showed that in Lasl the adyain substrate bind to a V-shaped
substrate binding cleft that leads to a tunnel inigpdhe acyl chain substrate, without any
restriction on length. The Esal on the contraryspes a more closed hydrophobic pocket and
therefore can only accommodate shorter acyl chalistsates (Watsoat al 2002; Gouldet
al. 2004).
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In addition to the LuxI-type protein other AHSL-skiesizing proteins such as
LuxM, AinS, VanM and HdtS have been identified\iibrio sp. andP. fluorescensThese
proteins however do not share significant sequdrmaology with the Luxl-type proteins
(Bassleret al 1994; Gilsonet al 1995; Laueet al 2000; Miltonet al 2001; Watsoret al
2002).

Table 2. Examples of Luxl-LuxR-type QS systems.

Bacteria Regulators  Chain BR-group Target function References
length (R (Ry)
Agrobacterium Tral-TraR C8 (4) =0 Conjugal transfer Zhareg al 1993
tumefaciens
Erwinia carotovora Expl-ExpR  C6 (2) =0 Extracellular Pirhoneret al
subsp.carotovora C8 (4) =0 enzymes and 1993; Jonest al
antibiotics 1993; McGowaret
al. 1995
Pantoea stewartii  Esal-EsaR C6 (2) =0 Exopolysaccharide Von Bodman and
Farrand, 1995
Pseudomonas Lasl-LasR C12 (8) =0 Virulence and Pearsoret al. 1997
aeruginosa biofilm development
RhlI-RhIR C4 (0) —H Virulence and Pearsoret al. 1997
rhamnolipids
Rhizobium Cinl-CinR C14:1 (10) —OH Rhizome interactions, Lithgow et al. 2000
leguminosarum root nodulation
Sinorhizobium Sinl-SinR ci16:1(12) —H Exopolysaccharide Marketa al
meliloti 2002
ci18:1(14) —H Exopolysaccharide Marketa al
2002
Vibrio fischeri LuxI-LuxR C6 (2) =0 Bioluminescence Eberhaed al 1981
R, 0)
LI A0
R, N
H O

5.2. LuxR-type proteins

In order to detect and respond to the AHSL sigigatimlecule the bacteria use QS regulators,
LuxR-type proteins. Members of the LuxR-type pmotdamily are AHSL-responsive
transcriptional activators or repressors. The Liygse proteins are approximately 250 aa in
length and share a similar structure composed of fumctional domains: an N-terminal
domain involved in binding AHSL and a conservede@xinal domain containing a helix-
turn-helix motif involved in DNA-binding and subsgnt transcriptional regulation (Nasser
and Reverchon, 2007).

The LuxR homologs TraR and SdiA Af tumefacienandE. coli, respectively,
are the only LuxR-type proteins that have beentalyzed (Qinet al 2000; Vanniniet al
2002; Zhanget al 2002; Wuet al 2008). The AHSL-binding cavity of TraR consisfisao
five-stranded antiparall§d-sheet with three-helices on each side (Vanngt al 2002). The
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AHSL molecule was shown to be fully embedded witthie protein, in a narrow cavity
formed mostly by hydrophobic and aromatic resid(Mannini et al 2002; Zhanget al
2002). The amino acid composition in the AHSL bingdcavity and the acyl side chain of the
signaling molecule play an important role in thgulator's affinity and specificity for its
ligand. This specificity is essential for bactemadistinguish between AHSLs synthesized by
their own species and those synthesized by otlemiesp (Nasser and Reverchon, 2007).

5.2.1. Mechanism of action

The LuxI/R system o¥. fischerj the Tral/R system dA. tumefacienghe Lasl/R and Rhll/R
systems oP. aeruginosaand the Esal/R system Bf stewartiiare the best characterized QS
systems. Although LuxR-type proteins have similauctures, their functional mechanisms
differ. Binding of AHSL to the QS regulator resduiltslarge conformational changes that lead
to modification of the regulators transcriptionatieity, acting either as activator or repressor
(Figure 4) (Welctet al 2000; Zhwet al 2001).

In most of the LuxR-type activators, AHSL bindingduces dimerization or
multimerization of the protein, which leads to espe of the C-terminal DNA binding site
and subsequent binding to the target DNA. In theeabe of AHSL, the N-terminal domain
masks the C-terminal DNA-binding domain, preventimgraction with target genes (Nasser
and Reverchon, 2007). TraR, LuxR, RhIR and LasRI hantheir target DNA only in the
presence of their cognate AHSL in dimerized fornny£t al 2001; Lambet al 2003;
Schusteret al 2004a; Urbanowsket al 2004). Biochemical analysis has revealed that all
investigated LuxR-type proteins bind to their cagnAHSL with a stoichiometric ratio of
one molecule of protein to one molecule of AHSL (@¥eet al 2000; Zhuet al 2001,
Schusteret al 2004a; Castangt al 2006). Qualitative differences have been reported
concerning the regulator’s affinity for its ligarak well as the stability of the ligand-regulator
complex. The interaction of TraR with its AHSL ligdis strong and irreversible, while LUxR
binds its ligand less tightly and in a reversiblermer (Urbanowsket al 2004).

Contrary to the LuxR-type activators, the LuxRaypepressors form active
dimers in the C-terminus that bind to the targetADM the absence of bound AHSL
(Whiteheadet al 2001; Lazdunsket al 2004). The presence of AHSL results in dimeraati
of the N-terminal domain, inducing a conformationhange in the C-terminal region, which
leads to dissociation of the repressor-DNA comfinezzaet al 2006). Examples of LuxR-
type repressors are EsaR frén stewartii(von Bodmaret al. 1998; Minogueet al 2002),
ExpR fromEchr (Nasseret al 1998) and VirR/ExpR fronk. carotovorasubsp. (Andersson
et al 2000; Burret al 2005; Chatterjeet al 2005; Cuiet al 2006). In the absence of bound
AHSL, EsaR forms a functional DNA-binding homodimehich represses the transcription
of its target genessaRandrscA encoding an essential virulence regulator (Mireogual
2005). The interaction of EsaR with AHSL abrogatgzression and allows the transcription
of target genes. Consequently, gsaRmutant produces higher levels of the virulencedact
exopolysaccharide compared to the wild-type (vodrBanet al 1998).
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Figure 4. Schematic presentation of the structural modifices induced by AHSL binding on the
activators and repressors of the LuxR-type family.Activators: In the absence of AHSL, the N-
terminal domain masks the C-terminal DNA-bindingm@din and thus interferes with the DNA
binding. Binding of the appropriate ligand to tratiwator induce conformational changes that lead to
exposure of the DNA-binding domain and subsequédinding. B. Repressors: In the absence of
AHSL, the C-terminal domain is in a dimeric forngsulting in a repressor-DNA complex; the
binding of the ligand to the N-terminal domain désun its dimerization, which interferes with the
appropriate folding of the C-terminal region. Thideases the repressor-DNA complex. Adapted and
modified from Nasser and Reverchon, 2007.

The lux box DNA sequence consists of a 20 bp invertedaefegland and
Greenberg, 1999). Simildmx boxes have been identified in the DNA targets ahynLuxR-
type proteins. Differenfux boxes contain subtle differences in their sequeneeich
determine the specificity between the regulator #rel target gene. This is supported by
studies performed oR. aeruginosd_uxR-type proteins LasR and QscR. The 20uxpboxes
of LasR and QscR share 15 bp identities, howewerbihding of LasR and QscR to their
target gendux boxes are not interchangeable (lez¢@l 2006). In another study it was shown
that EsaR oP. stewartiicould bind both to its cognatsaRbox and to a non-cognalax
box, however the binding to the non-cognlatebox was fivefold weaker (von Bodman al
2003). The function of a regulator is also detemdirby the position of the binding site
relative to the transcription initiation site ofethtarget genes, because it influences the
potential interaction of the regulatory proteintwRNA polymerase (Egland and Greenberg,
1999; Whiteet al 2005; Nasser and Reverchon, 2007). The activdtarR and TraR
participate in recruiting RNA polymerase and ing¢naith it, while there is no evidence for
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interaction between a LuxR-type repressor and RNWymerase. ExpR irEchr prevents
access of RNA polymerase to the target gene, thigredventing initiation of transcription
(Castanget al. 2006). EsaR has also been shown to stericallskiti@nscription initiation by
RNA polymerase (Minoguet al 2005).

5.3. Quorum sensing in the plant pathogen Erwinia carotovora subsp.

The QS system is widely used in plant-associatedeba as a regulator of virulence. In a
study where 106 isolated bacterial strains, reptesg seven bacterial genera associated with
plants, were screened showed that most of Agsobacterium Rhizobium and Pantoea
isolates and about half of tliwinia andPseudomonassolates were found to elicit positive
QS reactions (Chat al. 1998). InErwinia carotovorasubsp. QS is one of the key regulatory
mechanisms of virulence. Disruption of the AHSL thyse gene irEcc abolishes the
production of PCWDEs, resulting in an avirulent pbtype of Ecc (Joneset al 1993;
Pirhonenret al 1993).

The Ecc andEca strains mainly synthesize two different types ¢i3Ls and
have been divided into two groups based on thebat{(€jeeet al 2005). Class |, including
Ecc strains SCC3193 and EC153, synthesize maiBroxooctanoyl-homoserine lactone
(3-0x0-C8-HSL), while class I, includingcc strains ATCC39048, GS101, ATTn10 and
MS1, Ecc71 andEca strain SCRI1043, synthesize predominaniy3-oxohexanoyl:-
homoserine lactone (3-oxo-C6-HSL) (Table 2) (Chpateet al 2005; Barnard and Salmond,
2007). A single AHSL synthase is present in eacthefdifferentEcc andEcastrains and are
highly related. In ATCC39048 the synthase is callzdl (Swiftet al 1993), in Ecc71 Ahll
(Cui et al 2005) or Hsll (Cuet al 1995), in SCC3193 Expl (Pirhonehal 1993) and in the
Ecastrain SCRI1043 it is Expl (Bedit al 2004). In addition to the AHSL moleculé&gwinia
also produces Al-2, which requires the LuxS-profemsynthesis (Coulthurgt al 2006).

In order to respond to the AHSL signaling emnlle theEcc andEca strains
possess one, two or three different LuxR-type Q@fbilegors. InEcc strain ATCC39048, the
QS regulators are called CarR, EccR/ExpR and VBWRIft et al 1993; Bellet al 2004), in
Ecc71 and SCC3193 they are called ExpRs (Pirh@teal 1993; Chatterjeet al 1995b;
Anderssoret al. 2000; Cuiet al 2006) and in th&castrain SCRI1043, the QS regulators are
called ExpR and VirR (Bekt al 2004; Burret al. 2005). This variety in names reflects well
the active research executed within the ardareinia QS.

5.3.1. Quorum sensing regulators of Ecc

All Erwinia carotovorasubsp. strains that have been investigated possdssist one QS
regulator encoding genexpR1/eccRlocated adjacent to thexpl gene (Anderssoet al
2000; Barnard and Salmond, 2007). Most strains.afarotovorasubsp. also contain another
QS regulator-encoding genexpR2virR, positioned elsewhere in the genome (Ballal

26



2004; Cuiet al 2006; Burret al. 2005). These two QS regulators are closely rélatel have
been shown to act as negative regulators of viogldry an indirect mechanism mediated via
the global negative regulator RsmA (Anderssbmal 2000; Cuiet al. 2005; 2006; Buret al
2005). This topic is part of the thesis and is dbed in detail in the Results and Discussion-
section.

Another kind of mechanism is represented by ther€ftilator CarR ofEcc
strain ATCC39048, an activator that positively reges the production of thp-lactam
antibiotic carbapenem. ThearR gene is located immediately upstream of taA-H
biosynthetic operon, which encodes proteins reduive carbapenem biosynthesis and for the
carbapenem intrinsic resistance function (McGowtal 1995; Holderet al 1998). Binding
of 3-0x0-C6-HSL to CarR induces multimerizationtbé& protein and subsequent binding of
the complex to thecarA promoter and activation of transcription of tharA-H operon
(Welchet al 2000). In addition thearR expression is tightly autoregulated, as generaifon
CarR is dependent on a CarR/3-0x0-C6-HSL complezGbivanet al 2005). Disruption of
carl and/orcarR represses transcription from the QS-dependari promoter and abolishes
carbapenem production (McGowanhal 2005). Environmental factors such as temperature,
pH and carbon source also affect synthesis of parem. The environmental influence on
carbapenem synthesis is at least to some exteniateddoy QS, either by affectincarl
transcription or the stability of the AHSL molecullcGowanet al 2005). ThecarA-H
biosynthetic operon and tlvarR gene are only present in a few strain&ntinia carotovora
subsp. (Holderet al 1998), while the AHSL signaling molecule is distited widely as a
major virulence regulator dErwinia carotovorasubsp. Inactivation of the two other LuxR-
type QS regulators VirR and ExpR [tc strain ATCC39048 has no obvious influence on
carbapenem production (Barnatal 2007).

5.3.2. Quorum sensing controls a wide variety of functions

For long theEcc QS system was primarily known as the central @gulof the production of
the main virulence factors PCWDEs and the antibiatarbapenem (Jonext al 1993;
Pirhonenet al 1993). Recent screening studies have revealedtargets of the QS system.
In these studies the necrosis inducing protein, (Mattinenet al 2004; Pembertoet al
2005), and the putative effector protein, Svx (@wrbt al 2005), were shown to be part of
the QS regulon. The QS regulon Bfa was further broadened in a transcriptome analysis
performedin vivo in potato tubers (Litet al. 2008). This analysis revealed that in tea
strain SCRI11043 26% of the genome was differegtiepressed in agxpl mutant compared

to wild-type. This newly identified QS regulon indes type I, type II, type lll secretion
systems and a novel type VI secretion system aldtig several secretion system substrates
and more than 70 regulators, of which many are knoegulators of pathogenesis (HexA,
KdgR, PehR, RdgA, RsmA, AepA, ExpA, ExpR, HexY, HBRexZ, VirR). In addition novel
virulence determinants, such as the proteins CHAR @FA8, involved in the synthesis of
coronafacic acid, a putative suppressor of plaférde, were also found to be part of the QS
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regulon (Liuet al 2008). Similar results were obtained in a traipsome analysis performed

in P. aeruginosawhich showed that QS regulates at least 300 gdimestly or indirectly
(Schusteet al. 2003; Wagneet al 2003). It is still not clear whether the newlgidified QS
target genes irEca are regulated directly or indirectly by the QS ukdors. Only the
carbapenem biosynthesis cluster andrémeAhave been shown to be direct targets of the QS
regulators irEcc(Welchet al 2000; Chatterjeet al 2005).

5.3.3. Cross-talk between quorum sensing and the regulatory network

QS is a central regulator of virulence and esskfdrasuccessful plant infection. However,
Erwinia carotovorasubsp. also possesses many other essential regulatoich together
with QS form a complex and hierarchical regulatoegwork. The regulators are connected to
QS either directly or indirectly. It has been suglgd that the Rsm-system acts as a central
input point for the regulators (Figure 1) (Barnamd Salmond, 2007). As QS also acts via
RsmA, other regulators such as ExpA, RpoS and KdgiRng at this key point also have
implications on the QS regulon (Barnard and Salm@0@7). Recently it was shown that the
expression of KdgR is also regulated by QS @tial 2008). Similarly to QS, KdgR plays an
important role in the timing and fine tuning of Wience regulation, as KdgR represses the
production of PCWDEs until plant cell wall degradat products are available. Cross-talk
between QS and other regulators has also beenvedsar e.g.P. aeruginosawhere both
RpoS and the GacA/GacS TCS (homologous to ExpA/ExpSe found to modulate the
expression of numerous QS controlled genes, edhectly or indirectly via control of the
LuxR-type regulators LasR and RhIR (Chaneeywl 1999; Pessit al 2001; Heurlieret al
2004; Schusteet al 2004b).

Recent findings suggest that QS is essential alloagvhole infection process,
starting at the onset of plant infection when thigial, small Erwinia population becomes
subject to the host’'s defense system. It has bempoped that the QS controlled T3SS may
hinder or delay the plant defense response, giviagacteria time to multiply before starting
the production of PCWDEs (Rantakat al 2001; Tothet al 2005; Liuet al 2008). As
PCWDEs themselves are potent activators of plai@nde responses through release of plant
cell wall fragments, they need to be produced mgdaamounts to overcome the plant’s
defense mechanisms, which in turn require a higtielb@l population density (Pahet al
1993; Salmonet al 1995; Maeet al 2001; Barnard and Salmond, 2007). The QS systsm h
been suggested as a master regulator of phytopatbee and is placed high in the regulatory
hierarchy (Liuet al 2008).
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5.4. Quorum quenching

Erwinia mutants with defective QS have highly reduced lemoe, confirming the
phytopathological significance of the phenomenadner&fore, it is suggested that strategies
that impedes the QS system are useful for thermpearid prophylactic applications
(Whitehead et al. 2002). Multiple potential targets for such inemtions have been
suggested.

Generation of a transgenic host plant that expse8$tSL lactonase or AHSL
acylase that can degrade the AHSL signaling motecolld be used for reducing AHSL
levels. Such enzymes have been identified in aerasfgbacterial species, and transgenic
potato and tobacco plants that express AiiA, an Agtonase fronBacillus cereushave
been generated. These transgenic plants reduced. Aklg8aling activity and were highly
resistant to infection b¥cc (Dong et al 2000; 2001; Zhang, 2003). In addition, a study
where AHSLs were produced in transgenic plantsresging a Luxl-type protein, resulted in
enhanced resistance to infection bgc (Mae et al 2001). This was suggested to be due to
premature induction of PCWDE production at I@ec population density, resulting in a
successful plant host defense response (Rleh 1993; Maeet al 2001; Whiteheaet al
2001). However, in another study contrary resulesenmobserved, showing that transgenic
tobacco plants producing AHSL molecules lead todased disease development (Tetlal
2004).

Another approach involves the use of AHSL mimicschs as halogenated
furanones. The furanones are structurally simathe AHSLs and are suggested to bind to
LuxR-type proteins, thereby preventing the bindifigAHSLs by competitive inhibition and
initiating turnover of the LuxR-type protein (Mamgdftl et al 1999; 2002). Compounds
similar to the halogenated furanones that wereraily isolated from the red algd2elisea
pulchra interfere with QS of many micro-organisms (Givsketval. 1996) Molecules that
mimic the QS signal have also been identified frmea, rice, tomato, soybean avdédicago
truncatula (Teplitskiet al 2000). In the legumbsl. truncatulal50 proteins are controlled in
response to the AHSLs produced ®inorhizobium melilotand P. aeruginosaThe results
indicated that eukaryotes have an extensive rah@iotional responses to AHSLs that may
play important roles in the beneficial or pathogeautcomes of bacteria-host interactions
(Mathesiuset al 2003). Further AHSLs have been shown to induderde responses in
tomato and were suggested to function as microbeetted molecular patterns (MAMPS)
(Boller and Felix, 2009)Serratia liquefacienandP. putidathat colonize tomato roots and
produce AHSLs in the rhizosphere were shown toeiase systemic resistance of tomato
plants against the fungal pathog&ternaria alternate(Schuheggeet al 2006).
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B. AIMSOF THE STUDY

The quorum sensing (QS) system is a populationityerdependent mechanism used by
more than 50 species of Gram-negative bacteria.dhe of the main virulence regulators in
Erwinia carotovorasubsp.carotovora (Ecc). The overall aim of this work was to gain a
deeper understanding of the QS regulatory mechamisththe QS regulon of the plant
pathogertcc.
Studies focused on the following topics:
- Characterization of theN-acylhomoserine lactone (AHSL) synthase substrate
specificity. Elucidation of the role of differenyptes of AHSL molecules.
- Characterization of the QS regulators that resgortie AHSL and how this response
mechanism functions and is transmitted to the taggees.
- Characterization of the QS regulon and identifaratf potential new QS target genes
and their regulatory mechanism and function.
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C. MATERIALS AND METHODS

Bacterial strains and plasmids used in this studylisted in Tables 3 and Zhe methods
used in this study are described in detail in titkcated articles and are summarized in Table

5.

Table 3. Bacterial strains used in this study.

Strain Genotype/Relevant characteristics Reference

E. coli

S17-1A pir recA thi pro hsdRM™ RP4:2-Tc:MuKm Tn pir, Miller and Mekalanos,
Tp® Snf 1988

DH5a endAl hsdR17 supE44 thi-1 gyrA96 relAl Hanahan, 1983
AlacU169(¢B0dlacdaM 15

JM109 el4McrA-) recAl endAl gyrA96 thi-1 Yanish-Perroret al. 1985

Erwinia carotovora
subspcarotovorastrains

SCC1
SCC3193
SCC3065
SCC6005
expl rsmAmutant
SCC5003
SCC905
SCC905
SCC906
SCC907
SCC908
SCC802-1

SCC802
SCC804-1

SCC804

hsdR17rc-my.) sUpE44 relAIA(lac-

Wild-type

Wild-type
expt:km in SCC3193 background, Km
explexpRtcatin SCC3193 background, Cm
rsmAin SCC3065 background, Kim
expR::catin SCC3193 background,
expR2:catin SCC3193 background, ¢m
expR::kr in SCC3193 background, K?
expR2:kmin SCC6005 background, KhCnf®
expR2:kmin SCC5003 background, Km
expR2:catin SCC3065 background, ¢m

Pirhonenet al 1988
Saarilahti and Palva, 1986
Pirhoneret al 1991
Anderssoret al 2000
Andersson (unpublished)
Anderssoret al. 200(

ferE::miniTn5cat:gusAin SCC3193 background, Il

cmR

ferE:: miniTn5cat:gusAin SCC3065 background, 111

KmR Cni?

hor:: miniTn5cat:gusAin SCC3193 background, I

cmR

hor:: miniTn5cat:gusAin SCC3065 background, I

KmR Cnf?
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Table4. Plasmids used in this study.

Plasmid Relevant property Reference/Sour ce
pSB402 pBR322 withuxRI" and a promoterledaxCDABE Guard-Petter,1998
cassette, Amip

pBluescript SK+ Cloning vector, Afip Stratagene

pGP704 Suicide vector, Afip Miller and
Mekalanos, 1988

pPRG pUT-mini-Tn5Ct:gusA Maritset al 1999

pQE30 Expression vector, ARp Qiagen

pGUS102 pBR322 with promoterlesi&lA from E. coli, Anderssoret al

Amp® 2000

PEXplsccaios exXpkccaigscloned intopBSK+ Pirhoneret al
1993

PEXplscciin pPQE30 eXpkccicloned into pQE3®BamHI and Hind Il |

PEXplscciin pBSK+ eXpkcci cloned into pBSK+BamHI andHind 111 |

PEXplscciL67S eXpkcc1L67Sin pBSK+ |

PEXplscc1F69L exXpkcciF69LIN pBSK+ |

PEXplscciL123F exXpkcciL123Fin pBSK+ |

PEXPlscc1S126A exXpkcc1S126Ain pBSK+ |

PEXplscciM127T expkcciM127Tin pBSK+ |

PEXplscciL67S M127T exXpkcciL67S M127Tin pBSK+ I

PEXplsccy F6OL M127T expkccy F6OL M127Tin pBSK+

PEXplscciL67SF69L M127T exXpkcc1 L67SFEIL M127Tin pBSK+

PEXplscciS126A M127T expkcc1 S126A M127Tin pBSK+

PEXplcciFBIL S126A M127T  exphkec F69L S126A M127Tn pBSK+

|
|
|
PEXPlcciL67SS126A M127T  exphcci L67SS126A M127Tin pBSK+ |
|
PEXplkcciL67S F6OL S126A  expkec: L67S FBIL S126A M1271h pBSK+ |

M127T

PEXplscc:L67S F69L L123F exXpkccr L67S F6IL L123F M1271h pBSK+ I

M127T

PEXplscc1L67S F69L L123F eXpkccy L67S F6IL L123F S126A M127ih I

S126A M127T pBSK+

pEXp'Scc3lg3T127L expgccg193T127Lin pBSK+ |

PEXPlsccaigal 127M eXpkccaioal 127Min pBSK+ |

PEXPlscciM127T pQE30 expkcciM127Tin pQE30 |

pSMS20 expRLccsiozcloned into pQE3&coRI andBam 1]
HI

pSMS21 expR2ccaigzcloned into pQE3&coRI andBam Il
HI

pSMS22 expRccicloned into pQE3&coRI andBamHI 1]

pSMS18 rsmAsccaiofpromoter (189 nt) and partial CDS (61l
nt) cloned into pGUS103all andHind Il

pSMS100 889 bp DNA fragment containing upstreanoreg |l
of expR2

pSMS103 catgene andm gene cloned into pSMS100 Il

pSMS104 exXpR2ccaio3:km expR2ccaies:cat cloned into Il
pBluescriptApal andSpel

pSMS105 exXpR2cca103:km expR2ccaiosicat cloned into 1]
pGP704Apal andSpel

pSMS3( ferE cloned into pQE3®&co Rl andBamHI 1]

pSMS31 hor cloned into pQE3&coRI andBamHI 1]
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Table 5. Methods used in this study.

Method

Described and used in

AHSL extraction

Arbitrary PCR

Assay for AHSL binding

Assay for oxidative stress tolerance
Bacterial survival tesh planta
Bioluminescence assay

DNA sequencing

Extracellular enzyme assays
B-Glucuronidase (GUS) assay
Homology modelling

Infection of Arabidopsiswith Ecc
Infection of potato withiEcc

Liquid chromatography-mass spectrometry

Marker exchange mutagenesis
Molecular cloning techniques
Northern blot analysis

Phage library screening
Plant growth conditions
Protein expression iB. coli
RNA isolation

Site-directed mutagenesis
TAGTY7 transduction
Transposon mutagenesis
Virulence test

Western blot analysis
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D. RESULTS AND DISCUSSION

1. The acyl side chain of AHSL s definesthe specificity of the communication system

1.1. Specificity of AHSL sensing in Ecc

Many Gram-negative bacteria use a population derd@pendent cell-to-cell communication
system called quorum sensing (QS) to control a watéety of functions. The QS signaling
molecule, N-acylhomoserine lactone (AHSL), acts as a “languiageediating the
communication. These AHSLs are structurally diveasd differ in their acyl chain length,
ranging from C4-C18, and in their substituent a third carbon. This determines the
signaling specificity in bacteria and enables teeognition and communication within
bacterial species (Fuquet al 2002; Tagaet al 2003). To elucidate whethdErwinia
carotovora subsp.carotovora (Eco strains differ in their capacity to sense AHSL#hw
different acyl side chain lengths, we studied tesponse of thexpl mutant of Ecc strain
SCC3193 (SCC3065) to different AHSLs. The AHSL &ase deficienexpl mutant is
cellulase negative and avirulent as such (Pirhateal 1993), but the cellulase activity and
thus the virulence can be restored by the adddf@xogenous AHSLs.

The exogenous addition of AHSLs 3-ox0-C6-HSL arox8-C8-HSL showed
that the cellulase production of tegpl mutant could be restored by addition of less thé®
UM 3-0x0-C8-HSL, while 200 times more of 3-oxo-C6dH#as needed (I, Figure 1). This
suggested thdcc strain SCC3193 is more specific for 3-oxo-C8-H¥h.analyze the AHSL
profile we performed a liquid chromatography -maggctrometry analysis of the growth
culture supernatants dicc wild-type strains SCC3193 and SCC1, and éx@l mutant
(SCC3065). This showed that SCC3193 produced mardyo-C8-HSL, SCC1 produced
mainly 3-ox0-C6-HSL and thexpl mutant produced no AHSL (I, Figure 2). To ensurat t
the type of AHSL produced is dependent on the AK8hthase, we introduceskpkccsigs
andexpkcciin trans into the SCC3065 strain, thereafter thars produced 3-0xo0-C8-HSL
and 3-0xo0-C6-HSL, respectively. This suggested thattype of AHSL produced is solely
dependent on the Expl protein rather then on ahgrattrain specific characteristic. But, why
do two closely relatedEcc strains use different QS signaling molecules? ifhinreflect a
biological and/or ecological role for the choice AHSL type and demonstrates the
importance of bacteria to react when its own sgeaiembers have reached a “quorum”. This
may give an advantage in a competitive environmghgre closely related bacterial species
live in a similar niche.
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1.2. ldentification of critical residues in the AHSL synthase that determine acyl side
chain length

Our results showed that the Expl protein is residssor producing AHSLs and determining
the type of AHSL produced, specifying the “commuticn dialect” of the bacteria. We also
showed that there is a difference in the bactesgaising capacity for cognate versus non-
cognate AHSLs, suggesting that each bacterial spegnderstands best its own dialect.
Therefore, the molecular basis of the Expl proteas further investigated to understand why
oneEcc strain produces 3-0x0-C6-HSL and the other one®@8-HSL. We aligned closely
related Expl proteins, producing AHSLs with diffetechain lengths augmented with the
crystal structure of the homologous EsaPofstewartii(Watsonet al 2002). The 3-oxo-C6-
HSL producing Esal oP. stewartij Carl of Ecc GS101, Expl ofecc of SCC1 and Expl of
Echr 3937, and the 3-ox0-C8-HSL producing Expl BEc SCC3193 and Expl oEc
CFBP6272, were compared. A clear pattern of amuid eesidues differentiating the two
types of Expl proteins, which produce either 3-@®-HSL or 3-oxo-C8-HSL was identified
in the close proximity of the putative acyl subtrhinding pocket determined in the crystal
structure of Esal (Watsaet al 2002) (I, Figure 3). In the Exgici protein producing 3-oxo-
C6-HSL, the identified residues were Leu-67, Phed&u-123 and Met-127, while the
corresponding residues in the Eggsigsprotein producing 3-oxo-C8-HSL were Ser-67, Leu-
69, Phe-123 and Thr-127.

To elucidate the role of the candidate residuatetermining the acyl side chain
length of an AHSL molecule we changed each of tivemhe Expkcci to the corresponding
residue in the Exgkcsigz In addition the residue 126 was mutated (Ser ley Aue to its
close proximity to the acyl substrate binding mgietlthough the residue was not related to
the pattern found in the comparison of the two Expteins. The mutateexpl genes were
introduced into the AHSL lacking strain (SCC306& dhereafter the AHSL profile and the
cellulase activity were analyzed (I, Figure 4). SThnalysis showed that residue 127 was the
most critical for acyl side chain length specificiThe single change of M127T changed the
former 3-0x0-C6-HSL producing Exgcito a 3-oxo-C8-HSL producing Expl, however the
amount of AHSL was drastically reduced. To confitm importantance of residue 127, an
opposite change of T127M in Exgksi93was generated. This led to a similar effect wiité t
former 3-o0x0-C8-HSL producing Ex§icsies Subsequently producing 3-oxo-C6-HSL in a
similarly reduced amount. The single mutations L&RS F69L in Explcci did not affect the
type of AHSL. However, these mutations reducedrblehe amount of AHSL produced. The
single mutations L123F and S126A in Exgd: did not alter the amount nor the type of
AHSLs produced.
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1.3. Mutations causing changes in bacterial communication

The M127T change in Exgdcichanged the communication language, but the AH8auat
generated (10 nM) was too low to restore the cadlilactivity in thexpl mutant (SCC3065)
background. Thissuggested that additional changes in the otheduesi of the putative
substrate-binding pocket might be required for bigbroduction level of AHSL. To test this
hypothesis we systematically changed each of thentiiied amino acid residues in
combination with the M127T change (I, Figure 4)eTiesults showed that the minimum of
amino acid changes required to alter the acyl clesgth and to restore the AHSL production
to a level that recovers the cellulase activity@E69L and M127T. The additional mutation
of S126A further increased the synthesis level BiSAs. To change the signal produced by
Explscciand to fully restore the AHSL level, mutationsaihfive amino acids identified were
required (L67S F69L L123F S126A M127T), resultingeven higher amounts of 3-oxo-C8-
HSL compared to the wild-type Exgaks19s

The obtained results are in accordance with thé &yatal structure, showing
that in Expkccithe Phe-69 and Met-127 residues are in close coatad seem to form the
end of the C6-substrate binding pocket (I, FiguyteTée mutation at residue 127 from Met to
the more hydrophilic amino acid Thr seems to havendluence on the contortion of the
residue 127 and the change in the size of the sulyktrate binding pocket. Further the
mutation at residue 69 from Phe to the smaller arairid Leu seems to have an influence on
the gap widening and thereby, allowing the larg8rdtle chain to fit in (I, Figure 6). This
theory is supported by a similar interpretation sbfuctural studies with two LuxlI-type
proteins, Esal and Lasl, which generate 3-oxo-Cé-ld8d 3-oxo-C12-HSL, respectively.
These studies showed that in Lasl, the acyl chiaidithg pocket is a tunnel which permits the
end of the acyl chain to protrude, whereas in Hsakcyl chain binding pocket is closed. The
residues in Esal that occlude the pocket are lahgar those at the same position in Lasl, thus
limiting the acyl chain size to a C6 acyl chain f@émet al 2002; Gouldet al 2004). The
production of 3-0xo-C6-HSL is almost completely bdlwed in the mutant F69L M127T.
This may be because the amino acid changes leadd¢duced overall effectiveness of the
catalytic process with C6-substrates.

To demonstrate that the decreased AHSL amountasized by the M127T
mutant was not due to protein instability nor diieces in the copy number we constructed
Hiss -tagged variants of Exgdci wild-type and the mutants M127T and F69L M127T (I,
Figure 5). The Western blot analysis showed thataimount of Expl protein produced was
similar in all cases though the AHSL levels varigtdhrkedly. This indicated that the
differences in AHSL levels are due to divergenctheExpl activity.

Of note is that in this study only two amino aclthnges in one protein were
shown to be enough to change the communicatiorubsagg an event that has a profound
effect on the virulence of the bacteria. Furthemmohese findings suggest that bacteria have
evolved a specific system, in which, an AHSL coupeet is used to distinguish between the
specific dialects.
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2. ExpR1 and ExpR2 control virulence and quorum sensing specificity

The plant pathogeni€cc use mainly two different QS signaling moleculex®-C6-HSL or
3-0x0-C8-HSL, for communication (Barnard and Saltho2007). The bacteria are specific
for their own dialect and respond only to the cdagnAHSL molecule at physiological
concentrations (l). But how do bacteria listen eegpond to the communication?

2.1. ExpR1 and ExpR2 act as negative regulator s of virulence

In order to elucidate the role of the AHSL coungetpand its ability to listen to the
communication by sensing different types of sigmalimolecules, we characterized the
specificity of the LuxR-type protein, the QS redataExpR (Anderssoet al 2000) inEcc
strain SCC3193. For this purpose we tested théyabfl the cognate 3-oxo-C8-HSL and the
non-cognate 3-0xo-C6-HSL to restore the celluladivity in anexpl mutant (SCC3065) and
in an expl expRdouble mutant (SCC6005hterestingly, the cellulase activity of tlexpl
expRdouble mutant could be restored by the additioplofsiological levels of cognate as
well as non-cognate AHSLs (II, Figure 1), whilelakdse activity of theexpl mutant could
only be restored by the addition of cognate AHSt earlier described (I, Figure 1). We also
tested the specificity of thexpl expRdouble mutant for other AHSLs and indeed the
cellulase activity was restored with exogenouslgeatiAHSLs ranging from C6-HSL to 3-
0x0-C10-HSL (II, Figure 3). However, thexpl expRmutant was not able to sense AHSLs
with longer acyl chains (C12 and C14), which mayetel on the lack of a reasonable
transport system into the cell for long chain AH§Esquaet al 2001).

The absence of thexpRgene had a profound effect on the AHSL sensing
specificity. To determine whether the sensing djuetyi was due to the presence of the ExpR
protein theexpRgene was expressed in trans in &x@l expRdouble mutant. The results
showed that EXpR requires the cognate 3-oxo-C8-fd&Lestoration of the cellulase activity,
indicating that ExpR determines the communicatemmgliage used. In addition, these results
suggested that there is also another mechanisnchvidiable to sense “listen to” a broader
range of QS signaling molecules.

From the sequenced genome Exfvinia carotovorasubsp.atroseptica(Eca)
strain SCRI1043, twexpRgenes have been identified (Betlal 2004). One chromosomally
linked to theexpl gene as irecc strain SCC3193 and the other one existing sepwraising
PCR we were able to identify the existence of @sdexpRgene in thdecc strain SCC3193
(designatedexpR2 with the previously identifiedexpR renamed expR). Structural
comparison of the newly found ExpR2 and the Luxpetyproteins ofErwinia carotovora
subsp. andP. stewartii showed that the DNA-binding domain is highly canse, while the
AHSL-binding domain showed more sequence varigbflit Figure 2). This supported our
observation that the newly identified ExpR2 migldavé a different sensing specificity
compared to the earlier identified ExpR1.
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Previously, the ExpR1 dEccstrain SCC3193 was suggested to have a role as a
repressor. ArexpR1mutant was shown to have a slightly increased raioa capacity and
AHSL production compared to the wild-type (Andersso al 2000). To further explore the
role of the two ExpR proteirthe expl expRlexpl expR2andexpl expR1l expR&utants of
Ecc strain SCC3193 were characterized for their rolghie regulation of PCWDEs. The
presence of eitheexpR1or expR2in the expl mutant background resulted in a cellulase
negative phenotype. Interestingly, the simultaneioastivation of bothexpRgenes in the
expl mutant background fully restored the cellulasévagt(ll, Figure 3). This data indicates
that both ExpR1 and ExpR2 act as negative regeladbrPCWDE production and hence
influence the virulence oEcc Similar findings were also presented for the Ltype
proteins VirR ofEca strain SCRI1043 and ExpR2 Btc strain Ecc71 (Buret al 2005; Cui
et al 2006). Contrary to our findings, mutationsvinRgc., andexpR2.c71 alone were able to
restore the cellulase activity of the correspondirgl mutants. However the ExpR1 homolog
was not alone sufficient to restore the cellulagévily in these strains (Buet al 2005; Cui
et al 2006). This variability in the regulatory mechems between different strains of
Erwinia carotovorasubsp. suggests that all QS systems, even inlglodated strains, act
slightly differently and are tailor-made for spécifequirements in the environment bacteria
are living in.

It is intriguing that theexpl expR1 expR&iple mutant lacking the whole QS
system was able to grow and macerate plant tissueell as the wild-type in laboratory
conditions (I, Figure 8). This raises the questadrthe role of the whole QS syste@ne
suggestion is that QS is vital only in the natuhalbitat, where cell densities and the
composition of bacterial populations fluctuate @sponse to environmental cues. It has also
been suggested that QS has a role in transitiom focotrophy to necrotrophy. This is
supported by recent findings Eca showing that in addition to PCWDEs QS regulates th
entire T3SS, its effectors and the synthesis obrafiacic acid, which all have a role in the
suppression of plant defense (Tetral 2005; Liuet al 2008).

2.2. ExpR1 and ExpR2 bind AHSL and determinethe AHSL sensing specificity of Ecc

Most LuxR-type proteins known today are especiaéiysitive for their cognate AHSL, with
the acyl side chain being the major specificityedetinant (Welchet al 2000; 2005; I). To
analyze the specificity of ExpR1 and ExpR2, ¢ipl expRE&nd theexpl expR2anutants were
investigated for their ability to restore cellulaesativity in response to different AHSLs. The
expl expR2nutant responded only to the cognate AHSL 3-oxe-&& at the physiological
level suggesting that ExpR1 is responsible for@®e specificity for the cognate AHSL. On
the other hand thexpl expRImutant was able to restore the cellulase activityesponse to
both cognate and non-cognate AHSLSs, suggestinghbdExpR2 protein has broader sensing
capacity (ll, Figure 3). Recently, similar kinds m&fsults have been obtained with tBec
strain Ecc71, where ExpR2 was shown to activatdatget gene expression in the presence
of both 3-0x0-C6-HSL and 3-o0xo0-C8-HSL (Catial 2006).
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To demonstrate that the QS regulators ExpR1 andRExgre responsible for
specific binding of the AHSL molecules, we measuted amount of exogenous AHSL
bound to cell extracts using a bioluminescenceyadsathe expl mutant, conferring both
ExpR1 and ExpR2 proteins, both 3-ox0-C6-HSL an&068-HSL were bound. The 3-oxo-
C8-HSL was bound even more effectively, which wasniikely due to the presence of both
ExpR1 and ExpR2 proteins, both able to bind thenatgy AHSL (Il, Figure 5). Thexpl
expR2mutant bound only to the cognate AHSL 3-o0xo-C8-H®hile theexpl expRImutant
was able to bind both 3-oxo-C6-HSL and 3-oxo-C8-HiBLalmost equal amounts. As
expected in thexpl expR1 expReiple mutant no AHSL was bound to the cell extradtese
results support the role of ExpR1 as a specific BxpR2 as an unspecific AHSL receptor.
Furthermore these results suggested that ExpR1Eap&2 act in synergy in binding the
cognate AHSL.

2.3. ExpR1 and ExpR2 control RsmA, a global negative regulator of virulence

The ExpR1 and ExpR2 proteins control negatively gheduction of PCWDEs. But, is this
regulation direct or mediated by some other fachor& recent study, it was shown thaEicc
the expression ofsmA the global negative regulator of virulence, wdfeaed by the
presence of AHSL. The level abmA mRNA was highly increased in thexpl mutant
compared to the wild-type (Cet al 1995; Méaeet al 2001).This prompted us to investigate
in the role of ExpR1 and ExpR2 in the expressiorsnfA

For this purpose, we tested the activity of amA-gusApromoter fusion in
different mutant backgrounds (ll, Figure 5). Tévepl mutant, grown either without cognate
AHSL or with the addition of the non-cognate 3-d26-HSL, showed increased activity of
the rsmA-gusApromoter fusion, while this was suppressed withx8-68-HSL. Theexpl
expR2double mutant acted in the same manner. We sutigess due to the presence of the
ExpR1 protein, which activates themAexpression in an AHSL free state. The additioB-of
0x0-C8-HSL leads to binding of the autoinducer he ExpR1 protein and suppresses the
activation ofrsmA expression. On the other hand, in ¢hepl expRImutant, thersmA-gusA
promoter fusion was only activated in the abseric@+5Ls, since the presence of any AHSL
bound to the ExpR2 releases ExpR2 fromrfraA-gusApromoter fusion activation. In the
expl expR1 expR2iple mutant, the activation eémAwas suppressed in all cases due to the
lack of an activating ExpR protein (I, Figure Bhese results showed that the QS responsive
virulence regulation is indeed mediated via RsmAcénclusion, in the absence of AHSL,
the ExpR1 and ExpR2 proteins could both, eitheretiogr or separately, activate the
expression ofsmA.The addition of AHSLs suppressed the activationsaiA transcription.
This suppression acted in accordance with the digainding specificity identified for the
ExpR1 and ExpR2 proteins. Furthermore, temA-gusApromoter fusion results together
with the AHSL binding results showed that ExpR1 &x@R2 can act independently, but also
in synergy, though not necessarily physically iatdéing. These results are supported by the
recent findings in Ecc71 showing that ExpRinds to the promoter amA The activation
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of thersmAtranscription could be prevented by the additibB-0xo-C6-HSL (Chatterjeet
al. 2005; Cuiet al 2005). In addition, it was shown that tisenA promoter of théecc strain
Ecc71 contain two EXpR binding sites. A strongegutatory role was proposed for ExpR2
that bind to the promoter region, upstream of tlkpREL-binding site (Cuet al 2006). In
contrast, oursmAgusApromoter fusion results, suggest a slightly stesragtivating role for
the ExpR1 protein.

A similar type of mechanism as shown here for Ex@RRil ExpR2 has been
proposed for EsaR d&?. stewartii In this case, EsaR binds to its target gene pteimo the
absence of AHSL and represses the transcriptionle whis repression is released by the
addition of the cognate AHSL (Minogw al 2005). The model is the opposite in LuxR-type
activators, such as CarR, LuxR and TraR that deémultimerize after binding AHSL and
subsequently bind to the target gene and activateanscription (Qiret al. 2000; Welchet
al. 2000; Urbanowslket al 2004).

2.4. ExpR1 changes the communication language

We hypothesize that the specificity of the commatian dialect is largely dependent on the
QS regulator ExpR1 and can be altered by exchantiegExpR1 protein. To further
elucidate this hypothesiexpR1of Ecc strain SCC1, a 3-oxo-C6-HSL producing strain (1),
was inserted to thexpl expR1 expRRiple mutant and the cellulase activity was anety
This, indeed, converted the former 3-oxo-C8-HSLpoesling strain to a 3-oxo-C6-HSL
responding strain (I, Figure 7). Also the introtlan of expRtcc1to theexpl expRImutant
converted the former 3-oxo0-C8-HSL responding sttaia 3-oxo-C6-HSL responding strain.
However, the introduction of the foreiggapR%ccito the expl mutant and thexpl expR2
double mutant resulted in a cellulase negative ptype, independent of AHSL type added.
This could be explained by the simultaneous presendwo ExpR1-type regulators that are
specific for different AHSLs. The results suggdsittthe ExpR1 protein has a crucial role,
which can not be adapted by ExpR2, in determinhiey AHSL sensing specificity of the
bacteria. The presence of two ExpR proteins witlieint binding capacity is of high
interest. One advantage could be the ability tssareighbouring bacteria by responding to
different types of AHSL. This would allow eavesdpopy on possible competitors and
activation of the pathogen’s defense responsesd(lreskiet al 2004; Waters and Bassler,
2005). Another advantage could be cooperation witter bacteria to overwhelm the plant
host, which would enhance the survival rate inavded niche. To better understand the role
of the QS system it would be of importance to fertélucidate the QS regulon.
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3. Identification of new quorum sensing targetsin Ecc

A transcriptome analysis performed on the oppostimihuman pathoge®. aeruginosa
grown in minimal medium showed that QS is a glalegiulator affecting the expression of
several hundreds of genes (Wageeral 2003). Also, inEcc and Eca both proteome and
transcriptome analysis have been conducted in awlezlucidate the role of QS in the
Erwinia-host interaction (Corbett al 2005; Pembertoat al 2005; Liuet al 2008). These
results showed that also Brwinia carotovorasubsp., QS is a global regulator, which
controls the expression of several target genesaddition to the PCWDEs antdrpN
identified earlier. However, it remains to be diad whether these genes are controlled
directly or indirectly by the QS regulators. Thelghl negative regulator RsmA has been
identified as a direct target of the QS regulatexpR1 and ExpR2 ifecc (Cui et al 2005;
Cui et al 2006; 11). To further understand the role of the QS regulators and to identify
new targets of the QS systemHicec strain SCC3193 a transposon mutagenesis screen was
performed.

3.1. Identification of a plant ferredoxin-like protein and the regulator Hor as quorum
sensing tar gets

In this study random transposon mutagenesis waslogawp by introducing a mini-
Tn5Cm:gusAtransposon into thexpl mutant strain SCC3065 to identify novel QS targets
(Pirhonenet al 1993). The transposon mutants were screenedéar GUS activity in the
absence and presence ofitMM AHSL. This screen revealed two new genfesE and hor,
whose expression was clearly responsive to AHSIe f€rE response to AHSL was even
stronger than the effect of AHSL on ther expression, which showed a somewhat higher
basal level of GUS activity comparedfesE (111, Figure 1).

The ferE encodes for a putative ferredoxin protein, whishmost similar to
cyanobacterial and plant ferredoxins, but with oalyimited similarity to ferredoxins from
other bacterial genomes (lll, Figure 3). The genoirigcastrain SCRI1043 possesses at least
10 genes encoding different kinds of ferredoxineer(Bank|BX950851), but the gene
products are clearly distinct from the plant femed-like protein characterized here. The
putative FerE protein oEcc strain SCC3193 has high amino acid sequence sityila
Ferredoxin | (Fedl, PetF) (64% identity and 76% ikinity) of cyanobacteria (Flosst al
1997) and to plant ferredoxins of the Fd2-type @e(b6% identity and 76% similarity) of
Arabidopsis thaliangHankeet al 2003). Ferredoxins are iron-sulphur proteins thatiate
electron transfer in a range of metabolic reactisnsh as nitrogen and sulphur assimilation,
sulphite reduction, amino acid and fatty acid melism and redox regulation, as well as
mediation of electron transfer from the photosysteto the ferredoxin NADP reductase
(Hankeet al 2003; Mazounet al 2003).
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We suggest that tHerE gene ofEcc strain SCC3193 has been acquired through
horizontal gene transfer (HGT). This is supportgdHe sequence comparison analysis where
the highest amino acid sequence identity to anyrokmown bacterial protein, with an
exception of proteins of cyanobacteria akatinobacillus succinogengwas found to be less
than 30%, which was detected for the phenylaceélat&-oxygenase/reductase Bf coli B.
Also the G+C content of thierE gene is lower (37%) than the overall G+C cont&0t4%)
of the Eca genome, a close relative Exc (Bell et al. 2004). It is even closer to the overall
G+C content (43%) of thA. thalianagenome (Kuhkt al 2005). It has been estimated that 6
to 21% of the genes of plant pathogenic bacterghtrive acquired by HGT. In accordance,
analysis of theEca genome indicates a substantial percentage of gecmsred by HGT
(Toth et al 2006). While most HGT derived genes seem to raitg from other bacteria, a
smaller but still significant number of genes (amdul%), particularly in plant and animal
pathogens and symbionts appear to have been agdrora eukaryotes (Kooniat al. 2001,
Brown, 2003).

The other new QS target identified here, bwe gene, encodes for a putative
DNA-binding Hor protein (homologous of rap), memhdrthe MarR/SlyA-transcriptional
regulator family known to control antimicrobial adties (Thomsoret al 1997). It is closely
homologous to other Hor proteins Erwinia carotovorasubsp. and irserratia(lll, Figure
2). In the opportunistic pathoge®erratia the Hor homolog Rap is controlled by QS and
regulates the biosynthesis of the antibiotic caglpa@m in a QS-dependent manner (Slater
al. 2003; Fineraret al 2005). Howeverhor was shown not to be controlled by QS in the
otherEcc strains investigated (McGowaat al 2005). Therefore it is especially interesting to
find hor as a QS controlled gene in tBec strain SCC3193 investigated here. Nevertheless,
as inSerratig in certain strains oEcc Hor controls the expression of genes for carbapene
biosynthesis, which again are directly regulatedthy QS regulator CarR (Holdest al
1998; Thomsoret al 1997; 2000). Theecc strain SCC3193 has been shown to lack the
carbapenem synthesising genes (Holdeal 1998). Thus it remains to be clarified, what is
the target of the putative regulator Horkdc strain SCC3193 and whether it might have a
role in controlling some other antimicrobial proses.

3.2. ExpR1 and ExpR2 control the expression of ferE and hor via RsmA

The QS regulators ExpR1 and ExpR2 have been showegulate their target genes in an
AHSL dependent and specific manner (€ual 2006; Il). To explore how the QS regulated
expression oferE andhor is executed, we employed a Northern blot analjiHisFigure 4).
As expected, in thexplmutant the expression of bd#rE andhor was downregulated in the
absence of AHSLs, but it could be upregulated hyitaxh of the cognate AHSL. Then again
in the expl expRImutant the expression of both target genes waggedt with the addition
of either 3-o0xo-C6-HSL or 3-0xo0-C8-HSL, while inetbxpl expR2anutant the expression of
ferE andhor could be activated only by the addition of therzatg AHSL. In theexpl expR1
expR2triple mutant thénor andferE expression was upregulated under all conditionkeia
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together, these results suggested that in the ebseihAHSLs ExpR1 and ExpR2 act as
negative regulators dérk andhor, while this could be suppressed by the additioAldEL.

In other words, the gene expressioriesE andhor was shown to be regulated by ExpR1 and
ExpR2 in an AHSL dependent and specific way.

To further investigate whether the ExpR1 and ExpR&iated regulation of
ferE andhor is direct or indirect, we explored the role of tfiebal negative regulator RsmA
in controlling the expression. For this purpose ampk rsmA mutant strain was used
(Andersson, unpublished). Interestingly, in thistami the expression dérE and hor was
upregulated both in the presence and absence of.&ld8d thus independent of AHSL (lll,
Figure 5). This suggested that the QS control efiehE andhor expression is also mediated
via RsmA.

These findings extend the list of known RsmA targebes. From previous
studies, except for the PCWDEs, RsmA is known tulae the expression afpN in Ecc
strain Ecc71 (Cuiet al 1996) and several virulence-related genes in R.gaeruginosa
including rhamnolipid biosynthetic operons, hydnogg/anide and the AHSL synthase gene
(Pessiet al 2001; Heurlieret al 2004). As our results enlarge the RsmA medi®@&d
regulon, it triggers the question whether all Q8toal in Eccis mediated by RsmA or is there
also an RsmA independent QS regulatory mechanisgulated directly by ExpR1 and/or
ExpR2?

3.3. Contribution of Hor and Fer E to virulence

Earlier reports have shown that Hor has a roleiialence regulation (Holdeet al 1998).
This and the lack of carbapenem synthesizing gené&sc strain SCC3193 prompted us to
investigate how the inactivation obr affects the virulence dEcc strain SCC3193. Potato
tuber slices (cultivawan Gogh andA. thalianaCol-0 plants were used as model organisms
in infection studies. In both plant species thenptaaceration was clearly reduced in Hoe
mutant compared to the wild-type (lll, Figure 6hi§ was in accordance with the reduced
production of PCWDESs in hor mutant as assessed by indicator plates. To fumkestigate
the role of Hor in virulence we measured ih@lantagrowth of thehor mutant inA. thaliana
Col-0. This showed a slightly reduced growth corepgap the wild-type strain.

As aferE mutant has not been characterized earlier in bietgrhic bacteria, we
were interested to study whether it has also aacefbn the virulence. However, tlierE
mutant showed wild-type level of plant macerationl # CWDE production. Nevertheless, as
the hor mutant, also théerE mutant showed slightly reduced growthAn thaliana Col-O.
This indicated that both Hor and FerE could contelto the overall fithess of bacteria during
infection.
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3.4. Quorum sensing regulate oxidative stress tolerance

The FerE ofEcc strain SCC3193 contains a conserved putative Sudfir binding domain
2Fe-2S. InE. coli andE. chrysanthemproteins with iron-sulphur clusters have oftenrbee
shown to have an effect on bacterial tolerancexidadive stress (Koet al 2003; Ollagnier-
de Choudengt al 2003). This prompted us to assess the role dE Feroxidative stress
tolerance. ThderE mutant strain was exposed to 20, 30 and 40 mi,tdnd tested for its
susceptibility The mutant strain showed clear concentration-degr@neduction in oxidative
stress tolerance (lll, Figure 7). Previously QS Ibasn shown to control oxidative stres#in
aeruginosa(Hassetet al 1999; Quinone®t al 2005) and inBurkholderia pseudomallei
(Lumjiakatseet al 2006). Since the role of QS in oxidative strederance ofEcc has not
been characterized earlier we tested the effedt,@f, on theexpl mutant. These results
demonstrated that thexpl mutant was clearly sensitive to,® with 40 mM HO, being
lethal for the mutant. This suggested that oxidatstress tolerance is QS-dependent.
Consistently, this deficiency could be complementeth the addition of JuM 3-oxo-C8-
HSL (lll, Figure 7). To further analyze the role ledrE, theferE gene was expressed in trans
both in theferE mutant and in thexpl mutant. The reduced oxidative stress tolerandbef
ferE mutant was complemented by the addition offér& gene in trans. The expression of
ferE in trans in theexpl mutant partially restored the oxidative stresgramce of theexpl
mutant, indicating that FerE contributes to the €@&trolled oxidative stress tolerance. Our
results support the hypothesis that als&ag QS is one of the main regulators of oxidative
stress. Since oxidative burst plays a centraliroleany host-pathogen interactions the role of
a population density -dependent mechanism as adgyator of oxidative stress tolerance is
legitimate.
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E. CONCLUDING REMARKS AND FUTURE PERSPECTIVES

Quorum sensing (QS) is a central regulator of emak and essential for a successful
infection in the plant pathogefrwinia carotovorasubsp.carotovora(Ecc. Together with
QS several other virulence regulatorsExc, form a complex and hierarchical regulatory
network that is responsible for a coordinated potidn of the PCWDEs, the main virulence
determinants. In this study we were able to furtieepen the understanding of the QS
system; to recognize the features of the signatioiecule specificity, how the QS signal is
received and how the information is transmittedthie target genes and to widen the
knowledge of the QS regulon Btc

The Ecc QS system has been under close investigation @we than 15 years
and for long the PCWDEs and tfielactam antibiotic carbapenem were considered @s th
major targets. However, recently with the sequanointheEcagenome, the width of the QS
regulon and its position as a master regulon irhtbearchical regulatory network has become
clearer (Liuet al 2008). The extensiveness of the QS regulon wss sulipported by the
results in this thesis study. We were able to ifleivo new targets with widely different
functions. One target being Hor, a DNA-binding regor that was demonstrated to control
the PCWDE production. Hor has earlier been shownregulate the biosynthesis of
carbapenem, which does not exist in Bex strain used in our studies. A possible role in
some other antimicrobial process can not be rutgdand remains to be clarified. The other
target identified in our study was FerE, a putaplent-like ferredoxin. ThéerE mutant had
lowered oxidative stress tolerance and interestingh expl mutant was even more
susceptible, being completely unable to grow, wkanountered with 40 mM J@,. This
suggested that QS is a key regulator of oxidatikess tolerance, which is one of the major
pathogen induced plant defense responses.

Moreover our studies revealed that both the QSlaéons ExpR1 and ExpR2 act
as negative regulators of PCWDE production at l@epypation density and this repression is
relieved by interaction with AHSLs at high poputatidensity. Furthermore we showed that a
simultaneous inactivation of both ExpR proteins weded for the suppression of the
avirulent phenotype of thexpl mutant. Surprisingly thexpl expR1 expR&iple mutant
lacking the whole QS system was able to grow ancenage plant tissues as well as the wild-
type in laboratory conditions. This triggers theesfion about the role of QS Ecc One
hypothesis is that QS has significant role alsealy stages of the infection process by
delaying the plant defense response, until bactedaah a population density high enough for
production of PCWDEs and subsequently a succesgadtion (Pirhoneret al 1993; Tothet
al. 2005). The newly identified QS targets are likielyoe active during different phases of the
infection process and further underline the widpaest QS might have.

In addition, we demonstrated that the control gpE1l and ExpR2 on target
genes was mediated by the global negative reguRgnTA. The RsmA is a key component of
several regulatory cascadeskafc and is itself subject to control by several reguiafactors
(Figure 5). It remains to be clarified whether &5 control is mediated by RsmA, or
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alternatively, do the QS regulators also have adfiverct or indirect targets. By assuming that
not all ExpR regulation is mediated by RsmA, thes question is whether ExpR1 and ExpR2
regulate separate targets or do they always cotgpbyaregulating the same targets and using
the double ExpR appearance as a fine-tuning mesimariihis topic is even more intriguing
as we demonstrated that the two ExpR proteins dedfegrent binding specificity, with ExpR1
binding cognate AHSL and ExpR2 binding both cogrsaté non-cognate AHSLS. This raises
the question whether ExpRRBas unique target sites, activated by the bindingoa-cognate
AHSLs and possibly involved in interactions witthet bacterial species.

As it was shown that ExpR2 is able to respond tarmety of AHSLSs, it was
equally interesting to find that two closely rethtecc strains synthesize different AHSLs, 3-
0x0-C6-HSL and 3-oxo0-C8-HSL. Furthermore we foulnalt tthis was only due to two amino
acid substitutions (F69L M127T) changing an AHSIntkyase producing 3-0x0-C6-HSL to
produce 3-oxo-C8-HSL. But, why do two closely rethEcc strains use different QS
signaling molecules and sensing systems? One hggisths that it is of importance for
bacteria to be able to sense and react when its spaties members have reached a
“quorum”. This would help in a competitive enviroant, where closely related bacterial
species live in the same niche. Additionally thestence of the unspecific QS regulator
ExpR2 could allow eavesdropping on possible cortgrstiand activation of bacterial defense
responses. Alternatively this could allow coopematith other bacteria to overwhelm the
plant host enhancing the survival rate in a crowtete.

One of the long-term objectives of this reseampid is to find better means
how to defend plants from bacterial diseases. AsigQ& central regulator of virulence, it
would be meaningful to find a strategy that impettesQS system, which could be useful for
plant defense. However, many questions still nedzetassessed, before this can be achieved.
With the increase in available genomic sequenca, date alternative way to approach some
of these matters is with proteomic and transcriptoamalysis between different mutant
strains. Such studies will be facilitated by theer@ sequencing of the genomes of bt
strain SCC3193 and SCC1 by our laboratory. For @®mn experiment comparing the
mutantsexpl expl expRlexpl expR2and expl expR1 expRgrown in the absence and
presence of both cognate and non-cognate AHSL miglgeavould partly solve some of the
questionmarks illustrated in Figure 5.
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Figure 5. Schematic representation of the complex regulatmeywork involved in controlling
PCWDE synthesis irE. carotovorasubsp.carotovora SCC3193. Arrow heads indicate positive
regulation and flattened ends denote negative atigul Adapted and modified from Whitehestdal
2002 according to recent findings of this thesiglgt Bolded lines indicate new findings from this
study and dashed lines indicate possible futurdiestu

To summarize, on the bases of our studies, sortfeafext questions to be answered are:

* Is all QS control mediated by RsmA or does ExpRd BrpR2 have also other
targets?

» Does ExpR1 and ExpR2 possess own, separate tangdts they always act in
concert on common targets?

» Do ExpR1 and ExpR2 interact physically?

» Does ExpR2 have unique targets responding onlpteaognate AHSLs?

* Why do two closely related Ecc strain use diffel®H{SL signals?

 What is the role of the QS system, as removal efwihole system, results in
wild-type virulence capacity under standard labamat conditions?
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