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CHAPTERI

INTRODUCTION

Pseudomonas syringae is a gram negative plant pathogenic bacterium divided into
pathogenic variants (pathovars, pv.), which are named according to therahgsiP.
syringae produces a wide variety of symptoms in plants including blights r{sixte
tissue death), wilting, and leaf spd®s syringae strains are diverse and interact with their
host plants in specific interactionB. syringae pv. tomato DC3000Rst DC3000) is
pathogenic on tomato (Cuppels, 1986), ediassica spp., (collard, turnip) (Elizabeth
and Bender, 2007; Zhaa al., 2000) and Arabidopsis (Whalesh al., 1991), and is a
model organism for studying plant-microbe interactions (Bwellal., 2003). The
infection cycle of P. syringae involves epiphytic (surface) colonization, and entry
(typically by stomata) into the intercellular space (apoplashltiplication of the
bacteria to high levels often results in visible symptoms, whiehtypically necrotic
lesions, often surrounded by chlorotic halos (Buetllal., 2003). In incompatible
interactions with non-host plantg, syringae elicits a plant defense mechanism known as
the hypersensitive response (HR).

Pst DC3000 is related to several bacterial species that are duSB& APHIS

select agent list. However, unlike the select agdhtsyringae is an endemic pathogen



that can be easily utilized as a model for biosecurity reBess it does not require strict
containment procedurePst DC3000 is the causal agent of bacterial speck disease, an
economically important disease of tomato. On edible, |1Bafgsica spp., Pst DC3000
produces disease symptoms that are indistinguishable from the lgseyycrelatedP.
syringae pv. maculicola Psm) (Zhaoet al., 2000), which is also able to infect tomato
(Cuppels and Ainsworth, 1995; Hendseiral., 1992). BothP. syringae pv. tomato and

P. syringae pv. maculicola belong to genomospecies Il (Garéaral., 1999), and
taxonomic studies have shown tlirseudomonas spp. and pathovars & syringae can

be identified with metabolic assays, phenotypic tests, and moleatiagmostic assays.
The ability to distinguish among bacterial strains is impoffi@népidemiological tracing

of pathogen outbreaks and monitoring spread of pathogens. Although numerogs assay
have been utilized for typingst, these were unable to distinguish strains of the pathogen
(Clercet al., 1998, Gardamt al., 1999, Zhao et al., 2000). Studies with other bacterial
species demonstrated that variable number tandem repeat (VNIIR¥Hich are found
throughout bacterial genomes, are useful for rapid and reliabie stpeng by multiple-
locus VNTR analysis (MLVA). Hence, as part of this work, aendiscriminatory strain
typing method was developed utilizing VNTR loci, and this was usetype a large
collection ofP. syringae pv. tomato strains of diverse origin by MLVA analysis.

Pst DC3000 is a model organism for studying bacterial pathogenediplant-
microbe interactions (Preston, 2000). In bacteria, the alternativea sfgotor ¢°*
(encoded bypoN) interacts with RNA polymerase and associated activatoeipsoto
regulate the transcription of target genes involved in metaboltt @hysiological

processes. Previous research suggested dffatis involved in regulating many



pathogenicity and virulence factors B syringae, as well as factors important for
bacteria survival including carbon, nitrogen and amino acid assimilatioN mutants of
P. syringae pv. maculicola ES4326 (Hendricksa al., 2000a, Hendricksomt al.,
2000b) andP. syringae pv. glycinea PG4180 (Alarcon-Chaidetzal., 2003) were unable
to induce disease symptoms and multiply in host plants, and were &lsentien the
ability to utilize various carbon, nitrogen and amino acid sources.eWfniich is known
about pathogenicity and virulence factor$irsyringae, virtually nothing is known about
regulatory loci controlled by>*. The genome sequenceRsdt DC3000 contains over 70
predicted recognition sites fer* (http://www.promscan.uklinux.ndt/and there are 14

c>*-dependent activators annotated in #& DC3000 genomehftp://www.tigr.org),

suggesting that these activators play a critical role in gegudation in this organism. In
order to better understand regulatory networkB.igyringae, mutations were generated
in severalo®*-dependent activators, and these mutants were characterized afthar
work. The characterization of these activators will yield insighto the regulatory
networks inP. syringae, which will be highly significant and relevant to the regulation of

survival and pathogenesis in gram-negative bacteria.



CHAPTERII

LITERATURE REVIEW

Pseudomonas syringae disease symptoms

Pseudomonas syringae pv. tomato (formerly known a®. tomato) causes a
disease known as bacterial speck of tomato. Lesions on tomato, leaiteand stems
appear dark brown to black as tissues become necrotic (Batladn 1978). Foliar
lesions are circular and irregular in shape, range from 2-5mrdiameter, and are often
surrounded by chlorotic halos. Fruit lesions are primarily supakfand range in size
from tiny flecks to up to 1 mm in diameter and are eitheeda® sunken (Getat al.,
1983a). On edibl8rassica speciesP. syringae pv. tomato strain DC300@®¢t DC3000)
produces disease symptoms similaPtesyringae pv. maculicola Psm), which include
brown, irregular shaped interveinal lesions (Zbgal., 2000). Foliar lesions oBrassica
spp. can be classified into three groups, chlorotic, water-soaked enutic@/Viebe and
Campbell, 1993; Zhaet al., 2000). Disease symptoms on the model Brassica species,
Arabidopsis thaliana include water-soaked spreading grey-brown lesions, which are

sometimes surrounded by a chlorotic margin (Preston, 2000; Wétalken1991).



Pst transmission

Pst occurs world-wide wherever tomatoes are grown (Colin & Bhdf986,
Goode & Sasser, 1980, Lawton & MacNeill, 1986) and is disseminateduliiplen
means including animals, people, insects, mites, agricultural tawisfg soil particles,
and water sources (Bashan, 1986). Airborne disperd@dtdfas also been demonstrated
via plant canopies harboring epiphytic bacteria, which servesasirae of aerosolized
bacteria (Mclnnest al., 1988) Sources of inoculum fdPst include infested weeds, crop
and plant debris, seeds, volunteer tomato plants, agricultural tools asd(Basharet
al., 1982; Jardinet al., 1988; McCarteet al., 1983; Schneider and Grogan, 1977b; Zhao
et al.,, 2002). In greenhouse®st can be disseminated through water and infected
seedlings, which are then a source of inoculum in the field.

Pst can survive in the soil (Bash&hal., 1978; Devaslet al., 1980; Goode and
Sasser, 1980; Schneider and Grogan, 1977a) and on weeds (Ma€ater1983;
Schneider and Grogan, 1977a) and seeds; the latter is imporRshhas been recovered
from commercial seed lots (Basheral., 1978, 1982; McCarteat al., 1983). Seeds are
thought to be surface-contaminated when infected fruit is smakhiady seed extraction
(Devashet al., 1980). However, there is some controversy about whether the bacteria
actually survive on the seed during various proceg2gdhas been isolated from seed
obtained from infected fruit (Chambers & Merriman, 1975), but was otdtedl from
seed extracted by the fermentation process (Chambers & nhderril975) or seed

subjected to heat treatment (Devashl., 1980).



Epidemiology and life cycle

Bacterial speck disease is affected by weather and otheoemantal factors;
e.g. rain increases disease severity, and blowing sand or haihdaceiwounding
(Goode & Sasser, 1980). Bacterial speck is favored and enhancedodigr’
temperatures ranging from 1328 and high relative humidity (Bonn, 1980; McCarter
al., 1983; Smitley and Mccarter, 1982; Yueisal., 1980a); furthermoreRst can survive
and overwinter in plant debris (Bonn, 1980; Chambers and Merriman, 1975; Jardine
al., 1988).

As mentioned above, inoculum sourcesPRarinclude infected seeds, transplants,
and host and nonhost plant debris (FigHAst can survive as an epiphyte on host and
nonhost plants, and during favorable environmental conditions, the resident population
multiplies, infects the host, and causes disease (Schneider galir&977a)Pst can
survive as a epiphyte on symptomless tomato transplants in botlotité ghamber and
the field (Smitley & McCarter, 1982). The presencePsf on seeds used for transplant
production is problematic for the transplant industry siPstespreads rapidly (McCarter
et al., 1983, Smitley & McCarter, 1982). In one study, seedlings grown frdested
seeds developed disease symptoms, and asymptomatic plants devehlopiedinsywhen
grown under high relative humidity (McCarwtral., 1983).

On tomatoesPst survives and multiplies on the leaf surface, specifically iasare
such as stomata and trichome bases (Baghaln, 1981). Trichomes and stomata serve
as entry sites for foliar infection blst (Bashanet al.,, 1978, Basharet al., 1981,
Schneider & Grogan, 1977b). Disease outbreaks occur more freqadetlyadverse

weather conditions, creating wounds and environmental conditions favoratiketse



development, indicating that these natural openings are limited (dletal., 2008). In

the period following anthesis, green fruit less than 3 cm in demaeé most susceptible
to Pst infection (Getzet al., 1983b). Infection of fruit occurs via open trichome bases that
remain after trichomes are lost and before the cuticle ig tldveloped (Getzt al.,

1983a). Fruit infection results in infestation of seeds and seedlings.

(b) Epiphytic growth (c) Entry through leaf
on leaf surface stomata, wounds

(a) Inoculum: Infested seeds, ....p» -
soil, transplants and plant
T o 4 !
e < Www.apsnt.org
A (f) Dissemination viawind, (Nomuraet al., 2005)
' water and infect seeds v

(d) Growthin

(e) Disease development: necrotic inter cellular soace

lesions surrounded by chlorotic halos

(Nomuraet al ., 2005)

http://www.nsf.gov www.mmg.msu.edu

Fig. 1. Theinfection process of Pst. (a) Infested seeds, soil and plant debris provideulum. (b)Pst
DC3000 labeled with GFP (green rods) growing egighlly on an Arabidopsis leaf (Hirano & Upper,
2000). (c) Tomato leaf stomata. (d) SEM imag@sfDC3000 (arrows pointing to rod-shaped bacteria)
growing in the intercellular space of an Arabidefsaf. (€) Tomato (left) and Arabidopsis (righgrgs
showing symptoms d?st DC3000 infection. (f) Dissemination of bacteriaod#! taken from
http://pseudomonas-syringae.org/pst_ab_DC3000amazn(Nomuraet al., 2005)

Economic impact

In the field,Pst spreads rapidly by natural means (Smitley & McCarter, 1982) and
causes a reduction in both fruit quality and yield (McCaattet., 1983). Yield losses can
be significant when plants are infected at early growth st@@gsharet al., 1978, Getz

et al., 1983b, Yunist al., 1980b). Fruits that develop after severe disease defoliation are



small, sunscalded, and of poor quality (Goode & Sasser, 1Rg&Unfection reduces the
market quality of tomato fruit (Smitley & McCarter, 1982), anddes may make the
fruit unfit for the fresh market (Goode & Sasser, 1980). In sorsesctne lesions can be

deep enough to reduce quality after removal of the skin (Goode & Sasser, 1980).

Control of Pst

Cultural practices and copper bactericides alone or in combinatitbn other
treatments are primary mechanisms for contrdP®f(Colin & Chafik, 1986, Goode &
Sasser, 1980); however, survivalRst on symptomless hosts, weeds, and nonhost plants
makes it difficult to control by cultural practices (Lawton MacNeill, 1986). One
effective control technique is to obtain pathogen-free seed antdwirga hot water
(Goode & Sasser, 1980); in one study, surface-sterilized seeddreerof the pathogen
and no disease developed on seedlings or plants (Betséiarnii978).

Control with compounds such as streptomycin and cupric hydroxide (copper
compound) can reduce fruit infection and disease spread, and increlasesyen in
conditions optimal for disease development (Smitley & McCarter, 1988js et al.,
1980b); however, there is resistance to copper bactericides (B&ndeoksey, 1986,
Bender & Cooksey, 1987). Resistant tomato varieties have also beeopaelveYuniset
al., 1980a), but sufficient levels of resistanceéPsb do not exist in commercial cultivars
(Goode & Sasser, 1980), aRd isolates capable of overcoming the resistance have been
detected and described (Lawton & MacNeill, 1986).

In one study, Actigard, which induces defense response pathwaysisedgor

disease control and was similar or better than standard copperiddet in efficacy



(Louws et al., 2001). In other studies, biological control using various nonpathogenic
Pseudomonas spp. was used to partially control and protect tomato plantsRsbiColin

& Chafik, 1986); however, efforts to integrate this approach with coppetericides
failed due to copper sensitivity of tiRseudomonas spp. used for biocontrol (Wilsost

al., 2002).

Pst persistence and disper sal

Bacterial speck was first demonstrated as a disease inribed(States in the
1930s (Bryan, 1933, Smitley & McCarter, 1982). It has been suggestedhthat t
widespread dissemination &fst increased during the 1970s (Goode & Sasser, 1980,
Pohroneznyt al., 1979, Wilkie & Dye, 1974, Yunist al., 1980b). The disease was first
observed in Israel in 1970 (Bashetral., 1978), and it was prevalent in Australia in the
1970s (Chambers & Merriman, 1975). An intensive study of the physiologich
biochemical characteristics &fst isolates in New Zealand was conducted in the early
1970s (Wilkie & Dye, 1974).

Despite regulatory efforts, infestations of transplants canireoraletected due
to a lack of symptoms or difficulties in distinguishiRg symptoms from those of similar
diseases such as bacterial spot, which is causeckabthomonas campestris pv.
vesicatoria (Cuppels & Elmhirst, 1999, Goode & Sasser, 1980). Seed atithgsee
infestations provide a mechanism for long-distance dispd?sials able to survive on
seed for 20 years (Bashanal., 1982), and one study suggested that the spre&st of
throughout Israel occurred due to contaminated commercial seedw(i@gasal., 1978).

Evidence also suggests tidt was introduced into transplant fields in Georgia in the



1970s via commercial seed (McCargral., 1983). Contaminated seeds (Derahyal.,
1988, McCarter et al., 1983) and/or infected plant tissue (Bbrah, 1985) facilitate
long- distance transmission and help explain the worldwide distribafitime pathogen

(Gitaitis & Walcott, 2007).

Agriculture and select agent biosecurity

Pst is related to two pathogens that are included on the APHéStsagent list
Ral stonia solanacearum andXanthomonas oryzae pv. oryzae. All three pathogens can be
spread through infested seed, transplants, and water and can oveomindeseased
plants, plant debris and seed. All three of these bacteria eatds pia natural openings
and wounds and have shared virulence mechanisms such as a typeetibrsesystem
(T3SS) and exopolysaccharide production (Grangél., 2006). R. solanacearum, X.
oryzae pv. oryzae andPst are not insect-transmitted. Unlike some pathogens (e.g.
Ralstonia, X. oryzae, andXylella), Pst is not thought to move in the vasculature (Bashan
et al., 1978).Pst fits many of the criteria suggested by Norm Schaad asaitinkcof
potential risk and probability of causing harm (see Table 1, whashmodified from the

following web sitehttp://www.apsnet.org/online/feature/BioSecurity/Top.Html

Plant pathogen microbial forensics

While crop producers and agricultural scientists have traditiof@atlysed on the
prevention and management of plant diseases, the new area of plant patinrgéial
forensics is also concerned with criminal attribution of aguealtbioterrorism (Fletcher

et al.,, 2006). Some plant pathogens could be chosen as biological weapons, plant

10



pathologists have compiled the select agent list, expanded diaglabstiatories, and
networked these into a national system, improving disease control agdosiic

methods (Madden & Wheelis, 2003).

Table 1: Possible Bioterrorist Pathogen Rating Criteria

Pathogen rating criteria P. syringae pv. tomato

Produces toxin Vv~ Coronatine

Easy to obtain, handle and deliver Vv Can be transported easily

Easy to grow in large amounts VA Large scale fermentations

Highly infectious under many conditions V' Some weather dependence

Results in the establishment of a quarantine| v+ Infected transplants = quarantine

No chemical control or host resistance V' Chemical controls often ineffective

available

No method for rapid and reliable detection Some probes, PCR primers available

Infects systemically by natural means \ fruit — seed —» transplant

Spreads quickly by natural means SRR

Causes severe crop losses v A

Survives long periods and is persistent Vv Can survive for many years on
seed

The attributes listed in the left column make thpathogens highly infectious, and features listadtee
right illustrate howP. syringae pv. tomato compares and why it makes a good m@&s#. text sections
above for more detailed information on the attrésubfP. syringae pv. tomato.

Application to forensic investigation

Pathogen introductions occur frequently in the United States; althmogh of
these are accidental, some introductions could be intentional. Thusuld We ideal if
the introduction could be traced back to a source, to either attribuneligiiual to the
event, or to exclude them from possible involvement. While select aggamisms are
regulated, hindering research studies, DC3000 is endemic and not regulated, making
it an ideal model for biosecurity research. The ability tordisnate an organism to the
strain level is important in epidemiological tracking and the patkidkentification of the

inoculum source, thus ensuring the safety and security of our food supply.
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Pseudomonad genomes

Related strains oP. syringae that have been sequenced inclitdesyringae pv.
phaseolicola 1448A, which causes halo blight of bean (Joatdal, 2005), andP.
syringae pv. syringae (Feilet al., 2005), which causes brown spot of bean. Other
Pseudomonads have been sequenced inclitliagruginosa PAO1 (Stoveeet al., 2000),

P. aeruginosa PA14 (Leeet al., 2006), P. putida KT2440 (Nelsonet al., 2002), P.
entomophila L48 (Vodovaret al., 2006) P. fluorescens Pf-5 (Paulsemrt al., 2005) andP.

fluorescens SBW25 (ttp://www.sanger.ac.uk/Projects/P_fluoresceriBhese sequences

provide a wealth of genome information that can be drawn on.

Pst and P. syringae pv. maculicola (Psm)

On edible, leafyBrassica spp., Pst DC3000 can produce disease symptoms that
are indistinguishable from the very closely related pathd®asyringae pv. maculicola
(Psm) (Zhaoet al., 2000).Psm causes bacterial leaf spot of crucifers, and is also able to
infect tomato (Cuppels & Ainsworth, 1995, Hendsb@l., 1992); furthermorel>sm and
Pst are phenotypically similar and grouped into genomospecies |l (Gatddn 1999).
However, molecular diagnostic assays for subtyping are often eurtabtlistinguish
among strains oP. syringae pv. tomato andP. syringae pv. maculicola (Clerc et al.,

1998, Gardan et al., 1999, Zhao et al., 2000).

Overview of bacterial typing methods

For a typing method to be successful, it must meet certaariariThe method

must be able to type all organisms within a species, it musblego differentiate clearly
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between unrelated strains, and it must yield reproducible reslits & particular strain
is tested repeatedly. A few current technologies for typintudec PFGE of whole
chromosomal DNA, Southern blotting and restriction fragment lengthnmrfyhism

(RFLP) methods, PCR-based locus-specific RFLP, random ampdificait polymorphic

DNA (RAPD) assays, rep-PCR, cleavase fragment lengthmmjghism (CFLP),

amplified fragment length polymorphism (AFLP) assays and Déifusncing (Olive &
Bean, 1999).

Specific regions of DNA must also meet certain criteria befored¢haneype used in
typing. The region of DNA chosen must be variable, but flanked by n@te=gions, to
allow amplification and typing of all organisms in the species. The vatainilthe DNA
region selected for typing must be sufficient to differentibegween strains, and
preferably the region must not be transmissible horizontallyher @trains of the species

(Olive & Bean, 1999)

M ethods for typing and detection of P. syringae

Several methods have been used for typigyringae, including DNA-DNA
hybridization and RFLP (Denngt al., 1988), PCR techniques (Beresvellal., 1994),
RFLP and DNA fingerprinting (Zhaet al., 2000), and Biolog (metabolic profiling) (Ji &
Wilson, 2002). PCR and restriction analysis of the coronatine (CQRYyrithetic gene
cluster were effective at detecting and showing relatednessdretCOR- producing
strains and pathovars & syringae. Pathogenic strains &. syringae from pathovars

glycinea, maculicola, morsprunorum, and tomato thanhafoproduce COR have been
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isolated (Bendeet al., 1999) making coronatine probes and primer sets ineffective in
detection of these isolates (Bereswilhl., 1994).

Few methods exist for rapid and reliable detectiof.ofyringae. Cuppels and
Elmhirst (Cuppels & Elmhirst, 1999) described a detection method invatalogy lifts
and hybridization with TPRI (a probe containing a fragment fioenGOR biosynthetic
gene cluster). Although they detected low numbers of the pathogdarmammaterial, this
method is not rapid and is specific only for COR-producing straifstoiDiagnosis of
P. syringae pv. papulans an®. syringae pv. phaseolicola has been successful also with
primers specific for these pathovars (Kerkaticdl., 2002, Ricoet al., 2003). Recently,
the hrpZ gene, which maps to thep T3SS pathogenicity island (PAI; discussed below),
was amplified inPst for identification and detection ¢fst in planta (Zaccardelli et al.,
2005).

Strains belonging t@. syringae pv. tomato are homogeneous (Dewrhgl., 1988,
Sawadaet al., 1999), and to date the techniques cited above are unable to distinguish
strains ofPst (Clercet al., 1998). In the current study, a recent typing technique utilizing
tandem repeat loci was investigated for its ability to disoate strains oP. syringae

pv. tomato.

I ntroduction to bacterial tandem r epeats

Polymorphic bacterial tandem repeats, which are also reféorexs variable
number tandem repeats (VNTRS), were first identified in humans for usgergrinting
(Lindstedt, 2005). These polymorphic markers have now been identifiedcteria as

well and are classified by their size. Minisatellites defined as repeat units in the range
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of 6-100 bp that span hundreds of nucleotides (Le Fleicile 2001). Microsatellites are
short DNA sequence motifs (e.g. 1-6 nucleotides) that are tdndepeated from as few
as two times up to a dozen or more times at a specific ldwse span only a few tens of
nucleotides (Gur-Ariegt al., 2000). There is no clear definition of the border between
microsatellites and minisatellites, but a repeat unit sizbolit 6-9 nucleotides is often
used to distinguish them (Lindstedt, 2005). Microsatellites are soeetieferred to as
simple sequence repeats (SSRs) (Danin-Petled., 2006b, Diamanét al., 2004, Gur-
Arie et al., 2000). Other bacterial repeat elements are mononucleotide redéiRs)
which are a subgroup of SSRs (Danin-Paeg., 2006b)

It is important to note that bacterial tandem repeats canolnedfin genes,
intergenic regions (DNA sequences between genes) and transposataeteléRochat
al., 1999). Tandem repeat loci vary among strains with respect to the momiapeat
units and/or their primary structure and are often referreab teariable number tandem
repeat or VNTR loci (van Belkuret al., 1998). These DNA loci mutate as a result of the
repair of a double strand break initiated within, or very close totathgem repeat (Le
Flecheet al., 2001).

Tandem repeat loci are unstable and play a role in generatinghaindgaining
bacterial diversity. Genomic changes such as recombination, skypy@ed mispairing,
and mutation occur frequently in the tandem repeat region. Thess flypermutable TR
loci allow for bacterial adaptation, while simultaneously maintgira stable genome
with a low overall genomic mutation rate (Legendteal., 2007, Moxonet al., 2006,

U'Renet al., 2007).
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Tandem repeat loci can be used to study strain relatednessraads targets for
epidemiological typing (van Belkum, 1999). The variable number of repest at each
locus is characterized by using locus-specific primers to RBGRy the DNA region.
Multiple-locus variable number tandem repeat analysis (MLVAR igype of VNTR
analysis based on several to dozens of polymorphic tandem repegatindsitedt, 2005,
Ontenienteet al., 2003, Sabadt al., 2006, van Belkum, 2007, van Belkuwatral., 1998).

In bacteria, loci consisting of a microsatellite repeat {ip3 have also been
designated ‘simple sequence contingency loci’ (SSRs), a tetrmefieas to a region of
hypermutable DNA that mediates high-frequency, stochastictahkyj genotypic
switching (Moxonet al., 2006). The altered number of repeats allows for reversible
on/off states of expression of the corresponding gene. If the mutatiensr extreme
(such as inH. influenza) the microsatellite repeat is of limited value for strain

identification, epidemiological and phylogenetic studies (Le Flethk, 2001).

Overview of ML VA technigues used for human pathogens

Since the discovery of tandem repeats in bacteria, numerous stadeseported
the use of tandem repeats for the identification and typing dkif@gathogenic to
humans. The genetic diversity of homogeneous/monomorphic species sBatilas
anthracis andYersinia has been studied using MLVA (Le Flec&eal., 2001). MLVA
also has been used Brucella (Al Dahouket al., 2007),Saphylococcus aureus (Sabat
et al., 2003, Sabatt al., 2006) Francisella tularensis (Farlowet al., 2001, Farlowet al.,
2005, Johanssaat al., 2004) Salmonella enterica (Liu et al., 2003), and/ibrio cholerae

(Danin-Poleget al., 20064a).
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Overview of tandem repeatsfor study of plant pathogens

There is little known about the utility of tandem repeat amalfgs typing plant
pathogens. SSRs have been used to study straxigasfidiosa strains (Linet al., 2005),
Erwinia amylovora (Ruppitschet al., 2004), andR. solanacearun (Coenye & Vandamme,
2003); however, few tandem repeat typing schemes have been developadntor
pathogens. To develop a typing scheme, polymorphic loci must be iderdifieceach
locus must be checked for variation among strains. As reported pteCHH, tandem
repeat loci were identified within thiest DC3000 genome and characterized for their
ability to discriminate among strains Bf syringae pv. tomato. Chapter 11l describes the

first effort to identify and characterize tandem repeat loci wittRnsgringae genome.

P. syringae recombination, phylogeny and evolution

Bacterial genomes are sometimes distinguished by two phetiscare genome
which contains essential genes, and the flexible genome, whichrsgeaes associated
with virulence (Hacker & Carniel, 2001). One way pathogens adapt &ratiffniches is
by gene adaptation via the flexible genome. These flexible gemawolve largely
through horizontal genetic exchange or transfer (HGT). Many ofgdmes encoding
virulence and pathogenicity products occur as gene clusters, whidftemereferred to
as “pathogenicity islands” or PAIs (Gal-Mor & Finlay, 2006, Hac&eKaper, 2000).
Mobile elements often make up the flexible genome. These eleraentsometimes
associated with genomic islands (GEIs) such as fithess @& tRAl are often associated

with HGT and help bacteria adapt to a niche (Chen, 2006). The procesgiofrg new
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virulence factors or host specificities may be largely medidy HGT (Prestoset al.,
1998b).

One study which used PCR-restriction fragment length polymampH{PCR-
RFLP) analysis of rRNA to study diversity Bf syringae strains, showed thd&st and
related pathovars form a homogeneous and distinct group (Manceau &s141947).
RAPD and AFLP were used to compare and analyzB. 28ringae strains. The results
correlated well with other methods and techniques and was used it@udsst P.
syringae pv. maculicola fronP. syringae pv. tomatoHowever, neither RAPD nor AFLP
distinguished?. syringae pv. tomato at the level of race specificity (Cletal., 1998).

DNA-DNA hybridization also has been used to study DNA relatesiaenong 48
pathovars of P. syringae. This resulted in the grouping of strains into nine
genomospecies, and certain strains were recommended as ‘tgpes.sAdditionally,
ribotyping was performed and the results of this method partcatyelated to the
genomospecies groupings (Garasal., 1999).

A phylogenetic study (Sawada al., 1999) used 56 strains belonging to 19
pathovars ofP. syringae. Using the housekeeping gergpsB andrpoD, as well as the
T3SS genebrpSandhrpL, they constructed 12 phylogenetic trees, in three phylogeneti
groups. Strains of the same pathovar were closely located withigenome trees,
suggesting homogeneity. Results also showed thairfhgene cluster has been stable
and evolved with th®. syringae genome (Sawads al., 1999).

The population structure and dynamics of BOsyringae strains were recently
studied by multi-locus sequence tagging (MLST). This study whiatiuded 21

pathovars and usegyrB, rpoD, hrpS and hrpL as index genes, showed that the core
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genome ofP. syringae is quite stable (Sarkar & Guttman, 2004). In a subsequent study,
95 P. syringae pathovars were characterized phylogenetically by MLST asayad for
toxin production and antibiotic or copper resistance (Hwetag, 2005). More than 50%

of the strains assayed did not produce toxins (e.g. COR, phaseolotaxigoBycin,

and tabtoxin), and the authors concluded that toxin production is driven by HGT.

The genomes oP. syringae pv. syringae B728a anBlst DC3000 have been
compared in great detaPst DC3000 has 28 unique T3SS effectors, and the plasmids of
Pst DC3000 contain genes that are largely missing fromPdseB728a genome. The
B728a genome has fewer IS elements tRstrDC3000 and contains 976 genes with no
counterparts ifPst DC3000.Pss B728a is a better epiphyte thBst DC3000 and this is
reflected in its genome. For example, B728a is more resistatiVtarradiation,
presumably because it has more enzymes for quenching reactigenosgyecies (ROS),
and it contains two copies of tlhelAB DNA repair operon. The G+C ratios of these
organisms are skewed, and it is thought that these two orgadiserged from each

other long ago (Fedt al., 2005).

OBJECTIVES

Objectivel: Select VNTR loci for study of strains Bf syringae pv. tomato

Objectivell: Design primer sets for PCR amplification of VNTR loci

Objectivelll: Identify primer sets useful for strain typing

Objective 1V: Type a collection ofP. syringae pv. tomato strains using VNTR and

primer sets selected in Objectives I-III.
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CHAPTER 11

Identification and Characterization of Variable-Number Tandem Repeat (VNTR)
L oci within the Pseudomonas syringae pv. tomato Genome and Application for

Strain Typing by Multiple-Locus VNTR Analysis (MLVA)

A similar version of the following chapter will be submitted tpeer reviewed
journal for publication with Oklahoma State University Regents Psofe<Carol Bender,

Ulrich Melcher and Jacqueline Fletcher as co-authors. Theafitbior (C. Baker) was

responsible for the complete intellectual concept for the progatell as the plan,

design and execution of all project experiments and writing of thegatibl. The co-

authors were responsible for project funding as well as the editing of the pahlica

SUMMARY
Pseudomonas syringae pv. tomato strain DC3000P¢t DC3000) is a gram-
negative plant pathogenic bacterium that causes bacterial speckcoaomically
important disease of tomato. The ability to distinguish amondebak strains is
important for epidemiological tracing of pathogen outbreaks, deteittengource of an
outbreak, monitoring spread of pathogens and for forensic identificiammy different
typing methods have been investigated for classificatiofP.ofyringae pv. tomato;

however these fail to distinguigh syringae pv. tomato at the strain level. Studies with
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other bacterial species demonstrated that variable number taegeat (VNTR) loci,
which are found throughout bacterial genomes, are useful for rapid amoleredtrain
typing by multiple-locus VNTR analysis (MLVA). In the currestudy, the genome of
Pst DC3000 was analyzed, and oligonucleotide primers were designachplify 34
VNTR loci. The primers were screened using seven represensatains of. syringae
pv. tomato, and a subset of five primer sets yielding polymorphic produets
identified for use in strain typing. These five primer setewsed to type a collection of
58 P. syringae pv. tomato strains, and approximately 23 different MLVA sequence type
were identified. In this study, strains that clustered togetht#re same MLVA sequence
type originated from different geographic locations, thus no obviousoredhip was
observed between MLVA sequence type and geographic origin of straiRssytingae
pv. tomato strains grouped into twelve MLVA sequence types, wlale@eP. syringae
pv. tomato strains produced a unique MLVA sequence type.Plwgringae pv. tomato
strains with unique MLVA sequence types were originally isdlateer 60 years ago in
the early 1940’s, while an additional thrBe syringae pv. tomato strains with unique
MLVA sequence types were originally isolated from host platiter than tomato. The
latter finding supports the hypothesis that genetic diversity oacuedation to the host
plant from which bacteria are isolated. The stability andodpribility of the MLVA
sequence types was investigated by culturing aP$&trains for 20 generatioms vitro
and re-typing, and in all cases the sequence types defined MLW& primers were
reproducible. This is the first report of using MLVA to typdaage collection ofP.

syringae pv. tomato strains of diverse origin. As rapid detection is the &ke@ydtecting
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crops from accidental or deliberate of pathogens (Sceaad 2003), MLVA will help

to facilitate rapid strain discrimination in diagnostic or forensic siaati

INTRODUCTION

Pseudomonas syringae is a gram-negative plant pathogenic bacterium that is
divided into approximately 50 pathovars based on host range (Hirano and Rpp@).
Several strains d?. syringae have been sequenced (Feil et al., 2005, Joardar et al., 2005),
including P. syringae pv. tomato DC3000 (Buekt al., 2003), which causes bacterial
speck of tomato. Bacterial speck disease occurs worldwide wingéoevatoes are grown
(Colin & Chafik, 1986, Lawton & MacNeill, 1986, Pernezey al., 1995), andP.
syringae pv. tomato can survive epiphytically on both host and nonhost plants for
extended periods of time (Voloudalasal., 1991). Inoculum sources for the pathogen
include infested seeds, tomato transplants, and plant debris (Goodessed 3880).
Infested seeds and tomato transplants facilitate long distaagsntission and help
explain the worldwide distribution of the pathogen (Gitaitis & Walcott, 2007).

Subtyping (e.g. strain characterization) is an important epalegical tool for
recognizing pathogen outbreaks, detecting the source of the outim@aikoring spread
of pathogens and for forensic identification. Many different typireghmds have been
investigated for classification & syringae pv. tomato including serological assays, fatty
acid analysis, metabolic profiling, phage typing, and carbohgdrtiization (Denny et
al., 1988, Fackrell & Sinha, 1983, Ji & Wilson, 2002, Saueieal., 1996). Various

nucleic-acid based methods have also been used for tiypsygingae, including DNA-
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DNA hybridization, restriction fragment length polymorphism (RELPDNA
fingerprinting, PCR techniques, and ribotyping (Beresetifll., 1994, Clercet al., 1998,
Cuppelset al., 2006, Denny, 1988, Gardanhal., 1999, Manceau & Horvais, 1997, Zhao
et al., 2000). According to Olive and Bean (1999), typing methods must meealsever
criteria to be broadly useful (Olive & Bean, 1999). These critedmde applicability of
the method to all organisms within the species or subspeciegbility to clearly
differentiate unrelated strains, and reproducibility (Olive & Bd&99). Unfortunately,
the techniques cited above for subtypfgsyringae pv. tomato are of limited use since
they fail to distinguish amon@. syringae pv. tomato at the strain level (Clerc et al.,
1998, Gardan et al., 1999, Zhao et al., 2000).

Bioinformatic analysis of sequenced genomes has revealed a haogntage of
DNA repeats that vary in size, location and complexity (Linds@2@d5). Tandem DNA
repeats are usually classified as satellites, minidatellor microsatellites, which span
megabases of DNA, tens to hundreds of nucleotides, and tens of nucleesgestively
(Le Flecheet al., 2001). Microsatellites are often polymorphic and have been used in
fingerprinting human DNA for forensic studies (Lindstedt, 2005). Polpimor
minisatellite markers also have been identified in bacteria ansist of 6-100 bp repeat
units spanning hundreds of nucleotides (Le Fleehal., 2001). These polymorphic
minisatellites may occur in bacterial genes or intergesggons and vary among strains
with respect to the number of repeat units and/or their primargtste; hence they have
been termed ‘variable number tandem repeat’ (VNTR) regions (van Betikalm1998)

Numerous studies have reported the utility of tandem repealméberial strain

typing, and the availability of whole-genome sequence data has timada powerful
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approach for strain discrimination (Lindstedt, 2005, van Belkum, 2007, virBest
al., 1998). Multiple-locus variable number tandem repeat analysis (ML¥A type of
VNTR analysis based on several to dozens of polymorphic tandemt lepeaThe
variable number of repeat units at each locus is characterizegihy locus-specific
primers to amplify each locus by PCR. MLVA is a PCR-basekdnigue, it is rapid, easy
to perform and analyze, cost effective, and reproducible (Ontemtesit, 2003, Sabadt

al., 2006). The discrimination of strains that are members of relativ@inogeneous
species such d&acillus anthracis andYersinia pestis has been successfully studied using
MLVA (Le Flecheet al., 2001).

To develop a tandem repeat typing scheme, polymorphic minisatetitenust
be identified. As mentioned above, repeat loci can be found in genes, Widrigenic
regions and in transposable elements (Ratlah., 1999). Each locus must be checked
for variations in the repeat number among strains. In the curnahy 8tve repeat loci
were identified and validated for strain typingRofsyringae pv. tomato. These five loci
allow for discrimination among some straindofyringae pv. tomato with a high degree
of stability and reproducibility. This is the first report of usiidLVA to type a large

collection ofP. syringae pv. tomato strains of diverse origin.

EXPERIMENTAL PROCEDURES

Bacterial strains and growth conditions

The P. syringae strains used in the present study, and their geographicah origi
and year of isolation, are indicated in Tablé2syringae strains were stored at -0 in

20% glycerol and cultured on King's medium B (KMB) (Kiggal., 1954) at 28C.
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Table 2. Pseudomonas syringae strains used in this study.

Pathovar

Strain

Place of
isolation

Year of
isolation

Host

Sour ce®

Reference

Tomato DC3006

Tomato PT23

Tomato 4325

Tomato Pto 119

Tomato 487

Tomato 1318

Tomato 3435

Tomato Pst26L

Guernsey,

Channel

Islands, UK
USA

Canada

Greece

Switzerland

New
Zealand

South
Africa

1960

1983

1944

1997

1979

1971

1972

1995

Tomato

Tomato

Tomato

Tomato

Tomato

Tomato

Tomato,
Peach,
Nightshade

Tomato

A. Collmer

C. Bender

(Buell et al.,
2003,
Cuppels,
1986)
(Bender &
Cooksey,
1986)

NCPPB, (Bereswillet

ICMP

B. Volksch

GSPB

CFPB

ICMP

D. Cuppels

al., 1994,
Mitchell et
al., 1983)
(Weingart &
Volksch,
1997a)
(Cuppels &
Ainsworth,
1995,
Cuppels &
Elmhirst,
1999,
Cuppelst
al., 2006,
Sarkaret al.,
2006,
Volksch &
Weingart,
1998, Yaret
al., 2008,
Zhaoet al.,
2000)
(Cuppels &
Ainsworth,
1995,
Cuppels et
al., 2006,
Cuppelsst
al., 1990,
Sarkar et al.,
2006, Yan et
al., 2008)
(Hendsoret
al., 1992,
Inneset al.,
1993,
Whalenet
al., 1991,
Yanetal.,
2008)
(Cuppels &
Ainsworth,
1995,
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Cuppelsst
al., 2006,
Yanetal.,
2008)
Tomato Pto 483 1988 Tomato GSPB (Kniredt al.,
1998,
Volksch &
Weingart,
1998,
Weingart &
Volksch,
1997b)
Tomato Pto 2811 1998 Tomato V. Catara
Tomato 3357 New 1972 Tomato ICMP (Charitgt
Zealand al., 2003,
Cuppels &
Ainsworth,
1995,
Cuppels &
Elmhirst,
1999,
Cuppels et
al., 2006,
Cuppels et
al., 1990,
Denny, 1988,
Zhao et al.,
2000)
Tomato 3455 New 1972 Nightshade, ICMP (Hendsoret
Zealand Tomato al., 1992,
Inneset al.,
1993,
Whalenet
al., 1991,
Yanet al.,
2008)
Tomato 2844 Guernsey, 1960 Tomato ICMP, (Charityet
Channel NCPPB, al., 2003,
Islands,UK CFBP Hendsoret
al., 1992,
Mitchell et
al., 1983)
Tomato RG4 Venezuela 1985 Tomato S. (Charity et
Hutcheson al., 2003,
Denny, 1988,
Denny et al.,
1988)
Tomato 880 Yugoslavia 1953 Tomato  NCPPB, (Charityet
ICMP al., 2003,
Cuppelsst
al., 1990,
Denny, 1988,
Dennyet al.,
1988,
Hendsoret
al., 1992,
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Tomato

Tomato

Tomato

Tomato

Tomato

Tomato

Tomato

Tomato

Tomato

Tomato

2424 Switzerland
1323 France
1108 UK
864 Canada
2846 Canada
3358 New
Zealand
9501 New
Zealand
DCT6D1 Ontario,
Canada

DAR 31861 Australia

30555
Australia

Tasmania

1969

1971

1960

1941

1956

1971

1987

1981

1975

1978

27

Tomato

Tomato

Tomato

Tomato

Tomato

Tomato

Pepino,
Tomato
Tomato

Tomato

Tomato

NCPPB,
ICMP

CFBP

NCPPB

ICMP,
NCPPB
ICMP,
NCPPB

ICMP
ICMP

D. Cuppels

DAR

DAR

Whalenet
al., 1991)
(Charityet
al., 2003,
Cuppelset
al., 1990,
Denny, 1988,
Dennyet al.,
1988,
Whalenet
al., 1991)
(Charityet
al., 2003,
Cuppels &
Elmbhirst,
1999,
Cuppelst
al., 1990,
Denny, 1988,
Dennyet al.,
1988)
(Cuppels &
Ainsworth,
1995,
Cuppels et
al., 2006,
Cuppels et
al., 1990,
Yan et al.,
2008)
(Whalenet
al., 1991)
(Mitchell et
al., 1983,
Whalenet
al., 1991)
(Whalenet
al., 1991)
(Whalenet
al., 1991)
(Cuppels &
Ainsworth,
1995,
Cuppels &
Elmhirst,
1999,
Cuppelset
al., 1990,
Sarkaret al.,
2006)
(Charity et
al., 2003,
Denny,
1988)
(Charity et
al., 2003,



Tomato

Tomato

Tomato

Tomato

Tomato

Tomato

Tomato

Tomato

Tomato

Tomato

CPST147

CPST236

Pto 479

Pto 34

Pto 55

Pto 2851

DC84-1

T1

JL1035

B125

Moravia,
Czech
Republic

Slovakia

Germany

Germany

Ontario,
Canada

Canada

California,
USA

Canada

1993

1993

1987

1980

1979

1984

1983

1983

1981

Tomato

Tomato

Tomato

Tomato

Tomato

Tomato

Tomato

Tomato,
Brassica

Tomato

Tomato

K.
Pernezny

K.
Pernezny
B. Volksch

B. Volksch

B. Volksch

V. Catara
D. Cuppels

B. Kunkel

B. Kunkel

S.
Hutcheson

Denny,
1988)
(Perneznyet
al., 1995)

(Perneznyet
al., 1995)
(Bereswidt
al., 1994,
Volksch &
Weingart,

1998,
Weingart &
Volksch,
1997a)
(Beitbst
al., 1994)
(Naumet

al., 1986,

Volksch &
Weingart,

1998,

Weingart &
Volksch,

1997a)

(Cuppels &
Ainsworth,
1995,
Cuppelset
al., 1990,
Sarkaret al.,
2006)
(Charity et

al., 2003,
Hendson et
al., 1992,
Manceau &
Horvais,
1997,
Whalen et
al., 1991,
Yan et al.,
2008)
(Cuppels &
Ainsworth,
1995,
Cuppels &
Elmhirst,
1999,
Cuppels et
al., 1990)
(Charityet
al., 2003,
Dennyet al.,
1988)
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Tomato

Tomato

Tomato

Tomato

Tomato

Tomato

Tomato

Tomato

Tomato

Tomato

Tomato

SM78-1

AV80

OH314

KN10

TF1

PT17

DC89-4H

IPV-BO
2973
224
407

443.1/96

Georgia, 1983 Tomato

USA

Nebraska, 1983 Tomato

USA

Ohio, USA 1978 Nettle,
Tomato,

Crucifers

1981 Tomato

USA 1997 Tomato

USA 1983

Ontario, 1989 Tomato

Canada

Italy Tomato
Italy Tomato
Italy Tomato

Italy Tomato

S.
McCarter

A. Vidaver

D. Cuppels

D.
Guttman

D.
Guttman

D. Cuppels

M.
Zaccardelli
M.
Zaccardelli
M.
Zaccardelli
M.

(Cuppels &
Ainsworth,
1995,
Cuppels et
al., 2006,
Cuppels et
al., 1990)

(Cuppels &
Ainsworth,
1995,
Cuppels et
al., 2006,
Cuppels et
al., 1990,
Denny, 1988,
Denny et al.,
1988)

(Cuppels &
Ainsworth,
1995,
Cuppelsst
al., 2006,
Cuppelsst
al., 1990,
Yanetal.,
2008, Zhao
et al., 2000)
(Hwanget
al., 2005,
Sarkaret al.,
2006, Sarkar
& Guttman,
2004)
(Hwang et
al., 2005,
Sarkar et al.,
2006)
(Bender &
Cooksey,
1986, Sesma
etal., 1998)

(Cuppels &
Ainsworth,
1995,
Cuppels &
Elmbhirst,
1999, Sarkar
et al., 2006)
(Zaccardelli
et al., 2005)
(Zaccardelli
et al., 2005)
(zaccardelli
et al., 2005)
(Zaccardelli
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Zaccardelli et al., 2005)
Tomato 171 Italy Tomato M. (Zaccardelli
Zaccardelli etal., 2005)
Tomato PT12 California, 1982 Tomato C. Bender (Bender &
USA Cooksey,
1986,
Cooksey,
1988)
Tomato T4B1 Canada 1981 Tomato  S. (Charityet
Hutcheson  al., 2003,
Denny,
1988)
Tomato 188B Ontario, Tomato B. (Cuppels &
Canada MacNeill Ainsworth,
1995,
Cuppelsst
al., 1990)
Tomato CPST116 Moravia, 1993 Tomato K.L. (Perneznyet
Czech Pernezny al., 1995)
Republic
Tomato CPST145 Moravia, 1993 Tomato K.L. (Perneznyet
Czech Pernezny al., 1995)
Republic
Tomato CPST211 Slovakia 1993 Tomato  K.L. (Perneznyet
Pernezny al., 1995)
Tomato CPST232 Slovakia 1993 Tomato K.L. (Perneznyet
Pernezny al., 1995)
Tomato 9S South Tomato D. Cuppels  (Cuppelt
Africa al., 2006)
Tomato 519 Greece Tomato D. Cuppels  (Cuppelt
al., 2006)
Tomato 3647 Australia 1973 Tomato ICMP (Cuppels et
al., 2006,
Whalen et
al., 1991)
Tomato 1008 USA 1942 Tomato NCPPB, (Cuppels &
ICMP Elmhirst,
1999,
Cuppels et
al., 1990)
Syringae 4355 New 1975 Tomato ICMP (Charityet
Zealand al., 2003)
Atropurpurea 1304 Japan 1982 Ryegrass D.
Kobayashi
Coronafaciens PC27 Oat P. Shaw (Bemtler
al., 1991,
Bereswillet
al., 1994,
Satoet al.,
1983)
Glycinea Race 4 Soybean A. Collmer  (Piwowarski
& Shaw,
1982, von
Bodman &
Shaw, 1987)
Maculicola 2744 UK 1968 Mustard, ICMP (Fett &
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Maculicola

Maculicola

Maculicola

Maculicola

Mori

921

4326

4981

438

1413

Morsprunorum 567

Phaseolicola

Syringae

Tabaci

1448A

B728a

1086-1

Cabbage

New 1963 Cauliflower ICMP
Zealand
USA 1965 Radish ICMP,
NCPPB
Zimbabwe 1970 Cabbage, ICMP,
Caulifower NCPPB,
CFBP
USA Crucifer D. Cuppels
Hungary 1958 White NCPPB,

Mulberry ICMP

UK 1958 Cherry ICMP,
NCPPB
ATCC

Bean A. Vivian

USA Snap Bean D.K.
Willis

USA D.
Kobayashi
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Sequeira,
1981)
(Cuppels &
Ainsworth,
1995,
Hendsoret
al., 1992,
Mitchell,
1982,
Whalenet
al., 1991)
(Bereswillet
al., 1994,
Mitchell,
1982,
Volksch &
Weingart,
1998)
(Cuppels &
Ainsworth,
1995,
Hendson et
al., 1992,
Whalen et
al., 1991)
(Cuppels &
Ainsworth,
1995,
Hendsoret
al., 1992,
Sarkaret al.,
2006,
Whalenet
al., 1991)
(Bereswillet
al., 1994,
Cuppels &
Ainsworth,
1995,
Cuppelst
al., 1990,
Volksch &
Weingart,
1998)
(Sesmeet al.,
1998)

(Bender
al., 1991,
Mitchell,

1982)
(Joardaet
al., 2005)
(Feilet al.,

2005, Loper
& Lindow,



1987, Richet
al., 1994)
Tagetis 53534 Marigold ATCC; J.
Lydon

@ The exact year of isolation was not available for some strains. When thiseo;¢he
year of isolation was based on the first citation in previously published literature
®Year the strain was transmitted to the CFPB collection.
¢ GSPB, Gottingen Collection of Phytopathogenic Bacteria, Gottingen Ggrn@anP,
International Collection of Microorganisms from Plants, Auckland, New Adal@aFPB,
Collection Francaise des Bacteries Phytopathogenes, INRA Agarce; NCPPB,
National Collection Plant Pathogenic Bacteria, UK; ATCC, American Tudéure
Collection, USA; DAR, Plant Pathology Herbarium, Orange Agriculturaltlristi
Australia.
9DC3000 is a rifampicin-resistant derivative of ICMP 2844 (NCPPB 2844, CFPB 2212),
which is the pathotype strain Bf syringae pv. tomato.
Blank entries indicate that the year or place of isolation is unknown.

Pr epar ation of genomic DNA

Genomic DNA was isolated frorR. syringae strains using a rapid cell lysis
protocol that has been described previously (Chen & Kuo, 1993). Briefl\erizaotere
suspended in lysis buffer (40 mM Tris-acetate, pH 7.8; 20 mM sodogtata; 1 mM
EDTA; 1% SDS) and mixed with vigorous pipetting. A volume of 5 M Na&s added,
and the mixture was centrifuged at 16,110 g for 20 min. The supernativiawsferred
to a clean microfuge tube, an equal volume of chloroform was addedharndbe
contents were mixed by inversion briefly until a milky solutiomfed. This liquid was
centrifuged at 16,110 g for 10 min., the aqueous phase was transferredidana
microfuge tube, and the DNA was precipitated with one volume 100%l.BtGllowing
centrifugation the DNA was washed in 70% EtOH and the DNAepelhas dissolved in

TE buffer (Sambrookt al., 1989) (pH 8.0) and stored at 4°C.
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Tandem repeat locus identification and primer design

Pst DC3000tandem repeat loci were selected from the Variable Numbeddm

Repeat Locus Database (VNTRDB) web sh#p://vntr.csie.ntu.edu.tv (Changet al.,

2007a). Briefly, this involved selecting the unique intra-genus tanderatréfie) option
on the VNTRDB home page and submitting a query for the complete geoioRs:
DC3000. This process generated a tabulated list of TRs unicest RC3000 showing
the positions of the TRs in the genome, TR length, and number of ¢Opige 3). The
tabulated list generated by VNTRDB also provided access to 1hpO@ucleotide
sequences flanking each TR. These sequences and BLASTN ana&sesigssed to design
forward and reverse primer pairs (Table 4) for PCR amplification of €Rnith a match

percent score of 90% or above as calculated by the VNTRDB.

Table 3: Characteristics dPst DC3000 VNTR loci evaluated in the present study. The
TR index number was obtained from the VNTRDB website.

TR Index GenomePlacement Raw Length Copies Size

Name
104 23314..23262 53 15 35
105/106 26664..26704
26671..26704

107 30875..30909 35 5.8 6
108 47218..47272 55 13.8 4
112 66902..66956 55 6.9 8
116 81588..81648 61 2.0 31
166 221197..221938 742 2.0 371
250 377372..377415 44 1.7 26
337 617007..617366 360 2.9 125

479/480 906563..906595 --- --- ---
906565..906597

638 1159090..1159129 40 1.9 22
643 1176753..1176784 32 1.5 21
715 1409170..1409220 51 7.3 7
803 1531725..1532074 350 3.1 111
830 1591825..1591863 39 1.9 21

919/920 1807887..1808588 a— mem -
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1807989..1808588

1038 2051164..2051193 30 2.7 11
1142 2257099..2257159 61 1.9 31
1309 2681647..2681684 38 1.9 20
1570 3110236..3110316 81 13.5 6
1649 3184210..3184254 45 1.6 28
1651 3191757..3191871 115 2.5 46
1661 3225593..3225622 30 4.3 7
1929 3678033..3678311 279 1.9 144
2334 4524836..4524873 38 1.9 20
2522 4949827..4949856 30 1.0 29
2629 5294028..5294057 30 1.4 21
2658 5365287..5366095 809 1.9 425
2662 5408861..5408896 36 3 12
2663 5408861..5408896 36 6 6
2759 5635437..5635494 58 9.7 6
2885 5907215..5907264 50 1.9 26
2955 6080438..6080474 37 2.8 14
3053 6361293..6361342 50 3.1 16

Table4. Characteristics d®st DC3000 VNTR primers used in the present study.

Repeat Associated Tm  Primer Primer Sequence Product
Locus  ORFsinPst (°C) Length Size (bp)
Primers® DC3000 b (bp) in Pst
DC3000
715-F PSPTO_1280 60.4 24 TGTGCGATGACACGCTTACCCATA 314
715-R PSPTO_1281 59.6 24 TATTCGCGGACATTCGTGACAAGC
1570-F PSPTO_2791 60.2 24 AGTCTCTGCTCTTTGGTTGGCGTA 216
1570-R PSPTO_2792 59.6 24 GTCTGATGTACATTGTGCGCTGGT
1929-F PSPTO_3252 59.9 24 CGAACAGAACGCGGCCTTCAAATA 511
1929-R PSPTO-3254 60.1 24 ACAGCGACTGAGCTGATTCAGGAT
919/920-F PSPTO 1648 60.4 24 AAACATCAGCCAGCAAATCACCCG 829
919/920-R PSPTO_1649 60.2 24 AACTGTTATGCCTTGTCGCACAGC
337-F PSPTO_0560 60.2 24 TGGAGCACAAACTGCTCTGAGTCT 440

337-R PSPTO_0561 60.6 23 TACAGAGATGGCGCGATTGAGCA

&F, forward primer, R, reverse primer
® Tm, melting temperature

PCR amplification and genotyping

The polymorphisms of candidate VNTR loci were evaluated injtit strain
discrimination by using a subset of seWersyringae pv. tomato strains (PT23, 4325, Pto

119, 487, 1318, 3435, and Pst 26L) of diverse geographical origin. PCR reactions were
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conducted in 96-well microtiter plates and consisted of 5 pl ofS®Xaq Flexi buffer
(Promega, Madison, WI), 2.25-7 mM Mga@.5 pl 10 mM dNTPs, 1 ul genomic
template DNA, 0.5 ul of each primer (50 mM), 0.25 ul GoTaqg potgses (Promega,
Madison, WI) and sterile distilled water to a total volume of 25 R(CR reaction
conditions consisted of denaturation aP@step 1, 1-2 min), incubation at % (step
2, 1 min), annealing at 5& (step 3, 1 min), and extension aPZXstep 4, 1 min). Steps
2-4 were repeated for 30 cycles, followed by 7 min of final extenai 72C and a final
incubation at 4C.

The five primer pairs representing the five polymorphic locb(@atl) were used
to amplify VNTRs and type the strains in Table 2. In theserexpats, PCR products
were separated by electrophoresis in ultrapure agarose-1000o@dewirCarlsbad, CA)
gels. Agarose concentrations were 2% for larger loci desu¢di®/920 and 1929, and
4% for the smaller loci named 337, 715 and 1570. Electrophoresis was in BEX T
(Tris-borate-EDTA) buffer (Sambroddt al., 1989) with a 1-kb sizing ladder (Invitrogen,
Carlsbad, CA). PCR products were excised from gels and prearseluencing using
the QIAquick Gel Extraction Kit (Qiagen, Valencia, CA). Settieg was provided by
the OSU Recombinant DNA/Protein Resource Facility using lopesifec primers

(Table 4).

Validation of repeat loci

P. syringae strains used in strain typing were stored at —70°C in 20% glydero

investigate the stability of the repeat |08, syringae strains were cultured for 20
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generations on KMB agar (Kirg al., 1954) at 28C and re-typed using the polymorphic

repeat primers.

VARscore analysis

VARscore, which predicts TR variability and assigns a numeric valagaitable
on the Sequenced-based Estimation of Repeat Variability (SER¥psite

http://hulswebl.cgr.harvard.edu/SER{llegendreet al., 2007). The VARscore ranges

for two loci (1570 and 715) in the 38 syringae pv. tomato strains were determined by
submitting the sequenced alleles into the publicly available S&Bh&ite, which then
produced a tabulated list showing the nucleotide sequence for thatulparfi® locus
and the VARscore (Table 5). TR repeat loci with VARscorewéah 1 and 3 are most

useful for genotyping (Legendetal., 2007).

Table5: Characteristics dPst DC3000 tandem repeat loci used to stBdgyrinage pv.
tomato isolates.
Locus Locus Motif #units % Size Noof VARscore
length  length inPst G+C Range alldes range®
(bp) in  (bp) DC3000 content (bp)

Pst

DC3000

genome
1570 81 6 135 49 51-105 10 0.37-1.15
715 51 7 7.3 45 16-58 6 0.016-0.67
1929 279 144 1.9 64 135-279 2 ---
919 702 359 2.0 59 573-702 3 ---
920 600 120 5.0 59 ---
337 360 125 2.9 63 108-608 4 ---

@ For the two most polymorphic loci (bold) the VARscore range was determined using
the publicly available SERV websitgtp://hulswebl.cgr.harvard.edu/SER{{/egendre
et al., 2007). Tandem repeat loci with VARscores between 1 and 3 are nefst fos

genotyping.
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Phylogenetic analysis

ClustalwW fttp://www.ebi.ac.uk/Tools/clustaljv/(Thompsonet al., 1994) was

used to align the DNA sequences. Phylogenetic analysis usgtam® in the Phylip

(version3.68) package hitp://evolution.genetics.washington.edu/phylip.html

(Felsenstein, 2005). For each of the five loci, 100 bootstrapped tataese created and
combined into one file using SEQBOOT with default settings. The cwdbilata sets
were analyzed by DNAPARS with 25 jumbles including gaps in theysisalandP.
syringae pv. tomato DC3000 was assigned as the outgroup. A consensus treeS the
data sets was generated using CONSENSE and viewed using Treevien1324).

Fig 2. Phylogenetic tree (see below) for tRet strains utilized in this study
(Table 2). The columns from left to right indicate the sequences tgpboci 1570, 715,
1929, 919/920 and 337 respectively. The final column indicates the MLVA sequence

type shown in Table 6 below, with U indicating a unique MLVA sequence type.
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RESULTS

Screening for VNTR loci in the Pst DC3000 genome

Analysis of Pst DC3000 using the VNTRDB revealed 90 unique tandem repeat
loci in the DC3000 genome. Due to the large number of repeat Isabset of 34 loci
with a match percent score of 90% or above was selected fability to discriminate
strains ofP. syringae pv. tomato. The nucleotide sequences flanking each TR that were
provided by the VNTRDB were used to design primer sets fdr €&clocus (Table 3),
which were screened in PCR reactions using sBgestrains (PT23, 4325, Pto 119, 487,
1318, 3435, and Pst 26L). Twenty nine of these TR primer sets resuégdana weak
amplification signal or a monomorphic PCR signal. These were coedidé limited
value forPst strain typing and were removed from further consideration. In thaliniti
analysis of the seven strains, five of the 34 loci were polymorphicargisted of two or
more alleles, which are defined as PCR products of differemtasizesolved by agarose
gel electrophoresis. Table 4 shows the characteristics oivth&NTR primer sets, and
Table 5 shows the characteristics of the tandem repeat lattustudyP. syringae pv.
tomato isolates. One of these loci (919/920) actually encompasse$Rwsequences
listed in the TR database, indexed as 919 and 920. These loci overlapped, thus one primer
set was designed to amply the entire region of the genomeeal®cus. The number of
alleles for the five TR loci ranged from two to ten. Thoé¢he loci (1929, 919/920 and
337) contained 2-4 alleles, whereas the other two loci (1570 and 715) veeee m
polymorphic and contained ten and six alleles, which varied by magltgfiles and 7

nucleotides, respectively.
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MLVA of P. syringae isolates

MLVA analysis was performed by using the five loci identfiabove (1570,

715, 1929, 919/920 and 337) to PCR amplify products from an additional collection of 51
Pst strains. The five loci resulted in detectable amplicons irtralins when used in PCR
reactions. Each amplicon was excised from the agarose gel andcstjuend a MLVA
sequence type was generated for dadyringae strain.

Isolates with identical or similar repeat lengths at dachs were grouped into
MLVA sequence types. Based on the pattern of sequenced alidtes five loci, twelve
MLVA sequence types were identified for 47 strains and arbytrdesignated 0-11
(Table 6). Eleverr. syringae pv. tomato strains (4325, Pto119, 3435, 3455, 864, 3358,
9501, 4355, Pto 479, KN10, and CPST211) had a unique MLVA genotype and are not
shown in Table 6. In summary, MLVA discriminated the 58 strainB.dyringae pv.

tomato into 23 MLV sequence types.

Table6. Isolates belonging to each MLVA sequence type.

MLVA Sequence Type | solates

0 DC3000, 2844 OH314,

1 1318, Pto 55, 9s

2 1108, DAR31861, 30555, Pto 34, T1, B125, Sm78-1,
AV80, TF1, PT17, PT12 (SC5), T4B1, 188B, CPST232

3 2846, 1008

4 Pto 2811, DCT6D1, CPST236, Pto 2851, 407

5 3357, 1323, DC89-4H, IPV-BO 2973, 443.1/96, CPST116

6 487, RG-4

7 PT23, 880, DC84-1, JL1035

8 CPST147, CPST145

9 Pto 483, 2424

10 Pst 26L, 519, 3647

11 171, 224

Strains inbold were part of the initial screening collection.
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The stability and reproducibility of the MLVA sequence types wagstigated
by culturing all strains for 20 generatiomsvitro and re-typing. The PCR products for
loci 1570 and 715 in the 58 strainsRfsyringae pv. tomato were re-sequenced, while
the PCR products from the remaining loci (919/920, 1929 and 337) were eddbyate
visually examining each agarose gel. In all cases, the gasotgfined by the MLVA
primers were reproducible, and the number of repeat units éor@R product did not
change.

VARscore analysis was used to predict TR variability fromDINA sequences
generated in this study and to assign a numeric value. The ddddRgEange for the most
polymorphic loci, 1570 and 715, was determined by submitting the sequerxe dat
obtained at each locus in the B8syringae pv. tomato strains into the SERV website.
The VARscores ranged from 0.37-1.15 and 0.016-0.67 for loci 1570 and 715 (Table 5),
respectively. According to Legendre et al. (Legergtral., 2007), tandem repeat loci
with VARscores between 1 and 3 are most useful for genotypingainy that locus
1570 might have some value for typing.

The five VNTR primer sets were used to amplify products fresah strain,
which were then sequenced and used to place a particular steaionmtof the twelve
MLVA sequence types described above. When the five VNTR prigterveere utilized
to amplify products fromP. syringae pathovars atropurpurea, coronafaciens, mori,
morsprunorum, tabaci, tagetis, syringae, phaseolicola, and glydiabk 2), either PCR
products were not obtained or the sequenced product did not corresponcdordice
repeat locus. Due to the absence of a sequence for one or margingcihe primer sets,

these strains could not be assigned to one of the MLVA sequgreg tonfirming that
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the primer sets designed and utilized in this study aresgagific for typing strains d®.
syringae pv. tomato.

Figure 2 shows the results of the PHYLIP clustering analysigerated using
parsimony for the 5&st strains analyzed in this study. This clustering agrees tivéh
assignment of the MLVA sequence types shown in Table 6. In some@ase®r more of
the MLVA sequence groups differed in sequence at only one locushease cluster

together in the tree.

DISCUSSION

The present study evaluated tandem repeats unigest @C3000. Although the
Pst DC3000 genome is rich in TRs, only five of those identified using tN&RDB
were polymorphic. This result is reminiscent of that obtained Witlaeruginosa in
which seven polymorphic loci were identified out of 201 primer g@tgenienteet al.,
2003). In the present study, the most highly polymorphic loci, 1570 and 715 tedredis
10 and 6 alleles, respectively. The least polymorphic loci (1929, 919r8P33¥) had
motif lengths larger than 100 nucleotides and contained 2-4 allele®oqes. It is
unlikely that the low allele frequency at VNTR loci is due lte strains selected for
screening, since many originated from different countries fégreit points in time.
Three of the seven test strains (4325, Pto119, and 3435) gave unique MLVApgsnoty
while the remaining four (1318, 487, PT23, Pst26L) were typed into ML&fuesnce
type groups 1, 6, 7 and 10. The most polymorphic repeats, 1570 and 715, vary by

multiples of 6 and 7 nucleotides, indicating that the smaller tepei#s are more
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polymorphic inPst. This finding is consistent with those obtained FRoraeruginosa, in
which the smallest repeat units were also the most polymorphic (Ontegtiaht2003).
Unlike simple sequence contingency loci, which may be of limitddevas
epidemiological markers (Le Fleckeal., 2001), MLVA has been used to trace bacterial
dissemination and to determine genetic relatedness of is¢hdt&ahouk et al., 2007,
Johansson et al., 2004, van Belkum, 2007). Thus MLVA typing methodology could
potentially yield insights into the worldwide dispersaPst and the geographic origin of
strains. The strains utilized in the present study were sdldzased on their diverse
geographic origin to determine if MLVA could be used to deterntime genetic
relationship of diverse isolates. In the present study, MLVA segugraup 2 was 2-3
times larger than the other groups and contained 16 straissgfingae pv. tomato,
nine of which were originally isolated in North America. Hoee other strains in this
group were isolated elsewhere, including strain 1108 (United KmyjjdDAR31861
(Australia), 30555 (Tasmania), Pto 34 (Germany), and CPST232 (Slpvakiass, the
results of the present study show no obvious relationship between Megéence type
and geographic origin of strains, since strains that clusterethéoge the same MLVA
sequence type originated from different geographic locations. Onlgtrains (4325,
Pto119, 3435, 3455, 864, 3358, 9501, 4355, Pto 479, KN10, and CPST211) produced
unique MLVA patterns, while the remaining strains clustered intoobrteelve MLVA
groups. Three of the strains having unique MLVA genotypes, e.g. 3435, B435a1,
were isolated from host plants other than tomato (the first tara fwoolly nightshade,
and the third from pepino; Table 2). Two of the strains having unique Adighotypes,

4325 and 864, were isolated originally in 1944 and 1941, respectively. Aagdodihe
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ICMP, strain 4355 is designated as pv. syringae, yet it is patltoge tomato and was
typed with the primer sets used in this study. It is importanbte thatP. syringae pv.
syringae often occurs witR. syringae pv. tomato and does cause minor leaf spotting
(Gitaitis et al., 1985, Jonest al., 1981, Voloudaki®t al., 1991), although physiological
and biochemical tests are used to distinguish between these two psthovwummary,
the strains that produced unique MLVA patterns had attributes sueida host range,
or were isolated originally over 60 years ago, factors that caglouat for the some of
the unique MLVA sequence types seen.

In an earlier RFLP analysis, all strainsRfsyringae pv. tomato clustered into
one RFLP group (Manceau & Horvais, 1997). However, MLVA separatedtuwlzese
strains (1318 and DC3000) into different types (Table 6), suggakandiILVA may be
more discriminatory than RFLP. Furthermore, Zhao et al. (Zhab, 2000) assigneB.
syringae pv. tomato strains DC84-1, 487 and 3357 to the same rep-PCR group, but
MLVA discriminated these strains to different groups, suggestiag MLVA may be
more discriminatory than rep-PCR.

P. syringae pv. tomatoand the related pathogeR, syringae pv. maculicola, are
phenotypically very similar, having overlapping host ranges (Cuppeling&worth,
1995) and belonging to genomospecies |l (Garetaad., 1999). In a previous studp,
syringae pv. tomatostrains DC3000 and OH314 showed rep-PCR fingerprints identical
to those of ten strains &. syringae pv. maculicola (Zhaat al., 2000); furthermore,
DC3000 and OH314 infect both tomato and crucifers (Cuppels & Ainsworth, 1995).

More recently, analysis by MLST revealed that DC3000 and OH314 inethe same
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sequence type group (Yash al., 2008), a finding that is in agreement with the results
presented here.

P. syringae pv. tomato strains have been reported to comprise a relatively
homogeneous group (Denny et al., 1988, Manceau & Horvais, 1997), andhedras
suggested that strain homogeneity could reflect worldwide depleysseed (Denny et
al., 1988, McCarter et al., 1983) and/or infected plant tissue (Bbah, 1985). An
alternative explanation is that strains have evolved host speggifasita high degree of
host specificity would result in low genetic diversity. This iceaupported by a previous
study, in which strains d®. syringae pvs. tomato and maculicola that were pathogenic on
tomato and crucifers, respectively, separated into two distinct greipg AFLP and
RAPD (Clercet al., 1998). In another study, four strainsRfsyringae pv. maculicola
isolated from Chinese cabbage were genetically identical wheyradaby MLST, even
when isolated at distinctly different times (Sarkar & Gutima004). More recently,
MLST typing indicated thaP. syringae pv. tomatcstrains that were pathogenic solely to
tomato clustered separately from pv. tomato strains capableeafting multiple host
plants (Yanet al., 2008). In the current study, thrBesyringae pv. tomataostrains with
unique MLVA genotypes (3435, 3455, and 9501) were isolated originally as pathogens
on host plant species other than tomato (woolly nightshade, woolly mégletsand
pepino respectively). Thus, our results support the hypothesis that gdivelisity
occurs in relation to the host plant from which bacteria are isolated @lrc1998).

P. syringae pv. tomato DC3000 is a rifampcin-resistant derivative of ICMP 2844
(CFPB 2212; NCPPB 1106), which is the pathotype straiR.dyringae pv. tomato

(Cuppels & Ainsworth, 1995, Yaet al., 2008). Previously this strain clustered separately
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from otherP. syringae pv. tomato strains when analyzed by AFLP and RAPD (Gerc
al., 1998). Pathogenicity tests, biochemical assays, and rep-PCRshggested that
DC3000 resembles strains Bf syringae pv. maculicola more closely than other pv.
tomato strains (Cuppels & Ainsworth, 1995, Zhao et al., 2000). Recer@iy0@m was
shown to be phylogenetically distinct from strains pathogenic stdetgmato (Yaret
al., 2008). In the present study, DC3000 was assigned to MLVA sequencg, tybéech
contains only three of the 98 syringae pv. tomato strains analyzed by MLVA. Thus,
our results agree with previous reports showing that DC3000 is picatl. syringae
pv. tomato strain (Clerc et al., 1998, Yan et al., 2008, Zhao et al., 2000).

A previous study showed that tie syringae core genome is highly clonal and
stable, and that mutation was more likely than recombinatiamdiace single nucleotide
changes (Sarkar & Guttman, 2004). More recently, homologous recdiabingas
shown to contribute significantly to the variation observed among glos&ited P.
syringae strains, whereas more distantly related strains differed éach other primarily
due to mutation (Yaret al., 2008). It is important to note that TR loci play a role in
generating and maintaining bacterial diversity, because gemb@nges (recombination,
slippage, mutation) occur frequently in TRs. These hypermutabl@llow for bacterial
adaptation while maintaining low genomic mutation rates (Legesidide, 2007, Moxon
et al., 2006, U'Renet al., 2007). In the current study, the B8 syringae pv. tomato
strains were passed for 20 generationsitro and re-typed by re-sequencing the PCR
products derived from loci 1570 and 715 or evaluating PCR products visualyaogse

gel electrophoresis (loci 919/920, 1929 and 337). In all cases, the numbpeaff units
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for each PCR product did not change, indicating that our typing reswdte
reproducible.
The publicly available predictive model SERV

(http://hulswebl.cgr.harvard.edu/SERWas used to estimate repeat variability. This tool

uses the characteristics of the tandem repeat (unit length andmafméeeated units) to
accurately predict repeat variability. The numeric “VARscom@oduced by the SERV
web tool correlates well with experimental repeat mutatioesrasand TRs with VAR
scores between one and three have been recommended for genotypimglrigetga .,
2007). This web tool is able to accurately predict the variallityepeats with units
under 75 nucleotides, thus, this tool was used to estimate the repahtlityaof loci
1570 and 715 (Table 5). VARscore analysis indicated that for locus si&#@ of the
scores were in the ideal range (0.37-1.15), while all the scaréscfes 715 make it less
than ideal for genotyping (0.016-0.67). In thst DC3000 genome, loci 1570 and 715
contained similar unit lengths (6 and 7, respectively), whilg thier in the number of
repeated units (13.5 and 7.3, respectively), thus contributing to the \6&score for
locus 715. These low VARscores provide further evidence that the pgedéss induce
genomic changes, such as mutation, occur at low rafs.in

In the current study, products froRst DC3000 were amplified using all five
VNTR primer pairs, and were used as outgroups for generating gimgbg trees. The
MLVA sequence types assigned in Table 6 are congruent witHubsiemeng seen in the
parsimony tree, which is supported by branches with high bootsttapsvdn some
cases, strains were grouped into different MLVA sequence tyiedustered together in

the phylogenetic tree. This can be explained by the fact liege tstrains contained
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identical sequences at several loci, and differed in segsi@@mly one locus. Thus, the
tree clustering analysis is more conservative than the MLVA sequgring.t

In summary, MLVA has the potential to discriminate strain$.o$yringae pv.
tomato that are indistinguishable by other techniques. It has feggested that the
current strains assigned t®. syringae pv. tomato be separated into two distinct
pathovars; e.g. one group including typical strains that ategeanic solely on tomato,
and a second group containing DC3000 and strains that are pathogenic tm dooha
other hosts (Yamt al., 2008). Since DC3000 is an atypical pv. tomato strain, it may not
be the best choice for predicting unique TR loci for discriminatirggentypical P.
syringae pv. tomato strains. For example, comparison of a more typicgjringae pv.
tomato strain such as T1 with a pv. maculicola strain would gréatiitate the
bioinformatic search for unique TR loci Ih syringae. As moreP. syringae genomes are
sequenced, additional VNTR loci could be identified and evaluated far &hgity to
monitor the dissemination d?. syringae pv. tomato, explore its diversity and better
define its relationship to pv. maculicola. The ability to discrin@rsrains is important in
a forensics investigation, and this study demonstrates that Mi&/Aiseful for

discrimination of som®st strains.
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CHAPTER IV

LITERATURE REVIEW I1

Pseudomonas syringae biology and pathogenicity

Pseudomonas syringae is a gram-negative plant pathogenic bacterium related to
other important Pseudomonads including the human pathBgeeruginosa and the
environmentally importari®. fluorescens andP. putida (Buell et al., 2003). Strains of.
syringae are divided into pathogenic variants, which are named according tohtsgir
range. This species incites a wide variety of diseasagding bacterial blight of soybean
(P. syringae pv. glycinea), halo blight of beanB.(syringae pv. phaseolicola), bacterial
canker of stone fruitsP( syringae pv. syringae), angular leaf spot of cucumber (
syringae pv. lachrymans), wildfire of tobaccdP( syringae pv. tabaci, leaf spot of
Brassica spp P. syringae pv. maculicola) and bacterial speck of toma&ogyringae pv.
tomato).

P. syringae pv. tomato DC3000Rst DC3000) is pathogenic on multiple host
plant species including tomato (Cuppels, 1986), edfinkssica spp., (collard, turnip)
(Elizabeth & Bender, 2007, Zhao et al., 2000), and the model ptabtdopsis thaliana
(Whalenet al., 1991). In the fieldP. syringae is persistent and can survive as an epiphyte
on the surface of host and nonhost plants until environmental conditiorzsraralfle for

growth (Schneider & Grogan, 1977a, Smitley & McCarter, 1982)erAft syringae is
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established on the leaf surface, it gains entry into hosts via wouodsgta and other
natural openings. Typicallyy. syringae uses leaf stomata to gain access to intercellular
spaces (the apoplast), where it then multiplies and colonizesissgts. Multiplication

to high levels is necessary for visible symptom development, whectygically necrotic
lesions that are often surrounded by chlorotic halos (Btall, 2003).

In nonhost or resistant plants, phytopathogelnst a plant defense mechanism
known as the hypersensitive response (HR). During the HR, physiololgarayes within
plant cells at the infection site include ion fluxes, membrane depation, and
generation of reactive oxygen species (ROS). These exesu#t in the collapse and
death of cells at or near the infection site, observeable 12-24 mpastation. The HR
shares similarities to programmed cell death, and thisioegatevents the spread of the

pathogen (Heath, 2000).

P. syringae pv. tomato DC300: a modd for studying host-pathogen inter actions

Pst DC3000 is considered a model organism for studying molecular-plant
microbe interactions, largely because of its genetic tradighi$ pathogenicity on the
model plant Arabidopsis, and the availability of its genomic seguenc

(http://pseudomonas-syringae.org/pst DC3000_gen.liBuell et al., 2003). ThePst

DC3000 genome consists of a circular chromosome (6,397,126 bp) and two plasmids,
pDC3000A (73,661 bp) and pDC3000B (67,473 bp), which encode a total of 5,763 open
reading frames (ORFs) (Buedl al., 2003). Additionally, several related pathovars have

been sequenced includirg syringae pv. phaseolicola 1448A anB. syringae pv.
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syringae B728a, which causes halo blight and brown spot of bean, resiye@teil et

al., 2005, Joardaat al., 2005)

Thetypelll secretion system (T 3SS)

Highly conserved genes encoding the type Il secretion sy&888S) in bacteria
are called thdarc genes (fohypersensitiveresponse andonserved) (Bogdanowe al.,
1996). Thehrc/hrp (for “hypersensitiveresponse angbathogenicity”) gene cluster is
required for the pathogenicity & syringae on host plants. Genes that encode the T3SS
apparatus were first identified by random5Tmutagenesis and were termiagh genes
because they were required for a HR on nonhost plants and for pathggenitibst
plants (Lindgreret al., 1986).

The T3SS oP. syringae resembles those of other bacterial pathogens and is used
to transport effector proteins into host cells, where they modulagé grocesses to
promote virulence or defense (Grant et al., 2006, He & Jin, 2003, Jin 00&, Liet
al., 2002). Like other bacterial and fungal pathogens, the pathogenici8000 is
controlled by “gene-for-gene” interactions, in which dominant allalethe host and
pathogen interact (Bued#t al., 2003). More than 53 potentibbp/avr genes have been
identified in Pst DC3000, although the function of many of these genes is unclear
(Schechteret al., 2006). In some cases, Avr effector proteins suppress the plant host
defense response, ultimately leading to bacterial multiplicatiah disease (Jigt al.,
2003).

The T3SS of gram negative bacteria is relatated evolutionarithe flagellar

apparatus (Desvawt al., 2006, McCann & Guttman, 2008). Distinguishing features of
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the T3SS include the absence of a signal peptide in the secreted protenequideanent
for chaperones and intimate contact with a host cell for dgligérsecreted proteins
(Buttner & Bonas, 2006). The components of the T3SS in plant pathogetécibare
more closely related to flagellar components than to the T3SSnrabpathogens. It has
been theorized that T3SS in phytopathogenic bacteria may beltianary adaptation
of flagella to secrete proteins other than flagellin, a capalihiat would allow plant

pathogenic bacteria to associate closely with host plant cells (Galan®&ec,01999).

Regulation of virulencefactorsin Pst DC3000

Pathogenicity and virulence factors B syringae include the production of
phytotoxins (Bendeet al., 1999, Bender & Scholz-Schroeder, 2004, Bemtal., 1987)
and exopolysaccharides (Keith al., 2003, Penaloza-Vazquex al., 1997, Yuet al.,
1999), both of which function to enhance disease severity. A two-comipaewilatory
system consisting of the response regulator GacA and its coggrager kinase, Gacs,
also is involved in disease (Heeb & Haas, 2001, Hrabak & Willis, 1983 & al.,
1994). The GacS/GacA system has been found to control diverse phenahges
processes including survival, pathogenicity, production of toxin and atntii secretion
systems, biofilm formation, quorum sensing, motility, synthesis of seconddapatites,
and production of extracellular polysaccharides (Chattetjed., 2003, Heeb & Haas,
2001, Kittenet al., 1998, Tangt al., 2006). The GacS/GacA two-component system of
P. syringae pv. tabaci 6605 was shown to be indispensable for virulence on hostdpba
and important for the full expression for various virulence factoctuding N-acyl

homoserine lactones, motility, pigment production, adhediom,genes and thalgT
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gene (Marutanet al., 2008).P. syringae pv. tabaci 6605 mutants that were defective in
gacA, gacS or both genes were still able to induce the HR in nonhost tomatts pla

(Marutani et al., 2008). ThegacA gene was speculated to play a central role in the
virulence of P. syringae pv. tomato DC3000 by controlling various sigma factors,

gquorum sensing, and regulatory RNA (Chattegea., 2003).

Production of the phytotoxin coronatine by P. syringae

The phytotoxin coronatine (COR) is produced and secreted as a vaubator
by several pathovars oP. syringae including pvs. tomato, glycinea, maculicola,
morsprunorum, atropurpurea and alisalensis (Bender et al., 1987, Baoaks 2004,
Mitchell, 1982, Tamurat al., 1998). InPst DC3000, COR functions as a virulence factor
in tomato, Arabidopsis, anBrassica spp. (Brookset al., 2004, Elizabeth & Bender,
2007, Penaloza-Vazquetal., 2000) and was required for lesion formation and bacterial
multiplication in tomato and Arabidopsis (Brooksal., 2004, Mittal & Davis, 1995,
Penaloza-Vazque=zt al., 2000). Mutants defective in COR production had lower
populations in tomato compared with wild-type and caused snhkediens as compared
to the wild-typePst DC3000 (Brooks et al., 2004, Penaloza-Vazquez et al., 2000).

COR also promotes virulence in Arabidopsis. A COR insensitod)( mutant
of Arabidopsis was inoculated wifast DC3000 and while the growth éfst DC3000
was at a high level, pathogen growth was not restricted and gileegs did not exhibit
disease symptoms (Kloek al., 2001). Studies conducted using Arabidopsis inoculated
with the wild-type DC3000 strain and a CORutant showed that COR production may

suppress host defense genes, and may be critical during thenésotipn stages (Mittal
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& Davis, 1995) The nature of COR in promoting disease during the early stages
infection remained elusive until very recently. On the leafamexf the wild-typePst
DC3000 was observed to migrate toward stomata to gain accessajooflast (Melotto

et al.,, 2006). Although stomata are generally viewed as passive openiogsta on
Arabidopsis leaves were shown to respond to both human and plant pathmaeeria
by closing. After three hours of incubation with wild-typst DC3000, stomata re-
opened to the pre-inoculation state, whereas a @@f&ant was unable to re-open closed
stomata. These results indicated that COR was responsible foessipgrearly stomatal
defense in Arabidopsis (Melotab al., 2006).

Studies focusing on the host side of the plant-microbe interaction hawielgut
insights into additional functions for COR in plant tissues. COR hasiaty of effects
and is known to induce chlorogis planta (Benderet al., 1999), inhibit root elongation,
stimulate anthocyanin accumulation (Fegs al., 1994), cause stunting, induce
hypertrophy and stimulate ethylene production (Beretlet., 1999, Kenyon & Turner,
1992). COR is also known to mimic the endogenous plant signaling mdaecule
collectively known as the jasmonates (Lauchli & Boland, 2003). In timesa COR
impacts host signaling pathways by modulating the jasmonic abigleee, and auxin
pathways (Uppalapatet al., 2005). Furthermore, COR inhibits host defense by
suppressing salicylic acid (SA) dependent plant defense response$, ads to
activation of the JA pathway (Nomueh al., 2005). Thus, COR actively inhibits host

defense mechanisms to promBtesyringae virulence.
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Regulation of coronatine production

COR is a nonhost specific phytotoxin, its structure consists of distnct
moieties that function as intermediates in the biosynthetic pgth{aa the polyketide
coronafacic acid (CFA), and (b) coronamic acid (CMA), an etltybpropyl amino acid
derived from isoleucine (Ichihargt al., 1977, Parryet al., 1994). CMA and CFA are
synthesized by separate pathways and joined by an amide bond t6@RniBendeket
al., 1993). InPst DC3000, the CMA and CFA biosynthetic gene clusters are physically
separated by ~26,000 bp (Brooks et al., 2004, Buell et al., 200B%t MC3000 and in
the related pathogei®. syringae pv. glycinea PG4180, the regulatory genes for COR
include corR, corS and corP (Sreedhararet al., 2006, Ullrich et al., 1995) COR
regulation in PG4180 is via a two-component regulatory system, vihergrotein
products ofcorP and corR show relatedness to transcriptional regulators in the two-
component family, andorS shows similarity to genes encoding histidine protein kinases
(HPKSs) (Bender & Scholz-Schroeder, 2004, Braual., 2008, Rangaswamy & Bender,
2000, Ullrichet al., 1995). Cross-talk between the T3SS and COR regulation is discussed

in more detail below.

Regulation of the T3SS

Induction of the T3SS is mediated bypR, hrpS (encoding response regulator
members of a two-component regulatory systepN (encoding sigma factar’?), and
hrpL (encoding sigma factas"). HrpR and HrpS are encoded by tieRS operon, and
these two enhancer binding proteins form a stable heterodinmmplex that interacts

with ¢>* to positively regulate therpL promoter (Hendrickson et al., 2000a, Hutcheson
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et al., 2001, Xiaoet al., 1994).c" then activates the expressionhwop andavr genes
(Bretzet al., 2002, Hutchesost al., 2001, Xiaoet al., 1994) (see Fig 3). When thepL
promoter was inactivatedhyrpR and hrpS were expressed constitutively (Bredz al.,
2002). hrpA, which encodes the major structural protein of the Hrp pilus (Rsiak,
1997), also has a regulatory role in the expressidwm®/hrpS in Pst DC3000 (Weiet
al., 2000).

Lon protease functions in the degradation of HrpR and negativelyateg the
T3SS (Bretz et al., 2002, La al., 2007). When the gene encoding Lon protease was
mutagenized irP. syringae pv. syringae 61 anBst DC3000, the HrpR protein showed
increased stability, and expression bifpL was enhanced (Bretzt al., 2002).
Furthermore, mutation ofirpV elevatedhrp/hrc expression, while overexpression of
hrpV reducedhrp/hrc gene expression, a phenotype that was restored by constitutive
expression ofrpRS. Collectively, these results indicate that HrpV functions as a negative
regulator upstream dirpRS in the regulatorycascade shown in Fig. 3 (Presteinal.,
1998a)

Analysis of P. syringae pv. syringae 6lhrpG (encoding a component of the
T3SS) showed that it is conserved in sevBerayringae pathovars includingst DC3000
but is not found in other bacteria (Deeical., 1998, Wei et al., 2005). ArpG mutant of
P. syringae pv. syringae 61 showed reduced virulence and was impaired in thBehg (
et al., 1998). In a subsequent study HrpV was shown to interact with HrpG and th
positive regulator HrpS (Wet al., 2005), and a model was proposed in which HrpG acts

as a suppressor of the negative regulator HrpV. The interactionpd Bind HrpG
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suppresses HrpV activity, leading to the dissociation of HrpS apd kind freeing HrpS
to activate thdarp regulon (Weket al., 2005).

More recently, microarray analysis was conducted to identdégeg inPst
DC3000 that were regulated wpL andhrpRS (Lan et al., 2006). HrpL recognizes a
conserved promoter sequence referred to as the “hrp box” upstreldrpletiependent
genes (Foutst al., 2002, Lanet al., 2006, Schechtest al., 2004, Xiao & Hutcheson,
1994, Zwiesler-Vollicket al., 2002). Genes regulated hbgpL were mostly regulated by
hrpRS but a large number of genes regulated byhtip&S two-component system were
hrpL-independent. This finding indicates thapL is just one branch of the regulatory
pathway downstream ¢ pRS (Lanet al., 2006).

A Pst DC3000gacA mutant showed reduced expressiomi@R, hrpS rpoN and
hrpL transcripts, suggesting a role for GacA in the positive reguladf the T3SS
(Chatterjeeet al., 2003). More recentlyrhpS and rhpR were reported to function
upstream ohrpR and to regulate T3SS genesHnsyringae pv. phaseolicola NPS3121
(Xiao et al., 2007).rhpR andrhpS were suggested to form a two-component system in
which phosphorylated RhpR represses the T3SS, and RhpS reverses this gpladgwhor

under T3SS-inducing conditions (Xiabal., 2007).
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HrpV () D Fig. 3. o>*-mediated activation of the hrp

@‘-Im- regulon. Arrow 1, binding of the rpoN gene

= { X g product (c>) to the hrpL promoter.
Q hrpR™" =" hrpS - 1 Transcriptional initiation of hrpL is activated
. by HrpR [R] and HrpS [S] gene products
\—12 (arrow 2), which are related to proteins in the

HrpA (+) NtrC family. Arrow 3 depicts HrpL (GL)
m?' @ activation of the hrp/hrc operons and the avr

N LITLQ_ genes, which modulate host range and

A fitness. HrpA and HrpV also control hrp gene

5 l3 expression presumably upstream of hrpR

and hrpS (Wei et al.,, 2005). Lon protease

Lon Protease Q "Rrc operons ) has been shown to negatively regulate the

T3SS by degrading HrpR (Bretz et al., 2002).
Aspects of this model are based on previous

reports (Bretz et al., 2002; Preston et al.,
1998a; Tang et al., 2006; Wei et al., 2000;
Xiao et al., 1994)

Cross-talk between the hrp and cor systems

Cross-talk exists between the T3SS and COR regulation sy$telf syringae
(Bochet al., 2002, Fouts et al., 2002, Penaloza-Vazquez et al., 2000, Sreedharan et al.,
2006). hrcC encodes an outer membrane protein required for secretion via 8¢ T3
(Prestonet al., 1998a). AhrcC mutant ofPst DC3000 overproduced COR (Penaloza-
Vazquezet al., 2000), demonstrating that a functional T3SS is not required for COR
productionin vitro and that mutations in the T3SS have a direct effect on COR
production inPst DC3000. WherhrpV was expresseih trans in thehrcC mutant, COR
production was reduced to wild-type levels, suggesting that the ovagpiaud of COR
in thehrcC mutant was due to polar effects lmmpV, a regulatory gene in thep cluster
(Penaloza-Vazquea al., 2000).

Another study usingin vivo expression technology (IVET) was aimed at
identifying thePst DC3000 genes that are induced upon infection of Arabidopsis (Boch
et al., 2002). Several CFA structural genes sucltfascfal andcfa7 were inducedn

planta. Additional support for regulatory cross-talk ikt DC3000 was reported when a
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promoter trapping screen was used to identify genes controllduphy(Foutset al.,
2002).hrpL-regulated insertions were identified in two COR biosynthesis geiad¢sand
cfa6. This was an intriguing result, because neither COR gene contagt®gnizable
‘hrp’ box. A Hidden Markov Model was utilized to look for variations in fuonal Hrp
boxes, and this analysis indicated the potential existencehob’@bx upstream o€orR,

the response regulator known to control expression of both the CFA andopbtans
(Foutset al., 2002). This result suggested that the COR regulatory geod?S( might

be modulated bys", the alternate sigma factor encoded MrpL. Using reverse-
transcription PCR, Sreedharah al. (2006) showed that the effector geimaPtoAA,
which was associated with tinep box and located immediately upstreamcofR, was
co-transcribed withcorRS, thus constituting an operorho{PtoAA-corR-corS). The
mutation in corR also had effects on the expression topL (Sreedharan, 2005,
Sreedharaet al., 2006); thus theor regulatory system directly impacts the expression of
thehrp regulon inP. syringae and mutations in the T3SS can impact COR expression and

production.

o> -mediated gene regulation

Global virulence regulators are important for the pathogeniciti.adyringae
(Alarcon-Chaidez et al., 2003, Chatterjee et al., 20@8N encodess>* and is required
for many metabolic functions including the utilization of nitrogen aartd@n sources, the
expression of virulence determinants and nitrogen fixation (Ala@maidez et al., 2003,
Kustu et al., 1989, Merrick, 1993, Studholme & Buck, 2000, Wosten, 1998). Processes

such as dicarboxylic acid transport, pilin synthesis, hydrogen ugtagellar assembly,
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degradation of xylene and toluene, acetoin catabolism, rhamnolipid paduatginine
catabolism and alginate production also are controlled°byAlarcon-Chaidez et al.,
2003, Barrios et al., 1999). Furthermore,c™ functions in many cellular and
environmental responses including flagellation, chemotaxis, biodegradaind
expression of other sigma factors. Bacteria have differenbhanésms to contra®* for
example, some bacteria contain more than rmo®l gene, butPst DC3000 contains a
single copy of rpoN (Alarcon-Chaidez et al., 2003, Hendrickson et al., 2000a,
Hendrickson et al., 2000Db).

5>* and the RNA polymerase holoenzyme initiate transcriptiost‘atlependent
promoters (Fig. 4 below). These promoter sequences are locatedrb@dvaad 12 bp
upstream of the transcriptional start site and have the conseggiense TGGCACG-
N4-TTGC (Barrios et al., 1999, Casesal., 2003, Morett & Segovia, 1993). These
elements are highly conserved, and deletion of one or more of thdsetigés abolishes

the function of the promoter (Barriasal., 1999).

6> interacts with enhancer binding proteinsto modulate transcription

5°* binds to RNA polymerase to form a closed complex (Fig. 4B) réires
further activation by members of the NtrC class of bactemaélancer binding proteins
(EBPs) (Cases & de Lorenzo, 2001, Studholme & Buck, 2000, Studholme & Dixon,
2003). These EBPs or transcriptional activator proteins are regufatoteins that bind
to DNA sequences referred to as enhancer-like elements) @&uttoximately 100-200
bp upstream of the transcriptional start site (Catak, 2003, Morett & Segovia, 1993,

Studholme & Dixon, 2003). The interaction betwegfand the EBP has been difficult to
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study biochemically due to its transient nature (Gragic®., 1999).6>* controls many
physiological processes, and each involves different EBPs intgyatgith unique ELE
sequences (Fig. 4A), thus activating transcription didependent genes from a distance
(Barrios et al., 1999, Cases et al., 2003, Morett & Segovia, 1993).

The closed holoenzyme complex formed &% and RNA polymerase requires
further activation by members of the NtrC class of enhancerrgngiioteins (EBPS)
(Studholme & Buck, 2000, Studholme & Dixon, 2003). The DNA region between the
binding sites fos>* and the activator bend to position the two protein complexes in such
a way that they can physically interact (Carmena., 1997, Casedt al., 2003) (Fig. 4).

The closed promoter complex remains stable until an activatteiprbinds to the ELE,
which results in an open promoter complex and allows transcriptitbation (Fig. 4C).

This final step requires energy, which is obtained by the ATPolhygis catalyzed by the

EBP (Cases et al., 2003, Morett & Segovia, 1993) (Fig. 4B). A phospmatedpioop is
present inc>*-dependent activators, and the amino acids that make up the loop are
conserved and present in other ATP and GTP-binding proteins. Isifotdp motif that

binds the phosphate group of the nucleoside triphosphateg{@a01998).

Figure 4: 0™ interacts with enhancer
binding proteins to  modulate
ennancer element u transcription. The enhancer binding

0%.RNA polymerase Top proteins (EBPs; represented by the
S red circles) bind to the enhancer-like

e ( & element (represented as a black bar
—) - in Figure 2A & 2B). These then

interact with the RNA poslxmerase

C. Enhancer Binding Proteins (EBPs) complex (green oval) and ¢ (yellow

oval) to modulate transcription.

.’ Reference: Studholme:

—> 4 http://www.promscan.uklinux.net/fag.h
0.1-1 Kbp tml
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Classification of 6>*-dependent activators

Some ¢>*-dependent activators are associated with histidine protein kinases
(HPKSs) in two component regulatory systems; whereas othersoaréd typical two-
component system consists of an HPK and a response regulator (R€t),nay be a
c>*dependent activator. The HPKs are often transmembrane prdteinssense
environmental changes, but also contain cytosolic domains thatli@nghe signal. In
the signal transduction event, the HPK is autophosphorylated at a cahbéstrdine
residue, which then transphosphorylates the receiver domain oégpense regulator,
which is often a transcription factor. Once this transphosphoryladia@omplete the
response regulator is activated (West & Stock, 2001).

It is important to note that>*-dependent activators may occur in the proteome in
the absence of HPKs. This group of activators contains responsatoedBPs without
sensor partners. The HrpR/HrpS regulatordofyringae are examples of this group.
These EBPs lack the regulatory input domains seen in two-compon&rhsybut are

negatively regulated by HrpV protein (Presabal., 1998a, Studholme & Dixon, 2003).

¢ isrequired for virulence and dlicitation of the HR in P. syringae

Global regulation of COR in select&d syringae pathovars requirdsrpL ands>*
(encoded byrpoN). The rpoN mutants ofP. syringae pv. maculicola ES4326 andP.
syringae pv. glycinea PG4180 were nonpathogenic and unable to elicit the HR when
infiltrated into tobacco (Alarcon-Chaidez et al., 2003, Hendricksoh,e2G00b). When
hrpL was introduced into the ES43260N mutant, the HR was restored and tpeN

mutant was partially complemented for disease symptoms ibidaasis; however, the
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partially complemented mutant was unable to gnowlanta (Hendrickson et al., 2000a,
Hendrickson et al., 2000b). This finding suggests that the absence @3esystem is
not the sole explanation for the nonpathogenic phenotype opohemutant in ES4326.
The results of both of these studies are consistent with thal $rgnsduction cascade in

Fig. 3, in whicho>*activateshrpL, which then activates variotisp andavr genes.

6> isrequired for hrp and cor gene expression

Several reports implicatepoN in the regulation of thérp gene cluster irP.
syringae. The HrpR and HrpS regulatory proteins encoded bwrtheluster (Deng et al.,
1998, Hutcheson et al., 2001, Lan et al., 2006, Xiao et al., 1994) show relatedness to
NtrC, an activator protein that interacts witt and RNA polymerase (RNAP) to initiate
transcription (Morett & Segovia, 1993, Norhal., 1993). Furthermorey- (encoded by
hrpL) is required for the expression of several transcripts inhtpegene cluster and
contains a promoter region with strong homology to the consensus recbgyize®
(Xiao et al., 1994).

In P. syringae pv. maculicola ES4326 and B syringae pv. glycinea PG4180,
c>* was required for the transcriptiontofL (Alarcon-Chaidezt al., 2003, Hendrickson
et al., 2000b). AdditionallyypoN mutants of ES4326 and PG4180 did not produce COR
in vitro and were defective irtor gene expression (Alarcon-Chaidei al., 2003,
Hendricksonet al., 2000b). The complementation of the ES48a@&\ mutant withhrpL
eliminated the requirement fos°*-dependent activation ofrpL, and resulted in
expression of théarc andhrp transcripts and selectesr genes, but did not fully restore

the mutant for COR production amdr gene expression (Hendricksenal., 2000b).
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These results suggest that additiompbN-dependent genes are required for COR
expression in ES4326, and tiapL did not restore the functional activity of these genes.
The rpoN mutant of PG4180 was also impaired hnpL transcription, and while
complementation withrpoN restoredcor gene expression and COR biosynthesis, the
mutant was not fully complemented flarpL expression (Alarcon-Chaidet al., 2003).
The authors concluded thadoN is required foicor gene expression and COR production
in PG4180, although it is not clear how this occurs.

It is important to note that both tle/CFA andcmaABT promoter regions of the
COR gene cluster of PG4180 lack the conserved-24(GG)/-12(GC) moig thaund by
c>* (Alarcon-Chaidezt al., 2003, Barriost al., 1999, Liyanaget al., 1995, Ullrich &
Bender, 1994), which suggests tat does not bind directly to these promoters. Thus,
o>* control ofcor gene expression is likely to be mediated through another regulatory
gene whose expression is controlled directlyoB¥ It is important to mention that the
cfl/CFA andcmaABT promoter regions contain motifs similar to sequences recognized by
o>*dependent activators, NifA and NtrC, respectively (Liyanetga., 1995, Ullrich &
Bender, 1994).

The transcriptional start sites for the COR regulatory geod corP, andcorS
are unmapped in PG4180, but several motifssfwere found ~500 bp upstream of the
corR translational start site (Alarcon-Chaidez al., 2003). ¢°* also modulatess"
expression which activates transcriptiorcofRS. Although the role 06>* in P. syringae
remains unclear, it is tempting to speculate #tdtmay coordinately regulaterp and

cor gene expression iA. syringae (Preston, 2000).
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Aspects of virulence modulated by ¢>*-dependent regulators

FleQ and rolein flagellar synthesis.

¢ interacts with the FleQ enhancer binding protein to modulate flagellar

synthesis. ¢°* is known to control other traits thabay be involved in virulence

including motility (Wosten, 1998). Bacterial flagella are requifed motility and are
broadly conserved in gram-negative bacteria (McCarter, 2006, Moensnéexlayden,
1996). Mutants defective in motility and formation of flagella hé&esn previously
isolated and some were impaired in virulence (Chattetjak, 2003, Haefele & Lindow,
1987, Hattermann & Ries, 1989, Kinscherf & Willis, 1999).

The fleQ gene ofPst DC3000 shows homology tibeQ genes characterized in
other organisms, including. fluorescens (Capdevilaet al., 2004) andP. aeruginosa
(Arora et al., 1997)fleQ, together withrpoN, is located at the top of the flagellar
regulatory hierarchy and regulates SR two-component regulatory system (Fig. 5) to
control motility and adhesion iR. aeruginosa (Aroraet al., 1997, Dasguptet al., 2003).

It is important to note that some aspects of flagellar biosgisthare regulated
differentially in Pseudomonas spp. (Redondo-Nietet al., 2008). A mutant defective in
fleQ, which belongs to the NtrC family of activators, was chareeé as part of this

work.
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Fig. 5. o>*mediated activation of the flagellar
regulon. Arrow 1, binding of thepoN gene
product 6> to the consensus *-dependent

AIgZ(-) @ — promoter. Transcriptional activation of the
H @‘m fleSR two-component system by the enhancer
m binding protein FleQ [Q] gene product (arrow

1 2) is from a distance. FleQ binds upstream of
‘ the fleSR transcriptional start site and
Vfr:(-) 2 interacts withc>* via looping (Jyotet al.,
2002). Arrow 3 depicts FleSR transcriptiona]
m @W activation, which  modulates flagella,
A ‘ i’ v chemotaxis and adhesion traits (Arataal.,
3 1997; Capdevilat al., 2004; Robletcet al.,
i 2003). The alternative sigma factor AlgT]
FleN () flagella (algU; o®) represses flagellum biosynthesis

indirectly by promoting expression of AmrZ

thc::gtgta)ds (AlgZ), which represseeQ in P. aeruginosa
adhesion (Tart et al., 2005; Tartet al., 2006). Vir

o repressedleQ transcription inP. aeruginosa
biofilm by binding to the Vfr binding site in tHéeQ
promoter (Dasguptaet al., 2002). FleN
interacts with FleQ to regulate flagellar
number inP. aeruginosa (Dasguptaet al.,
2000; Dasgupta and Ramphal, 2Q4gpects
of this model are based on previous repor{s
(Dasguptat al., 2003).

Requlatory links between the flagellar system and other bacterial processes.

Flagella sense the external environment and regulate physallpgoresses in addition
to flagellar biogenesis (Warggal., 2005). Results obtained wikh fluorescens indicated
that FleQ (AdnA) impacts the expression of at least 23 ORRsrdirectly or by polar
effects (Robleto et al., 2003). These results support the conceptléiatrégulates
transcription at multiple promoters and also regulates cell pseseother than flagellar
synthesis (Robletet al., 2003).

There are regulatory links between the flagellar systedhthe T3SS in several
bacterial species. lferwinia amylovora the hrp and flagellar systems are inversely
regulated (Cesbron et al., 2006).Rnaeruginosa, an inverse relationship between the
T3SS and flagellar assembly was described. For example, ia Ecking flagella

sustained higher T3SS gene expression, effector secretion and cytpt®ascia et al.,
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2007). Correspondingly, in &. aeruginosa strain overproducing the T3SS master
regulator ExsA, both motility and flagellar gene expression \Wwaver than in the wild-
type (Sosciat al., 2007).

Regulatory interactions between the flagellar and the chemaoaamdsquorum
sensing systems also have been reported. Mutar8alrabnella typhimurium defective
in the chemotaxis signaling pathway exhibit fewer and shortgelftathan the wild-type
strain (Wangget al., 2005). InP. syringae pv. syringae, quorum sensing defective mutants
were hypermotile, invaded leaves more rapidly, and caused esiond than did the
wild-type (Quinionest al., 2005).

Regulatory links between the flagellar system and alginat@duption also have
been established. The alternative sigma factor Atg?) (s required for the transcription
of many alginate genes. AIgT negatively regulates flagexpression (Tart al., 2006,
Tart et al., 2005). InP. aeruginosa AlgT represses flagellum biosynthesis indirectly by
promoting expression of AmrZ (AlgZ). AmrZ then interacts direathth the fleQ
promoter, which represses expressiofi& while inducing transcription of the alginate
gene cluster (Tartt al., 2006, Tartet al., 2005) (Fig. 5). InterestinglyglgB andalgR,
which also are activators of alginate synthesis, do not dirgd#dyact withfleQ (Tart et
al., 2006); howeveglgR is negatively regulated by FleQ (Giddens et al., 2007).

Recently, a suppressor IVET (SPyVET) screen was used to fideRti
fluorescens SBW25 plant environment-induced loci (EIL). Previously, the cellulose
biosynthetic genevssE was identified as a plant environment-induced locus éGall.,
2003), and a strain carrying a fusion to this operon was used to idegfifiators. In the

SPYVET screen, FleQ was implicated in the negative tratgoral control of thewss
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operon (Giddenst al., 2007). These studies suggested that SBW25 coordinates the
expression of flagella and thvess operon via FleQ. The authors hypothesize that FleQ
may function as a repressor by interacting with at theamrZ promoter, promoting the
transcriptional activation of thess repressor AmrZ (Giddens et al., 2007).

Most recently, FleQ fror®. aeruginosa was identified as a c-di-GMP-responsive
transcription factor (Hickman & Harwood, 2008), adding an additionalr lafe
complexity to the regulation of the flagellar system. Highele of the intracellular
signaling molecule cyclic diguanylate (c-di-GMP) suppressilityoand activate EPS
production in a variety of bacterial species. This most recent Infodeflagellar
regulation inP. aeruginosa indicates that when c-di-GMP levels are low, FleQ binds and
represses transcription of genes in pbleoperon involved in EPS biosynthesis. When c-
di-GMP levels are high, FleQ binds to c-di-GMP, allowing transcription gb¢heperon

(Hickman & Harwood, 2008).

Flagellin protein isa PAMP implicated in host specificity. In both animal and

plant pathogens, innate immunity in the host plant and the basal defepsase are
triggered by host detection of pathogen- or microbe-associatdcutar patterns
(PAMPs/MAMPSs) (Heet al., 2007, Nurnberger & Brunner, 2002, Zipfel & Felix, 2005).
Recently, flagella and flagellin have been implicated as P&AMMoth plant and animal
systems (Asagt al., 2002, Vermaet al., 2005). Plants have a receptor that perceives
flagellin, triggering expression of defense genes and restrictioggrial invasion (Zipfel

et al., 2004). In a recent study, stomata of Arabidopsis plants treatedlagellin closed
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(Melotto et al., 2006); this is consistent with stomatal closure functioning asasal
defense against bacterial invasion.

It is also important to note that flagella and flagellin, whick aptentially
regulated in @°*dependent manner, have been implicated in host specificity. Tlitg abi
of flagella or flagellins to elicit the plant defense responsgewvan different host-
pathogen interactions (He et al., 2007); howeveR.igyringae pathovars, the flagellin
protein elicits both host and nonhost plant defense responsetsa(L,i2005, Shimiziet
al., 2003). The flagellins oP. syringae pv. tabaci andP. syringae pv. glycinea are
identical, but are modified post-translationally and affect both cobipatand
incompatible plant-pathogen interactions. Mutants defective in filaggl/cosylation
genes were able to induce HR on nonhost tobacco leaves, but weretariafdet host

soybean leaves (Takeuddtial., 2003).

AlgB and rolein alginate synthesis

Role of EPS in planta. Exopolysaccharides (EPS) are involved in the invasion,

multiplication and survival of bacteria in host plant tissues andhefmthe bacterium
avoid plant defense responses (Gacesa, 1998, Leigh & Coplin, 1992, Quii@hes
2005, Rahmeet al., 1995, Von Bodmaret al., 2003). It is assumed that EPS remain
closely associated with the bacterial cell as a capsuldéinoe $ayer (Denny, 1995).
Water is scarce in the apoplast of plant tissue, and EP$ mei@isture and protect
bacterial cells from desiccation, promoting bacterial multighcat(Denny, 1995).
During pathogenesis, EPS are also thought to benefit the patbhggamimizing their

contact with plant cells, promoting colonization (Denny, 1995). On thecsudhplant
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leaves, EPS production increases the dissemination and epiphyss fithieacteria, and
protects bacteria from desiccation stress and ROS (kieath 2003, Yuet al., 1999).
Alginate is the major EPS produced in water-soaked lesions ofpsildeglant
leaves inoculated witl. syringae pathovars (Fett & Dunn, 1989, Gross & Rudolph,
1987). P. syringae and the human opportunistic pathodgenaeruginosa both produce
alginate EPS, a copolymer of O-acetylafed,4 linked D-mannuronic acid and its C-5
epimer L-guluronic acid. Alginate has been shown to function irvithdence of some
plant pathogenid®. syringae strains and is involved in lesion formation and increased
epiphytic fitness (Keithet al., 2003, Penaloza-Vazquet al., 2004, Yuet al., 1999).
Alginate-defective mutants d®. syringae showed reduced epiphytic fithess and lower
disease severity on host plants when compared to wild-type stédieis & Bender, Yu
et al., 1999), which suggests that alginate contributd®. &yringae virulencein planta.
Boch et al. usedin vivo expression technology (IVET) to show that the alginate
biosynthetic genealgA, was induced during infection of Arabidopsis wik DC3000
(Bochet al., 2002). Furthermore, th@gD gene (another alginate biosynthesis gene) was

induced when tomatoes were inoculated wWishDC3000 (Keithet al., 2003).

Regulation of alginate production. The genes involved in alginate regulation

and production irP. aeruginosa are grouped into three main clusters. The biosynthetic
gene cluster consists afgD to algA (Fig. 6), and the order and arrangement is identical
in P. syringae (Buell et al., 2003, Penaloza-Vazquetz al., 1997). The regulatory gene
cluster consists algB, algC, algR3, algR (algR1), genes thahave a positive regulatory

effect on transcription of th@lgD promoter (Ramsey & Wozniak, 2005) (Fig. 6).
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Another gene cluster is involved in the switch from the nonmucoid tantle®id mode
of growth, and consists algT and themucABCD operon. Themuc genes have a
negative regulatory role in alginate productionPnaeruginosa and P. syringae, and

inhibit thealgT (algU) gene produciy® (Keith & Bender, 1999, Schergkal., 2008).

Alginate Switch muchD [ Regulatory ]

mucB
mucA

algR1 (response regulator)
algR2 (histone -like factor)

algT algR3
algC (biosynthesis)

algB (Response
regulator)

13

Positive /
Effectors

Biosynthetic
Gene

algAFJILXGEK

Fig. 6: Chromosomal map d¥. aeruginosa showing genes involved in alginate biosynthes
The muc cluster consists dlgT and themucABCD operon (Wood & Ohman, 200&)ucA, mucB

S.

(algN) andmucD negatively impact thalgD promoter by inhibiting the activity af*?, as mutations
in these genes lead to conversion to mucoidy (Bewethel., 1997, Goldbergt al., 1993a, Martin
etal., 1993, Schuret al., 1994, Wood & Ohman, 2006, Xét al., 1996).algT encodes the alternate
sigma factorg® (Hershbergeet al., 1995)which is required for the transcription algD, algR,

andalgT in P. aeruginosa (Wozniak & Ohman, 1994). ThalgB gene encodes an NtrC activatpr
that positively regulategigD transcription.
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The alginate biosynthetic genes are normally silent (not exphe@Seldberget
al., 1993), and the switch from a nonmucoid to a mucoid phenotype depends on the
presence of environmental factors, which activate expression ofginata regulatory
genes, leading to alginate production. Factors such as copper $Kif#denbi et al,
1995), paraquat, and hydrogen peroxidgdhl (Keith & Bender, 1999) have been shown
to induce alginate production I8y syringae.

Activation of alginate production in response to environmental signaddvies
two promotersPalgC and RIgD, which map at two distinct locations i aeruginosa
and P. syringae (Chitnis & Ohman, 1993, Penaloza-Vazquetzal., 1997). ThealgD
biosynthetic gene encodes GDP-mannose dehydrogenase and is tlyerfesto be
transcribed in the alginate biosynthetic clustePiraeruginosa (Deretic et al., 1987a)
and P. syringae (Penaloza-Vazqueet al, 1997). ThealgC biosynthetic gene (which
encodes a phosphomannomutase) (Zielieskal., 1991, Zielinskiet al., 1992) is also
involved in lipopolysaccharide (LPS) biosynthesis (Costred., 1994).

Several regulators are required for transcriptioralgD, one of which is AlgR
(AlgR1). In P. aeruginosa, the response regulator AIgR positively controls transcription
at thealgD promoter (Dereticet al., 1987b, Kato & Chakrabarty, 1991, Mo#r al.,
1992). However, irP. syringae pv. syringae FF5, AIgR is not required for the activation
of algD (Fakhret al., 1999). In contrastlgC is transcriptionally activated by AIgR in
both P. aeruginosa (Zielinski et al., 1991, Zielinskiet al., 1992) andP. syringae
(Penaloza-Vazqueet al, 2004). InP. aeruginosa, AlgT is required for transcriptional
activation ofalgR andalgD (Hershbergekt al., 1995, Schuret al., 1995, Wozniak &

Ohman, 1994), and®* recognition sequences were found upstreaaigitl andalgD in
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P. syringae, suggesting thatlgT is required for transcription of these genesPin
syringae as well (Fakhet al., 1999). As inP. aeruginosa, analgT mutant ofP. syringae
was defective in alginate production (Keith & Bender, 1999), and sisaty analgT
mutant ofP. syringae pv. glycinea revealed that? (AlgT) activatesalgD (Schenlet al.,
2006).

The transcriptional regulatoalgB also modulates alginate production
aeruginosa and is a member of the NtrC family of response regulatdngh interact
with rpoN (Goldberg & Dahnke, 1992, Wozniak & Ohman, 199yB is known to
positively regulatelgD, the first gene in the alginate biosynthetic pathway thahdes
GDP-mannose dehydrogenase (Chitnis & Ohman, 1993, Detatic 1987a, Wozniak
& Ohman, 1991). AlgB is necessary for overproduction of alginate (Wakz Ohman,
1991), andalgB mutants ofP. aeruginosa are impaired in their ability to produce high
levels of alginate (Goldberg & Ohman, 1987). Transcriptional arsalg$?. aeruginosa
showed that both the AlgB and AlgR pathways requfre(AlgT) for transcriptional
activation (Wozniak & Ohman, 1993, Wozniak & Ohman, 1994), plaaigg at the top
of the alginate gene expression hierarchy (Muhammadi & Ahmed, Zllivianet al.,
1996, Wozniak & Ohman, 1994). Althoudgh syringae containsalgB (Buell et al.,
2003), it is not known whethealgB functions similarly inPst DC3000 andP.

aeruginosa. A mutant defective imlgB was studied as part of the current work.

DctD and rolein nutrient assimilation

The dct system. Although virulence factors such as the T3SS, COR, flagella and

alginate are important, the ability & syringae and persist and multiply in the plant
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apoplast is dependent upon its ability to import and metabolize thaldeaiutrients.
Boch et al. used IVET to identifyPst genes that were induced upon infection of
Arabidopsis (Boctet al., 2002). As expected many plant-inducible genes included those
involved in virulence. In addition, metabolic genes that are presumapbyrtamt forPst
adaptation and growth in plant tissue such as those involved in anithbiesynthesis

and nutrient acquisition were also identified (Bethl., 2002).

In bacteria, the transport and catabolism of dicarboxylic acids invdahedct
(dicarboxylic acid tansport) gene system. Since dicarboxylic acids such as suacidic
fuel nitrogen fixation, this system is well-characterizedsymbiotic, nitrogen-fixing
Rhizobium spp. (Labest al., 1993, Lodwig & Poole, 2003, Rastagial., 1992, Yurgel
& Kahn, 2005). InR. meliloti the sensodctB and the transcriptional regulatdetD form
a two-component system (Waepgal., 1993).dctD, which encodes Ldicarboxylic acid
transport protein D, then interacts with'in the presence daficarboxylates to activate
transcription of thelctA-encoded transport protein (Engekiteal., 1989, Janauscd al.,
2002, Jianget al., 1989, Labes & Finan, 1993, Lee & Hoover, 1995, Lodwig & Poole,
2003, Ronsomt al., 1987, Watson, 1990).

Mutations in thedct genes are known to result in impaired transport and growth
on medium containing Ldicarboxylic acids (Engelket al., 1989, Lodwig & Poole,
2003, Ronsoret al., 1987).dctBD was required for the expression a@dtA in Rhizobium
meliloti (Wanget al., 1989), while mutations imictD in resulted in reduced taxis to
aspartate (Robinson & Bauer, 1993). Rnleguminosarum, the absence of the DctA
protein caused the DctB-DctD pair to improperly signal and dgadkswvith other operons

(Reid & Poole, 1998). There is also evidence ofdttesystem in other bacterial species,
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including Mesorhizobium loti, Snorhizobium meliloti, and Agrobacterium tumefaciens
(Dombrechtet al., 2002). InP. putida, there is evidence ef*-dependent transcriptional

control of G dicarboxylic acid transport vidctA anddctB (Studholme & Buck, 2000).

Virulence and nutrient assimilation in P. syringae. An rpoN mutant of P.

syringae pv. glycinea PG4180 was unable to use proline, histidine, and methionine as
nitrogen sources (Alarcon-Chaidet al., 2003). Additionally, arrpoN mutant of P.
syringae pv. maculicola ES4326 was unable to utilize nitrate, urgajcrboxylic acids,
several amino acids, or concentrations of ammonia below 2 mM asenitsmurces
(Hendricksonet al., 2000b). Both mutants failed to induce disease symptoms and
multiply in host plants. It is important to mention that the T3SSi@nelffector proteins
(T3SEs) play a major role in the invasion and extraction of nusrieptbacteria from
their plant hosts (McCann & Guttman, 2008). The T3SS is induced byionatfit
conditions including plant sugars such as sucrose, fructose and méRitok Preston,
2008). These findings indicate that nutrient assimilation is imipofta the survival and
pathogenicity oP. syringae, which is significant because syringae resides in the plant
apoplast where nutrients (sugars and amino acids) are limkiagcock & Huisman,
1981).

Virtually nothing is known about how thdct system functions in a plant
pathogenic bacterium such Rssyringae, and the regulatory interactions this system has
with other bacterial survival and virulence systems. In other organisms, ‘ttlependent
transcriptional activatodctD together witho>*is known to activate transcription détA

(Reid & Poole, 1998, Ronsos al., 1987, Wanget al., 1989, Yurgel & Kahn, 2004).
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Curiously, there are twdctA genes (designatedttAl anddctA2) annotated in th@st
DC3000 genome, as well as thrdetD genes qctD1, dctD2, and dctD3). Mutants
defective indctD1, 2, and 3 which belong to the NtrC family of activators were studied as

part of the current work.

OBJECTIVES

In this study | characterized®*-dependent transcriptional activator mutants Rst
DC3000. The main objectives of the study were:

Objective |: Validate transcriptional activator mutants st DC3000 using Southern
hybridization

Objective 11: Determine the phenotype of thé*-dependent transcriptional activator
mutants on host and nonhost plants

Objective I11: Analyzes®*-dependent transcriptional activator mutants for traits relevant
to specific activator (motility, nutrient utilization, alginate production)

Objective 1V: Complementation analysis for selected-dependent transcriptional
activator mutants by restoring the defective gene on a stable plasmid
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CHAPTER YV

Characterization of 6>*-Dependent Transcriptional Activator Mutantsin

Pseudomonas syringae pv. tomato DC3000

SUMMARY

Pseudomonas syringae pv. tomato DC3000 Pst DC3000), is a gram-negative
plant pathogenic bacterium that is pathogenic on tomato, ArabidopsBrassita spp.,
and is a model organism for studying plant-microbe interactiomsbacteria, the
alternative sigma factos®*, which is encoded by thepoN gene, interacts with RNA
polymerase and associated activator proteins to regulate therippiioa of target genes
involved in various metabolic and physiological procesBesyrinage rpoN mutants are
unable to induce disease symptoms and multiply in host plants; howbkegerole of
individual 5°>*-dependent activators I syringae is not clear, and the majority of target
genes have yet to be identified in this pathogen. To better understamdeggilation in
Pst DC3000, mutants were generated in eight of the associdtetbpendent activator
genes. In this work these were characterized for traits iagstavith each activator and
evaluated with respect to virulence and ability to elicit aehggnsitive response (HR) on
non-host tobacco plants. TEBEC3000-fleQ mutant was non-motile, non-flagellated, and

defective in biofilm formation, but was able to induce diseasg&yms on hosts tomato
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and Arabidopsis, suggesting tHeQ is not required foPst DC3000 virulence in host
plants. Complementation studies demonstrated that motility, feagelhd biofilm
formation can be restored with thHkeQ gene. DC300@&gB showed a reduction in
symptom production on Arabidopsis, suggesting a role for alginatestirDC3000
virulence. DC300@ctD2 (dicarboxylic acid transport protein D) mutant was defective in
the ability to transport and/or utilize succinic acid as a carbarce, butdctD2 was not
required for pathogenicity or the HR. To our knowledge, these sestdvide the first
example of a mutation in thdctD gene system in a plant pathogenic bacterium. In
summary, this study shows that*dependent activator genes Bst DC3000 are

important for pathogenicity, nutrient assimilation, and various physiologioaksses.

INTRODUCTION

Pseudomonas syringae is a gram-negative bacterium widely used for studying
bacterial pathogenesis and plant-microbe interactions (Preston, 200@)y because of
its genetic tractability and pathogenicity on Arabidopsis, and ttadladility of its
genomic sequence (Buedt al., 2003). P. syringae is related to other important
Pseudomonads including the human pathdgeneruginosa, and the environmentally
importantP. fluorescens and P. putida. Pseudomonads have been shown to use similar
traits to infect both plants and animals.

In bacteria, the alternative sigma faatdf (RpoN), which is encoded by tinpoN
gene, interacts with RNA polymerase and associated actigedtgins to regulate the
transcription of target genes. These activators are requiredriousdunctions including

nutrient assimilation, pilin synthesis, alginate production, hydrageake, and flagellar
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assembly (Alarcon-Chaidet al., 2003, Barriost al., 1999, Kustwet al., 1989, Merrick,
1993, Studholme & Buck, 2000, Wosten, 1998). Furthermetefunctions in many
cellular and environmental responses including flagellation, chersotaividegradation
and expression of other sigma factors.

rpoN was shown to be important during pathogenesisPinsyringae pv.
maculicola ES4326 and. syringae pv. glycinea PG4180GpoN mutants of ES4326 and
PG4180 were unable to inducdisease symptoms and multiply in host plants
(Arabidopsis and soybean, respectively) and failed to elicihyipersensitive response
(HR) when infiltrated into non-host tobacco leaves (Alarcon-Chaieteal., 2003,
Hendricksonet al., 2000b). Furthermore, these mutants were unable to utilize various
carbon, nitrogen and amino acid sources. While much is known about pathiygmmici
virulence factors irP. syringae, the role of individuals>*dependent activators is not
clear, and the majority of target genes have yet to be identified in this pathog

Previous research has suggested #7at(and hence activator proteins) are
involved in regulating many factors iR. syringae (Alarcon-Chaidez et al., 2003,
Hendricksonet al., 2000a, Hendrickson et al., 2000b) dndfluorescens (Jones et al.,
2007). There are 14 annotated-dependent activators in tHest DC3000 genome

(http://www.tigr.org) (Table 7), and the DC3000 genome contains over 70 predicted

recognition sites forc™ (http://www.promscan.uklinux.ndt/ Since transcriptional

activation byc>* requires a positive activator protein (Merrick, 1993, Morett & Segovia
1993), this suggests that these activators play a criticalrrglene regulation within this

organism.
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Table 7. Genes irPst DC3000 having relatedness to knowiti-dependent activators in
other organisms, particularBseudomonas spp.

Activator Position in DC3000 Probable targets Potential function/relevant
name DC3000 genome Annotation literature/notes
(bp) Name
dctD1 4835207..4836541 4292 PSPTO4296netabolite-proton Glycerol, fructose, or
symporter, putative arginine transport; (Llamas
et al., 2003)
dctD2 6132127..6133512 5399 Homologous to activators if?. Defective in utilization of
syringae pv. syringae, P. succinate acid (C. Baker,
fluorescens this study)
algB 363589..365935 0334 algD (Wozniak & Ohman, 1991)
(also see text)
ssuD 3913277..3914383 3467 PSPTO3471-monovalent sulfur metabolism (Endoh
cation:proton antiporter, putative et al., 2003, Kahnert et al.,
PSPTO3451 (ssuE) (FMN 2000)
reductase, NADH-dependent)
dctD3 4704777..4706105 4176 PSPTO4171-4176 (4171-4174 May have transport
amino acid ABC transporters;  defective phenotype
periplasmic amino acid binding
protein)(4176 indicates
autoregulation)
fleQ 2139870..2141345 1954 regulatedieSR system irP. (Arora et al., 1997, Casaz
(adnA) aeruginosa; biofilm formation et al., 2001, Robletet al.,
and adhesion iR. fluorescens 2003)
nifA Complement 0964 PSPTO0963 polyA polymerase DNA polymerase |, lethal
1047150..1048586 has sig 54 recognitation mutation
TR Complement 3142 (no strong clues on function); no Homologous to activators
(3531672..3532976) strong defects in pathogenesis in P. syringae pv. syringae,
P. fluorescens, P. putida
ISPsy12, Complement 3044 transposase According to recent re-
orfB (3425886..3427889) annotation this is not an
activator
130125..131444 in Agrobacterium acetoin Homologous to activators
catabolism regulatory protein
fleR 2142682..2144097 regulation of mucin adhesion and  (Aroraet al., 1997)

flagellar expression

2501881..2504172 Not present irP. syringae B728a

Homologous to activators-
but not in Pseudomonas
spp.

Homologous to activator in
to Pst

2815564..2817093 PSPTO2550-PSPT0O2554
(conserved hypothetical proteins)P. fluorescens &
DC3000 orf #5424
3316244..3317929 PSPTO2950benzaldehyde
dehydrogenasgncoded byylC
in P. putida; involved in
degradation of toluene and xylene

(Inoueet al., 1995)

4225753..4227606

Complement

(6165047..6166564)

PSPTO37524cnB) aconitate
hydratase 2; PSPTO3755
membrane protein

lacks W in conserved motif
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P. syringae pv. syringae,
P. fluorescens, & many
others acetoin/glycerol
metabolism

Homologous to activator
in P. fluorescens, P.



ntrC Complement
(384711..386147)

pilR Complement
(889587..890927)

hrpR, 1522289..1523233
1523279..1524187
hrpS

aeruginosa, Pst DC3000
orf # 2549

Two-component system nif B;

probably regulating entire operon;

glnA & downstream genes

(includingntrB)

pilAin P. aeruginosa; Pst orf (Roineet al., 1998)

#0927 and othapil genes irPst

including orf # 0810 (putative

pilus biogenesis protein)

PSPTO1404htpL) (Deng et al, 1998,
Hutcheson et al., 2001,
Preston et al., 1998a, Wei
et al., 2000)

Thes>*-dependent activatdteQ is required for motility, which may be important

for invasion of plant tissues. However, lossfli) may confer benefitsn planta if

motility is not required, as flagellin is an elicitor of innate immuniyPst DC3000,fleQ

may also regulate traits such as alginate biosynthesis, th8, B3®ss tolerance and

nutrient assimilation, which are important for pathogenesis. eThegulatory networks

are highly significant and relevant to the regulation of survimdl@athogenesis in gram-

negative bacteria.

AlgB has a role in the regulation of alginate biosynthesis (Véiz& Ohman,

1991), andalgB mutants ofP. aeruginosa are impaired in their ability to produce high

levels of alginate (Goldberg & Ohman, 1987). Althollsyringae containsalgB (Buell

et al., 2003), it is not known whethedgB functions similarly inPst DC3000 andP.

aeruginosa. This is one of the first studies to assess the role of anaédgregulatory

genein planta.

P. syringae resides in the plant apoplast, where nutrients (sugars and acids)

are limiting (Hancock & Huisman, 1981). Ultimately, the abibfyP. syringae to persist

and multiply in the plant apoplast is dependent upon its ability to ingpaokrtmetabolize

the available nutrients. In bacteria, the transport and catabolissticarboxylic acids
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involves thedct (dicarboxylic acid_tansport) gene systempoN mutants ofP. syringae
pv. glycinea PG4180 (Alarcon-Chaidet al., 2003) andP. syringae pv. maculicola
ES4326 (Hendrickson et al., 2000b) were deficient in the assimilatiariolus nutrients
including carbon, nitrogen, /&&licarboxylic acids, and amino acids. Virtually nothing is
known about how thelct system functions in a plant pathogenic bacterium sudh as
syringae. Three annotatedctD genes dctD1, dctD2, and dctD3) annotated in th&st

DC3000 genome were studied as part of the current work (Table 8).

Table 8. Presence and homology of @D genes irPst DC3000 toPseudomonas using
BLASTx megablast max identity.

Pseudomonas strains dctD1 dctD2 dctD3

P. syringae pv. phaseolicola 1448a 84% 93% 100%
P. syringae pv. syringae B728a 84% 90% 100%
P. putida GB-1 75% 79% 81%

P. putida Pf-1

P. fluorescens Pf0-1 88% 73%

P. fluorescens Pf-5 80% 81%

P. aeruginosa PA7 77% 78%

P. aeruginosa UCBPP-PA14 76%

P. aeruginosa PAO1 76%

Blanks (---) indicate that déctD homolog was not found in that strain.

Previously, eights>*-dependent activatogenes were mutated iRst DC3000
(Hernandez-Guzman and Bender, unpublished; described in Materialset&ods).
However, the mutant strains were not analyzed for pathogenicitygatbared for their
metabolic phenotypes, or genetically complemented, which are obgofitbe present

study.
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EXPERIMENTAL PROCEDURES

Bacterial strains, plasmids and growth conditions

The bacterial strains and plasmids used in this study &ed lisTable 9 E. coli

DH50 was cultured on Luria Bertani (LB) medium or in Terrific BrétB) (Sambrook

et al., 1989) at 39C. P. syringae strains were cultured on King’s medium B (KMB)

(King et al., 1954) or mannitol-glutamate (MG) medium (Keasal., 1970) at 28C.

Antibiotics were used at the following concentrations (pg/ml): kamén (Km), 25;

chloramphenicol (Cm), 25; and rifampicin (Rif), 50.

Table9. Bacterial strains and plasmids used in activator study

Strain or plasmid

Relevant characteristics Reference or source

P. syringae pv. tomato

DC3000
DC30004dctD1

DC30004dctD2
DC3000algB
DC3000ssuD
DC30004ctD3
DC3000fleQ
DC3000-A10
DC3000-A11

PG4180rpoN
(Psg-rpoN)

DC3000-DB4G3

E. coli DH5a

Plasmids
pCR2.1

derivative of NCPPB 1106;
RifR

Rif¥, Km®; contains pCR2.1 in This study
dctD1

Rif¥, Km®; contains pCR2.1 inThis study
dctD2

RifY, Km®; contains pCR2.1 inThis study
algB, derivative ofPst DC3000

RifX, Km®; contains pCR2.1 in This study

(Mooreet al., 1989)

ssubD

Rif¥, Km®; contains pCR2.1 inThis study
dctD3

Rif?, Km®; contains pCR2.1 in This study
fleQ

Rif, Km®; contains pCR2.1 in This study
PSPTO3142

Rif, Km®; contains pCR2.1 in This study
PSOTO3044

Km", rpoN::nptll; non- (Alarcon-Chaidez et al.,
pathogenic in soybean,; 2003)

defective in COR production

Rif,Km®; cfa6::Tn5 (Brookset al., 2004)

recAlacZ_M15 Bethesda Research Labs

AR KmF; cloning vector for Invitrogen, Carlsbad, CA
PCR products; replicated ia.
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coli but notP. syringae

pBBR1MCS Cnff; broad-host range cloning (Kovachet al., 1994)
vector, replicates
well in Pseudomonas without
selection

pBBRleQ RifY, Km®; CnT'; containsfleQ  This study
intrans as a 1.8 kiBamHl
fragment in pBBR1MCS

pBBR-5399 Rif, Km¥ cCnm; contains This study
dctD2 in trans as a 1.5 kisall-
Xbal fragment in pPBBR1IMCS

pCR2.1ldctD1 Km®™: contains a 404-bpHernandez-Guzman,
internal fragment of thelctD1 unpublished
gene in pCR2.1

pCR2.1dctD2 Km®: contains a 579-bpHernandez-Guzman,
internal fragment of thelctD2 unpublished
gene in pCR2.1

pCR2.1algB Km® contains a 780-bpHernandez-Guzman,
internal fragment of thealgB unpublished
gene in pCR2.1

pCR2.1ssuD Km®: contains a 397-bpHernandez-Guzman,
internal fragment of thessuD unpublished
gene in pCR2.1

pCR2.1dctD3 Km® contains a 375-bpHernandez-Guzman,
internal fragment of thelctD3 unpublished
gene in pCR2.1

pCR2.1fleQ Km®: contains a 359-bpHernandez-Guzman,
internal fragment of thdleQ unpublished
gene in pCR2.1

pCR2.1-A10 Knf; contains a 554-bpHernandez-Guzman,
internal fragment of the 3142unpublished
ORF in pCR2.1

pCR2.1-A11 Knf; contains a 266-bpHernandez-Guzman,
internal fragment of the 3044unpublished
ORF in pCR2.1

'Abbreviations: Rif" (rifampicin), Km" (kanamycin), and Cm" (chloramphenicol).

Recombinant DNA methods

Agarose gel electrophoresis, restriction enzyme digestions, BiAd iblations
were performed using standard techniques (Samtsioalk, 1989). All enzymes used in

genetic manipulations were purchased from Promega (Madison,oWWIhvitrogen
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(Carlsbad, CA). Plasmid DNA isolated for sequencing was preépgiag the QlAprep
Spin Miniprep Kit (Qiagen). Sequencing was provided by the Oklahdata Bniversity
Recombinant DNA/Protein Resource Facility. Sequence data and honssagghes

were done using BLASTh{tp://www.ncbi.nih.goy.

Construction of activator mutants

Dr. Gustavo Hernandez-Guzman, a former postdoctoral researcherBeritder
lab, constructed the activator mutants used in this study. His wakmmarized below
for clarity. ThefleQ mutant ofPst DC3000 was created using primers fleQ forward 5’
ACC GCG CTT TTC GTG TTC CAT A 3’) and fleQ reverseé GGT TTA CCG GGG
CAA TCA CCA G 3). The resulting PCR product and pCR2.1 were thgatdd,
resulting in plasmid pCR2.fleQ. This construct was introduced by electroporation into
the Pst DC3000 genome, and tlleQ gene was disrupted by a single crossover event.
The resulting mutant was designated DC306Q; and the disruption ofleQ was
confirmed by PCR and Southern blot analysis (see results). Addiiomatordefective

mutants were created in the same manner using the primers summarized t0Table

Table 10. Characteristics of primers used in mutant study.

Target Gene/ Primer Sequence Tm Size

Primer °C_ (bp)
dctD1 forward 5 CAG TTG CGC AATGTCCTCA 3 52.8

dctD1 reverse 5" GCG CCG GCAAACCCTTCG TG 3 66.2404

dctD2 forward 5"CGC GCC GGG GCTTATGACTTITC3  65.2
dctD2 reverse S TCCTTG GTG GCG GCGATGATGC3  67.579

algB forward 5 CCGGGC GGG CGTACTCTTTGA 3 64.7
algB reverse 5 TGC GCGTGG TGATCGTGACTGC3 65.889
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ssuD forward 5 TGC CCG GCC AACTGT AGG TC 3 59.4
ssuD reverse 5 AAG GCC GGC TGG TTT GAAGAG G 3 62.397

dctD3 forward 5" GCG CAAGGACAGCCAGTTCGTG3 63.6
dctD3 reverse 5 AGC GGC GGC AATTCC AGAGTG A3 64.875

fleQ forward SACCGCGCTTTTCGTGTTCCATAZ 60.3
fleQ reverse 5 CGTTTACCG GGG CAATCACCAGI 62.(859
A10 forward 5'ACATTG CCC GGC CAG TCG TG 3 62.4
A10 reverse 5" CGC GGT GCC GGC AAAGAGTT & 63.554
A11 forward 5" AAG CGG CAC CGG CAAGGAGTTA3Z 635
All reverse 5’ GCA AGA CGC GCAAAAGGCTGAC3 62.7266

Southern blot analysis

Genomic DNA used in Southern hybridizations was isolated #strDC3000
and the activator mutants using the Wizard Genomic DNA Puiditdit (Promega,
Madison, WI)). Extracted DNAs were digested w@hal (mutants DC3000eQ and
DC3000-A10) orsall (mutants DC300@ictD1, DC3000dctD2, DC3000algB, DC3000-
ssuD, DC3000dctD3, DC3000-A11) (Invitrogen, Carlsbad CA) for 24 h aP@7 The
corresponding activator gene fragment and pCR2.1 were labelbddigixigenin-11-
dUTP (DIG) (Roche Applied Science) by the random primed DNA ilapeinethod
according to the manufacturer’'s instructions. Southern blotting wdermped using
Hybond-N nylon membranes (Amersham Biosciences) as describedoysly
(Sambrooket al., 1989). Hybridization was detected using an anti-DIG antibody and

chemiluminescence using the DIG Luminescent Detection Kit (Roche Afpdience).
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M utant complementation

For complementation analysis, the 1.8fldf) gene was amplified by PCR and
cloned into pPBBR1MCS. Successful cloningfEQ in pPBBR1IMCS was confirmed by
sequence analysis. The resulting construct, pBBR- was introduced by
electroporation into DC3000eQ for complementation studies. Two restriction sites
were added to the primer sequences (Table 11; primers walteesized by Integrated
DNA Technologies) to facilitate cloning into pBBR1MCS. The P@Rduct and
pBBR1MCS were then digested wiBamHI, purified from agarose gels, and ligated,
resulting in plasmid pBBReQ. The DC3000dctD2 mutant was complemented in the
same manner as described using db#©2 forward and reverse primer sets shown in
Table 11.

Table 11. Primers used for mutant complementation

Target Primer Sequence Restriction Tm  Size
Gene/ Site (kb)
Primer

FleQ 5 GGG GGATCCCGC CATAAATTT GAC BamH| 66.3
forward TGT GTT C -3’

FleQ 5 AAA GGA TCC GGA CAT CTG ATT GAA BamH| 65.4 1800
reverse CAG CGA G -3’

dctD2- 5" ATC GTC GACGCT TCA GGG GCC AAT Sl 66.2
5399 CTTCAAC3J

forward

dctD2- 5 CTT TCT AGATTA ACG CAG CGT GGA Xbal 62.4 1588
5400 AAC AAG 3’

reverse

Motility assays

Bacteria were inoculated onto motility agar plates (KMB mediontaining
0.5% agar) with an inoculating needle and were incubated for 24 and 48 Rcat 28

Movement of the bacterial colony from the inoculation point (colonyndtar) was
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measured in millimeters and compared to that of the wildBgp&C3000 and anpoN

mutant ofP. syringae pv. glycinea PG4180.

Electron microscopy

Bacterial strains were grown overnight on KMB medium solidifiethegarose
and supplemented with the appropriate antibiotics. Cells were themdespa 10 mM
MgSO, buffer or water and placed on formvar-coated nickel grids (150 mesh) for 1-2 min
and allowed to adhere to the grids. Unabsorbed cell suspensions exsvged by
blotting the edge of grids with Whatman #2 filter paper. Gridsewiben stained with
phosphotungstic acid (PTA) or uranyl acetate (UA) and examinédavJEOL JEM-

100CX Il transmission electron microscope at 80 KV.

Plant material and inoculation procedures

Tomato (ycopersicum esculentum cv. ‘Glamour’) plants were grown from seed
and maintained at 24-96 at 30-40% relative humidity (RH), with a photoperiod of 12
h. Plants were maintained in growth chambers at 90% RH for 48ohelbabculation.
All tomato plants used for pathogenicity assays were fouréowieeks oldPst DC3000
and derivatives were grown at 48 for 48 h on MG agar supplemented with the
appropriate antibiotics, and cells were suspended to an optical déDBigy,) of 0.1
(~10° cfu/ml) in sterile distilled water. Tomato plants were ggreoculated with an
airbrush (55.2 kPa) until leaf surfaces were uniformly wet. Afteculation, tomato

plants were incubated in growth chambers where the RH wadd@0¥%e initial 48 h and
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70% for the remainder of the experiment. The photoperiod was 12 h dayimighe
duration of the experiment.

Arabidopsis ecotype Colombigol-0) seeds were placed on 0.1% water agar
which was sealed with parafilm to hold moisture, and placedGfar 3-5 days to break
dormancy. The seeds were then transferred to moistened peat3dsesds per disc)
with a small glass Pasteur pipette. The tray containingitos was covered with a clear
dome for five days. After germination the dome was removed and ttkngsethinned
to one plant per disc. Plants used in pathogenicity studies were gt@4a25C with a
12 h photoperiod and were four to five weeks old at the time of incmulabDip
inoculation of Arabidopsis was conducted by immersing plant roseitdsacterial
suspensions (~2@fu/ml).

Symptoms on tomato and Arabidopsis were evaluated 7-10 days post ivoculat
The leaves were graded on a visual scale of 0-100 depending qertentage of
infected leaf area exhibiting symptoms, with 100 being the maxidiisease severity. It
is important to note that necrotic, water-soaked and chloroticnesvere taken into

consideration when evaluating virulence.

Deter mination of bacterial growth in planta

After spray inoculation growth oPst DC3000, DC300ateQ, and DC3000-
fleQ(pBBR-fleQ) was monitored in host tomato plants according to stdndathods
(Keith et al., 2003, Penaloza-Vazques al., 2000). Experiments were designed to
monitor the total population d?st DC3000 and derivatives over a 10 day time period.

Random leaf samples were taken at 0, 1, 3, 5, 7 and 10 days afteatioocuAt each
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sampling, three replicate leaves were removed and disseotagl tae midrib. One half

of the leaf was macerated using a mortar and pestle irestistilled HO to obtain the
total population of bacteria. The remaining half was surfacédiztel in 15% hydrogen
peroxide for 5 min, rinsed twice prior to rinsing in sterile dedi H,0 (to remove
epiphytic bacteria) and then macerated using a mortar and [Restlerial counts were
determined by plating serial dilutions of the leaf homogenate dd Medium
supplemented with the appropriate antibiotics, and colonies were countsl R4after
incubation at 28C. To obtain epiphytic bacterial populations, the internal population

counts were subtracted from the total population counts.

Assay for the hypersensitiveresponse (HR)

In infiltration studies, four-week old tobacco leavéscftiana tabacum) were
infiltrated with bacterial suspensions (@B0.1, approximately f@fu/ml) of wild-type
Pst DC3000, and mutants DC30@itD2, DC3000algB and DC300(teQ using a
needle-less syringe (Schaad, 2001). After infiltration, tobacco phegres maintained at
25°C under constant light and monitored for a HR at the site of iniiiir&24 h post-

inoculation.

M etabolic phenoarray assay

P. syringae rpoN mutants were analyzed for growth on minimal medium
supplemented with various carbon, nitrogen and amino acid sources stb{ished
protocols (Alarcon-Chaidez et al., 2003, Hendrickson et al., 2000b, Miehatls 1998).

In brief, the metabolic profiles &. syringae Pst DC3000 and derivatives were evaluated
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by growing strains overnight in KMB medium supplemented with apfatepantibiotics.
Cells were then suspended in 10 mM Mg@30lution, washed twice and adjusted to an
ODg0=0.05 in M9 medium (Ausubel, 1997). Strains were then inoculated into 96-well
microtiter plates containing M9 medium supplemented with variousonamnitrogen, or
amino acid sources (carbon, 25 mM; nitrogen, 100 mM; amino acids, 100mM).
Microtiter plates were incubated at Z8 on an aerobic rotary shaker, and bacterial
growth (ODyoo) was monitored for 48 h using a microtitptate reader [Bio-Tek

Microplate Readenfww.bio-tek.com).

Assay for coronatine production

Bacterial strains were grown overnight on MG medium supplemenidd w
appropriate antibiotics. Cells were then adjusted to agy®@1 in Hoitink-Sinden
sucrose medium (HSS) (Palmer & Bender, 1993, Penaloza-Vaetjakz 2000). Each
strain was grown as a 10 ml culture (3-4 replicates peénktad incubated at £8 for 7
days. Cultures were then centrifuged, and pellets wereds&re20°C for total protein
guantification. For assessing COR production, culture supernatantexteaeted with
ethyl acetate. The organic phase was saved, the ethylteacgts removed by
evaporation, and the organic acid extracts were suspended in 2p0ef30fluoroacetic
acid (TFA) and acetonitrile solution. Organic acid extractsevaemalyzed by HLPC with
an Ultrasphere C-8 reverse phase column (Beckman Coulter,téioll€A) at 208 nm
using Gold Noveaux Chromatography Software (Brogtkal., 2004). COR production
was expressed as a function of soluble protein concentratioral@RarvVazquez &

Bender, 1998). Total protein content from the bacterial celldgsatis determined using
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the Bio-Rad Protein Assay Kit (Bio-Rad Laboratories, Ifdercules, CA) as

recommended by the manufacturer. Experiments were repeated two ormese i

Biofilm assay

A bioassay was used to indicate the potenti®dsbDC3000 and derivatives to for
biofilms. Bacterial strains were suspended to ansgD.1 in Hoitink-Sinden medium
(Palmer & Bender, 1993, Penaloza-Vazqgeeal., 2000) amended with 0.25 M citric
acid, casamino acids (CAA, 0.5%), and 10 ml of 2mM EefH=6.5. Bacterial cells
were then transferred to a 96-well flexible polyvinylchloride ) \hmicrotiter plate and
incubated overnight at 28 to allow cells to adhere. Crystal violet (CV) was used to
stain the attached cells, but not the PVC. Excess stain wasved, the CV was
solubilized using ethanol, and biofilm formation was evaluated by umegsthe OD at

600 nm (O'Toole & Kolter, 1998b)

Assay for alginate production

For induction of alginatel>st DC3000 and derivatives were grown in Bruegger
and Keen (BK) medium (Bruegger & Keen, 1979, feetl., 1986) supplemented with
sodium gluconate (BKG; 25g/L). BK medium (1 L) contains the falh@aireagents:
(NH4)2SO, (1.32 g), MgSQ (0.08 g), ZnS® (0.008 g), potassium phosphate (8.709 g)
and casamino acids (2.3 g). Bacterial strains were grown overoigMG medium
supplemented with appropriate antibiotics. Bacterial strains waspended in sterile
water (OR=0.3), and inoculated onto BKG medium (six plates per strain). Riates

incubated at Z& for 7 days; at this time, bacteria were recovered fronepland re-
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suspended in 10 ml of 0.9% NaCl. 5d0f each bacterial suspension was centrifuged at
13,200 rpm for 15 min, and the bacterial pellets were stored at -20%Gtébmprotein
guantification. To precipitate uronic acid polymers the supernatasttransferred to a
fresh microfuge tube, and mixed with 1 ml of 95% ethanol angl58f 3 M sodium
acetate. This was placed at 2@0briefly and centrifuged at 13,200 rpm for 20 min. The
alginate was air-dried and re-suspended in @256f water. Alginate was quantified by
mixing 70ul of the suspension with 6Q0 borate-sulfuric acid solution (100 mMz;BIO3

in concentrated $$0,) and 20ul of a carbazole solution (0.1% in ethanol) (May &
Chakrabarty, 1994). Samples were incubated for 30 min at 55°C taafacitolor
development. One hundred and fifty microliters of the reactions weakedl into a 96-
well microtiter plate and read at 540 nm using a Bio-Tek MictepReader. Alginate

concentrations were determined from a standard plot of seaweed a(§igata).

RESULTS

Confirmation of mutagenesis

To create the activator mutants, Dr. Hernandez-Guzman clonedrB@Rents
containing selected activator genes into vector pCR2.1, and thepoordésy constructs
were electroporated intBst DC3000. After electroporation, potential DC3000 mutants
were selected on MG medium containing kanamycin; this screditafteci selection for
potential mutants containing activators disrupted by a singleavr@ssvent (Hernandez-
Guzman, unpublished). To confirm the disruption of the activator genes by a single cross-
over event, genomic DNAs &fst DC3000 and the activator mutants were digested with

Clal (mutants DC3000kQ and DC3000-A10) or&all (mutants DC300@ictD1,
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DC3000dctD2, DC3000algB, DC3000ssuD, DC3000dctD3, DC3000-Al1)
(Invitrogen, Carlsbad CA), the products electrophoresed on 0.6% agarosd §6ls/
(BioRad Sub-Cell GT System with 15 x 20 cm jrayernight, and transferred to nylon
membranes as described in Methods. Hybridization probes (corresponaatpaciene
fragmentand pCR2.1) were DIG labeled as described in Methods. After sinealtis
hybridization with the labeled probes, bands were observed in thetetiggenomic
DNAs of the wild-type and activator mutants for all hybridizatigfey 7). For the
activator mutants, band sizes were consistent with insertidreafdrresponding pCR2.1
activator constructs (Table 9). These results confirmed thatahstructs had inserted
into the corresponding activator gene in the activator mutards/{FiFor example, Fig.
7F shows hybridization to the 1.6 kb band of the DNA ladder markerldlet), both
probes (pCR2.1 and fragment ft#Q) hybridizing to a 6,180 bp band of DC3006Q
(middle lane), and thiéeQ fragment hybridizing to a 1,892 bp bandPst DC3000 (right

lane).
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Figure 7. Southern blot analysis of digested genomic DNA fiesnDC3000 and the
activator mutants. Extracted DNAs were digested Wit (wild-type Pst DC3000
and mutants DC300f0eQ and DC3000-A10 in panels F and G)Satl (wild-type Pst
DC3000 and mutants DC30@@tD1, DC3000€ctD2, DC3000algB, DC3000ssuD,
DC3000dctD3, DC3000-Al1 in panels A, B, C, D, E, and H) as stated in methodsd.
All blots were hybridized simultaneously with the correspondintivator gene
fragment and pCR2.1. All mutant band sizes correspond to the pCR2.1h(892®
bp) plus the corresponding activator amplicon (Table 9). Each glaows the results
of a Southern hybridization for one mutant with three signal$) eacesponding to
the kb ladder, the wild-typ&st DC3000 and an activator mutant. Southern blot
signals from lanes in order from left to right, shown by arrawpanels: (A) 1.6 kb
ladder, 4,050 bst DC3000, and 8,383 bp DC30@6tD1; (B) 1.6 kb ladder, 10,426
bp DC3000dctD, and 5,918°st DC3000; (C) 1.6 kb ladder, 9,139 bp DC3GH9B,
and 4,421 bgPst DC3000; (D) 1.6 kb ladder, 8,051 bp DC30&0D, and 3,725 bp
Pst DC3000; (E) 1.6 kb ladder, 3,2t DC3000, and 7,582 DC30a&tD3; (F) 1.6

kb ladder, 6,180 bp DC30G®Q, and 1,892 bgPst DC3000; (G) 1.6 kb ladder,
9,324 bp DC3000-A10, and 4,841 Bgt DC3000; and (H) 8,107 bp DC3000-Al11;
3,912 bpPst DC3000
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Motility of Pst DC3000 and derivatives

The motility of Pst DC3000 and derivatives was evaluated using KMB motility
medium containing 0.5% agar; the low percentage of agar fadlitate evaluation of
swarming motility (Robletoet al., 2003). After incubation for 48 h, motility was
visualized as bacteria surrounding the site of inoculation (Fig. Balge bacterial
colonies (15-20 mm diameter) were evident around the inoculation pantBsf
DC3000 and pBBRIeQ (DC3000fleQ complemented mutant), whereas small colonies
(=5 mm) were evident around the inoculation points for DC30&DandPsg-rpoN (Fig.

8, panels A and B). These results suggest thdte@emutant was significantly impaired

in motility, whereas the other activator mutants were not. Wls€hwas re-introduced

into DC3000fleQ on plasmid pBBRteQ, motility was restored (Fig. 8 panels A and B).
Large bacterial colonies comparablePst DC3000 were evident around the inoculation
points for DC300@ictD1, DC3000dctD2, DC3000algB, DC3000ssuD, DC3000-
dctD3, DC3000-A10, and DC3000-A11 (data not shown), suggesting that motility was

not impaired in these mutants.
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Figure 8. Motility of Pst DC3000 and derivatives on KMB medium containing 0.5%
agar; bacteria of each strain was inoculated at a single grminincubated for 48 h at
28°C. Colony formation ofPst DC3000, DC3000-fleQ, DC3000-fleQ (pBBR-fleQ)

and Psg-rpoN shown (panel), and colony diameter was measured in millime
(panelB). The graph shows the mean from experiment 1 (pink bars), exqreri2
(green bars), experiment 3 (teal bars), and the average of tlee itiipendent
experiments (purple bars), with error bars representing theasthéviation. Eacli
experiment contained a minimum of three plates inoculated with eashaiteasingle
point per experiment.
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Visualization of flagella

To evaluate whether or not the mutatiorfle) impaired this mutant’s ability to
produce flagellaPst DC3000, DC3000teQ, DC3000fleQ (pBBR-fleQ) andPsg-rpoN
were examined by electron microscopy. Polar flagella wesiblgi onPst DC3000 cells
in several independent observations, whereas no flagella werazagesuah the DC3000-
fleQ mutant or onPsg-rpoN (Fig. 9). Multiple flagella were observed on cells of the
DC3000fleQ complemented mutant (Fig. 9D), and these results were reprodutible i
several independent examinations. These results and the absencdlitf (Rag. 8)
suggest that théleQ gene is required for the formation of flagella fist DC3000.
Furthermore, both motility and formation of flagella were restowhen thdleQ gene

was presenin trans in DC3000fleQ (see pBBRAeQ in Figures 8 and 9).

A 1| B C

”

Figure 9. Electron micrographs dPst DC3000 and derivatives. Panels represent|the
following strains: (A) flagellated wild-typ@st DC3000, (B) non-flagellated DC3000
fleQ, (C) Psg-rpoN, and (D) DC300GteQ containing pBBR-fleQ. Photographs wefre
taken at taken 14,000 or 10,000 X, and results were reproducible on separatese
occasions. Black bar represents 1 pum and arrows (panels A and D) show flagellal.

Symptom development

The ability of Pst DC3000, and of activator mutants derived from it to cause
disease on host plants was evaluated by dip (Arabidopsis) and spnayad) inoculation

experiments. Symptoms were assessed visually 7-10 days postdiooculEomato
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plants inoculated witliPst DC3000 and the activator mutants developed necrotic lesions
surrounded by chlorotic halos. Tomato plants inoculated with the wiklRsgppDC3000
plants inoculated with the activator mutants showed no significaetelite with respect

to overall symptom production (Fig. 10).
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Figure 10: Symptom production byst DC3000 and activator mutants ¢n
tomato. The graph shows results from experiment 1 (pink bars), evquer
(green bars), and the average of the two independent experimeryte (pur
bars), with three plants inoculated in each experiment. détidl the
experiment was performed once, and graph shows only the resulis for
experiment 1.

Arabidopsis leaves inoculated wilst DC3000 developed both water-soaked and
chlorotic lesions. Arabidopsis plants inoculated with DC38@®B showed a reduction in
symptom production (fig 11). These results suggest that mutati@gBnnterfere with

the ability ofPst DC3000 to cause symptoms on Arabidopsis.
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Pst DC3000

Figure 11. Symptom ofPst DC3000 and activator mutants on host tomato gnd
Arabidopsis. Plants were inoculated as described in Methods, and phototakesr
7-10 days post-inoculation.

Bacterial population in planta

The populations oPst DC3000, DC300GteQ, and DC300GteQ (pBBR41eQ)
were monitored in tomato after spray inoculation. The populationBsofDC3000,
DC30004leQ and DC300GteQ (pBBR-fleQ) increased until day five; after day seven all
populations declined (data not shown). The overall population trends ofaafissivere
similar, with no significant differences observed (data not showgsd results and the
presence of symptoms in both tomato (Figs. 10, 11) and ArabidopsisL{figuggest
that the mutation ifleQ does not interfere with the ability of the bacterium to mutipl

and cause symptoms in tomato leaves.

Visualization of the hyper sensitive r esponse

The pathogenicity oPst DC3000 is multifactorial, and one of the major factors

involved in disease development and symptom production is the T3SS. Mufacts/de
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in the T3SS show reduced virulence in host plants and are unable to thdud® in
non-host plants. SincgoN mutants ofP. syringae pv. maculicola (Hendrickson et al.,
2000b) andP. syringae pv. glycinea (Alarcon-Chaideat al., 2003) are defective in the
HR, the ability of the activator mutants to elicit an HR waaluated on tobacco plants
(Fig. 12) Within 24 h after infiltration, tobacco leaves inoculated wigt DC3000,
DC30004dctD2, DC3000fleQ and DC300G&IgB produced a necrotic region typical of
the HR at the site of infiltration (Fig. 12). These resultggest that mutations in these
individual activator genes ifPst DC3000 do not impair the T3SS. These results in
particular also indicate that the reduction in virulence on Arabidolesiges dip-
inoculated with DC300@gB can be attributed to the mutation in #igB gene, and not

to defects in the T3SS.

H,0 H.0
Pst DC3000 Pst DC3000
fleQ

dctD2

Figure 12. Assay ofPst DC3000 and derivatives for the hypersensitive responsg on
tobacco leaves. Bacteria (@=0.1) were infiltrated into tobacco leaves with| a

needle-less syringe, and infiltrations on left panel of eachwead repeated on right.
The photographs were taken 24 h post-infiltration.

M etabolic studies

Several of the activator mutations aredciD genes, and these are presumably
involved in dicarboxylic acid transport. To evaluate if the activatartants were
impaired in their ability to grovin vitro, Pst DC3000 and derivatives were grown in M9

broth supplemented with various carbon, nitrogen and amino acids (3hisidg a 96-
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well microtiter plate assay. Table 12 summarizes the aotivautants that were assayed
for defects on 25 carbon, nitrogen, or amino acid sources. Figure 13 shomore
detailed view of the growth defect seen with the DC3@802 mutant grown in M9
supplemented with succinic acid, while no significant differenca® weted using the
other C/N sources. However, it remains possible that differemoakl be revealed if a
more sensitive assay were utilized.

Over a 48 h period, botest DC3000 and pBBReQ grew to a high density (~0.8
OD) in M9 medium supplemented with succinic acid (Fig. 13). Additlgn&C3000-
fleQ and DC300GagB mutants also grew to a high level in M9 medium supplemented
with succinic acid (data not shown). Interestingly, DC36&D2 only grew to ~0.4 OD,
approximately a two-fold reduction in growth when compareBstaDC3000 (Fig. 13).
The results indicate that in comparisonPst DC3000, the DC300@etD2 grows more
slowly than the wild-type in M9 supplemented with succinic acids Thetabolic defect
was restored when thactD2 gene was preseimh trans in DC3000€ctD2 (see growth
curve for DC300@ctD2 (pBBR-5399) complemented mutant, which is essentially

equivalent to that of the wild-tydest DC3000).

Table 12. Nutrient sources used to supplement M9 broth medium. The activator snutant
that were tested on each source are listed in the columns below each category.

Carbon Sources Nitrogen Sources Amino Acid Sour ces
Succinate L-glutamine Alanine
Malate Histidine Leucine
Aspartate Methionine Glutamine
Tartaric acid Urea Threonine
Malic acid KNG Phenylalanine
Oxaloacetic acid Proline Isoleucine
Glutamate Arginine
L-alanine Lysine
Aspartic acid Valine
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Mutants Tested

DC30004dctD1 DC30004dctD1 DC30004dctD1
DC30004dctD2 DC3000¢€ctD2 DC3000dctD3
DC30004ctD3 DC30004ctD3
DC3000ssubD
DC3000-A10
DC3000-A11
1 -

AverageOptical Density (ODgq)

0 8 16 21 26.5 32 41 475
Time Post-Inoculationin Hours

~-Pst DC3000 -®DC3000-dctD2 A pBBR-5399

Figure 13: Growth (OLy of Pst DC3000, DC300@ictD2, and DC300GictD2
(pPBBR-5399) in M9 media supplemented with succinic acid during aptibd. The
experiment was repeated three times, and the graph shown issnegtigs of the
results obtained.

Coronatine production in vitro

Anothermajor factor governing the ability &f. syringae to cause disease is the
phytotoxin coronatine. IfPst DC3000, COR functions as a virulence factor in tomato,

Arabidopsis andBrassica spp. (Brooks et al., 2004, Elizabeth & Bender, 2007, Penaloza-
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Vazquez et al., 2000, Uppalapatial., 2008). SincepoN mutants ofP. syringae pv.
glycinea andP. syringae pv. maculicola do not produce CORVvitro (Alarcon-Chaidez

et al.,, 2003, Hendricksoret al., 2000b), mutations in various activator genes were
evaluated for their effect on COR production. The wild-tygse DC3000 produced
approximately 2ug of COR/mg of protein, whereas the COR-defective mutant 384G
(Brooks et al., 2004), produced no detectable levels of COR. DG8§BGnd DC3000-
fleQ produced approximately 50% less COR than the wild-type, altheagability was
high for DC3000HeQ. DC3000€ctD2 produced approximately four-fold less COR than
Pst DC3000. As noted above, DC300&xD2 is compromised in its ability to either
utilize or transport succinic acid. This has potential implocetifor COR production,
since succinic semialdehyde has been proposed to functiortaairegaunit for synthesis

of coronafacic acid, the polyketide component of COR (Parry et al., 1996).

r~
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Figure 14: COR production byst DC3000 and activator mutants in HSS media. The
graph shows results from experiment 1 (pink bars), experimeme@n(dpars), and th
average of the two independent experiments (purple bars), with arsordpresenting
the standard deviation. Each experiment consisted of four replicatieectubes that
were handled separately to quantify COR.

= (D

Production of biofilmsin vitro

Pst DC3000 is known to produce EPS including alginate, and EPS molecules
contribute to adhesion and biofilm formation. Since several of theatmt genes are
potentially involved in these traits, the activator mutants wesayasl for their potential
to form biofilmsin vitro using a 96-well microtiter plate assay (Fig. 15). The ixadat
biofilm formation of Pst DC3000, DC300@ctD2 and DC300(gB was similar,
whereas an over three-fold decrease in relative biofilm foomavas seen with DC3000-
fleQ (Fig. 15). This defect was restored by complementation of DCB6QOwith
pBBR4leQ (Fig. 15). These results indicaleQ is involved in the initial formation of

biofilms in Pst DC3000in vitro.
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Figure 16: Biofilm formation phenotype oPst DC3000 and activator mutantg.
Bacterial attachment was assessed on the surface of pdtypwonide microtiter
plates (a) after 24 h of growth. The data (b) shows results éxqariment 1 (pink
bars), experiment 2 (green bars), experiment 3 (teal bars)hamderage of the thre
independent experiments (purple bars), with error bars represehgngtandard
deviation
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Production of alginatein vitro

Several genes that regulate alginate production are known tovebgaegulate
flagellar expression (Tarét al.,, 2006, Tartet al., 2005). For example, the alginate
regulatory genalgR is negatively regulated by FleQ (Giddens et al., 2007). To eealuat
if the fleQ mutation interferes with alginate productidtst DC3000,Pst DC3000leQ),
and Pst DC3000leQ (pBBR4{leQ) were evaluated for alginate production in BKG
medium. The wild-typd>st DC3000 produced approximately A§ of alginate per mg of
protein, while DC3000eQ produced slightly higher levels of alginate (3§/mg
protein) (Fig. 16). Alginate production was slightly decreasetihe complementefst
DC3000fleQ (pBBR4leQ) strain (approximately 19ug of alginate), (Fig. 16). In

summary, the results provide preliminary evidence that FleQ hae a negative
regulatory effect on alginate production B syringae, as alginate production was

slightly increased in thi#eQ mutant and reduced in the complemented strain.

107



e
h
1

2053 18.98

Average Alginate ug/mg Protein

Strains

Figure 16: Alginate production byrst DC3000,Pst DC3000fleQ, pBBR-fleQ and
Psg-rpoN on BKG medium. The graph shows results from experiment 1 (pink bars)
experiment 2 (green bars), and the average of the two indepesdetiments
(purple bars), with error bars representing the standard devia@oh. &periment
consisted of six plates that were handled separately to qualtihate as describe
in Methods.

[oX

DISCUSSION
Previous research suggested #tdt(and hence*-dependent activator proteins)
are involved in regulating many factors i syringae (Alarcon-Chaidez et al., 2003,
Hendricksonet al., 2000a, Hendrickson et al., 2000b). However, the mutagenesis and
characterization of multiples®>*-dependent activators . syringae has not been
conducted previously. In the current study, mutations in eightlependent activator

genes inPst DC3000 were characterized for pathogenicity on tomato and Arabidopsis
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production of the HR on tobacco, and characterized for traits assbeistie each
activator.

FleQ is ac>*-dependent activator that regulates motility and flagella biesjen
(Arora et al., 1997, Dasgupghal., 2003). In the present study, an agar assay was used to
demonstrate that swarming motility was abolished in the DC3@Q0mutant (Fig. 8), a
result which is consistent with previous reportsflef) mutants of botHP. fluorescens
(Capdevila et al., 2004ndP. aeruginosa ((Arora et al., 1997). After confirming that the
DC3000fleQ mutant was non-motile, electron microscopy confirmed the absence of
flagella in the DC3000keQ mutant. Furthermore, complementation assays confirmed
thatfleQ is required for motility and formation of flagella.

The ability of c>*-dependent activator mutants to elicit symptoms in tomato and
Arabidopsis was visually assessed 7-10 days post-inoculation. Tomadcakated with
activator mutants showed no significant differences with redpedisease symptoms
when compared td®’st DC3000 (Fig. 10; Fig 11). On Arabidopsis, a reduction in
symptom production was seen with DC3006B (fig.11) (Baker & Bender, 2006).
Further experiments are needed to determine whether the redeeadedsymptoms on
Arabidopsis are correlated with reduced bacterial multiplicatibme DC3000algB
mutant was reduced in symptom development on host Arabidopsis, but not tomato, w
is significant because this is the first report of the phgreotf an alginate regulatory
gene inPst DC3000in planta. The results obtained in this study corroborate a previous
report demonstrating that alginate is important for the virulesfc®st DC3000 on
Brassica spp. such as Arabidopsis (Keith et al., 2003). It is also important to note that the

DC3000algB mutant was not impaired in the ability to elicit an HR in tobaeaves
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(Fig. 12). Thus the reduced symptoms on Arabidopsis inoculatedh&itb@3000algB
mutant was not due to a nonfunctional T3SS.

The evaluation of symptoms (Figs. 10, 11) and population dynamics sugafest t
fleQ does not impact the ability ¢fst DC3000 to multiply and cause symptoms. While
mutants defective in motility have been reported for otRersyringae pathovars
(Hattermann & Ries, 1989, Kinscherf & Willis, 1999), the contributiorflagella to
virulence inPst DC3000 has not been previously investigated. Although motility may be
important for invasion of host tissues in some pathosystems, theflagella may be
advantageous since flagella and flagellin function as a pathogencarbetrassociate
molecular patterns (PAMP or MAMP). In both plant and animal systd®AMPs and
MAMPs are known to elicit defense responses, thus triggering einmmunity
mechanisms (Het al., 2007, Liet al., 2005, Nurnbergeet al., 2004, Shimizuet al.,
2003, Zipfelet al., 2004). Thus the loss of flagella may actually help the pathageid
the host recognition systems associated with innate immunity.

P. syringae is also known to form microbial aggregate communities known as
biofilms under certain environmental conditions (Dulla & Lindow, 2008, Von Bodzha
al., 2003). Flagella and the exopolysaccharide alginate are importanbidbim
formation in Pseudomonas spp. (Boyd & Chakrabarty, 1995, Chaeg al., 2007b,
Danielset al., 2004, Lauest al., 2006, O'Toole & Kolter, 1998a). In the current study,
DC3000, DC300@ctD2 and DC300(IgB adhered in 96-well microtiter plates at
similar intensities (Fig. 15), a bioassay which indicates thaiential to form biofilms.
However, the DC3008eQ mutant was severely impaired in biofilm formation as

compared to DC3000, and this defect was restored by complementagjobaSF These
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results indicate thafleQ is involved in initial biofilm formation inPst DC3000,
suggesting a role for flagella in the initial cell-to-sedainteractions, which was
previously reported for a non-motile strainfofaeruginosa (O'Toole & Kolter, 1998a).

Previous reports indicate an inverse relationship between flagetiaalginate
production inPseudomonas. In P. aeruginosa, the alginate regulatory protein AlgT
represses flagellum biosynthesis indirectly by promoting egjme®f AmrZ. AmrZ then
interacts directly with théleQ promoter, repressing flagellar synthesis while inducing
transcription of the alginate gene cluster (Tettal., 2006, Tartet al., 2005).
Furthermore,algR, which has a positive regulatory effect on the transcription of the
alginate biosynthetic geradgD, is negatively regulated by FleQ (Giddens et al., 2007).
In the current study, a subtle effect of #heQ mutation on alginate production was
detectedn vitro. Alginate production for DC3000eQ was slightly higher than iRst
DC3000, and somewhat reduced in the pBR&) complemented strain. In summary,
these results suggest that FleQPinsyringae may have a negative regulatory effect on
alginate production as iR. aeruginosa.

During pathogenesid?. syringae gains entry into the plant apoplast, an
environment where nutrients (sugars and amino acids) are limitange@dk & Huisman,
1981), making the survival and pathogenicityPofyringae dependent upon its ability to
import and metabolize the available nutrients. In support of this, #rer¢hreedctD
genes dctD1, dctD2, and dctD3) annotated in thePst DC3000 genome that are
presumably involved in the uptake and/or metabolism of C4-dicarboxgilis.aln the
present studyPst DC3000 and the thredetD mutants were evaluated for growth in M9

broth supplemented with various carbon, nitrogen and amino acid sotatds {2). No
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significant metabolic defects were observed for DC3@AD1 or DC3000ectD3.
However, the DC3004dctD2 was impaired in growth in M9 supplemented with succinic
acid. These results suggest a roleddD2 in either the transport and/or catabolism of
succinic acid, which is one of the major organic acids found in tifMorris et al.,
1995).dctD is known to activate transcription dé€tA (Reid & Poole, 1998, Ronsaat

al., 1987, Wangt al., 1989, Yurgel & Kahn, 2004). Curiously, there are tlgtA genes
(designatedictAl anddctA2) annotated in thEst DC3000 genome, as well as thoetD
genes dctD1, dctD2, anddctD3; Table 8). This literature, as well as the findings in the
current study, indicate an undefined role fordo# gene system inutrient assimilation

in the plant pathogeRst DC3000.

Many pathovars oP. syrinage produce the phytotoxin coronatine (COR) which
functions as a virulence factor in maRy syringae-plant interactions (Bendest al.,
1987, Brookset al., 2004, Elizabeth & Bender, 2007, Mitchell, 1982, Penaloza-Vazquez
et al., 2000, Wiebe & Campbell, 1993poN mutants ofP. syringae pv. glycinea andp.
syringae pv. maculicola do not produce coronatineitro (Alarcon-Chaidezt al., 2003,
Hendricksonet al., 2000b). The possibility that mutations in the individual activator
genes would impair COR production was evaluateditro using HSS liquid medium
and ethyl acetate extraction followed by HPLC analysis. DC3@fD2 produced four-
fold less COR thatst DC3000 (Fig 14), however it is reduced in its ability to transport
or utilize succinic acid, which has been proposed to function in CORntiesis (Parry
et al., 1996).

In order to prepare this work for publication, all of these mutartd to be

complemented and evaluated for bacterial multiplicatngoianta. Furthermore, thectD
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andssuD mutants need to be analyzed for nutritional defects using morigh\seassay
methods. These additional experimental results, along with thosebéesabove, will
help evaluate the role ef*-dependent activators in the invasion and multiplication of

Pst DC3000 in host tissues
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CHAPTER VI

SUMMARY

P. syringae pv. tomato DC3000Rst DC3000) is the causal agent of bacterial
speck disease, an economically important disease of toRPsit@C3000 is related to
several bacterial species that are on the USDA APHIStsadent list; however, unlike
the select agent®. syringae is an endemic pathogen. The ability to distinguish among
bacterial strains is important for epidemiological tracingathogen outbreaks, detecting
the source of an outbreak and monitoring the spread of pathogens. &amabber
tandem repeat (VNTR) loci, which are found throughout bacterial genomes, angfarsef
rapid and reliable strain typing by multiple-locus VNTR anialy§ILVA). In this work a
MLVA typing scheme was developed for analyzing diverse strainB. syringae pv.
tomato. Oligonucleotide primers were designed to amplify 34 VNJIOR the primers
were screened and a subset of five primer pairs yieldingmophic products was
identified for use in strain typing. Fifty eigliR. syringae pv. tomato strains were
analyzed using the five primer sets, and 23 different MLVAusace types were
identified. ElevenP. syringae pv. tomato strains produced a unique MLVA sequence
type, while the remaining 47 strains were assigned to one dfetiddl VA sequence

types. The stability and reproducibility of the typing schemes wavestigated by
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culturing thePst strainsin vitro for 20 generations and re-typing, which showed that the
sequence types defined by the primer sets were reproducildel?. Byringae pv. tomato
strains with unique MLVA sequence types were originally isdlateer 60 years ago in
the early 1940’s. Threl. syringae pv. tomato strains with unique MLVA sequence types
were originally isolated from host plants other than tomato, suppdhadyypothesis
that genetic diversity occurs in relation to the host plant fronclwbacteria are isolated.
Additionally, strains that originated from different geographic tioca clustered
together in the same MLVA sequence group; thus no obvious relationakiphgerved
between MLVA sequence type and the geographic origin of strahms.is the first
report using a MLVA typing scheme to study the relatednesslafge collection oP.
syringae pv. tomato strains of diverse origin.

Pst DC3000 has been sequenced (Beedl., 2003) and is a model organism for
studying bacterial pathogenesis and plant-microbe interactiBreston, 2000). The
alternative sigma factos®* (encoded byrpoN) interacts with RNA polymerase and
associated activator proteins to regulate the transcription derizctarget genes
involved in metabolic and physiological processesPlrsyringae ¢° is involved in
regulating many survival, pathogenicity and virulence factopsN mutants of P.
syringae pv. maculicola ES4326 (Hendricksenal., 2000a, Hendricksogt al., 2000b)
andP. syringae pv. glycinea PG4180 (Alarcon-Chaidezal., 2003) were deficient in the
ability to utilize various carbon, nitrogen and amino acid sources, arel wmable to
induce disease symptoms and multiply in host plants. While the gersauense oPst
DC3000 contains over 70 predicted recogniton sites  fos>*

(http://www.promscan.uklinux.n@f/virtually nothing is known about the regulatory loci
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controlled bys>*. There are 14°*-dependent activators annotated in Bge DC3000

genome littp://www.tigr.org), suggesting that these activators play a critical roleeneg

regulation in this organism.

In the present studyP. syringae pv. tomato mutants defective in sevesaf-
dependent activators were characterized for pathogenicity on tomatérabidopsis,
production of the HR on tobacco, and analyzed for traits associated with eactoadiva
DC3000fleQ mutant was defective in motility, formation of flagella, and ibof
formation, and these traits were genetically complementatidointroduction ofleQ in
trans. Although motility may be important for invasion of host tissues in esom
pathosystems, the symptoms and population dynamics of DABDBuggest thafieQ
does not impact the ability dfst DC3000 to multiply and cause symptoms. Tomatoes
inoculated with the activator mutants showed no significant difteg with respect to
disease symptoms when compare®$oDC3000; however, on Arabidopsis, a reduction
in symptoms was seen with DC308@B. These results indicate that traits such as
alginate production is important for the pathogenicityRst DC3000. None of the
activator mutants were impaired in their ability to elicitlR in tobacco leaves (Fig.
12). Thus the reduced symptoms seen on Arabidopsis were not due to a tamdilinc
T3SS.

Previous reports indicate that there is an inverse relationshipéetiagella and
alginate production inPseudomonas. In the current study, alginate production for
DC30004%leQ was slightly higher than iRst DC3000, and slightly reduced in the pBBR-
fleQ complemented strain. These results suggest that Fld® syringae may have a

negative regulatory effect on alginate production &2 geruginosa.
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During pathogenesisP. syringae gains entry into the plant apoplast, an
environment where nutrients (sugars and amino acids) are limitange@dk & Huisman,
1981). Thus, the survival and pathogenicityPofsyringae is dependent on its ability to
import and metabolize available nutrients. In the current study;2000€dctD2 mutant
was impaired in the ability to transport or catabolize succioid, ane of the major
organic acids found in tomato (Morre al., 1995). Further characterization of these
activators will yield insights into the regulatory network$irsyringae, and will provide
new information regarding traits important for the survival and patheg)s of gram-

negative bacteria.
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APPENDIX |

Evaluation of the Exchangeable Effector L ocus of P. syringae as a Potential

Signaturefor Microbial Forensics

SUMMARY

Agriculture is a vital part of the United States economy, andrisare crops are
vulnerable to accidental or deliberate introduction of pathodgesesidomonas syringae
pv. tomato strain DC3000P¢t DC3000), which causes bacterial speck of tonsttares
survival and virulence mechanisms with pathogens that are currenttileoldSDA
APHIS select agent list. HowevelRst DC3000 can easily be utilized without
biocontainment facilities. IRPst DC3000, the type Il secretion system (T3SS) is encoded
by thehrp/hrc genes and constitutes a pathogenicity island (PAl).hfp#arc regions in
P. syringae are flanked by a conserved effector locus (CEL) and a uniqueegeable
effector locus (EEL). This effector region, which is presumahlpolved with host
specificity, represents a potential signature that could be wmssttain identification.
Previous studies have predicted that a correlation may exisedetvariability in the
EEL region, and the geographic origination of strains. In thisysttahserved regions of

EEL genes were amplified by polymerase chain reaction (P&R)) used as probes to
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analyze a collection dP. syringae strains isolated from diverse geographical locations.
Strains were screened and evaluated for the presence of tmsiggtgnature using a
hybridization technique using dot blots. When screened for the EElatsign no
obvious correlations between the EEL and the year or geographic giasgain
origination were noted. The results showed that EEL probes werdocatlktect some
strains within a pathovar, but did not yield the same result whentiautar strain was
tested repeatedly. The results also showed that EEL probasresus with strains from
different pathovars and were not able to clearly differenbateeen unrelated strains. In
summary, this study shows that EEL probes are not specific enough to lidarsgtfain

identification ofP. syringae by dot blot analysis.

INTRODUCTION

Agriculture is vitally important in the economic health of the WhiStates, and
US crops are vulnerable to introduction by foreign pathogens, largedydethey cover
vast geographic areas and are not under constant surveillaneetiBnobf plants from
accidental or deliberate introduction of pathogens is a nationalityeptiority in the
United States (Schaadl al., 2003). Most pathogens on the USDA-APHIS biosecurity
threat list are exotic, and strict regulations must be follokad handling these
organisms. Scientists are now starting to use model pathogetisgese can be utilized

without biocontainment facilities.
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P. syringae is a gram-negative plant pathogenic bacterium that is a model
organism for host-pathogen interactions. Fnp/hrc region in straind®st DC3000, P.
syringae pv. syringae 61, an@. syringae pv. syringae B728a consist of a conserved
pathogenicity island (PAI) flanked by a conserved effector locud.@Bd a unique

exchangeable effector locus (EEL) (Alfaetal., 2000) (Fig. 17).

EEL

queA ORFA 3 2 mpA’ 1 hepk-—"

ORF1 avrE 2 3 4 5 6 7 8910 11 ‘gaiP

Figure 17: Diagram of the Hrp PAI oPst DC3000. Thehrp/hrc cluster is flanked by the
conserved effector locus (CEL) and the exchangeable effectas [&EL), a variable
region with diagnostic potential (figure based on (Alfahal., 2000).

The CEL is required for pathogenicity, contains putative effegeénes, and has a
G + C content similar to thierp/hrc genes which suggests that it is conserved. The EEL
begins downstream olirpK and is divergent among. syringae strains until the
conserved tRNA sequences are encountered (Fig. 18). The EEL cegi@amns putative
effector proteins, mobile genetic elements and has a lower tleaage G + C content,

suggesting that it was acquired by horizontal transmission. This regies wrasize from
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2.3 to 7.3 kb between pathovars (Fig. 18). When the EEL was deleRstl C3000,
pathogen fitness was reduced (Alfano et al., 2000). The authors hsigetti®at the Hrp
PAI was acquired early and evolved wRnhsyringae, while the instability at the EEL

suggests that it is still evolving (Alfano et al., 2000)

P. s pv. syringae B728a~8.2 kb

tRNA 1226 1225 HopZ3 'Orf2' 1222 1221 HopX1 avrB3 hrpK
Mo o> > > > > <+

P. s pv. tomato DC3000~6.1kb
tRNA 1411 1410 1409 1408 +tnpA hopB  hrpK

—— O <] — e

P. s pv. phaseolicola 1448A~3.2 kb tRNA 1297 Hopx1 hrpK

al—~—<—3+

Figure 18: Diagram of the EEL of sever&. syringae pathovars. The EEL region starts
at hrpK and is divergent among the pathovars until conserved tRNA sequaeceset.
Shown above are the EEL regions from those pathovars whose genomelebave
sequenced.

A study by Charity et al. used PCR techniques to amplifyEtae and identify
EEL types that were classified by genetic composition (Chetréd;, 2003). The authors
concluded that the effectors encoded by the EEL are involved in paitibgesmd that
the EEL evolved independently of thep CEL, possibly through transposed gene

cassettes. The strains used in this study (Chetrid., 2003) were predominantly from

North America, and the authors suggested that other EEL types maye&ent in
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geographically diverse strains. In another study, Deng et al. cethffae EEL of various
P. syringae strains and suggested that these sequences were acquiredzbpthbgene
transfer (HGT) (Dengt al., 2003). This is thought to have occurred evolutionarily after
the acquisition of tharp/hrc cluster, but before the pathovars diverged from one another.
The more recent divergence seen in the EEL of vafoggingae strains is the probable
result of acquiring new effector proteins and by point mutations (Deng 20aB).

Charity et al. previously predicted that there may be a caoel&ietween the
EEL and place or date of strain origination (Charity et al., 2G08),the EEL has been
identified as a possible polymorphic region of thesyringae genome (Fletcheet al.,
2006). The objective of the current study was to evaluate the @&#Hits fpotential to type

strains ofP. syringae.

EXPERIMENTAL PROCEDURES

Bacterial strains and growth conditions

Escherichia coli DH50 was routinely cultured on Luria Bertani (LB) medium or
in Terrific Broth (TB) (Ausubel, 1997) at 8T. TheP. syringae strains used in this study
(Table 13) included strains isolated from distinct geographicalitmsaand from diverse
host plant species in different yeaPs syringae strains were cultured on King’s medium

B (KMB) (King et al., 1954) at 28C and stored at —70°C in 20% glycerol.

Table 13: Pseudomonas syringae strains used in the EEL study.

Pathovar Strain Place of Year of Host OSuUCB Sour ce/Reference’
isolation isolation NO
Atropurpurea 1304 Japan 1086-3 D. Kobayashi
Glycinea 36a 0991-7 M. Ullrich
Glycinea 4180 New Zealand 1975 0792-1 DSIR, ICMP
Glycinea 4182 New Zealand 1975 0792-2 DSIR

150



Glycinea 5562 New Zealand
Glycinea Race 4
Maculicola 921
Maculicola 4326
Maculicola 4981 Zimbabwe
Mori 1413
Morsprunorum 560
Morsprunorum 567 UK
Morsprunorum 3714 Italy
Morsprunorum 239 South Africa
Phaseolicola F2
Phaseolicola 1448A
Phaseolicola 482
Phaseolicola 501
Phaseolicola 524
Savastanoi AT 13526
Syringae B728a
Syringae B301D
Syringae FF5 Oklahoma
USA
Syringae 5076 France
Syringae 1391 UK
Syringae 4918 Uganda
Syringae 3910 Greece
Syringae 4916 France
Syringae 6006 USSR
Syringae HS191 Australia
Syringae 3476 UK
Syringae 1680 Hungary
Syringae 847 New Zealand
Syringae 3525 New Zealand
Syringae 6491 New Zealand
Syringae Pss 61
Tabaci
Tagetis 53534
Tomato DC3000 Guernsey,
TIGR Channel
Islands, UK
Tomato PT23 USA
Tomato 4325 Canada
Tomato Pto 483
Tomato Pto 2811
Tomato Pto 119
Tomato DC84-1 Ontario
Tomato 487 Greece
Tomato 3357 New Zealand
Cit7

1978 0792-3
0596-20
0493-3
0596-13
1970 Cauliflower
0886-25
0886-17
Prunus 0288-7
1965 Sweet cherry 0288-8
1981 Prunus 0494-13
Bush bean 1096-6
1096-15
1096-18
1096-19
1096-21
0886-21
0995-1
0688-2
1997 0491-8
1965 Lilac, 0494-3
cucumber,
melon &
pumpkin
1959 Pear 0494-4
1973 Centrosema 0494-9
pubescens, lilac
1963 Lemon fruit 0494-10
1965 Bean, lilac 0494-11
1948 Citrusreticulata 0494-18
Millet 0494-19
1960 Lilac 0494-20
1958 Cherry 0494-23
1962 Cherry 0494-24
1973 Bean 0494-25
1978 Apricot 0494-26
1295-1
1086-1
Marigold 0700-4
1960 Tomato 0700-10
1983 Tomato 0887-15
1944 Tomato 0288-9
1988 Tomato 0798-5
Tomato 0798-7
1997 Tomato 0798-8
1984 Tomato
1979 Tomato
1972 Tomato
Citrus; 1191-1

nonpathogenic

DSIR
A. Collmer
ICMP
F. Ausubel

NCPPB
NCPPB, UCPPB
R. E. MitchsICPPB 560
NCPPB 1781
Roos
B. Volksch
Race 6
Race 5
Race 7
Race 2
UCRDAC 0485-9
wild-type; Kyle Willis
D. Gross
G. Sundin

ICMP

L. Gardan
ICMP, NCPPB

ICMP
ICNIERPPB
ICMP

ICMP
L. Gardan
ICMP
ICMP
ICMP
wild-type; Alan Collmer

J. Lydon; ATCC

(Buell et al., 2003, Cuppels,

1986)

(Bender & Copk$986)
NCPPB, ICMP
B. Voelksch, GSPB
V. Catara

(Weingart & Volksch, 1997a)

ICMP
K. Willis; MPMI 1:80

#The exact year of isolation and location was not available for some strains. When thi
occurred, the year of isolation was based on the first citation in previously pdblishe
literature.
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® GSPB, Géttingen Collection of Phytopathogenic Bacteria, Géttingen Germ@mp, |
International Collection of Microorganisms from Plants, Auckland, New Adal@aFPB,
Collection Francaise des Bacteries Phytopathogenes, INRA Agarce; NCPPB,
National Collection Plant Pathogenic Bacteria, UK; ATCC, American TGudeure
Collection, USA; DAR, Plant Pathology Herbarium, Orange Agriculturaltlristi
Australia.

Strains inbold underline were used for primer design.

Pr epar ation of genomic DNA

Genomic DNA was isolated frorR. syringae strains using a rapid cell lysis
protocol that has been described previously (Chen & Kuo, 1993). Briefl\erizaotere
suspended in lysis buffer (40 mM Tris-acetate, pH 7.8; 20 mM sodietatac 1 mM
EDTA; 1% SDS), and mixed with vigorous pipetting. A volume of 5 M Na&s added
and the mixture was centrifuged at 16,110 g for 20 min. The supernativiawsferred
to a clean microfuge tube, an equal volume of chloroform was addeédhea contents
mixed briefly by inversion, and then centrifuged at 16,110 g for 10 e aqueous
phase was transferred to a clean microfuge tube, and DNApkeagpitated with one
volume 100% EtOH. Following centrifugation, DNA was washed in 70%HE#Dd the

pellet was dissolved in TE buffer (Sambraalal., 1989) (pH 8.0) and stored at 4°C.

Primer design

Sequence data was obtained from NCRBw{.ncbi.nih.goy and homology

searches were done using BLAST. Table 14 includes a list of gdfles used in
screening a collection of diverse syringae strains. The table was constructed by using
the National Center for Biotechnology Information (NCBI) wele @ search for the
conservedhrpK gene, and the EEL locus was then located in varlusyringae

pathovars. The Pst DC3000 genome was also analyzed with Artemis
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(http://monod.cornell.edu/visualization/Visualization with Artemis.htmvhich is a free

genome viewer and annotation tool that allows visualization of seqieaises. The
EEL regions from othelP. syringae pathovars were sequenced previously (Charity et al.,
2003), and obtained from the NCBI web site by searchindgpfa and identifying the
flanking regions. The coding sequence of individual genes was therzeshdbdy related
sequences using BlastN, and conserved regions of 100-600 bp wereiedebyif
comparing the query alignments. Approximately 30 primer pairs wee designed
using PrimerQuest on the Integrated DNA Technologies (IDT) weebs

(http://scitools.idtdna.com/Primerqugstfo amplify conserved regions as described

below.

Table 14: EEL target genes and primers used in scredpisgingae strains

Target Gene Forward and Reverse Primers Product
(Probe) Size (bp)

PSPTO 1406 GCAGCCAACTGTCTGCAAATGT 201
TACTGTCAGGTGCCCATAAACCCT

PSPTO 1407 GGTGGTCGATGCGACGATCATT 170
CAGTACCCACCAGGCTATGGACTAAA

PSPTO 1408 ACTGAGGCATCAGGCCTTTATCAC 146
TGGTAGTGCCCAGAGTGCAG

PSPTO 1409 TCGAAGATCAACATCGCAGCAGGA 252
TACGTCATGCTACGCTCAACCACA

PSPTO 1410 GGCAACGACAAGGATCTGGATAACGA 255
GCCGTTGTAGTTGTCGGTGTTGTT

PSPTO 1411 GGAAGTCTCGGTTAAAGTACCTACAGGC 181
CTCATAACCGTCAGCATTGAGTTGCG

Psyr 1219 GCATCTGTCATTTCTTCGGACAGC 404
GGTCCAGTTATAGGCGTAACAAACGC

Psyr 1220 AAGCGCAGAATGAAGCGTCTCACA 300
GTTGCGCATCCACATCAATGTTGCC

Psyr 1222 TCGAAGTCATTCACGAATTGCCCG 84
CACTGGTTTCTTCGCTGATGACATGC

Psyr 1223 GCACTGGTTGAGCTGGACATCAAA 275
CAGGCGACAAATCGTGGAGTCAAA

Psyr 1224 GATGCTGAACTCACCGAAAGCATC 266
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GCAGATTCAAGCCGGGATTTCTTG

Psyr 1225 CCGTTACGGATTGATGAGGATCAC 155
CCCGCCATGGTTAGCATTAAAC

Psyr 1226 TGAGCATCACCAAACCTGAAACGC 205
TAGTAGTCCGGGTCGAGAGTCG

Pspph 1296 CGACGTCCACTGGATGAAGACAGTAT 443
TTAGACCACGGGTCCATGACGAT

Psm avr PphE ATGAACTGGAATGTGCTCGTCGC 273

ATCTTTCGCGAACCGGCTGTCTT

PCR amplification

Primers were designed to amplify the most conserved portioal@fted genes
from the EEL region (Fig. 18 and Table 14) of varidussyringae pathovar reference
strains (boldface, underscored strains in Table 13). For eacbkrgvaar, 50 pl reactions
consisted of 5 pl of 10x Mg free buffer, 6.5 pl Mgdl pl 10 mM dNTP, 1 pl genomic
template DNA, 1 ul of each primer (50mM), 1 ul Taqg polymerasat(bgen), and 33.5
ul sterile distilled HO. PCR cycling conditions consisted of denaturation 3€qStep 1,
1-2 min), incubation at $€ (step 2, 1 min), annealing at%5 (step 3, 30 sec), and
extension at 72 (step 4, 45 sec). Steps 2-4 were repeated for 30 cycles, follwe
min of final extension at PZ and a final incubation at°€. PCR products were
separated by electrophoresis in ultrapure agarose (Invitrogeimsb&lh CA) gels.
Electrophoresis was in 0.5X TBE (Tris-borate-EDTA) or 1X Thidfer (Sambroolet
al., 1989) with a 1-kb sizing ladder (Invitrogen, Carlsbad, CA). PCR preduete
excised from gels and prepared for cloning using the QIAquick Gehdion Kit

(Qiagen, Valencia, CA).
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Cloning and sequencing of PCR products

Products were cloned into the pCR2.1-TOPO (Invitrogen, Inc.) cloniotpive
using the manufacturer’s protocol (Table 15). The clones were ridwesfdrmed intde.
coli, and plasmid DNA isolated for sequencing was prepared using fharépl Spin
Miniprep Kit (Qiagen). Sequencing of the cloned fragment in eamfhstruct was
conducted by the OSU Recombinant DNA/Protein Resource Facilitg 0sf and M13

primers.

Table 15: Strains and constructs used in the EEL study.

Strain or plasmid Characteristics Reference or source
E. coli DH5a recAlacZ_M15 Bethesda Research Labs
Plasmids
pCR2.1-TOPO AP Km®;  cloning Invitrogen
vector  for PCR
products
pCR2.1-PSPTO 1406 Ap Km® contains This study

conserved portion of
PSPTO 1406 in
pCR2.1
pCR2.1-PSPTO 1408 Ap Km®; contains This study
conserved portion of
PSPTO 1408 in
pCR2.1
pCR2.1-PSPTO 1409 Ap Km® contains This study
conserved portion of
PSPTO 1409 in
pCR2.1
pCR2.1-Psyr1219  Ah Km": contains This study
conserved portion of
Psyr 1219 in pCR2.1
pCR2.1-Psyr1220  Ah Km®: contains This study
conserved portion of
Psyr 1220 in pCR2.1
pCR2.1-Psyr1222  Ah Km": contains This study
conserved portion of
Psyr 1222 in pCR2.1
pCR2.1-Psyr1224  Ah Km®: contains This study
conserved portion of
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Psyr 1224 in pCR2.1
pCR2.1-Psyr1225 Aph Km®: contains This study

conserved portion of

Psyr 1225 in pCR2.1
pCR2.1-Psyr1226  Ah Km": contains This study

conserved portion of

Psyr 1226 in pCR2.1

DNA labdling and hybridization

After confirming the identity of the inserts by sequencing, dbestructs were
used as templates, and the fragments amplified and labeled watkiggigin (DIG) by
PCR (PCR DIG probe synthesis kit; Roche Applied Science). GenbiA from P.
syringae strains (Table 13) was spotted onto Hybond-N nylon membrane (Aamersh
Biosciences), cross-linked using a UV transilluminator and denaturdatidizations
were conducted for at least 12 h aP65and post-hybridization washes (2X SSC, 0.1%
SDS and 0.1% SSC, 0.1% SDS) were used. DNA-DNA hybridization wwestele using
an anti-dig antibody and chemiluminesence using the DIG LumineBmattion Kit

(Roche Applied Science).

RESULTSAND DISCUSSION

Effector proteins are delivered inside host cells via the T3&8ectors are
sometimes recognized by the host and may modify the outcome bib#teathogen
interaction (Alfano & Collmer, 2004). The EEL is a highly variabteirce of effectors
(Alfano et al., 2000), and some of these have a proven role in plamb®imnteractions
(Foutset al., 2002, Petnicki-Ocwiejat al., 2002, Schechtest al., 2006). The EEL is part

of the P. syringae flexible genome, which consists of genes that vary within strdias
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species, and by definition evolves largely through HGT. The orgtmizof this region
was constructed faPst DC3000, B728a, and 1448A by searching for hhgK gene in
the genome of these three strains (figure 18; table 14 column 1l)er@exgportions of
one to several hundred base pairs were identified, and approxiritisly primer sets
were designed to amplify these conserved regiorRsirDC3000, B728a and 1448A.
Detectable amplicons of the correct size were amplified awmisexl for cloning,
indicating that the PCR reaction and cycling conditions were appropriate &ngkstif

To characterize and confirm the identity of the PCR products obtdires# were
cloned into the pCR2.1-TOPO (Invitrogen, Inc.) cloning vector to createindividual
EEL-pCR2.1 constructs (Table 15). These were transformecEintoli, and sequence
analysis of the cloned fragment confirmed the correct identity of eaelt.

The conserved EEL fragments were used in hybridization experineestseen
and evaluate a diverse collection Pf syringae strains for the presence of the EEL
signature by a dot blot technique. After the cloned portion was confibypsequencing,
inserts were used as template, amplified, and labeled with TH€se labeled probes
(Table 14 column one) were then hybridized with genomic DNAs fRonsyringae
strains (Table 13) that had been spotted to nylon membranes. Hgtods were
conducted overnight at 86, after which time DNA-DNA hybridization was detected by
chemiluminesence. Table 16 summarizes the results of experimsngsPst DC3000
EEL probes, and Table 17 summarizes the results of experiments Big28a EEL

probes.
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Table 16: Results fromPst DC3000 EEL probes. Probes PSPTO 1406 and 1409 were
used in hybridization experiments with strains from variBusyringae pathovars (Table
13). Check marks for DC3000 indicate the total number of timeshylatidization
experiments were repeated (four for PSPTO 1406 and 5 for P$80%). Check marks

for P. syringae strains represent the number of times a signal was detacted
hybridization experimentsk. coli was included in hybridization experiments as a
negative control.

pv strain PSPTO PSPTO
1406 1409
Tomato DC3000 vYvvYyY VvvVvvyvy
Tomato DC84-1 vV vV
Tomato 487 Vv v vy
Tomato 3357 VvVvvv  VVVVY
Tomato PT23 vv
Tomato 4325 v Vv
Tomato Pto 483 4 v
Tomato Pto 2811 Vv 4
Tomato Pto 119 vV vy
Maculicola 4981 Vvvvv VVVVYV
Mori 1431 v
Syringae 3525 v vv
Syringae HS191 Vv
Syringae 847 v
Cit7 v v
E. coli v
Atropurpurea
Glycinea 36a
Glycinea 4180
Glycinea 4182
Glycinea Race 4
Glycinea 5562
Maculicola 921
Maculicola 4326
Morsprunorum 567
Morsprunorum 3714
Morsprunorum 239
Phaseolicola F2
Phaseolicola 1448A
Phaseolicola 482
Phaseolicola 501
Phaseolicola 524
Savastanoi AT
13526
Syringae B728a
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Syringae B301D
Syringae FF5

Syringae 5076
Syringae 1391
Syringae 4918
Syringae 3910
Syringae 4916
Syringae 6006
Syringae 3476
Syringae 1680
Syringae 6491
Syringae Pss61
Tabaci

Tagetis 53534

Table 17: Results fromPsyr B728a EEL probes. Probes Psyr 1219, 1222, 1224, 1225,
and 1226 were used in hybridization experiments with strains frorausd?i syringae
pathovars (Table 13). Hybridization experiments were performec thmees (1219,
1222, 1225 and 1226), and four times (1224) respectively. Check mafRssgingae
strains represent the number of times a signal was detedtgridization experiments.
The absence of check marks for probes 1222 and 1225 with strain Bid&&sdd that a
detection signal for this positive control was not obsenkedcoli was included in
hybridization experiments as a negative control.

pv strain Psyr  Psry Psyr Psyr Psyr
1219 1222 1224 1225 1226
Syringae B728a vvv vvvvy v
Glycinea 4180 v v
Glycinea 5562 v
Maculicola 4326 4 vy 4 vV v
Maculicola 4981 Vv vV Vv Vv v
Mori 1431 v v 4 v Vv
Phaseolicola F2 v
Phaseolicola 1448A v v
Phaseolicola 524 v
Syringae 4918 vvv VvV vy vvv vv
Syringae 4916 vV v vV vV v
Syringae HS191 v vV v v Vv
Syringae 3476 v
Syringae 1680 v Vv
Syringae 847 v v vy
Syringae 3525 VVVY VvV VVVVYY VYV VYV
Syringae 6491 v 4 v VvY Vv v
Tomato Pto 483 v v
Tomato Pto 119 Vv
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Tomato 4325 vvv

Tomato DC3000 VvV vV v v v
Tomato DC84-1 vv VvV vv VvV VvV
Tomato 487 v vV Vv v v
Tomato 3357 v vV VvV Vv Vv
E. coli vV v
Atropurpurea
Glycinea 36a
Glycinea 4182
Glycinea Race 4
Maculicola 921
Morsprunorum 239
Morsprunorum 567
Morsprunorum 3714
Phaseolicola 482
Phaseolicola 501
Savastanoi AT
13526
Syringae B301D
Syringae FF5
Syringae 5076
Syringae 1391
Syringae 3910
Syringae 6006
Syringae Pss61
Tabaci
Tagetis 53534
Tomato PT23
Tomato Pto 2811
Cit7

P. syringae strains isolated from diverse geographical locations wergzathfor
the presence of the EEL signature. EEL probes were desigmadcbnserved regions
and were used in hybridization experiments to establish sekitedness. Probes from
Pst DC3000 failed to consistently hybridize or detect (e.g. stra@3Pseven strains of
pv. tomato including PT23, 4325, Pto 483, Pto 2811, Pto 119, 483, DC-84 (Table 16).
EEL probes from pv. syringae failed to consistently hybridizdebdect six strains of pv.

syringae including strains HS191, 1680, 6006, Pss 61, 3476, and 3910 (Table 17). All
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five pv. syringae probes failed to hybridize with four strainduisiog B301D, FF5,
5076, and 1391 (Table 17). Although the probes were designed from conssagieat r

of the Pst DC3000 and B728a EEL region, they did not consistently hybridizel to al
strains of pvs. tomato and syringae, respectively.

Additionally, probes fromPst DC3000 consistently cross-hybridized to pv.
maculicola 4981 (Table 16), while EEL probes from pv. syringae censistcross-
hybridized to strains in several pathovars including pv. tomatanstiaC3000, 3357,
4325, pv. maculicola 4981, pv. phaseolicola strains F2, 1448A, 482, 501, 524, pv.
glycinea strains 5562, 36a, 4180, 4182, and pv. morsprunorum strains 567, 239, 5795
(Table 17). Furthermore, probes from both pathovars cross-reaitteé.veoli (Tables
16, 17). These results show that EEL probes from both pv. tomato and pv. sgrivgme

react with other pathovars and do not clearly differentiate latere strains.
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Scope and Method of Studyseudomonas syringae pv. tomato DC3000 (Pst DC3000) is
a gram-negative plant pathogenic bacterium that is virulent on toBratssica
spp. and Arabidopsis. One aspect of this study was the utilization rablea
number tandem repeat loci (VNTR) by multiple locus variable nurntdo@tem
repeat analysis (MLVA) for typing oP. syringae pv. tomato. The specific
objectives of this project were to: (i) design and identify VNIriRner sets useful
for strain typing; and (ii) use these to type a collectioR.adyringae pv. tomato
strains. A second aspect of this study focused on the charaaeripétc™"
dependent transcriptional activator mutant$gif DC3000. The main objectives
of the study were to (iii) verify and complement transcripti@aivator mutants
in Pst DC3000 and determine the phenotype on host and nonhost plants; and (iv)
analyze ¢°*dependent transcriptional activator mutants for traits relevant to
specific activator (motility, nutrient utilization, alginate production).

Findings and Conclusions: Objective I. 34 VNTR primer sets were designed and five of
these were identified for strain typing. These primer seisewised to type a
collection of 58P. syringae pv. tomato strains, and 23 different MLVA sequence
types were identified (Objective Il). This is the firsport using MLVA to type a
large collection of. syringae pv. tomato strains of diverse origin. Objectives Il
and 1IV: The DC3004leQ mutant was non-motile, non-flagellated, and defective
in biofilm formation, traits that were restored with a completimg clone;
whereas the DC3008:tD2 mutant was defective in the ability to transport and/or
utilize succinic acid as a carbon source. All of the mutants aldeeto elicit the
HR on tobacco, and DC30@0gB showed a reduction in symptom production on
Arabidopsis, suggesting a role for alginaté>gh DC3000 virulence. In summary,
this study shows that’*-dependent activator genesRat DC3000 are important
for pathogenicity, nutrient assimilation, and various physiological processes
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