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Abstract

The ability of several plardssociated bacteria to inhibit the proliferatmf root
pathogens has been well established whereas considerably less has been reported about
bacterial species inhibiting pathogens on the phyllopl&uterotinia sclerotiorunis the
fungal causative agent of stem rot and is capable of infectinglO@eplant species,
including flowering canola plantgzor this reason, there is a need for disease
management strategies targeted at preventing sclerotinia infection.

Pseudomonaspecies DF41 was isolated from the canola rhizosphere and found
to be arexcellent antagonist of sclerotinia stem rdherefore, research efforts turned
towards elucidating the mechanisms underlying DF41 antifungal (AF) actAvity.
random transposon mutagenesis approach facilitated the identification of genes essential
for DF41 fungal antagonismOne gene that was identifiegacS encodes the sensor
kinase of the Gac twoomponent signal transduction syste@haracterization of the
DF41gacSmutant revealed that this regulator is essential for secondary metabolite
producton. In other bacteria, the Gac system activates target gene expression by
upregulating the transcription of small, untranslated RNA molecules (SRNARNA
molecule called RsmZ was found to act as a downstream regulatory element in the DF41
Gac regulatoy cascade.

Furthermore, we discovered that DF41 is producing acyl homoserine lactone
(AHL) signalling molecules.This prompted us to investigate the effect of quorum
sensing (QS) on phenotypes contributing to AF activityDF41, AHL- signalling is no
important for secondary metabolite production but does influence motility and may

indirectly govern gene expression by controlling other regulatory elements



Screening of our transposon library led to the identification of aribmsomal
peptide synthetse gene involved in synthesis of a cyclic lipopeptide (CLP) molecule.
High-performance liquid chromatography (HPLC) and mass spectrometry (MS) enabled
the identification of an unusual CLP and we propose a preliminary structure containing
some unique feates. The role of this molecule iRseudomonasp. DF41 AF activity
was also elucidated.

Altogether, this investigation has revealed a number of important findings
regarding how DF41 functions as a biocontrol agdimis information will allow us to
useDF41 more effectively in the future in managing sclerotinia stem rot on canola

plants.
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Chapter 1

Literature review



1.1 The role of Pseudomonaspecies in Biological Control

Fungal pathogens destroy millions of crop acres each year, contributing to
decreased food production and lost revenueldwode. Conventional methods of
controlling fungal pathogens have included tillage, crop rotation and pesticide
application. However, with the evercreasing awareness of the negative health
implications and environmental concerns regarding prolongethiclal usage there is a
burgeoning demand for the development of alternative and safer methods of disease
management. Furthermore, not only do pesticide resistant microbes naturally exist, but
repeated pesticide treatment has led to the emergence tdnegaiants.

Bi ol ogi cal control presents a more fer
chemical pesticides. A concise definitiol
organi sm {Beirne 967t Magzola et al. 1992)The concept of iblogical
control of pathogenic species arose in part, from the discovery of naturally suppressive
soils (Schroth and Hancock 1982; Htwn1983; Weller et al. 2002) These soils are
intrinsically protected from fungal diseases due to the presence afpha@associated
bacteria (Schneider 1982; Schippers et al. 1987Mistorically, reports of naturally
suppressive soils were published as far back as 1898 and 1933 describing both the
varying conductivity of Wisconsin soil types to the pea wilt pathagehthe observation
of i nduced disease suppressionyald ophertd men
(Roediger 1898; Walker and Snyder 1933Jthough naturally suppressive soils are rare,
other examples include soils in the Salinas Valley (Califotai§, A ) in Franceods

Chateaurenard region and in the Broye Valley in Switzer{dtaths and Defago 20Q5)



The defining characteristics of naturally suppressive soils are as followsthe i)
suppressive nature is lost upon harsh antibiotic treatmenotloer antimicrobial
treatmentgShipton 1973; Cook 1976; Scher 1980; Stutz 1986Y ii) the suppressive
nature is transferable to other soils that exhibit <10% suppre@deas et al. 2002)
These two characteristics of suppressive soils are attribut@b the presence of

antagonistic soihssociated microorganisms.

1.1.2 Plant growth- promoting bacteria

Plant growth promoting bacteria (PGPB) are a large group of-ptmuciated
bacteria that stimulate plant growth and soil health. Although tbeydse bacteria
isolated from the rhizosphere, phyllosphere, spermosphere, and antho@ddierean
1997) the rhizospherassociated bacteria (PGPR) are the best charact€Kmsepper
1987) PGPR are predominantly comprised of species from the gdSe#lus,
Streptomyces, Burkholderiand Pseudomonaand are considered harmless to the plant
host although their population densities are often quite highb@deria/ g rootfweller
1988; Lugtenberg et al. 2001PGPR confer protection to their pldrosts through three
main modes of action which include: aghieving sufficient cell numbers on the plant
surface to compete with fungal pathogens for available nutrients and growth substrates;
i) induction of plant immune responses such as ISR or mystacquired resistance
(SAR); and iii) antagonism of pathogens by neutralizing virulence factors or antibiosis
(Kloepper 1987; Haas and Defago 2Q05Yhis review will focus on mechanisms

underlying biocontrol in pseudomonads, with emphasis on fluorestssuidomonas



species. The plant immune responses ISR/ SAR will not be discussed here but have been

the subject of several revieyBhomashow 1996; Compant et al. 2005; Van Loon 2006)

1.1.3 The genusPseudomonas

Pseudomonass a genus within the gamnp@oteobacteria. These bacteria are
rod-shapedGram-negativeaerobesmotile by means of one or more polar flagé€Ryan
and Ray. 2004) They are a weltudied group due to their broad range of functions and
complex interactions with their host. This metabolically diverse genus is capable of
using over two hundred substrates for growth, a traithvhikely contributes to their
ubiquitous naturgMadigan and Martinko. 2005 Pseudomonaspecies have been
isolated from various sources, including soil, water and plants. They form a functionally
diverse group of bacteria whose members range from xenobiotic degraders to plant
pathogens, animal and human opportunistic patmg®GPB, and strains that are

antagonists of oomycete and fungal pathodgbfedigan and Martinko. 2005)

1.1.4 Pseudomonas fluorescens

Pseudomonaspecies are ubiquitous in the environment and are prevalent in the
rhizosphere and phyllosphere. One particular subgrbepfluorescent pseudomonads,
has been the subject ofmarous biocontrol studies. These bacteria are distinguished by
the formation of a diffusible, yellongreen pigment which manifests due to the
production of a siderophore, pyoverdine (pseudobati@yer 1978) The fluorescent
pseudomonads consist of repentatives fronPseudomonas syringa®seudomonas

fluorescens Pseudomonas aeruginosand Pseudomonas putida Although this group



has members with diverse functions including human and plant pathogens, this review

will focus primarily on biocontrol isaltes and the factors governing fungal antagonism.

1.1.5 Biological control activity of Pseudomonaspecies

Interest inPseudomonabi ocontr ol was initiated i
the University of California, Berkeley where the applicatiorPe®idomonasstrains on
potato, sugar beet and radish seeds or seed pieces improved plant(Gadwtith and
Hancock 1981; Schroth and Hancock 1983&ubsequent studies focused on the role of
iron sequestering compounds or siderophores on pathogen supp(&$sepper 1980;
Schroth and Hancock 1982)Although Pseudomonagntibiotic production had been
demonstrateth vitro, the first experimental evidence thaPseudomonaantibiotic was
responsible for disease suppression on a plant host was provide®Bimyl Thomashow
and Weller. Their experiments, which included the examination of null mutants, clearly
demonstrated that the antibiotic phenazineafboxylic acid (PCA), produced by.
fluorescen®-79 was capable of suppressing taledisease causdry Gaeumannomyces
graminisvar. tritici on wheat{Thomashow and Weller 1988)A second research article
was published shortly thereafter describing the biocontrol activity of another prominent
biocontrol strainP. fluorescensCHAO. P. fluorescen2-79 was isolated from the wheat
rhizosphere andP. fluorescensCHAO was isolated from soil that was naturally
suppressive to tobacco root (Moisard et al. 1989) Both of these species have emerged
as model biocontrol organisms and a plethora of antibipteduced by these and other
isolates have been identified that contribute to the biological control of various fungal

pathogens.
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1.1.6 Pseudomonaspecies DF41

Pseudomonaspecies DF41 was isolated from canola (cv Cresor) root tips in
Manitoba, Canada dung a screening for novel biocontrol speciéSavchuk and
Fernando 2004) Biolog™ analysis, 16 rDNA sequencing, and the production of a
yellow-green pigment on irehmiting media classified this isolate as a member of the
fluorescentPseudomonaspeces; however, a species designation was not elucidated
(Zhang 2006) This bacterium provoked further interest due to prelimimanyitro and
field assays in whicliPseudomonasp. DF41 demonstrated significant inhibition of the
fungal pathogertclerotinia sclerotiorum (Savchuk and Fernando 2004)Subsequent
microscopy studies demonstrated thBseudomonasDF41 strongly inhibited S.
sclerotiorumascospore germination and germtube elongation and bran(®awghuk
and Fernando 2004)Another interesting fiing from the microscopic analysis was the
observation thaPseudomonasp. DF41 is able to degrad sclerotiorumascospores

24h after canoculation onto canola petals (Savchuk and Fernando 2004).

1.1.7 Sclerotinia sclerotiorum

Sclerotinia sclerotioum (Lib.) de Bary is an economically relevant ascomycete
pathogen that is capable of infecting greater than 400 plant species such as peas, potato,
dry beans and lentil$urdy 1979; Hallman 1997)it is the causal agent of sunflower and
canola stem rofNelson, 1998) and is the most serious disease affecting canola in the
Canadian prairies. Furthermore, in 2000, previously resistant varieties of flax became
susceptible td5. sclerotiorum infection in Manitoba and Saskatchew@®ashid 2000Q)

Canola yiedl losses due t8. sclerotioruminfection range from 800% in years that are



favourable for disease development such as those in which cooler temperatures and high
precipitation conditions prevaiManitoba Agriculture 2002)

The mainS. sclerotiorunvirulence factor is oxalic acid, which creates an acidic
environment and causes tissue damage by sequestering calcium from the middle lamellae
(Bateman and Beer 1965; Godoy 199@xalic acid disarms the plant immune response
by neutral i ziidatye burbt@€esnad et ralt Z0@0) However, celwall
degrading enzymes such as cellulases, {oefhilases, pectinasg®iou et al. 1991)
proteases(Poussereatet al. 2001; Girard et al. 2004nd endopolygalacturonases
(Cotton et al. 2003gontributeto virulence by facilitating fungal access to internal plant
tissues. A complicated and unique life cycle makes nmemmeugt of this fungal pathogen
challenging. S. sclerotiorumproduces hard, irregulashaped, ovewintering bodies
called sclerotia, thahay persist in infected soils up to four ye@ivianitoba Agriculture
2002) Sclerotia germinate under favourable conditions into mushsb@ped structures
called apothecia that release spores which can then becomdavimeland travel up to
one kilomete, exposing neighbouring crops to the risk of infect{Pardy 1979; Venette
1998) Canola plants are most susceptibl&iaclerotiorunat the flowering stage as the
ascospores infect the plant upon landing on senescing flowers and fallen petals which
provide the nutrients required for fungal grow@furkington 1993) Because fungicide
must be applied before symptoms appear and all canola varieties are susceptible to
sclerotinia infection, chemical treatment becomes costly. This together with thleatact
sclerotia are able to persist in the soil for long periods underscores the need for the

development of alternative, more effective methods of fungal disease management.



1.1.8 Canola

Canolais one of two cultivars dBrassica (apeseed), specifidly, Brassica
napus L and Brassica campetrit. Rapeseed varieties low in erucic acid weigally
developed in the BDO at the University of Manitobhy two scientists, Dr. Baldur
Stefansson and Dr. Keith Downeynd sincecanola varieties have éerefined to
produceseedghatcontain less than 2% euric acid and are low in potentially toxic
glucosinolates. Approximately 42% of the canola seed is crushedintbfar food
production and the remainder is used a high quality animal #&ecbrdng to the
Canadian Canola Council, canola production is a multib#tiotar industry in Canada
alone although canola @iltivatedworld-wide. Canola is susceptible tamamberof
invasive species includingeeds andungal pathogens. In 199&geneically-modified
(GM) line of herbicide resistant canola seeds was introduoga the markeand
currently over 80% of the canola varieties growihMiasternCanada are GM lines.
Although diseaseesistant varieties of canola and fungicides are availalbleanola

cultivars are suseptible ®. sclerotiorumnfection.

1.19 Biocontrol compounds produced byPseudomonas fluorescens

The six major classes of biocontrol compounds producedP®gudomonas
biocontrol specieare shown in Fig. 1,encompasphenazines, pyoluteorin, pyrrolnitrin,
2, 4diacetylphloroglucinol (2,DAPG), cyclic lipopeptides (CLPs) and hydrogen
cyanide (HCN)(Raaijmakers 2002; Haas and Keel 2003)though these products are
not required for primary bacterial metabolism, thegmvén been experimentally

demonstrated to contribute to the biocontrol activity of-Boiine plant pathogens. Many
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of the antibiotics produced have bresgectrum activity or may act synertigslly with
other antibioticsreviewed by(Raaijmakers 2002) Due to their lack of pathogen
specificity and/or toxic effects at high concentrations, most of thasbiaics are
limited to environmental application onlwith the exception of pyrrolnitrin which was
briefly used as a topical antibiotic against human fungal infectiogen 2000; Barrett
2002; Haas and Keel 2003)he antibiotics and other inhibifocompoundslepicted in
Figurgoroduced by fluorescerff'seudomonaspecies will be briefly discussed in the

following sections, with the exception of CLPs which will be reviewed in section 1.2.

1.19.1 Phenazine antibiotics

Phenazines are an extensiveoup of pigmented, heterocyclic, nitrogen
containing secondary metabolites with bragectrum activityand encompas®ver 50
derivativesproduced by fluorescemseudomonas speciasd other bacterigTurner and
Messenger 1986; Mavrodi et al. 2006Although there have been numerous phenazine
derivatives reported, phenazine compounds have been implicated in biocontrol activity
by several rhizobacteria such Rs(aureofaciens) chlororaphi30-84, P. fluoresceng-
79 and P. chlororaphis PCL1391 (Thomashow and Weller 1988; Pierson and
Thomashow 1992; ChiA-Woeng 1998 (Mavrodi et al. 2010) Phenazines are
analogues of flavin coenzymes that inhibit electron transport, and fungal antagonism has
been demonstrated agsira range of fungal pathogens includ@®ggraminisvar. tritici,
Fusarium oxysporumPythium species, Rhizoctonia solani and Alternaria species

(Gurusiddaiah et al. 1986; Georgakopoulos et al. 1994; Cook 1995; Anjaiah et al. 1998;
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ChinrA-Woeng 1998; Mallo et al. 2004) Another putative mechanism of phenazine
mediated biocontrol is through lipid and macromolecule damage caused by hydroxyl
radical formation in the presence of ferripyochdlBritigan et al. 1992) Phenazines
may have a role in iron maization in soils as reduced phenazines can solubilise iron
from insoluble sources under neutral soil ternandez et al. 2004)Experiments with

P. fluorescens2-79 demonstrated that phenazpeducing strains may have an
advantage in colonizing th@ats of wheat plants and exhibit enhanced survival in the
rhizosphere compared to phenazmél mutants (Hernandez et al. 2004) Such
beneficial traits may result from phenazimediated iron solubilisation. These factors
point to the possible contridah of phenazines in ecological competence and-teng
survival of bacteria in the soil environment, although this role for phenazines has been
disputedMazzola et al. 1992; Prie&/helan et al. 2006)

Phenazine biosynthesis occurs via a pathway derfvem the shikimic acid
pathway,a pathway which is alscesponsible for the synthesis of siderophores and the
aromatic amino acids tyrosine and phenylalariMeDonaldet al. 2001; Vandenende et
al. 2004) Chorismic acid has been identified as the bdrgoaint for the synthesis of
phenazine derivates with moBseudomonasompounds being hydroxyl and carboxy
derivatives with antibiotic activity differences arising due to differences in the nature and
position of substituents on the heterocyclic rihgngley 1972; Mavrodi 2006) In the
majority of phenazing@roducing pseudomonads, the biosynthetic genes are arranged into
a core operonphzABCDEFG(Mavrodi 1998; Delaney et al. 20Q1however, strains

often carry additional genes required for the biosysithef phenazine derivatives such as
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phzM, phzS, phzO and phz#iich can be located close to the core operons or elsewhere

in the genoméChin-A-Woeng2001)

1.19.2 Pyoluteorin

Pyoluteorin is one of two polyketide antibiotics within the arsenalPof
fluorescensAF compounds. It is composed of a bichlorinated pyrrole linked to a
resorcinol moiety and is produced By fluorescend’t-5, P. fluorescensCHAO, and
Pseudomonaspecies M18 in addition to othéacteria Although a number of other
antibiotics are produced by Bfand CHAO, pyoluteorin is thought to be the most toxic to
Pythium ultimumdampingoff disease on cress, though not on cucun{eaus 1992;
Maurhofer 1992; Maurhofer 1994) Pyoluteorin is toxic to seed and raotting
pathogens ando certain Gramnegative andGrampositive bacteria(Bailey 1973;
Howell 1980; Maurhofer 1992) The pyoluteorin biosynthetic gene cluster,
pItABCDEFG encodes nine products whose functions are sufficient to synthesize
pyoluteorin from acetate and prolingrecursors(Nowak-Thompson 1997; Nowak
Thompson 1999) Two genes encoding Lysfgpe transcriptional activators are
transcribed divergently from the pyoluteorin cluster and have been shown to positively
influence expression of the pyoluteorin biosynthefenes(Nowak-Thompson 1999)
Interestingly, pyoluteorin serves as an autoinducer, enhancing its own production and
acting as an intercellular signal between bacterial populations in the rhizosphere
(Brodhagen 2004) Pyoluteorin is also influenced by theoduction of other antibiotics.
For example, inPseudomonasp. M18, the production of pyoluteorin is negatively

influenced by the accumulation of phenazireatboxamide; however, the reverse is not

12



true (Ge 2007) In P. fluorescensstrain Pf-5, pyolueorin and 2,4DAPG are mutually
inhibitory to one another and pyrrolnitrin also represses pyoluteorin production.
(SchniderKeel 2000; Brodhagen 2003; Brodhagen 2004; Baehler et al..2@0&pugh,

the biosynthesis of pyoluteorin has been whkiractazed, the mechanism(s) by which

pyoluteorin inhibis fungal pathogens remains unknown.

1.19.3 2,4diacetyphloroglucinol (2,4DAPG)

2,4DAPG is a phenolic broathnge antibiotic with antiviral, phytotoxic,
antibacterial and AF activities. It suppses plant pathogenic fungi, helminths such as
the nematodéslobodera rostochiensiand the oomycet®ythiumin which it causes
membrane damage, especially to zoosp(edfy and Defago 1997; de Souza 200%)
terms of biological control, this antibiotic a broaerange antibiotic which is an
important determinant ofP. fluorescensCHAO-mediated control ofThielaviopsis
basicola,the causal agent of black root of tobacco éndgraminisvar. tritici which is
the causal agent of taledl of wheat(Keel 190; Keel 1992; Thomashow 1996At high
concentrations, 2;DAPG has phytotoxic activity and was found to be herbicidal to
tobacco plants at concentrations above M@{g soil (Keel 1992) Similar to the
antibiotics described above, ZDXAPG synthesis isdependent upon a conserved
biosynthetic operorphlACBD. Two genes flanking the operoph(E and phlF) encode
for efflux and repression of 2;DAPG respectively(Bangera and Thomashow 1999)
2,4DAPG is subject to autoregulation as exogenousDARG was found to induce
expression ofphlA in P. fluorescensCHAO (SchniderKeel 2000) In addition to

pyoluteorin, negativeegulation of thephlACBD operons is exerted by the bacterial
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metabolite salicylate as well as the fungal compound fusaric(&ctthide-Keel 2000)
This result is similar to the 2BAPG regulation inP. fluorescen€)2-87 (Bangera and

Thomashow 1999)

1.19.4 Pyrrolnitrin

Pyrrolnitrin  (3chloro4-( 2 Nj#8iNjcrhd o r-pyrpole)eis w Ibjoad spectrum
antibiotic first isolated fromPssudomonas (Burkholderia) pyrrocinidhat was briefly
developed as a topical antibiotic against human pathogenic bacteria and fungal infections
(Ligon 2000) Synthetic analogues have since been developed as agricultural fungicides
(Ligon 2000) This antilotic is active against numerous economically important
pathogens such aRhizoctonia solaniBotrytis cinerea Verticillium dahlia and S.
sclerotiorum(Howell 1979; Hill 1994) Pyrrolnitrin exerts biological control of fungal
pathogens by inhibiting fura respiratory chainglripathi 1969) Using tryptophan as a
precursor, pyrrolnitrin is the product of a biosynthetic gene cluster consisting of four
genes, prnABCD, thus far, pathwagpecific regulators have not been identified.
However, in another cle$y-related organismBurkholderia ambifaria pyrrolnitrin
synthesis was found to be strongly dependent on a queeasing system, although the
role of this system in pseudomonad pyrrolnitrin biosynthesis remains to be elucaated

Souza 2003; Schmidt al. 2009)

1.19.5 Hydrogen cyanide
Hydrogen cyanide (HCN) is a volatile antibiotic which was first determined as a

biocontrol factor inP. fluorescensCHAO suppression of. basicolablack root disease on
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tobacco (Voisard et al. 1989) Although longknown as a poisonous substance
contributing toPseudomonas aeruginosaulence, HCN production is also an important
determinant in combating fungal diseases. HCN mutani @fiorescensCHAO were
partially defective in inhibiting the tobacco raot pathoger{Voisard et al. 1989)HCN
exerts inhibitory aeon by the production of cyanide which is formed when HCN is
ionized with water. Cyanide is a potent inhibitor of metalloproteases, especially-copper
containing cytochrome c¢ oxidag8lumer aml Haas 2000) HCN is produced from
glycine under microaerophilic condition by an HCN synthase which is the product of
three structural genes organized into an opdronABC(Voisard et al. 1989; Laville et

al. 1998)

1.19.6 Organic volatile antibiots

Although their role in biocontrol of fungal pathogens has not been as extensively
studied as the AF compounds discussed so far, organic volatiles of bacterial origin may
also contribute to biocontrol activity. A study conducted in 2004 examineith thio
effect of volatiles produced by a seriesRdeudomonaspecies of canola and soybean
origin on the inhibition ofS. sclerotiorumsclerotia(Fernando et al. 2005) This study
identified six compounds which completely inhibited sclerotia germinai@hmycelial
formation and included: nonanol; benzothiazole; cyclohexanalgaanal; dimethyl

trisulfide; and 2ethyl 1-hexanol.
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1.19.7 Siderophores

Fluorescent pseudomonads produce a number othelating molecules termed
siderophores. Forxample,P. fluorescensCHAO produces at least three siderophores;
pyoverdine, salicyclic acid and enanpgochelin (Ahl et al. 1986; Meyer et al. 1992;
Youard et al. 2007) Pyoverdine is a weltharacterized siderophore; its mechanism of
suppression isansidered due to the sequestration of available iron from pathogenic fungi
though not all pyoverdinproducing Pseudomonassolates exhibit biocontrol activity
(Kloepper et al. 1980; Schroth and Hancock 198Phus, pyoverdine is not considered
to be a mpr determinant of biocontrol activity. Another siderophore, (enantio)
pyochelin, may function in a similar manner to pyoverdine. Pyochelin effectively
chelates copper and zinc ions, yet weakly chelates(@appels et al. 1987; Visca et al.
1992) Dewpite the fact that siderophores are not sikigladedly effective at suppressing
fungal pathogens, they may indirectly contribute to biocontrol activity by competing with

pathogens for available trace nutrients.

1.19.8 Cellwall degrading enzymes

In addition to antibioticsPseudomonaspecies secrete extracellular enzymes
which may contribute to pathogen suppressiBnfluorescen®R54 produces cellate,
hemicellulase and endochitinase in addition to other secondary metabolites that
collectively promote antagonism agairfat ultimum which contains cellulose in the cell
wall, andR. solanj which has chitin in the cell wa{Nielsen et al. 1998; Thrane et al.
2001) P. fluorescens CHAO produces four extracellular enzymes; protease,

phospholipaseC, lipase(Saito et al. 1992; Youard et al. 200@nd alkaline protease
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(Siddiqui et al. 2005) Suppression of the re&hot nematodéleloidogyne incognitan
tomato and soybean plants is highly dependent on production of alkaline protease
(Siddiqui et al. 2005) Mutants unable to produce alkaline protease production
demonstrated a significant reduction in inhibition of egg hatching and induction of
mortality of M. incognita juveniles compared to the wilype strain(Siddiqui et al.

2005)

1.110 Additional bacterial traits contributing to biocontrol activity

Biological control activity is determined not only by the production of secondary
metabolites but is also known to be dependent on the host environment as well as abiotic
factors. Therefore, iaddition to antibiosis, other characteristics may confer a selective
advantage to the biocontrol agent, thereby indirectly contributing to biocontrol.

The phylloplane can be a harsh environment where bacteria are exposed to
temperature gradients, moistuor desiccation, UV light, free radicals and nutrient
depletion. In order to persist under these rapidly changing conditions, bacteria have
evolved mechanisms to facilitate survival. Motility is one such mechanism that allows
the bacteria to migrate fno areas that are ndavourable to those that are more
favourable for growth. Bacterial migration is achieved via flagellar (swimming) motility
and swarming motility. Swarming is an alternative mode of bacterial movement across a
semisolid surface thatelies upon both pili and biosurfactant productionAlthough
motility is believed to affect bacterial colonization, there are conflicting reports on the

colonization abilities of nomotile mutants ofP. fluorescengLugtenberg et al. 2001)
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Therefore 1 is unclear whether motility is essential for colonization of plant surfaces by
all bacteria.

A second trait that may contribute to persistence in the plant environment is
biofilm formation. There is strong evidence that in most environments, baexestaas
attached communities known as biofilms and not as planktonic (&disterton et al.
1995) Soilassociated bacteria are typically found attached to soil particles or root
surfaceqUde et al. 2006and plantassociated bacteria are known to famtrocolonies
shortly after initial attachment to both root surfaces and the phylloflideset al. 2006)
Bioflms may confer protection to the bacteria from environmental stresses and
dessication thus contributing to the letggm survival of bacterian the plant host.
Biofilm formation by plantassociated bacteria is the subject of an extensive review by

(Danhorn and Fuqua 2007)

1.2 Cyclic Lipopeptide Production by Pseudomonaspecies
1.2.1 Cyclic lipopeptides

Cyclic lipopeptides (CLPs) are aowvel class of small, bioactive molecules
composed of a short oligopeptide attached at theriinus to a fatty acid. The peptide
portion is typically cyclized by a lactone ring between two amino acids. CLPs can be of
bacterial or fungal origin and areqaluced by several plaassociatedPseudomonaspp.
including pathogenic and saprophytic species. A diverse number of functions are
attributed to CLPs ranging from inhibitory effects against human pathogens, such as
enveloped viruses, mycoplasmas andwgpesitive bacteria to acting as plant pathogenic

toxins and biosurfactants. The application of both purified CLP and-pzaducing
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Pseudomonaspecies to seeds, plant tissues and fruits has demonstrated a role in the
biological control of fungal pathogen While the previous section discussed antibiotics
that were synthesized ribosomally from biosynthetic operons, CLPs are unique in that
synthesis occurs naetbosomally on large, multimodular enzymes termed-nbosomal
peptide synthetases (NRP®larahel et al. 1997; Bergendahl et al. 2002NRPSs
function as large, multicarriers via a thiotemplate mechanism that is generally considered
less specific than ribosomal protein synthesis thus allowing for variability in the final
product with correspondingifferences in activities depending on the final structure
producedDoekel and Marahiel 2001)Complete sequences have been determined for a
few plantassociated’seudomona€LP biosynthetic NRPS templates: the phytotoxins
syringomycin and syringopenpti the biosurfactants arthrofactin and putisolvin | and I
(Dubern et al. 2008)rnd the antibiotic massetolide A. Furthermore, genomic mining has
led to the identification of several putative CLP biosynthetic clug@rsss and Loper.
2009)
1.2.2 CLP classification

An array of CLPs produced by pseudomonad species have lessifietl by
Raaijmakes et al. 2006) into four major groups based on structural featédvedepicted
in Table 1.1, ke CLP classification criteria included the length and type of fatty acid tail,
the number, configuration and nature of the amino acids present in the peptete,
and the placement of the lactone ring. Other noteworthy differences amongst
pseudomonad CLPs are the presence of unusual amino acids such as cyclic, branched and
non-proteinogenic variants. The four major CLP groups include amphisin, viscosin,

tolaasin and syringomycin, which are discussed in more detail below.
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1.2.2.1 Viscosin group

The viscosin group is composed of nine, predominantly hydrophobic amino acids
in the Dconfiguration, with a lactone ring formed between théeninal amino ad
and the OH group of thallo-threonine at position three of the peptide moiety. The N
terminal amino acid is coupled toh¥droxydecanoic acid. This group includes the
White-Line Inducing Principle (WLIP) CLPmassetolide AD, viscosinamide, viscosin,
pseudophomin B and a novel, uncharacterized CLP Rsaudomonas extremorientalis.
These CLPs are mostly watsoluble, extracellular products with the exception of
viscosinamide, which is strongly associated with the cell membrane. The CLPs within
this group are typically produced by members of the fluorescent pseudomonads isolated
from a variety of environmental sources and have diverse activities attributed to them.
For example, viscosin is an important determinant of head rot of broccoli andeig pot
biosurfactant activitfLaycock et al. 1991increases membrane permeability to facilitate

subsequent invasion by pectolytic enzyr(lesycock et al. 1991)

1.2.2.2 Amphisin group

Amphisinlike CLPs are structurally similar to the viscosin groupept that the
peptide moiety consists of eleven amino acids linkedhgddoxy decanoic acid. Similar
to the viscosin group, the lactone ring is formed between {teer@inal amino acid and
the D-allo-threonine or Ethreonine at the third amino acid pasn in the peptide chain.
Additionally, the sequence motif of this group is composed of hydrophilic and
hydrophobic amino acids. Amphisin is produced by the sugar beet rhizosphere isolate

Pseudomonasp. DSS73 and is antagonistic towards the oomycet®ganP. ultimum
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(Nielsen et al. 2005) An interesting trait associated with amphipnoducing fluorescent
Pseudomonaspecies is the eproduction of HCN and chitinases, a trait which has not

been linked with the production of other CL{RBelsen et al2002)

1.2.2.3 Tolaasin group

Contrary to the amphisinand viscosidike CLPs, the tolaasin molecules are
significantly larger in size and display higher variability in structure between individual
molecules. The peptide moiety containsZ®aminoaci ds and har bour s
amino acids such as homoserine, -&a&minobutyric acid, and 2@8ihydro-2-
aminobutyric acid. The fatty acid moiety displays some variability as well and is
typically either 3hydroxy octanoic acid or-Bydroxy decanoi@acid. Tolaasirike CLPs
are cyclized between the-t€rminal amino acid theallo-threonine residue and are
composed of five to eight amino acids. CLPs within this group are commonly associated
with plant pathogenic strains such Bs syringae syringopegpin (Ballio et al. 1991;
lacobellis et al. 1992)P. tolaasj tolaasin(Nutkins et al. 1991pnnd P. fuscovaginae

fuscopeptin(Ballio et al. 1996)

1.2.2.4 Syringomycin group

Although the number of amino acids in the peptide portion is similar toghesin
like CLPs, the syringomycin class differs in that they harbour a number of atypical and
modified amino acids such as ornithine,-8idgminobutyric acid and-dhloro-threonine.
Another significant characteristic is that the entire peptide moietycetzed, with a

lactone ring formed between thetdrminal serine and the-terminal 4chloro-threonine.
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Whereas the aformentioned CLPs have lipid tails consisting ofs-@Go, the
syringomycinlike CLPs have & to Ci4 3-hydroxy or 3,4dihydroxy fatty acid tails.
This group consists mainly of broagectrum molecules with phytotoxic and AF
activities and are produced By syringagHarrison et al. 1991; Quigley and Gross 1994)

andPseudomonas corruga(&caloni et al. 2004)

1.2.2.5 Additional CLPs

A small number of unique CLPs have been isolated and characterized from
Pseudomonasspecies which lie outside of the classification scheme employed by
Raaijmakers et al, (2006)P. putidaproduces two CLPs designated putisolvin | and Il
which have twelvemino acids in the peptide head and a hexanoic lipidkaiper et al.
2004) As the genome sequencesRsfeudomonaspecies become availabie, silico
analysis is yielding exciting findings with the identification of previously undetected
CLPs. In tle biocontrol strairP. fluorescen®f-5, for example, a gene cluster encoding a
putative lipodecapeptide has been identifigdulsen et al. 2005)Genome mining oP.
syringaepv. tomato DC3000 and subsequent chemical analysis led to the identifidation o
syringafactins AF, which are a set of closely related linear peptides consisting of eight

amino acids and ten to twelve carbon atoms in the lipidBaiiti et al. 2007)

1.2.3 Non-ribosomal peptide synthesis of CLP molecules
CLPs are synthesized moibosomally via a thiotemplate mechanism on NRPS
modules. An NRPS module typically consists of three domains which are collectively

required for the stepwise incorporation of one amino acid into the peptide chain. For
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example a CLP with nine amino asith the peptide moiety would require nine modules
for its biosynthesis. A module harbours an adenylation (A) domain which is responsible
for amino acid recognition and activation, a condensation (C) domain which catalyzes
peptide bond formation betweemjacent amino acids, and a thiolation (T) domain,
alternatively referred to as peptide carrier protein (PCP) as it is responsible for
thioesterification of the adenlyated amino acid. The modules responsible for amino acid
incorporation are typically org&ed on the chromosome in the same order in which the
amino acids appear in the final CLP peptide moiety, and this is considered adherent to the
Acol i ne aMdrahigl etralul9®/pHowever, there are a few exceptions to this
rule, such as in the sa of the syringomycin NRPS modules. Here shieB1 gene,
encoding the domains responsible for the incorporation of the ninth amino acid, is located
upstream of theyrE gene, which incorporates the first eight amino acids into the peptide
head(Guenzi etal. 1998)
1.2.3.1 Arrangement of NRPS modules

Modules can be further subdivided into initiation modules and elongation
modules(Keating and Walsh 1999)An initiation module is the first enzymatic unit of
the NRPS template and typically consistdawad domains, an A domain and a T domain
(Keating and Walsh 1999)The A domain is responsible for recognition and selection of
the first amino acid of the peptide chaBieckmann et al. 1995; Stachelhaus and
Marahiel 1995; Mootz and Marahiel 1997; Mayaé 2002) The amino acid is activated
as its corresponding aminoacyl adenylate derivative in an-d€ff@ndent reaction
(Dieckmann et al. 1995)The activated amino acid is then transferred as a thiol ester to

the adjacent T domain, releasing AM8tatelhaus et al. 1996; Ehmann et al. 2000)
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However, one distinguishing feature of GpRoducing NRPS modules is the presence of

a C domain in the first modu(&uenziet al. 1998; Konz etlal999; ScholzSchroedeet

al. 2003; Roongsawargg al. 2005; Grsset al. 2007) Based on studies &acillus and
Streptomyce<LP-encoding NRPS templates, thedGmain in this atypical initiation
domain is responsible for linking the first amino acid tethered to the adjacent T domain to
a fatty acid, thus forming apidiated CLP(Vollenbroich al. 1994; Hojati et al. 2002;
Miao et al. 2006)

An elongation domain consists of a C, A, and T domain and is responsible for
elongation of the nascent peptide chain. C domains are situated at the carboxyl end of T
domains whib harbour a prosthetic phosphopantetheine group protruding off the T
domain which acts in a Aswinging armo fash
the A domain and transport it towards the next catalytic mo@ufee and Marahiel
2000; Weber et al2000; Linne et al. 2001) The C domain subsequently catalyzes
peptide bond formation between thetétminal thiotesterified amino acid and the
elongation intermediate tethered to the adjacetér@inal module(Stachelhaus et al.
1998) In this assenip-line manner, peptide biosynthesis proceeds from module to
module until it reaches the PCP domain in the final module in the NRPS machinery
where it is subsequently transferred to and cleaved from the NRPS by a thioesterase (TE)
domain also called a peg¢ cyclasgSchneider and Marahiel 1998; Sieber and Marahiel
2003) This step results in the release of either a linear peptide or a circularized
derivative resulting from an intramolecular cyclization reaction. TE domains are highly

specific as they $ect a particular residue of the peptide chain as a substrate for
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cyclization (Schneider and Marahiel 1998Fig. 12 illustrates a schematic of a NRPS
gene cluster encoding a modular template for the biosynthesis of a CLP molecule.

It should be noted thaunusual amino acids such as fmoteinogenic Bamino
acids, carboxy acids or fatty acids can be incorporated into the NRPS assembly line as
well. NRPS templates may possess additional domains such as epimerization (E) domains
that convert E or D- amino acids to the opposite configuration. In many pseudomonad
NRPS templates for CLP biosynthesis, certain modules contalon@ins that have
additional amino acids at the-tdrminus(Balibar et al. 2005; Berti et al. 2007)These
larger Gdomains are asstted with dual function, as they not only catalyze peptide
bond formation but also epimerize the amino acid incorporated by that specific module

(Balibar et al. 2005)
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Figure 12 Schematic ofthe NRPS modular structure showing three larggenes,

clpA, clpB andclpC with clpA andclpB encoding two modules each adgC encoding

four modules for the biosynthesis of a CLP structure containing eight amino acids in the
peptide moiety. The lipid tail is indicated however the genes responsibl€A
synthesis are not encoded by NRPS gene clusters.
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NRPS biosynthesis is not limited to CLP molecules &lsb contributes to the
production of an array of important metabolite such as the antibiotics peniByfiard
et al. 1997)and vancomyai (van Wageningen et al. 1998he immunosuppressant;
cyclosporin A (Weber et al. 1994)and pyoverdine and pyochelin, irghelating

siderophores produced Bsseudomonaspp (Quadri et al. 1999; Quadri 2000)

1.2.3.2 NRPS genes involved in CLM#yesis

To date, a total of ten NRPS templates encoding pseudomonad CLPs have been
entirely sequenced, in addition to a significant amount of annotated partial genetic
information. Of the sequenced templates, two very well characterized templatesare tho
of arthrofactin (Roongsawang et al. 2003and the syringopeptisyringomycin
pathogenicity islandGuenzi et al. 1998; Bender et al. 199N RPS gene clusters are
substantial in size with the most impressive amongst them being the syringomycin and
syringopeptin gene clusters. Together, these clusters span 132 kb, accounting for
approximately two percent of tHe. syringaepv. syringae genome(Spiers et al. 2000;
Stover et al. 2000; ScheBchroeder et al. 200yith the syringopeptin synthetase
encodiig twentytwo modules, the largest NRPS system to be described in prokaryotes
(ScholzSchroeder et al. 2003)

Arthrofactin biosynthesis requires three large gera$A, arfB and arfC, the
products of which form eleven modules consisting of the standal and T domains.
Biosynthesis proceeds according to the colinearity rule. Although four of the eleven
amino acids in the peptide moiety are in thecdnfiguration, none of the modules

harbour an internal racemase or epimerase do(Ramongsawang et a003) This is

28



also true for the other six completely described NRPS biosynthetic clusters;
syringomycin (ScholzSchroeder et al. 2001psyringopeptin(ScholzSchroeder et al.
2003) massetolide A(de Bruijn et al. 2008)a viscosidike CLP produced byP.
fluorescensSBW25 (de Bruijn et al. 2007)syringafactins(Berti et al. 2007) and
orfamide A produced b. fluorescen®f-5 (Gross et al. 2007)A recent analysis of the
arthrofactin condensation domains has revealed that certain condensation dasmains
have epimerization (E) activity and that these dual C/E domains are involved in the
epimerization of the amino acid loaded onto the preceding m¢Baldar et al. 2005)
These dual C/E domains have since been identified in syringomycin, syringogegt
massetolide Ade Bruijn et al. 2008)

A domains have also been particularly we
keeperso of the NRPS t eBaglluspheaylalanindbindiogo mp ar i
pocket of gramicidin §Conti et al. 199y with other NRPS sequences revealed that the
ten residues lining the substrdtmding pocket were highly conserved and contained
Aisi gnature sequenceso for t hdStachallmaesretpabr at i o
1999) Thus, the sequence of a pdptcould be predicted based on the translated
sequence of adenylation domains. This strategy has proven useful when mining new
genomes for NRPS templates and it was instrumental in the discovery of orfamide A

(Gross et al. 200@@nd syringactins A (Berti et al. 2007; de Bruijn et al. 20Q7)

1.2.4 CLP secretion
The regions flanking NRPS genes often harbour genes for CLP transport out of

the cell. Sequence analysis of the regions flanking the syringoraygimgopeptin gyr-
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syp gene cluster has rdsed in the identification and subsequent characterization of a
few interesting products. One of thessysD, a gene encoding a product with homology
to membrane proteins of the ABC transporter far(f@uigley et al. 1993) Strains with

an inactivatedsyrD exhibit significantly decreased virulence compared to the wild type
(Quigley et al. 1993) A second secretion system with homology to the resistance
nodulationcell division efflux genesvaslocated upstream of ttsyr-sypgene clusteand

has beemlemonstrated tfunctionin toxin secretior{Kang and Gross 2005)

1.2.5 Biological activities of Pseudomonasssociated CLPs

CLP activity is determined by the number, type and configuration of amino acids
in the peptide moiety and by the length and cosipn of the fatty acid tail. CLPs are
functionally diverse and have roles ranging from biosurfactant activity, regulation of
surface attachment and detachment, enhancing motility, antimicrobial activity and

pathogenicity, all of which will be discussgdmore detail below.

1.2.5.1 CLP biosurfactant activity and inhibition of biofilm formation

Biosurfactants are surface active, structurally amphipathic molecules that reduce
surface tension. Given their hydrophobic and hydrophilic moieties, btisurprising
that Pseudomona<LPs exhibit biosurfactant activity. Putisolvin | and Il are two
biosurfactants produced . putidaPCL1445, a bacterium isolated from plant roots
growing on a site polluted with polycyclic aromatic hydrocarb@fgiper etal. 2001)
Putisolvin | and Il differ from each other only in the nature of the amino acid in position

eleven of the peptide moiety which is valine in putisolvin | and leucine/isoleucine in
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putisolvin Il (Kuiper et al. 2004) Putisolvins demonstrate strg biosurfactant activity
and are able to reduce the surface tension of growth medium by forty percent, increase
toluene emulsions formation, and promote swarming motility on agar gkatg=er et al.
2001) However, an intriguing aspect of putisolviissthe observation that they are
capable of inhibiting biofilm formatior(Kuiper et al. 2004) Not only do mutants
impaired in putisolvin production produce thicker biofilms with a higher number of cells
and cell aggregates as compared to the wild type,phbrified putisolvins have been
demonstrated to break down exisiting biofilms produce® bgeruginosdtUCBPRPA14
andP. fluorescen®WCS365(Kuiper et al. 2004) Although biofilm inhibition has been
described for noi€CLP surfactants produced By aerginosaPAO1 (Davey et al. 2003)
and Gram-positive bacteria lipopeptideBusscher et al. 1997; Velraeds et al. 2000;
Mireles et al. 2001)this was the first report of biofilm degradation byseudomonas

CLP molecule (Kuiper et al., 2004).

1.2.5.2 Invdvement of CLPs in bacterial motility

The biosurfactant properties of CLPs promote bacterial movement over surfaces
such as the phylloplane and rogksildebrand et al. 1998; Lindow and Brandl 2003)
Studies have shown that CLP production igraportant trait for bacterial swarming, a
form of motility involving type IV pili and biosurfactant producti¢indum et al. 1998;
Nielsen et al. 2002; Andersen et al. 2003; Roongsawang et al. 2003; Kuiper et al. 2004)
For example, aPseudomona®SS73 mutant ipaired in amphisin production was
deficient in the colonization of sugar beet seed and barley straw residues, compared to the

wild type. (Nielsen et al. 2005) Furthermore, amphisimediated motility was
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determined to be a requirement for efficient supgpien of the root pathogen®,

ultimumandR. solani(Andersen et al. 2003)

1.2.5.3 CLPs as AF compounds

Certain Pseudomonasspeces are antagonistic towards phytopaanic and
economically important fungi. Cl-mediated antagonism has been pdytiattributed to
membrane disruption via pore formation and membrane solubilization. Membrane
disruption has been postulated to promote accessibility of extracellular enzymes which
further antagonize target pathogeft$utchison et al. 1995; Hildebrand at. 1998;
Lindow and Brandl 2003) This activity has been demonstrated for oomycete zoospores
as well as fungal myceli@hrane et al. 1999; Thrane et al. 2000; Nybroe and Sorensen
2004) Recently, a role has been proposed for CLPs as elicitors of I8Rptammune
responséTran et al. 2007)

An example of a CLP that demonstrates AF activity is theassbciated CLP
viscosinamide which is produced by antagoniBseudomonasp. DR54(Nielsen et al.
1999) In situ and in vitro production of visosinamide has been recorded with
observations of reduced sclerotia formationRaysolanj as well as reduced mycelium
growth, zoospore formation, and intracellular activity, and that purified viscosinamide
induced zoospore encystment By ultimum (Thraneet al. 1999; Hansen et al. 2000;
Thrane et al. 2000)

One of the beneficial aspects of CLPs is their bigaekctrum AF activity;
however, the degree of AF activity may vary depending on the@itifogen interaction.

To illustrate this point, putisolvi produced byP. putida267 are effective at lysing
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zoospores of the oomycete pathogehytophthora capsici(Tran et al. 2008) yet
putisolvin-deficient mutants are not impaired in biocontrol of damyamfigof cucumber
caused by the same pathoggruijt et al. 2009) Although putisolvins significantly
inhibit B. cinereamycelial growth (Kruijt et al. 2009) they are not as effective at
suppressing growth oR. solanimycelia or a number of other oomycete and fungal

pathogengKruijt et al. 2009) The varability in pathogen susceptibility was attributed to

differences in membrane compositions or the ability of pathogens to resist or neutralize

CLPs (Kruijt et al. 2009) Similar observations of pathogéonst CLP dependent
suppression have been observethwnassetolide AMazzola et al. 2007; Tran et al.
2007) suggesting there may be a CLP structysathogen determinant of ChiRediated

biocontrol.

1.2.5.4 CLPs and antiprotozoan activity

Raaijmakers et al. conducted a series of experiments exgmihe effect of
massetolide Aand viscosin oMNaegleria americanga protozoan which preys on bacteria
(Mazzola et al. 2009) They found thamassetolide Aand viscosin enhanced bacterial
survival by promoting bacterial evasion from the pred@ttazzolaet al. 2009) Purified
viscosin was found to lysd. americanamore effectively thammassetolide Ahowever,
it remains unclear whether or not the CLP achieves high enough concentragiturto

lyse the predator. Nevertheless, the experiments deratatstthat strains defective in

CLP production were present in the soil and wheat rhizosphere in lower numbers than the

CLP-producing strains, and this difference was only observed in the presemite of

americana(Mazzola et al. 2009) Another interestindinding from these studies was the
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observation that interaction with. americanariggered CLP production. Based on these
experiments, the authors speculate that the natural role for CLPs may be enabling bacteria

to evade protozoan predators, rathenthampetition through their antibacterial and AF

activity. Interestingly, viscosin Baalso been shown to lyse trypomastigotes of the
human pathogeiirypanosoma cruzi t he caus al a g e(Mercado &and Ch a g a

ColonWhitt 1982; Burke et al. 1999)

1.2.5.5 CLP production by plant pathogens

There are a number of plant pathogenic species that produce CLPs as virulence
factors. P. syringaemutants deficient in syringomycin or syringopeptin production
exhibit decreased virulence on cherry leagempared to the wildype strain(Scholz
Schroeder et al. 2001)Other phytotoxic CLPs including tolaasin and viscosin have also
been implicated in plant pathogenesis and similar to syringomycin and syringopeptin,
their toxic effect is through formatioof pores in the membrane, thus disturbing the ion
potential which ultimately leads to cell dedttildebrand) The biosurfactant properties
of CLPs have also been postulated to contribute to virulence indirectly as they facilitate

colonization of plant sisues.

1.2.6 Regulation of CLP production
The majority ofPseudomona€LP research has focused on their biosynthesis and
mode of action, whereas relatively little has been elucidated regarding regulation of the

NRPS genes. A few studiaghich have exanmed abiotic, nutrient, and plant signal
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molecules and sequence analysis of the regions flanking NRPS operons have yielded

some interesting findings, which are discussed in the following sections.

1.2.6.1 Influence of abiotic factors on CLP expression
Given the complex interactions betwedPseudomonasspecies and their

environment, one would speculate that the host plant environment would markedly
influence the production of secondary metabolites. Studies with putisolvin production by
P. putidg a raot isolate, demonstrates that salt stress and low oxygen concentration
positively influenced transcription gfsoA the first gene in the putisolvin biosynthetic
cluster. Carbon and nitrogen sources have also been found to influence CLP
accumulationDuben and Bloemberg 2006)In the case of syringomycin, production of
this CLP is dependent upon a threshold level of iron but is repressed by inorganic

phosphat¢Gross 1985)

1.2.6.2 Additional regulators of CLP production

Genome mining of regions fi&ing the NRPS biosynthetic gene clusters of
certain CLPs has revealed regulatory elements controlling expression of these molecules.
For example, analysis of regions flanking the syringomycin and syringopeptin genes
identified SalA, a protein with homaly to the LuxR family of transcriptional regulators
that is part of the Gac reguldKitten et al. 1998) SalA is an important contributor to
phytotoxin production byP. syringaepv. syringae(Wang et al. 2006) salA mutants
were completely impaired inysngomycin production and displayed markedly reduced

virulence on cherry fruifLu et al. 2002) SalA was shown to affect syringomycin
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production through the positive regulation efrBl and syrG, a syringomycin
biosynthetic gene and a L& type regulair, respectivelyLu et al. 2002)

A second regulator of CLP biosynthesis g&lA (glucose inhibited division),
which is involved in the regulation of syringomycin and syringopeptin synthedts in
syringae(Kinscherf and Willis 2002) gidA mutants werainable to produce CLPs and
displayed altered pyoverdine synthesis and surface md#lihscherf and Willis 2002)
Interestingly,salAandsyrBlare positively regulated by GidA, however, this induction is
not mediated via the Gac twommponent syster(Kinscherf and Willis 2002)liscussed
below.

Studies investigating the production of putisolvin biosynthesis found that
members of the heahock protein family played a role in CLP biosynthéBiabern et
al. 2005) DnaK is positively regulated by Ga€&cA and has homology with the Hsp70
heat shock protein familyCowing et al. 1985; Hughes and Mathee 199&t low
temperatures, putisolvin production was upregulated and required a functional DnaK
protein(Dubern et al. 2005) Further sequencing ofg®ns flankingdnak; revealed two
additional genesgnad and grpE, that inhibited putisolvin productiofDubern et al.
2005) The authors hypothesized that the three gene products, DnaK, DnaJ and GrpE,
collectively may be required for proper folding ortigity of either an unidentified
regulator of the putisolvin biosynthetic genes or the NRPS protein assembly complex

(Dubern et al. 2005)
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1.3 Regulatory elements underlying biological control activity

1.3.1 Regulatory elements involved in biocontrohctivity

Regulation of secondary metabolites occurs at the transcriptional and
posttranscriptional level and involves small untranslated RNA moleculesjeredity
dependent and twoomponent signal transduction systems as well as sigma factors.
Colledively, a number of elements form a complex hierarchy of regulation affecting

biological control inPseudomonaspecies.

1.3.2 The GacSGacA two-component regulatory system

The Gac twecomponent regulatory system has been identified in over twenty
diverse bacteria includingseudomonas, Erwinia, Vibrio, Escherichia, Legionella, and
Salmonella(Heeb and Haas 20Q1however, most of our knowledge regarding the Gac
system comes from studies focused on fluoredeeatidomonaspp and enteric bacteria.
In human, animal and plant pathogens, the Gac system mediates expression of virulence
factors. However, Gac regulation is not limited to virulence but encompassesag of
traits such as plamgrowth-promoting ability, biofilm formation, production of sewdary
metabolites and secreted enzymes. For example, in fluord3sentomonaspp, the
Gac system is a global regulator of extracellular enzyme and secondary metabolite

production required for biocontrol activiffhomashow 1996; Haas et al. 2000)
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1.3.2.1 GacS and GacA proteins

The Gac twecomponent signal transduction pathway is composed of a membrane
bound sensor kinase, GacS and its cognate response regulator, GacA. GacS was initially
described in the plant pathogPn syringaepv. syringaeB728a as a factor required for
lesion manifestation on bean leav@#/illis et al. 1990)and was subsequently identified
as a sensor kinase belonging to a bacterial family ofdmoponent regulator@drabak
and Willis 1992) The response regulator GacAswirst characterized iR. fluorescens
CHAQO as a global activator of antibiotic and cyanide produdiiawille et al. 1992)and
was described as essential for the AF activity and ecological fitness of this important
biocontrol strain(Laville et al. 192; Natsch et al. 1994) Together, GacS and GacA
function at a postranscriptional level in response to an unknown environmental cue or
bacterial signa{de Souza et al. 2003)Perhaps the besharacterized Gac System is that
of P. fluorescensstrain CHAO (Zuber et al. 2003) The P. fluorescensCHAO GacS
protein has two transmembrane segments separated by a periplasmic loop and three
conserved phosphoryl transfer sites each with a conserved residue essential for
phosphorelay. The phosphorelay mechantepicted in Fig. B is as follows; in
response to detection of an unknown signal, GacS undergoes a conformational change
accompanied by autophosphorylation of a conserved histidine re@taienson et al.
2000; Zuber et al. 2003)The phosphoryl grouis then relayed from histidir294 in the
GacS primary transmitter domain to aspariét@ in the receiver domain and finally to a
conserved histidin863 in the carboxyerminalsecondary transmitter domajduber et
al. 2003) Transfer then proceeds @oconserved aspartate in the receiver domain of the

response regulator GacfZuber et al. 2003) Once activated, GacA, induces the

38



expression of small, untranslated RNA molecules which are pag @dwnstream
regulatory system, known as Rsmdulator ofsecondarymetabolism). Aside from the
conserved residues essential for the phosphorelay mechanism, other relevant domains
have been identified such as the GacS linker domain. Normally, GacS/GacA regulation
takes place during the switch from primary nbefgsm to secondary metabolism, which
occurs at the end of the exponential growth phase. However, deletions in the GacS linker
domain result in signahdependent and elevated exoproduct formation atciehv
densitiegZuber et al. 2003) Moreover, th&ac system is constitutively expressed if the
linker domain is deleted, suggesting that this domain may have a role in signal

recognition.

1.3.2.2 Contribution of GacS and GacA to biological control

In the plantbeneficial, rootcolonizing straing. fluorescensCHAO and P45, as
well asP. chlororaphisPCL1391, 3684 and PA23, GacS and GacA are responsible for
the regulation of an array of antimicrobial products. These products include pyoluteorin,
2,4DAPG, hydrogen cyanide,-exyt5-propytresorcnol, phenazine compounds and
secreted enzymes (protease, phospholipase C and chitinase) which contribute to
protecting colonized plants from fungal disea@@erbell and Loper 1995; Haas et al.

2000; Poritsanos et al. 2006)
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Figure 1.3 P. fluoresensCHAO GacS/GacA signal transduction model As outlined

in the text, GacS undergoes a conformational change in response to an unknown signal
followed by autophosphorylation at a conserved histidine residue. The phosphate is then
transferred via phosplophorelay mechanism to GacA which upon activation proceeds

to inducetarget genexpression Figure was modified from Heeb and Haas (2005).
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The significance of GacS and GacA in biocontrol activity has been highlighted by
the drastic effect of null mations on the AF activity of these biocontrol bacteria. In
both theP. fluorescenandP. chlororaphisstrains mentioned above, Gac mutants exhibit
a complete loss of exoproduct and antibiotic production which translates into a loss of
biocontrol activiy (Heeb and Haas 20Q1)

Although generally considered a positive ptwanscriptional regulator, examples
of GacS/GacA negative regulation do exist. PAnfluorescensCHAO, gacSand gacA
mutants produce higher amounts of pyochelin and of the sideepbtyoverdine,
suggesting that the biosynthetic genes encoding these metabolites are repressed by the

GacS/GacA systerfschmidliSacherer et al. 1997; Duffy and Defago 2000)

1.3.2.3 Gac regulation of CLPs

The GacS/GacA system has been identifiedhaskey regulator controlling the
expression of a number of CLPs. For example, syringon(ytiabak and Willis 1992;
Kitten et al. 1998) amphisin (Koch et al. 2002) massetolide A(de Bruijn and
Raaijmakers 2009)iscosin(de Bruijn et al. 2007and putsolvin (Dubern et al. 2005)
expression are all dependent on functional GacS/GacA proteins. Furthermore, although
the nature of the Gae8ducing signal remains unknown, a study of factors affecting
amphisin production iP. fluorescensDSS73 found thatugar beet exudates contain a
small, solvenextractable, and heatable signal that enhanced amphisin production, and
the positive effects of this exudate were effected through the GacS/GacA fstanet

al. 2002)

41



1.3.2.4 Additional traits regulattby GacS and GacA

In addition to secondary metabolite production, colony morphology and surface
motility are affected bgacSandgacAmutations. InP. fluorescen€HAQO, Gac mutants
are larger and flatter compared to the wild type and display alterghityn(uffy and
Defago 2000; Goodier and Ahmer 2001A second and more unique role of GacS/
GacA-controlled traits is the indirect induction of plant immune responses in rice. The
production of a 12nembered peptide, syringolin, is under GacS contr®?. syringae
pv. syringaeB301D-R. Syringolin elicits acquired resistance in rice against the rice blast
fungusPyricularia oryzae although syringolin itself is not toxic to the fungal pathogen

(Waspi et al. 1998)

1.3.2.5 GacA as a master swittcha complex regulatory cascade

Numerous studies investigating the genetic regulation of secondary metabolite
production have shown that GacS/GacA is a master regulatory system overseeing a
complex regulatory cascade that includes alternative sigmardasimall, untranslated
RNA molecules and cellensity dependent regulatory systems. The tomato pathgen,
syringae DC3000 provides a clear example of the complex intricacies underlying
secondary metabolite production. In this strain, GacA affectgeast lthree alternate
sigma factors, the quorusensing (QS) genes, and the expression of the small,
untranslated RNA moleculessmBandrsmZ. The interaction of GacS/GacA with a few
of these systems and their relevance to exoproduct production and timbdon

fluorescent pseudomonadd! be discussed in the following sections.
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1.3.3 The Rsm system irP. fluorescens

As was briefly introduced in section 1.3.2.1 and depicted in F&y.GJacS/GacA
exerts its regulatory effects via interaction with dotsem regulatory components,
which collectively form the Rsm system. Specifically at late exponential phase,
phosphorylated GacA is proposed to upregulate the transcription of small, untranslated
RNA moleculesyrsmX, rsmY andrsmZwhich exert a positiveffect by titrating out a
repressive protein complgiay et al. 2005) The repressive complex is composed of
small, wellconserved RNAinding proteins, RsmABlumer et al. 1999; Heeb et al.
2002) and RsmEReimmann et al. 2005pat block translation bpinding to repeated
ANGGA motifs in the leader region of target mRNA. Similar to their homolods. in
coli andE. carotovora in P. fluorescen’CHAO, RsmZ, RsmY, and RsmX are small at
127, 118, and 119 nucleotides respectively, and contain severalath@BA motifs
within stemloop structures that bind multiple copies of RsmA and RsmE. Through
RsmA/E binding, these repressor proteins are effectively titrated out enabling translation
to proceedHeeb, Blumer et al. 2002; Valverde et al. 2003; Kay e2@05) Given that
expression ofrsmZ and rsmY relies on a functional GacS/Gacikleeb et al. 2002;
Valverde et al. 2003and rsmZ overexpression suppressgacS and gacA mutations,
RsmZ and RsmY are considered downstream regulatory elements in the G#&cS/Ga
cascade(Heeb et al. 2002) Further support forsmZ and rsmY dependence on
GacS/GacA was provided by the findings tmamnZ expression was enhanced by a
solvent extractable signal producedPyfluorescensCHAO at high cell densitieHeeb
et al. 20@). Interestingly, a single mutation of eithesmX, rsmY or rsmZ alone was

insufficient to cause a significant reduction in HCN, exoprotease d@dRRIG synthesis,
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however double mutants exhibited a complete loss of these products and a concomitant
loss of biocontrol activity againsP. ultimuminfection of cucumbe(Kay et al. 2005)
Furthermore, deletingsmA and rsmE in a gacS mutant fully suppressed thgacS
mutation(Reimmann et al. 2005)As illustratedin Fig 13, these studies culminated in

the proposal of a model in which GacS/GacA stimulates the expressi@amdf, rsmY
andrsmZduring the transition from exponential to stationary phase. RsmX, RsmY and
RsmZ then bind multiple copies of the repressor RhiAding proteins RsmA and RsmE

and targt mRNA is translated.

Adding to the layers of complexity underlying the Gac/Rsm posttranscriptional
control mechanisms, iR. fluorescensCHAOQO, rsmEis subject to positive regulation by
GacA and negative regulation by RsmA and Rsrifeimmann et al. 2005)
Furthermore, RsmA and RsmE have been shown to stabilize RsmZ and RsmY potentially
protecting these small, untranslated RNA species from degradation by cellular RNases
(Reimmann et al. 2005  he expression levels of the two regulatory RNA proteinsrdiffe
from one another during cell growth, with RsmA levels remaining fairly constant
throughout growth while RsmE attains higher levels during stationary fRagamann
et al. 2005) Similarly, positive and negative regulatory roles for RsmA have been
descibed inP. aeruginosauggesting that aspects of Remediated control of secondary
production inP. fluorescensare yet to be revealed. In contrast Eo coli and E.
carotovorawhich harbour only a singlesmAgene(Heeb et al. 2004)n silico analysis
of Pseudomonagienomes reveals a certain degree of redurndarteor example, the
number of putativesmAandrsmE homologs ranges from two . fluorescendf-5 to

at least five irP. syringaepv. phaseolicaReimmann et al. 2005)This may indicate that
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RNA species play a greater role in the timing and regulation of secondary metabolite

production inPseudomormspecies.

1.3.4 Quorum sensing

QS is a population density dependent system, which relies orcetlell
communication via small diffusible sigl molecules termel-acylhomoserindactones
(AHL) or autoinducers (Al). This system was first described in the marine symbiont
Vibrio fischeriwhere it is essential for bioluminescer{etanzelka and Greenberg 1995)
Based on th¥. fischerimodel, a & system constitutes two proteins. The first protein is
an AHL synthase encoded by th&l gene that is responsible for the biosynthesis of
AHL molecules(Fuqua et al. 1994) The second protein is a cognate transcriptional
regulator (Rprotein) calledLuxR (Fuqua et al. 1994) AHLs are composed of a
conserved lactone ring attached to a fatty acid chain where the length of the acyl side
chain can range in number of carbons frol@16 and can vary in the type of side chain
modifications(Fuqua et al. 196). Most AHLs freely diffuse across the cell envelope
(Kaplan and Greenberg 198%onsequently the AHL concentration increases as the
population grows. After a threshold level is reached, the AHL binds to its cognate R
protein, enabling it to bind asdamer to a twentynucleotide region of dyad symmetry in
the promoter of tar ge(Fuqua etk $994FlaxRIbmding t h e
promotes target gene transcription. QS systems are an example of a positive

autoinduction loop as LuxR activates| transcription(Fuqua et al. 1994)
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1.3.4.1 The role of QS in Pseudomonas biological control

Numerous planaissociated bacteria utilize small, diffusible AHLs to regulate a
range of biological traits. IfP. chlororaphisstrains 3684 and PCL181, phenazine
production which contributes to the biocontrol activity against the-allkef wheat
pathogen, is subject to QS regulati®herson et al. 1994; Wood et al. 199 However,
not all secondary metabolites in these two biocontrol isolatesu@ject to QS control as
HCN and exoprotease production are regulated independent (@IQ8A-Woeng et al.
2001; Zhang and Pierson 2001Moreover,Pseudomonaspecies may harbour more
than one QS system as h aeruginosaGambello and Iglewski 199 PBassador et al.
1993; Ochsner et al. 1994; Latifi et al. 19%#)d P. chlororaphis30-84 (Pierson et al.
1994; Wood et al. 1997; Zhang and Pierson 2001I) P. chlororaphis30-84, the
Phzl/PhzR QS system regulates expression of the phenazine antibiots ge
phzABCDEFGWood et al. 1997)while a second QS system, CsaR/Csal, regulates cell
surface properties as well as survival in the rhizospfi&nang and Pierson 2001)in
contrast to the weknown interactions between the. aeruginosalLasl/LasR and
RhlII/RhIR QS systeméPesci and Iglewski 1997in P. chlororaphis30-84, a hierarchy
has not been established between the two QS systems; rather, they appear to function
independent of one anothéZhang and Pierson 2001)A recently isolated takall
biocontrol strain,P. fluorescen®P24 produces several AF compounds including 2,4
DAPG, HCN and siderophores (Lei and Zhang, 2006). Although a PcoR/Pcol QS system
has been identified and found to be involved in biofilm formation, wheat rhizosphere
colonizaion and biocontrol of takall disease of wheat, the production of secondary

metabolites was not affected in QS mutants of this s{i&e and Zhang 2006) In P.
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fluorescen2P24 andP. chlororaphis30-84, the GacS/GacA system upregulates AHL

transcripion (Chancey et al. 1999; Yan et al. 2009)

1.3.4.2 QS regulation of CLP production

Although, populatiordensity dependent regulation of CLP expression is not
nearly as wide spread as the GacS/GacA system, QS systems have been identified in a
number of CLP-producing Pseudomonasspecies. The presence of a QS system,
however, does not dictate its involvement in CLP production; in fact only a few CLPs are
QS regulated. The first CLP found to be under QS control was viscosin, produced by the
plant pathogeic isolateP. fluorescen$064 (Cui et al. 2005) Mutants defective in the
main signalling moleculeN-3-acylhydroxyoctanoyHSL failed to produce viscosin;
however, CLP production was restored by the addition of purified acyl homoserine
lactoneg(Cui & al. 2005) Similarly, the production of two biosurfactants which inhibit
biofilm formation and degrade existing biofilms, putisolvin | and II, is positively
regulated by thé. putidaPCL1445 PpuR/Ppul QS system. Alsdua box, typical for
activationof QS controlled genes, was detected in the promoter region pEtifgene,

the first gene of the putisolvin biosynthetic gene cluddebern et al. 2006)

1.3.4.3 Regulation of QS systems

Population density is not the only factor affecting QSteys. GacA positive
regulation of AHL signals has been demonstratedP.irmeruginosa(Reimmann et al.
1997) P. syringag(Chatterjee et al. 2003. fluorescengWei and Zhang 200&ndP.

putida (Bertani and Venturi 2004)Microarray analyses of tHe aeruginosaQS system
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systems have identified over 600 genes constituting the QS rg@ubmgner et al. 2003)
Thus it is not surprising that Q&gulation overlaps that of numerous other global
regulators in addition to RpoS and Gac/Rsm reviewd&ahuster and Greenberg 2006;
Venturi 2006) In P. putidaand P. aeruginosa negative regulators of QS have been
identified, such as Rsal, which acts as a strong represspub{Dubern et al. 2006)
andlasl transcription(de Kievit et al. 1999) A recentsearch for factors influencing QS
in P. putidaWCS358 identified Lon protease as a negative regulator of AHL production
(Bertani et al. 2007) The stationary phase sigma factor, RpoS negatively regulates AHL
synthesis irP. fluorescen2P24(Yan et al. 209) andP. aeruginosa.However, in 2P24
this negative effect was dependent upon a functional Gac system, leading the authors to
speculate that the negative effect of RpoS may be due to RpoS repression of the Gac
system either directly or indirectfyran & al. 2009) Adding to the conflicting reports,
another study found that the RhIR/RhIl system was requireghé@expression (Latifi et
al., 1996), whereas Whiteley et AlVhiteley et al. 2000¢oncluded thatpoSexpression
was not dependent on the IRRS system, rather RpoS repressét transcription.
Transcriptional profiling of thé. aeruginoseRpoS regulon has determined that there is
significant overlap between the RpoS and @gulated genes. The resutidicatedthat
QS slightly increasegpoS expression and conversely, RpoS slightly upregulates the QS
system at stationary pha&&chuster et al. 2004)

Analysis of P. aeruginoséhas determined that the RN#nding protein, RsmA
has a negative impact on the QS signal moleculesmad mutars overproduced both
AHL -signalling molecules and RsmA overexpression resulted in significantly decreased

AHL production(Pessi et al. 2001)Additionally, in the biocontrol straiR. fluorescens
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CHADO, the norcoding reglatory RNAs, rsmX rsmY, and rsmZ were experimentally
demonstrated to enhance the expression of a snwHAHL, signal which induced the

Gac/Rsm system in a positive feedback |@¢ay et al. 2005)

1.4 Thesis objectives

As discussed in the sections above, biological control stra@sept an intriguing
alternative to chemical pesticides to control diseases caused by fungal pathogens.
SeveralPseudomonaspecies produce secondary metabolites which are antagonistic to
other microorganisms. One promising isol&seudomonas spF41,was isolated from
the canola rhizosphere and tested for inhibition of the fungal patt®gererotiorum
DF41 demonstrated excellent biocontrol activity against this pathogen, reducing mycelial
growth and germtube elongati¢@avchuk and Fernando 2004urthermore, it was able
to successfully colonize and persist on the canola phylloplane for severgbdaghuk
and Fernando 2004)These preliminary experiments demonstrated the biocontrol
potential of this stin; however, the traits required foFActivity had yet to be
elucidated. The overall goal of this study is to understand the mechanisms underlying the

biocontrol activity ofPseudomonasp. DF41. The main objectives are as follows:
1. To identify genes and gene products essential for Diegbntrol ofS. sclerotiorum

2. To identify traits which may affect the ecological fitness and antagonism exhibited by

DF41, including maotility, biofilm formation and alginate production.

3. To elucidate the regulatory hierarchy governing secondaigbwlée production.
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4. To characterize the biological activity and chemical structure of a novel DF41

compound that is essential for biocontrol.

The tools used to accomplish these goals include transposon mutagenesis, transcriptional
fusion analysis, HPC, MS and MALDITOF MS analysis, together with various

phenotypic assays.
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Chapter 2

Materials and Methods
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2.0 Materials and Methods

2.1 Bacterial strains and plasmids

The bacterial strains and plasmids used in thisysiuel outlined in Table 2.1

2.2  Media and growth conditions.

Escherichia colistrains were routinely cultured at °€7 in LB Broth (Difco
Laboratories, Detroit, Ml, USA) or on LB Miller agar (VWR International Ltd,
Mississauga, ON)Pseudomonaspecies [B41 was routinely cultured atZ8 i n Ki ngod s
medium B (KB)(King, Ward et al. 1954and in M9 minimal mediéDifco Laboratories,

Detroit, MI, USA). KB Media was solidified by the addition of 1.5% agar (Bacto Agar,

VWR). Antibiotics were added when apprigte at the followingconcentrations:

ampicillin (Amp,; 100 e€g/ mL) , chl oramphenic
eg/ mL) , kanamycin (Km; 50 ¢ g/Enctl)piperaciént r acyc
(Pip; 80 ¢eg/ mL) , rifampicin (RifmL f@rO0 ¢€g/

Pseudomonassp. DF41. All antibiotics were purchased from Research Products
International Corp. (Mt. Prospect, lllinois), with the exception of Tc and Pip, which were

purchased from Sigmaldrich (St. Louis, MO).

2.3 DNA manipulations
Smallscak plasmid preparations were performed using one of three methods: i)
an alkaline lysis protocol (Sambroek al. 1989); ii) a rapid alkaline extraction protocol

(Birrboim and Doly 1979)and iii) a Qiagen mini plasmid preparation kit (Qiagen Inc.).
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Table 2.1 Bacterial Strains and plasmids

Strain/plasmid Relevant genotype or phenotype Source or
reference
Pseudomonas
DF41 Rif*wild type (canola root tip isolate) (Savchuk and
Fernando
2004)
DF41-469 Rif* gacS:Tn5-1063 genomic fusion This study
DF41-469 (pUCP23 Rif® gacS:Tn5-1063 genomic fusiongacS This study
gacS complemented strain
P. aeruginos&®AO1 Wild type (Holloway et
al., 1979)
E.coliDH5 U supE44gdacU169((i80lacZoM15) hsdR17  Gibco

recAl endAl gyrA96 tHi relAl

C. violaceunCVO26 Autoinducer synthaseyil) mutant fromC. (Latifi et al.,

violaceumATCC 31532, autoinducer 1995)
biosensor

Plasmids

pBluescript Il SK Cloning vector, ColE1griV, Ap® Stratagene

pRL1063a Delivery plasmid for TB-1063; Km"® (Merriman and

Lamont 1993)
pRK2013 Transposon delivery vector; Kn (Ditta et al.,
1980)

p1063469 Rescue plasmid containimggcS: Tn5-1063 This study
genomic fusion

pCR21GacS 3.2-kb gacSPCR product cloned into the This study
EcoR1 site in pCR2.1

pCR2.1RpoS 1.7-kb rpoSrmsZPCRfragment cloned into  This study
theEcaR1 site in pCR2.1

pCR2.1TOPO Cloning vector for PCR products Invitrogen

pLP170 Promoterles$acZ transcriptional fusion (Preston et al.,
vector, Amp 1997)

pPDFHacz pLP170 containing thpdfl promoter region  This study
from DF41

pPROSlacZ pLP170 containing thepoSpromoter region This study
from DF41
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pRSMZlacZ

pUCP23

pUCP23gacS

pPME3219

PME6(32

PME6359

PME6863

pLP170 containing thesmZpromoter region (Selin et al.,

from P. chlororaphisPA23

Broadthostrange vector; IncP OriT, Anip

GmR

unpublished)

(West,
Schweizer et
al. 1994)

pUCP23 containingacSfrom Pseudomonas This study

DF41

PMEG6010 containing ahcrA-lacZ
translational fusion

Nrul-EcoR1 lacl%-Py fragment of pJF118EH
subcloned inBanmH1]-EcaR1-digested
PMEG6031;lacl®-P, expression vector

rsmZgene fronP. fluorescen€HAO under
control of the Rcpromote in pME6032

PMEB000, T& cloning vector with theiiA

(Laville,
Blumer et al.
1998)

(Heeb et
al.,2002)

(Heeb et al.,
2002)

(Reimmanret

gene fromBacillusA24 under control of the al.2002)

Piacpromoter

2 Antibiotic abbreviationsAmp®, ampicillin; T&, tetracycline; G, gentamycin; Krf,

kanamycin; Rif, rifampicin
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Table 2.2 Primers used in this study

CO~NOURNWNRZ

o

Primer Name
Tn5-0T182
KmF

KmR

GacSF
GacSR

M13 Forward
M13 Reverse
pl70FKXho
pl170RHind
M13Fwd
M13Rev
RpoSF
RsmAR

pl70FecorpoS
p170Rxbarpos

Sequence (5> 3
GATCCTGGAAAACGGGAAAGG
TTGAACAAGATGGATTGCACG
TCGTCAAGAAGGCGATAGAA
GATCGCAGATTGGAAAGCAA
ACGGTGTCCAGGTACCAAG
CTGGCCGTCGTTTTAC
CAGTATCGACAAAGGAC
CCGCTCGAGTCATCCATACTTGAATAATCC
CCCAAGCTTCTAAGGACCTCCTCATAAGTT
CTGGCCGTCGTTTTAC
CAGTATCGACAAAGGAC
TACGTCAGTGCTTACGGCCA
TATGACCCGCCCACATTTTT
TGTGAATTCGGGAGGGACA
AGTCTAGAATCACCACTTCCCATTGCTT

* Restriction endonuclease sites introduced into the primer are underlined
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Largescale plasmid purification was performed using the Qiagen midi plasmid

purification Kit.

2.4  Standard DNA procedures

DNA was digested with appropriate restriction endonucleases (Invitrogen)

according to the manufacturero6s instructi

2.5 Tn5-1063 mutagenesis

Transposon mutagenesis BSeudomona®F41 was achieved by {parental

o

mating between the following three bacterial strainsE.igolist r ai n DH5U har b

the TrbluxABTn on pRL1063a (Wollet al, 1991); ii)E. coli strain MT607 arrying the
helper plasmid pRK60(Finan et al. 1986)and iii) the DF41 recipient. The three strains
were propagated separately in LB medium containing appropriate antibiotics until
stationary phase (~Qbbnm = 2.0) at which point the cells were sedinezhtby
centrifugation (5,000 x g) and resuspended in an equal volume of LB medium.-tdonor
helperto-recipient ratios of 1:1:2, 1:1:3, 1:1:5 were added to a total volume of 1.5 mL
and pelleted by centrifugation (5,000 x g). The cells were resuspen@ednm_ of LB
broth and spot t e-poresiret mtroceltulese filtereon OB agas plated
amended with 10 mM MgSQAfter overnight incubation at 28, the cells were washed
from the filters wusing 1 mL tedntopr&arimedot h
LB agar plates containing Kmég/mL and Rif 10Ceg/mL. Transposants were isolated
after 3648 h at 28C. For each mating,-50 KnT colonies were screened by PCR to

ensure that transconjugants contained & ifsertion. For the TH1063 PCR, primers
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KmF -tlgdadjagatggattgcaBgNj) a n d-tcgicaaBaadg&oMpg8aNj)) wer e desi
to the kanamycin cassetteund Tn. Trb-1063 contains an origin of replication which

allows rescue cloning of the Tn and flanking DNA. To accomplish g@aomic DNA

from the transposants was cleaved VBtoR1 and | i gati on reacti on

DNA in a total vol ume of 20° oJerighte rTke al | o\

ligations were precipitated by the addition of two volumes of cold 95%nethrand
incubated at70°C for 30 min. After 30 mincentrifugation, the DNA pellet was washed
with 70% ethanol and centrifuged for an additional 30 min. Thelreed pellet was
resuspendedy0anda &l@&liquotlof ptashitttl DNA was electropaied into
E.coiDH5U cel | s. After el ectroporation,
LB broth and incubated overnight at°87with no aeration. Cells were pelleted by
centrifugation (5,000 x g) and plnmted

select fork. coliharbouring rescue clones.

2.6 Sequence analysis of T®#1063 mutants

Plasmids isolated from KREcaoR1 clones were sequenced using oligonucleotide

primer Trb-O T 1 8 2gat¢ctyddpaacgggaaagg\j) which anneal s

cel

on

o

Tn5-1063. TheEcdR1 rescue clones were sequenced at the University of Calgary Core

DNA Facility. Sequence analysis was done u@h@STN andBLASTX databases.

2.7  Southern hybridization and generation of DIGlabelled probe
To verify single chromosonhaTn5-1063 insertions in DF41, Southern

hybridization was performed usingkanDIG labelled probe. The probe was generated
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by PCR ampilification of the 928p kanamycin cassette harboured on pRL1063a using
PCR pr i me rttgaac&agetggaltgeaipNj) a n d-tcgtcaa@aadgcgpgdaNj) .
For Southern blot analysis, genomic DNA waslated from the Tn mutants, digested
with EcoR1 or EcARYV restriction enzymes and separated on an agarose gel. The DNA
was depurinated by treating the gel with 0.25M HCI for 10 min., followed by a
neutralization treatment for 45 min. with a solution sieting of 1.5M NaCl and 1.0M
Tris-HCI (pH 7.5). Genomic DNA was transferred from the agarose gel to Hyk8hd
nitrocellulose membrane (Amersham Biosciences) by alkaline capillary transfer
overnight in 10X SSC. After a 10 min. rinse in 5X SSC with geagjitation, the nucleic
acids were cross linked to the membrane by exposure to UV light for 5 min. A 40 mL
aliquot of prehybridization solution was added to the membrane, which was allowed to
equilibrate overnight at 66 in a ProBlot hybridization ovefMandel, Canada). The

blot was hybridized at 6& for 24 h with akan-DIG DNA labelled probe. Unbound
probe was removed by two 15 min. washes with a solution of 2X SSC and 0.1% SDS at
room temperature, followed by two 30 min. washes with 0.5X SSC afd 8IS at

65°C. The membrane was incubated with washing buffer for 5 min. followed by
blocking solution for 30 min. A solution containing abtiG polyclonal antibody
conjugated to alkaline phosphatase (diluted 1:10, 000 in 1X blocking solution) was added
to the blot for 60 min. The membrane was rinsed three times with water, incubated with
washing buffer for 15 min., and then rinsed three more times with water before
equilibration in 10 mL of detection buffer for 5 min. The colourimetric detection
substate nitroblue tetrazolium chloride/ -omao4-chloro-3-indoyl-phosphate

(NBT/ BCI P) (40 €L in 2 mL of detection bt
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surface of the blot which was sealed in an acetate sheet and stored in the dark to enable

colour devabpment (0.5 k 16 h).

2.8  Isolation and cloning of the DF41gacSgene.

The DF4l1gacSgene was PCR amplified using oligonucleotide primers &acS
(5j-gatcgcagattggaaage8g and GacSR (5-acggtgtccaggtaccadl)). These primers
were designed fra the Trb-1063 rescue clone sequence as well asPgeudomonas
fluorescen®P24gacSs equence (92. 3% sequence identity
20 ng) was amplified with 1.25 L (2 pmol)
PCR buffer minus M¢e0 mM TrisSO, ( pH 8. 9) , 18 mM Ammoni um
MgSQ, (1.5 mM) and 0.2 mM oéach deoxyribonucleotide (dATP, dCTP, dTTP, dGTP).

One unit of Platimurf TagDNA Polymerase High Fidelity (Invitrogen) was added (0.2

e L) to a total vol ume of 25 ¢L. The PCH
denaturation for 3 min. at 95, followed by denaturation at 96 for 1 min., annealing at

58°C for 1 min. and extension at 2 for 1 min. for 30 cycles. The final extension was

set at 72C for 10 min.

The 3.2kb gacSPCR product was gel purified using the Ultra TM Kit and
resuspended in 20 | of -ELIXT ATrbhusf fer (pH 7-overhangsto@®Addi t i
3 eL aliquot of the purified plagP@GRbuffer was a
minus Mg [20 mM TrisH C | (pH 8. 4), 50 oMM KMM)],, 01 .55 el L
mM dATP amnfdagPob yesnerase (2.5 wunits) in a to
The reaction was incubated afZXor 15 min. The 3-&Kb gacSproduct was gel purified

again and cloned into the pCRZIDPO vector according to the TOR@R2.1 cloning
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kit instructions(Invitrogen Life Technologies, Burlington, ON). In brief, the cloning
reaction was ©perfogacB8-8j osenfbadg cehr wdu ctth,e 1
TOPO vector and 1 gL of TOPO salt. The
temperature for 30 minwhich enhances the cloning of larger (k) products. The

TOPO clonedgacSPCR product was transformed iffocoli TOP1 0 FNj by addi n¢
of the c¢cloning reaction into a vial of TOP
the tube and incubatingn ice for 5 min. After heat shock at®@for 1.5 min., the cells

were incubated at 8 for 1 h with aeration (200 RPM). Bhyehite selection of the
putativegacSclones was performed by plating on LB agar supplemented with IPTG, X

gal and 1Anp. dhe/orientation of thgacSinsert was determined by
sequencing usi ng Miggccglegitta® Nj) d aRdi MMdB3 REBNjer s

( cdgtatcgacaaaggécNj) .

2.9  Subcloning of the DF41gacSgene into pUCP23

For expression in Bseudomonalkadkground, the DF4fjacSgene was cloned
into vector pUCP23. A 3:Rb fragment containing thgacSgene was excised from
pCR2.:2TOPO usingBanH1 andXbal. The fragment was then gel purified and ligated

into the same sites of pUCP23, generating pUGHRZS

2.10 gacSnucleotide sequence accession number.

The GenBank accession number for the D§ddSgene is GQ328782.
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2.11 Generation of a DF41 fosmid library

A DF41 fosmid library was generated using the CopyCohtrBbsmid Library
Production Kit ((pi cent er , Madi son, WI ) according t
Briefly, high molecular weight (O 25 kb) D
and dephosphorylated pCC1FOS copy control vector, packaged into MaxPlax Lambda
Packaging extract arglated on thé. coli EPI300" cells supplied. Fosmid clones were
selected on LB agar supplemented with Chl. (12.% / mL) . The Copy
pCC1FOSM vector is advantageous for fosmid library production as it containg.the
coli F-factor singlecopy orgin of replication and an inducible high copy origin of
replication 6riV). Clones were selected and maintained as single copy to ensure stability
and induced to high copy number {20 copies per cell) by the addition of 0.2% L

arabinose.

2.12 Isolation and cloning of the DF41 AHL synthase geng@dfl

The DF41 genomic fosmid library was screened for autoinepasitive clones
by patching onto CV028eeded plates. One fosmid clone, F5@ich restored
violacein production was selected for further lgsia. Fosmid DNA was partially
digested usingalBA and ligated intdBanmH1-digested pBluescript. Ligation reactions
were incubated overnight at 4B and transformed into chemically competé&ntcoli
DH5U cel | s by °CHoe a5 minsfollowedby ircubatidnZor 1 h at 3T.
Blue-white selection of the putativedfl clones was performed by isolation on LB agar

supplemented with IPTG,-§ a | and 100 g/ mL Amp. Whit e
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CV026-seeded LBagar plates and incubated at’@8ovenight. Clones which had a

purple pigment surrounding the bacteria were selected for sequence analysis.

2.13 pdfl nucleotide sequence accession number.

The GenBank accession number for the Dpdfl gene isHM590003

2.14 Overexpression of QS genes
Sequence analysis of putatiyelfl-positive clones described in sectionl2.
revealed the presence of an autoinducer synthase pdih@s well as a transcriptional
activator generfiA. For expression iffseudomonabF41, a 3.Z&b fragment containing
the pdfl andrfiA genes was excised from pBluescipt udiogR1 andBanH1 and ligated
into the same sites of pUCP23. The ligation reactions were transforme#. i
DH5U and plated on LB agar containing Ampl
pathed onto CV02&eeded plates and observed for violacein restoration. Plasmids were
isolated from colonies that formed a purple zone on C\W&gled plates. Plasmids were
then digested witlBanH1 andEcaoR1 to confirm the insertion of a 3kb PCR product

and positive clones were electroporated into DF41.

2.15 Generation of autoinducerdeficient strains

To obtatin an AHEminus phenotype, lasmid pME6863 harbouring the AHL
lactonase genaiiA from Bacillus subtilis(obtained from D. Haas) was introdudedo
DF41, DF41469 and DF411278 by electroporationAiiA cleaves the AHL ring

rendering cells AHL negativeBacteria were platedonBc 15 e€g/ mL and col
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appeared were patched onto CVa@2@ded plates to identify those unable to restore
violacein production due to the presence ofdhA gene Plasmid preps were performed

to confirm the presence of pME6863.

2.16 Generation of pdfl-lacZ transcriptional fusions
PCR primers (p170Khg; 5 -bggctcgadcatccatacttgaataat& Nj) a n d
(p170RHind; 5NjcaagctttaaggacctcctcataagitNj)) wer e desi gnkpd t o an
fragment encompassing the promoter region and part gidfhgene. The primers
containedXhd andHindlll restriction sites to enable cloning into the promotedas®

transcriptiomal fusion vector, pLP17@Preston, Seed et al. 1997)

2.17 Isolation and cloning of the DF4IrpoSgene

The PCR primers that enabled isolation of BhehlororaphisPA23rpoSgene
were used to amplify a kb PCR product from DF41. PCR primers (rppSF
tacgtcagtgcttacggcedl) and(rsmZR5'-tatgacccgcccacatttd’). The PCR product was
TOPGO<cloned into pCR2.1, as described for faeSgene, creating pCR2dacS
Sequencing of pCR2-dacSwas performed at Toronto Sick Kids TCAG facility and

sequaces were analyzed usiBg ASTN andBLASTX databases.

2.18 rpoSnucleotide sequence accession number.

The GenBank accession number for the sequence of the Qpe&lgene is

EU595545.1
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2.19 Generation of anrpoSlacZ transcriptional fusion

An 1125bp segment encompassing the DFgbS pr o mot er r-egi on
truncated coding region was cloned into the promoteri®@ss transcriptional fusion
vector pLP17(QPreston, Seed et al. 1997Jo accomplish this, PCR primers containing
restriction enzyme sitekcoR1 (P170fecorpoS; Bgtgaattgggagggace8’) and Xbal
(P170rxbarp8; 5-adctagatcaccacttcccattge®’) were used to amplify an 112
product from the pCR2:fpoS template. The resulting 112 PCR product was
digested withEcoR1 andXba and cloned into the same sites of pLP17(he Tigation
mix was transformed int&.c o | i D H 5 Wvhita setkctidn lwaseperformed on LB
agar supplemented with IPTG;a | and 100 e€g/ mL Amp. Bl ue
for further analysis. Plasmids preps were used to confirm the-dd 2Bsertion into

pLP170 and the resulting plasmigll7GpoS was transformed into DF41 and DF489

(gacs.

220 RsmZ overexpression
Plasmid pME6359 carrying the. fluorescen&CHAO rsmZgene (provided by D.
Haas) was introduced into DF41, DF489 and DF441278 by electroporation. Cultures
were inculated overnight in 2 mL of LB at 28, after which 10@! aliquots were plated
ontoLBTet 15 €9/ mL. I ntroduction of pMEG6359 i

by plasmid extraction and analysis.
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2.21 AF assays

Fungal I nhi bition was detected by spot

Potato Dextose Agar (VWR) 0.5 cm from the edge of the plate. After 24 h incubation at
30°C, a 0.6cm agar plug containing fungal mycelia was placed into the center of the
plate and incubated at room temperature. After 3 days of growth, fungal activity was
assessedby measuring the distance between the edges of the bacterial colorg. and

sclerotiorummycelium.

2.22  Autoinducer assays

N-acykhomoserine lactone production was assessed using bioreporter strain
Chromobacterium violaceun€V026 which produces the gment violacein in the
presence of exogenous HSL. Briefly, indicator plates were made by adding 3 mL of an
overnight culture of CvV026 to 100 mL of LB agar. The CV&2@ded plates were dried
andthenpott ed wi t-thtesbeultarés amdfincubhaGed at’Glovernight. A
purple zone surrounding the bacterial colonies indicates violacein production, which

results from the presence of exogenous autoinducer.

2.23 Protease activity

Extracellular pratase production was determined semmntitatively by
inoculating 5 €L of an overnight culture
skim milk. Proteolysis was indicated by a clear zone surrounding the bacterial colony
after 96 h at 2&. Proteas production was determined quantitatively using the Sigma

Universal Protease Assay. Briefly, strains to be tested were cultured for 96 h in either
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PTSB or skimmilk media. The cells were removed by centrifugation and the supernatant

was assayed for prdse activity according to the protocol described on the Sigma

website (www.sigmaaldrich.com/lifescience/learningenter/lifesciencevideo.htmL).

This assay uses casein as a substrate for protease activity. Pdageasen of casein
liberatesthemi no aci d tyrosine whi ch-O)reagenttc wi t h
produce a blueoloured chromophor@-olin 1927) Chromophore production is

measured as an absorbance value using a spectrophotometer and test absorbance values
are compared to asstdard curve generated by the reaction of free tyrosine with-the F
reageniFolin 1927; Anson 1938)All reagents were purchased from SigAddrich, St.

Louis, MO.

2.24 Alginate assay

Alginate production was quantified using a modified carbazoleydesassaying
uronic acid polymers. DF41 (pUCP23), DF#278 (pUCP23), DF4469 (pUCP23) and
DF41-469 (pUCP23yac9 were streaked onto KB agar and incubated &€ 28r 5 days.
Alginate was separated fronells by washingeach plate with 0.9 % NaCl. Qidar
material was removed by centrifugation and the cell pellet washed with 0.9 % NacCl as
described by May and Chakrabaifylay 1994) The cell pellet is kept and used to
determine the total cell rptein by the Bradford method(Bradford 1976) The
supenatants were combined antjiaate production was quantified using a microassay
modification of the Knutson and Jeanes carbazole a@&aytson and Jeanes 1968)
Briefly, a borate stock solution is prepared by dissolving 24.74 mgB®Okin 45 mL of

4 M KOH and diluting to 100 mL with distilled water. The borate stock solution is
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diluted 1:40 (v/v) with concentrated,850, to prepare a working solution which is then
equilibrated in an icevater bath. A 0.1% (w/v) carbazole solution is prepared in alesolut
ethanol . Keeping al/l reagents on i ce,
| ayered on t o-poldddrate@Orking solutiom, Yortexed éor dcsand 20

eL of carbazole solution is | aye4secdhndon
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heated for 30 min. at 55°C to allow for colour development. The absorbance is measured

at a wavelength of 530 nm and compared to a standard curve generated by the reaction of

alginic acid with the carbazole solution. The quantity of uronid present is described

as mg per mg cell protein. Boric acid was purchased from Fisher Scientific and

carbazole and alginic acid were purchased from Sigfdach, St. Louis, MO.

2.25 Siderophore production

Siderophore production was qualitaiy assayed using the protocol described by

Schwyn and Neilands (1987). Briefly, overnight cultures were spotted onto Chrome

azurol S (CAS) agar plates and incubated for 16 h %&.2&iderophorenediated iron

chelation is indicated by the presence obeange zone around the bacterial colony.

2.26 Hydrogen cyanide (HCN) detection and expression dfcn genes.

HCN production was detected using cyantesmo paper (Matteggl GnbH &
Co., Duren, Germany). Briefly, strains were streaked onto a LBpdajarand incubated
for 24 h at 28C. A 2inch strip of cyantesmo paper was taped to the inside lid of the
petri dish, which was sealed with parafilm and allowed to incubated®@t @&rnight.

The presence of a blue stripe on the cyantesmo paperadatindiof HCN production.
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To monitor HCN -gaantesidasexapsays weye performedbusing
pME3219 (kindly provided by D. Haas) which contains fanA-'lacZ translational
fusion. DF41, DF4#469 @acS and DF411278 €lp) containing pME3219 were grown
overnight in Pemne Tryptic Soy broth [PTSBOhman, Cryz et al. 198D) Cultures
were adjusted to an QBnm= 0.1 and incubated until stationary phase was reached
(ODgoonn= 2.53 . 0) . Cel |l s wer e solubilized usi i
galactosidase activity was detened by measuring the hydrolysis @hitrophenytb-D-
galactopyranoside (ONPG; Sigma) as described by Mill@r2) Samples were assayed

in duplicate from three separate cultures.

2.27 Swimming motility
Swimming (flagellar) motility was assayed on LBates solidified with 0.3%
agar. Overnight cultures were adjusted to ansd¥= 1.0. A3 L al i quot of «
was inoculated below the surface of the agar and the plates were incubat¥d. anR8
least ten replicates of each culture were assessateaguring the diameter of the swim

zones at 24 h and 48 h.

2.28 Swarming motility

Swarming motility was monitored on 0.5% peptone, 0.3% yeast extract and 0.5%
agar or on KB plates solidified with 0.5 % agar. Swarm media was cooled to
approximately 68C and 25mL volumes were poured into petri plates and dried for 2 h
prior to use. An applicator stick was used to transfer a small amount of bacteria from a

48 h plate to the centre of the swarm plates, which were then incubatetCat 28
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minimum of 10plates per strain were inoculated and observed at 48 h and 72 h for

swarming motility.

2.29 Biofilm formation

Biofilm formation was assesse@Tdoe t he
and Kolter 1998)Sstrains were tested for their ability to adher¢hte walls of a 9évell
polyvinylchloride plastic plate (Becton Dickinson Labware). Strains were grown
overnight in 1X M9minimal salts medium amended with 240 mM glycerol, 1%
casamino acids and 1 mM MgaQOvernight cultures were diluted 1:100 in fresh
mediumanda208 L al i quot was added to each well
incubation at 2% , 25 eL of a 1% Crystal Violet (CV
and incubated for 15 min. Unbound cells were removed by extensive washing with
distiled H,0. A206e L al i quot of 95% et hanoilzethes add
CV contained in the adherent cell population. The optical density was then measured at a

wavelength of 600 nm to quantify biofilm formation.

2.30 Greenhouse assays

DF41 (pUCP23), DF4469 (pUCP23), DF41278 (pUCP23) and DF4469
(pUCP23gacS)were assessed for their ability to suppradsrotiniastem rot on canola
plants. An overnight culture of bacteria grown in 300 mL of LB broth was washed and
resuspended in 1XBS (pH 7.0) amended with 0.02% Tween 20 to argda= 2.0.
Ten Brassica napugcv. Westar) canola plants per treatment were sprayed with bacteria

at the 30% and 50% flowering stages, then incubated overnight in a humidity chamber
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(24°C:16°C; 16 h:8 h ligpt:dark regime). The following day, the plants were removed
from the humidity chamber sprayed with5a sclerotiorumascospore suspension of 2 x

10" ascospores/mL. The plants were incubated in the greenhouse for fourteen days and
scored for the percergaf incidence and stem rot disease severity. The pathogen control
plants were sprayed with 2 x 18scospores/mL and the healthy control plants were
sprayed with 1X PBS buffer amended with 0.02% Tween 20. Disease development was
scored on a scale ofDwhere 0 = no lesions; 1 = lesions present on leaves but not the
stem; 2= 120 mm stem lesions; 3 = 2D mm stem lesions; 4= 40 mm stem lesions;

5 = 6280 mm stem lesions; 6 = 8D0 mm stem lesions; 7, > 100 mm stem lesion or
plant death. The percei¢af disease incidence and stem rot disease severity were

calculated based on disease. The plant assays were conducted as two separate trials.

2.31 Petal colonization

The ability of DF41 and its derivatives to effectively colonize canola petals was
andyzed. Starter cultures were grown in 10 mL of LB broth &C28The next day, the
bacteria were subcultured to a startingsgan= 0.1 in a total volume of 300 mL of LB
and allowed to grow overnight at @8 Bacteria were washed and resuspended in an
equal volume of PBS before spraying onto canola (8 plants/strain). For each test strain,
10 petals were randomly selected from the plants and placed in 1 mL of 1X PBS. Cells
were removed from the petals by vigorous vortexing for 80. sThe bacterial
suspensions were serially diluted and plated in triplicate on LBekl@n 5 € g/ mL wus

an Autoplat& 4000 Automated Spiral Plater (Spiral Biotech, Inc., Bethesda, MD). After
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overnight incubation at 28, the CFU/mL was determined using an aCOLyte colony

counter (Don Whitley Scientifi(Frederick, MD).

2.32  Acyl homoserine lactone extraction

DF41 was grown overnight at Z8 in M9minimal medium amended with
glucose and 0.1 mM MgSO The following day, bacteria were subcultured at a starting
ODgoom= 0.1 and grown for 30 h at Z8 with aeration (200 RPM). Cells were removed
by centrifugation and the cdllee supernatant was extracted once with an equal volume
of ethyl acetate acidified with 0.1% glacial acetic acid. The suspension was vigorously
shaken for 5 min. and centrifuged at 8000 x g to fully separate the phases. The organic
layer was removed and extracted a second time with acidified ethyl acetate. The ethyl
acetate layers were pooled and any aqueous material was removed with a spoonful
anhydrous sodium sulfate. The extract was dried to completion under a steady stream of
nitrogen, after which the dried material was resuspended wméa %olume of ethyl
acetate containing 0.1% acetic acid. The extract was tested for autoinduagy bgtiv
spotting 100 eL of extract that had been
petri plate and drying the extract to completion in a laminar flow hood before the addition
of 15 mL of CV026seeded LB agar. The plates were incubated ¥ 28ernight and
observed for the presence of a purple zone in the agar plates which is indicative of

autoinducer. The resuspended extracts were stor@@@t prior to use.
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2.33 Addition of exogenous autoinducer

AHL that had been pul#d as desdoed in section 2.32vas added to DF41 and
its derivatives carryingacZ transcriptional fusions to examine the effect of exogenous
autoinducer on gene expression. AQDO dilution of purified extract was added to each
test tube and the ethyl acetate wallewed to evaporate in the laminar flow hood before

addition of the bacterial cultures.

2.34 Cyclic lipopeptide extraction

To purify the bioactive lipopeptide from DF41 and its derivagivarains were
grown for 72 h in 300 mL oM9 minimal media anended with 240 mM glycerol, 200
mM MgSQ, and 1 % Casamino acids. Cells were removed by centrifugation (7000 x g)
for 20 min., culture supernatants were acidified to pH 3.0 and extracted twice with an
equal volume of ethyl acetate (Fisher Scientific)hyEacetate extracts were evaporated
to dryness under a steady stream of nitrogen. The flasks containing dried ethyl acetate
extracts were therinsed in succession with a methanol gradient increasing from 20%
methanol to 100% methanol. The compoundniérest eluted in the 80% methanol

wash.

2.3 HPLC separations

100 eL of each cul tur e -pexfdarmaace tliquidva s S €
chromatography (HPLC) using adZeversephase column (100 x 4.6 mmebm parti cl e
diameter) (Phenomenex Inc, Torrance, CA) and monitored by UV detection at 200 nm

and 220 nm using "arian 335 diode array detector. The HPLC separation consisted of

72



a linear gradient of 85% eluent A (0.1% phosphoric acid) and 15% eluent B (acetonitrile)
at 0 min. increasing to 85% eluent B and 15% eluent A over 40 Ttie.flow rate was

1.0 mL/min. HPLC-grade solvents were obtained from Fisher Scientific.

2.36 Detection of a biologically active compound from DF41 cefree
supernatants.

Strains DF41, DF4469 and DF441278 werecultured as described in the above
sections. 100 €L of each extract was sepa
fractions. Fractions from a minimum of six HPLC elutions were pooled together, dried
under nitrogen and tested for inhibitory activityS&clerotiorum. Briefly, dried
fractions were resuspended in 100 eI of 80
(Whatmann) on a PDA plate. The methanol was evaporated in a laminar flow hood for
30 min. prior to placement of an agar plug contaji8nsclerotiorunmycelia onto the
centre of the plate. The plates were incubated at room temperature for 3 days and
observed for fungal inhibition which was defined as the inability of the fungus to grow
over the filter. To ensure that methanol washasing an inhibitory effect on fungal
inhibition, 100 eL of 80% met hanol Swas al s
sclerotioruminhibition.

For detection of biosurfactant activity the dried fractions were resuspended in 100
eL of datsdar ldredd 5W0 €L droplets were deposit
(parafilm M). The droplets were visually examined for the ability to reduce surface
tension by observing the contact angle of the droplets oPattadilm M. Sterile distilled

water was usd as a negative control.

73



Chapter 3
The role of the GacS/GacA TweComponent

Signal Transduction System in DF41 Biocontrol Activity

74



3.1 Introduction

Pseudomonastrain DF41 is acanola rhizosphere isolate, discovered during a
screeningfor bacteria capable of inhibiting the growth of the pathogenic furgjus
sclerotiorum(Savchuk and Dilantha Fernando 2Q04)his fungus infects a number of
economically important crops such as canola and sunflower. In canola, it is the causal
agent ofstem rot diseases leading to large lesions on the leaves and stem, eventually
culminating in plant death. Sclerotimaediated infections are difficult to contain and
prevent due to a complex fungal life cycle and the production of small, overwintering
bodies called sclerotia which may persist in the soil fe6 4ears posinfection
(Manitoba Agriculture 2002) Currently, all of the commercially grown canola cultivars
are susceptible t8. sclerotorumand the only methods of disease control, crop miati
and fungicide application, are of limited success due to the persistence of sclerotia in the
soil (Nelson 1998) Furthermore, fungicides must be applied prior to the manifestation of
disease symptoms which can be costly. These facts together withbiieeconcern over
the application of chemical pesticides, has lead to an increasing demand for alternative
methods of pathogen control. The discovery that certain soils are naturally suppressive to
fungal pathogens has sparked research pursuits intogigial control (Schroth and
Hancock. 1982; Hornby. 1983; Wellet al.2002)

There are a number of bacterial species exhibiting AF activity due to the
production of volatle and newolatile antibiotics, extrackilar enzymes and
siderophores which act in concert to inhibit fungal growth and propagation on host plants.
The four major antibiotics associated wiRkeudomonamediated biocontrol activity are

pyrrolnitrin (Hill 1994), 2,4-DAPG (de Souza 2003)pyolueorin (Howell 1980; Laville
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et al. 1992)and phenazine@njaiah et al. 1998; Haas et al. 2000)/henPseudomonas
strain DF41 was screened by PCR for genes encoding these antibiotics, PCR products
were not obtained for any of these four antibiotics, satigg thatPseudomonastrain
DF41 produces alternative AF compounds. Therefore, to identify genes and/ or gene
products involved in DF41 biological control activity, random transposon mutagenesis
experiments were undertaken. Transposon insertion rsutaete phenotypically
screened for altered protease, siderophore, acyl homoserine lactone production and AF
activity. These methods resulted in the identification of a few interesting mutants, one of
which lacked AF and protease activity. Sequence asabfsthe regions flanking the
Tn5 insertion revealed that the insertion had occurred in a global regulatoryggete,

In fluorescent Pseudomonads, the GacS/GacAcovoponent signal transduction
system is essential for production of secondary metabahsg mediate biocontrol (Heeb
and Haas, 2001). GacS is a membras®ociated sensor kinase that is stimulated by a
yetto-beidentified signal resulting in autophosphorylation. The current working model
suggests that through phosphotransfer to theoresspregulator GacA, GacA dimerizes
and induces the expression of small regulatory RNAs (Heeb and Haas, 2001; Haas and
Défago, 2005). These RNAs are believed to function by alleviating translational
repression of RNAinding proteingHeeb et al. 2002)

The role of the GacS/GacA system in DF41 biocontrol activity was analyzed by
observing the effect of thgacSmutation on a number of factors such estracellular
enzyme production, motility, biofilm and alginate production angblanta inhition of

Sclerotinia stem rot on canola plants.
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3.2 Results

3.2.1 Isolation of Pseudomona®F41 mutants deficient in AF activity

To identify molecular mechanisms underlying the biocontrol activity of
Pseudomonasp. DF41, T mutagenesis was performed. Approxieia five thousand
mutants were screened in radial diffusion assays for altered AF activity. One mutant,
DF41-469 exhibited significantly decreased inhibition of the fungal patho§en
sclerotiorum(Fig. 3.1).

Sequence analysis of the chromosomal DNgkKing the TH insertion showed
>90% identity to thegacS genes of annotatet’seudomonasspecies, includingP.
fluorescensstrains 2P24 [accession # AY623898] and Rf(accession # NC007492].
Transfer of the wileype gacSgene into DF4469 restored AFRactivity (Table 3.1),
confirming that the DF4#69 phenotype results from inactivation gacS. The
increased level of AF activity in DF4469 (pUCP23yac§ is likely due to a gene dosage

effect.

3.2.2 Verification of a single transposon insertion ugg Southern analysis

Southern analysis was performed to confirm that a single transposon insertion
event had occurred in DF469. DF41 and DF4469 @acS genomic DNA was
digested withEcoR1. Hybridization using a Diabelled kanamycin cassette framb-
1063 showed a single probeactive band for DF4469. As expected, DF41 genomic
DNA did not react with the probe (Fig. 3.2). The uncut plasmid harbouribglT63

was used as a positive control to test the efficiency of the Southern hybridization.
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Figure 3.1 In vitro inhibition of Sclerotinia sclerotiorum Pseudomonastrain DF41

and Trb derivatives were spotted onto PDA plates and incubated at 30°C for 24 h prior to
the addition of an agar plug containing fungal mycelia to the centhe gflate. A and C,
PseudomonaBF41; B, DF41469 @acS; D, DF41469 (pUCP23%jacS.
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Table 3.1 Phenotypic characteristics dPseudomonasp. DF41, Trb mutant DF41-
469, andgacScomplemented strain DF41469 (pUCP23gacs.

Strain AF? Autoinduce® Proteas® Alginate’ HCN®

(eg/mg protein)

DF41 (pUCP23) 7.1 (0.9) 10.7 (0.5) 5.8 (0.7) 568 (52) +
DF41-469 0(0.0° 8.0 (0.5f 0.0 (0.6 118 (16Y -
(pPUCP23)

DF41-469 8.4 (0.7) 9.3 (0.5) 7.3(0.7Y 582 (13 +
(pUCP23gacS

#Mean (SD) of the zones of activity (mifinpm at least six replicates.

P Alginate concentration determined from cells grown on KB agar for 120 h; mean (SD)
from three replicates.

“Determined using Cyantesmo paper.

4Significantly different from the wild type (p< 0.0001).

®Significantly differant from the wild type (p< 0.001).

" Significantly different from the wild type (p< 0.05).

9Not significantly different from the wild type.
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Figure 3.2 Southern blot analysis of DF41 and Tsinsertion mutants confirming a
single Tns insertion. Genomic DNA was digested withcaR1 andEcdRV and probed
with a DIGlabelled kanamycin cassette from pRL1063a. LBrieF41 genomic DNA
cut withEcdR1; Lanes 3 and 5, DF469 genomic DNA cut witlEcaR1 andEcdRV
respectively; Lane and 7 and 9, DF#478 (an additional Tmutant with an insertion
in agene producing aAF compound) genomic DNA cut withcoR1 andEcoRV; Lane
11, uncut pRL1063a (positive control)anes 1,2,4,6,8 and 10 were left empty.
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3.2.3 Phenotypic analysis oPseudomona®F41 and DF41469

Many biocontrol bacteria produce compounds that act together with antibiotics to
synergistically incease their efficacy. Production of these molecules can be under
control of a population densiyependent signaling mechanism known as QS. We tested
wild-type DF41 as well as DF469 @acS, and DF41469 (pUCP23jacS for
production of siderophore, lipa, protease, and autoinducer molecules. The results of
our analyses are summarized in Table 3.1. We were unable to detect lipase production by
any of the four strains. Irechelating activity was observed on CAS plates by all strains
tested, howeverhe gacSmutant formed a larger zone of iron chelation compared to the
wild type, suggesting elevated siderophore production by this mutant (Fig 3.3). The
introduction of the wiletype allele into DF4#469 @acS decreased siderophore
production to wildtype levels. On skim milk agar, a clear zone of proteolysis was
observed surrounding the DF41 agdcScomplemented mutant DF469 (pUCP23
gacS colonies, indicating these strains are positive for protease production.-46841
(gacS on the other hand, wagrotease deficient (Fig. 3.4). The biosensor strain CV026
is unable to produce acyl homoserine lactone (AHL) molecules due to a mutation in the
AHL synthase gene (Fig. 3.5). Exogenous AHLs in the @ C8- size range
complement this mutation resulting production of the Q®8ontrolled purple pigment
violacein. Agar plates seeded with CV026 revealed that DF41 produced an AHL capable
of restoring violacein production (Table 3.1). For DEEDB (@ac3, a noticeable
decrease in AHL production was coneigly observed; whereas production was restored

to near wildtype levels whemgacSwas addedh trans(Table 3.1). Collectively, our
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Figure 3.3 CAS media depicting siderophore production bjPseudomona®F41.
An orange halo surrounding thadterial colony indicates siderophore production. A and
C, PseudomonaBF41; B, DF41469 gacS; D, DF41469 (pUCP23jacS.
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Figure 3.4 Protease production byseudomona®F41 and derivatives. Bacteria

were spotted onto 1.5% skimilk agar plates and examined for hydrolysis (clearing) as a
result of extracellular protease production. A ané#ssudomonabF41; B, DF41469
(gacS; D, DF41:469 (pUCP23yacs.
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Figure 3.5 Acythomoserine lactone production assayedsing Chromobacterium
violaceumseeded platesViolacein (as indicated by the formation of a purple zone) is
restored due to AHL production IBseudomonastrain DF41. A and CPseudomonas
DF41; B, DF41469 @ac3; D, DF41469 (pUCP23jacy.
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findings indicate that DF41 secretes protease and AHL molecules, with the former being

tightly regulated by the Gac system.

3.2.4 Hydrogen cyanide expression

Using cyantesmo paper, which is specific for the detection of HCN, strain DF41
was found tgproduce this volatile antibiotic; whereas DF4@9 gacS does not (Tables
3.1 and 3.2). Complementation with pUCRg& Srestored HCN production in tlgacS
mutant (Table 3.1). Expression analysis usingcaAlacZ translational fusion further
substariated these findings. A fodold decrease imcnA expression was observed in
the gacSmutant (486 + 76 Miller units) compared to DF41 (2,194 + 145 Miller units).
Although a definitive role for HCN in the biocontrol activity of DF41 has not yet been

estdlished, it is evident that expression of this compound is dependent on GacsS.

3.2.5 Effect of agacSmutation on DF41 motility

Because motility can impact biocontrol, swimming and swarming motilgyew
examined inPseudomonaPF41, DF41469 gacS ard thegacScomplemented mutant.
There was little difference in the swimming ability of these strains, with the exception of
the gacSmutant, which showed increased swimming at both 24 and 72 h (Table 3.3).
Because of the irregular pattern of swarmingargitative analyses were not performed.
While DF41 swarming could be characterized as-fixd tendrils extending out from the
colony that began to form at approximately 24 h,gheSmutant consistently failed to

swarm yet did form a colony at the ingation point (Fig. 3.6).
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Table 3.2 Expression of amcnA-lacZ translational fusion in DF41 and DF41469.

Strairf Genotype b-Galactosidase activity

(Miller Units)®

P. fluorescen®f-5 Wild-type 10361 (1023)
(PME3219)

DF41 (pME3219) Wild-type 2711 (294)
DF41-469 (pME3219) gacS: Tn5-1063 486 (76)

& Strains harbouring pME3219 were grown overnight to agegd® 1.5-2.0 and tested
for b-galactosidase activity.
PValues are the mean and standard deviation from three replicates.
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Table 3.3 Flagellar (swimming) motility ofPseudomonasp. DF41, Trb mutants
DF41-1278 and DF41469, andgacScomplemented strain DF41469 (pUCP23

gacs.
Strain Swim Zone Diameter (mnf)
24 h 72 h
DF41 (pUCP23) 20.5 (1.0) 47.0 (2.6)
DF41-469 (pUCP23) 25.5 (1.1f 56.4 (2.2f
DF41-469 (pUCP23yacy 19.2 (4.8Y 49.4 (7.2¥

#Mean (SD) from five replicates.
®Not significantly different from the wild type.
¢ Significantly different from the wild type (p< 0.001).
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Figure 3.6 Swarming motility on Kingods B
Pseudomona®F41 and DF41469 @acS. A, DF41469 gacS; B, DF41
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3.2.6 The role of GacsS in alginate production

We have observed that DF41veéops a mucoidy phenotype when grown on
Ki ngbés B ag aacSmutat doesenats Thesk endings suggest that DF41 is
producing alginate in a Gaafpendent manner. We discovered that DF41 does secrete
alginate and production of this exopolysametie is markedly decreased in thacS
minus strain (Table 3.1). As expected, parental levels of alginate were observed for the

complementegacSmutant.

3.2.7 Biofilm formation by Pseudomona®F41 and DF41 derivatives

Using a highly reproducible 9&ell PVC microtitre plate assaf©O'Toole and
Kolter. 1998) the ability of DF41 and its derivatives to form biofilms was examined
under minimal nutrient conditions. We discovered equivalent biofilm formation by the
wild type strain (Olgy = 2.17 £ 0.25), thgacSmutant (ORge= 2.24+ 0.17), and the
gacScomplemented mutant (QB = 2.22 + 0.32). Therefore, it appears that the Gac

system does not influence DF41 biofilm formation (Table 3.4).

3.2.8 GacsS is essential for biocontrol 0o6. sclerotiorum

DF41, DF41469 @acS and thecomplementedyjacSmutant were evaluated for
their ability to inhibitS. sclerotiorummediated stem rot disease symptoms on canola
plants. The incidence of leaf infection and disease severity were evaluated. In
greenhouse studies, DF41 provided signifiganotection against fungal infection of the
canola leaves and considerably reduced disease severity (Fig. 3.7). In contgetSthe

mutant showed little antagonism tow&dsclerotiorun{Fig. 3.7). Addition ofgacSin
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Table 3.4 Biofilm Formaton by DF41 (pUCP23), DF41469 (pUCP23) and DF44

469 (pUCP23gacs.

Strain® Genotype ODsgog’

DF41 (pUCP23) Wild-type 2.17 (0.25)
DF41-469 (pUCP23) gacS: Tn51063 2.24 (0.17)
DF41-469 (pUCP23yac§ gacS: Tn51063 gacS 2.22 (0.32

complemented strain

Strains were grown overnight in @¢ell plates to Olgy of 1.52.0 and assayed for

biofilm formation with crystal violet staining.

PValues are the mean and standard deviation from three replicates
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Figure 3.7 Efficiency ofPseudomonasp. DF41 (wild type),gacS (DF41-469),gacS
complemented(C) [DF41-469 (pUCP23gacy], and clp’ (DF41-1278) strains in
managing Sclerotinia sclerotiorumascospore infection on canola plantsPanel A:
percent incidence of leaf infection. Panel B: d&eseverity on stem. In all treatments
except the healthy control, plants were sprayed @itbclerotiorunascospores. The
healthy control plants were sprayed with phosphate buffer. Column habaiiedwith

the same letter do not differ significanly Duncan's Multiple Range Test (DMRT,;
P>0.05).
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trans restored DF4469 disease suppression to wiyghe levels. Because Gac controls
production of secondary metabolites, it is not surprising that a functional Gac system is

required for disease sugssion.

3.2.9 The colonization of canola petals by DF41 and its derivatives

DF41, DF41-469 @acS and thegacS complemented strain were tested for their
ability to colonize canola petals over a period of 5 days. All of the strains tested
displayed simar rates of colonization and persistence during the course of the sampling
period. Based on this observation, we concluded that the loss of biocontrol exhibited by
the gacSminus strain was not due to an inability to establish and maintain sufficient

population size on the canola phyllosphere (Fig. 3.8).
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Figure 3.8 Sustainability ofPseudomona®F41, DF41469 @ac and DF41-469

(pUCP23-gac9 on canola petals.Overnight cultures of each strain were sprayed onto
canola petals at a stafif©D;0=1.5. 10 petals were randomly selected from plants, the
bacteria were removed from the petals/lgorousvortexing in X PBS and plated onto
agar plates supplemented with selective antibiotics for determination of bacterial titres.

93



3.3 Discussion

Pseudomonasp. DF41, originally isolated from the phyllosphere of canola
plants, has consistently demonstrated strong antagoniStebtiniastem rot of canola
(Savchuk and Fernando, 2004, Savchuk 200®jither Biolod™ analysis nor 16 rDNA
sequencing have enabled a species designation for DF41 (Zhang et al., 2006). Thus, we
believe DF41 may represent a novel specieBsgudomonas Through screening of a
Tn5S library, a mutant was isolated that exhibited a complete loss of AF aciatysS.
sclerotiorum This mutant, designated DF4869, had a Th insertion in a gene with
>90% homology to thgacSgene ofP. fluorescen2P24 and Pfel.

A comparison between the wild type andyacS strain provided insight into
secondary ntabolites and bacterial characteristics contributing to DF41 biocontrol
activity. We tested DF41 for biocontraksociated traits and discovered that this
bacterium is producing alginate, HCN, protease, and an AHL signalling molecule. The
gacSmutant diplayed significant decreases in production of the first three
aforementioned products. A modest decrease in AHL signal production was observed in
the GacSminus background, suggesting the two regulatory systems are linked in some
manner.

An effective bia@ontrol bacterium must not only be capablano¥itro inhibition
and AF compound production but must also be able to overcome the harsh environment
of the phylloplane. For example, bacterial motility enables bacterial migration to and
subsequent colonizan of nutrientrich niches. Not only can motility assist in sustaining
bacterial survival on the plant, but it may also contribute to efficient containment of

fungal pathogens. Two modes of bacterial motility were tested, swimming or flagellar
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motility and swarming motility. DF41 was found to swim on {percentage agar plates
as was DF4469. The rate of swimming motility by thgacSmutant, however, was
increased compared to the wild type. Previouslya@A mutant ofP. fluorescen$113
demonstrad an increase in botHiC-encoded flagellin expression and swimming
motility (SanchezContreras et al., 2002). In a later proteomics study, aeruginosa
gacA mutant showed elevated levels of flagellin (FIIC) and flagellum capping protein
(FIID) (Kay et al., 2006). Therefore, increased swimming and upregulated flagellar
protein expression may be common phenotypes associatedPs&hdomonas gac
mutations. In terms of swarming motility, DF41 and the complemegée®d mutant
exhibited similar swarmingn Ki ngds B pl ates solgachi fi ed
mutant in contrast was unable to swarm. Swarming motility is believed to involve
flagellar motility and surfactant production. Since DE8DB @acS swims at a higher
rate than the wild type, yet ideficient in swarming motility, it is unlikely that the
swarming defect results from impaired swimming or flagellar motility. Altered
expression of other factovghich can facilitate motilitysuch as biosurfactant production,
likely accounts for the lossf swarming motility observed in tlgacSmutant.

In nature, the bulk of bacterial biomass exists as an adherent multicellular
community encased in an extracellular matrix collectively called a big@eeseet al.
1977) There are many advantages of adopting the biofibderof growth in the plant
environment. Biofilm bacteria are sheltered from environmental stresses including
desiccation ultraviolet radiation, changes in humidity, and they are afforded protection
from grazing predators (Ramey et al., 2004). Studige bhown that the Gac system is

important for biofilm formation in variouBseudomonaspecies (Anderson et al., 2005;
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Parkins et al., 2001 Poritsanos et al., 2006) prompting us to investigate whether the same
would hold true for DF41. Interestingly, itas discovered that the wild type and the
gacSminus DF41469 are both able to form thick biofilms in a static plate assay. In
syringaeB728a GacsS is required for alginate production (Willis et al., 2001). A similar
finding was observed in this studyte DF41gacSmutant produced over fodiold less
alginate than the parent (Table 3.1). If alginate forms part of the DF41 biofilm matrix,
the residual level of alginateecretedoy DF41469 appears to be sufficient to form
biofilms comparable to wild pe.

In greenhouse assays, DF489 @acS showed decreased biocontrol of
Sclerotiniastem rot of canola compared to the wild type. Both the incidence of leaf
infection (Fig. 3.7a) and disease severity (Fig. 3.7b) were markedly increased, leading to
the conclusion that the GacS/GacA system is essential for DF41 contBudlerotinia
Survival of DF41 and DF4469 @ac9 and thegacScomplemented strain were tested by
determination of bacterial titres on the canola petals over a period of five days. No
significant differences in bacterial numbers were observed, indicating that at least under
the conditions tested, there were no differences in phylloplane persistence between the
three strains. The lack of biocontrol activity by tfeeSmutant must be duto a lack of
AF compound production rather than reduced viability on the plant surface.

In summary, strain DF41 produces an array of extracellular metabolites that may
contribute to plant disease suppression. The Gac system is required for théqmaxfuc
a number of secondary metabolites which are required for efficient biocontrol activity of

S. sclerotiorum
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Chapter 4
The elucidation of regulatory mechanisms and their role in controlling
the production of secondary metabolites contributig to DF41 AF

activity
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4.1 Introduction

Gene expression iRPseudomonass multi-faceted and a plethora of regulatory
elements have been identified that control gene expression at transcriptional, translational
or posttranslational levels. A mminent global regulator in sever@éseudomonas
species is the GacS/GacA twomponent signal transduction system which fpost
transcriptionally regulates gene expression. GacA controls the activation of small,
untranslated RNA by interaction with promotements. The Gac/Rsm mechanistic link
was first recognized ifP. fluorescen<CHAO (Blumer et al. 1999; Aarons et al. 2000)
where it is essential for the expression of several secondary metabolites required for
suppression of seborne fungal pathogens.In this bacterium, GacA activates the
synthesis of three RNA molecules called RsmX, RsmZ and R@ftay et al. 2005)
These functionally redundant RNAs relieve translational repression of target genes by
capturing multiple copies of the mRNA binding miois RsmA and RsmE. RsmA and
RsmE contain a RNAinding motif that enables them to bind to the Slibadgarno site
as well as additional sites in theusitranslated leader region of target mMRNA. RsmA/E
binding blocks the translational machinery from essing the RBS, which in turn
prevents protein synthesis. Rsm homologues have been described in numerous other
Gram-negative bacteria including the plant pathogEnsarotovorasubsp.carotovora
(Chatterjee et al. 1995; Cui et al. 199a8hd P. syringaepv. tomato(Chatterjee et al.
2003) and the human opportunistic pseudomorfadaeruginosa(Pessi et al. 2001;
Heurlier et al. 2004)

RsmA can also act as a positive regulator by promoting translation and increasing

MRNA stability. For example, RsmActs as both a negative regulatory element and a
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positive regulator ifP. aeruginosd&?AO1 (Heurlier et al. 2004) Although the production

of several PAO1 virulence factors are positively regulated by the Gac/Rsm cascade,
swarming motility, together withhemnolipid and lipase production are abolished in a
rsmAmutant, indicating that these traits are positively regulated by Rstedrlier et al.

2004)

Additional complexity of the Gac/Rsm system occurs at the level of interaction
with downstream regulary elements, such as QS. QS is a mechanism that enables
bacteria to coordinate gene expression wittreasingpopulation density. QSystems
typically consist of duxR gene and éuxl gene. luxl encodes an AHL synthase enzyme
responsible for synthesof an AHL-signalling molecule. At high cell densities, the
AHLs complex with a cognate transcriptional activator, encoded biyxiiegene. AHL:
mediated signalling pathways have been identified in many -gegative bacteria
including a number ofPsewWomonas species. @ The most extensively studied
Pseudomona®S-system is that oP. aeruginosavhere a hierarchy of two AHbased
QS systems control virulence factor production and biofilm formafiwimson et al.
1995; de Kievit and Iglewski 1999) A numler of plantassociated pseudomonads
including strains ofP. fluorescens, P. putidand P. chlororaphishave been found to
employ QS(Bertani and Venturi 2004; Yan et al. 2009n these strains, QS controls a
multitude of traits. For example, compoundwlerlying AF activity, such as phenazine
production byP. chlororaphis(Pierson et al. 1994)r plant pathogenic activity, such as
viscosin production byP. fluorescens5064 (Cui et al. 2005)are QS regulated.
Conversely in other strains, QS does not gowxpression of extracellular enzymes or

secondary metabolites but contributes to bacterial motility and epiphytic fiinvessand
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Zhang 2006) Links between QS and the Gac/Rsm cascade have been observed in
various pseudomonads. . aeruginosa,GacA activation of RsmZ is essential to
alleviatingRsmA repression of AHL signals. Furthermore, the biological activity of the
plantassociated strain®. fluorescens2P24 andP. chlororaphisis also partially
dependent on GacA activation of AHL molecul@e and Zhang 2006; Yan et al.
2009)

Another downstream global regulator in the Gac/Rsm cascade is the stress or
stationary phase sigma factor, RpoS. Hn coli RpoS promotes the expression of genes
in response to starvation and oxidative stress, wisenm PseudomonasRpoS
additionally directs the transcription of genes required for antibiotic biosynthesis and
extracellular enzyme production. k fluorescend-5, anrpoS mutant demonstrated
reduced survival under oxidative stress and altered dacprmmetabolite production
(Whistler et al. 1998) In P. aeruginosandP. fluorescen€HAOQ, expression of RpoS is
subject to Gac/Rsm control although the extent of Gac/Rsm regulation (ters et al.
2005) For example, iP. fluorescen®f-5 gacAgacSmutants, RpoS levels ranged from
20% in exponentially growing cells to a maximum of 50% of wlde levels at the entry
into stationary phas@Nhistler et al. 1998) Further complicating the role of RpoS in
global regulation is its corresponding catby other regulators. For example, QS and
RpoS have been found t o mutual ly regul at
overlapping regulongLatifi et al. 1996; Whiteley et al. 2000; Wagner et al. 2003;
Schuster and Greenberg 2007)

We have establigd that a GacS/GacA system controls secondary metabolism in

DF41, which led us to postulate that its activity is being mediated via an Remdlog.
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The aim of Chapter 4 is to investigate the sotd RsmZ, RpoS, and QS in DF41

biocontrol. In addition,lte interaction between these three regulators is examined.
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4.2 Results

4.2.1 Identification of rsmZin Pseudomonasp. DF41

Since the Gac/Rsm regulatory cascade is present in a numGgamegative
bacteria, including plarissociated?’seudomonastrains, it is reasonable to assume that a
similar regulatory hierarchy may be overseeing secondary metabolite production in
Pseudomonasp. DF41. In a number dPseudomonastrains, thersmZ gene lies
immediately downstream of the gene encoding the statjophase sigma factorpoS
Therefore, degenerate PCR primers were designed using anmpia$sahd rsmZ gene
sequences to isolate themZgene from DF41. These primers successfully amplified a
1.0-kb product encompassing theesid ofrpoS therpoSrsmZintergenic region and the
entire rsmZ gene. BLASTN analysis of the sequenced product identified a-rit22
sequence downstreammioSwith significant homology tesmZgenes from a number of
otherPseudomonaspecies (Fig. 4.1). The DF4&8mZgene bkares the highest level of
identity with that ofP. fluorescen2P24 (96%) and has 83% sequence identity with the
P. fluorescensCHAO rsmZ Analysis of the 12bp sequence using the RN#sId
program for predicting secondary structure revealed several-lstgm structures
containing unpaired AGG(G)A motifs that are believed to be essential for RsmZ titration
of RsmA. The +1 transcriptional start site was also identified along with a putative
independent termination region (Fig. 4.1).
4.2.2 ldentification of the DF41 QS system

AHL production can be readily detected using bioreporter strains which respond
to exogenous AHL. In this study, the biosensor st@irviolaceumCV026 was used.

Strain CVO26 carries a mutation in the gene encoding the Ayithetase so the cells
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Figure 4.1 DF41rsmZ sequence and RNAold prediction of RsmZ secondary
structure depicting unpaired AGG motifs and stemloop structures formed at 30°C

with a minimum free energy of-90.90 kcal/mol A; DF41 RsmZ promoter region and
gene sequence cloned into pCR2.1. The putative transcriptional start site is underlined
and shown in boldace.B; Predicted RsmZ secondary structure using the free RNAfold
software available dtttp://rna.tbi.univie.ac.at/cépin/RNAfold.cqgi
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are unable to produce the @8ntrolled pigment violacein and retain a whitish colour in
the absence of exogenous AHL. wiver, in the presence of AHL molecules containing
acyl chain lengths between 4 and 8 carbons, violacein production is restored and the cells
become purpléMcCleanet al. 1997) DF41 was streaked in close proximity to CV026
on L-agar plates and the plates visualized for violacein production after overnight
incubation at 28. DF41 restored violacein production indicating that AHLs are being
produced. To isolate the DF41uxl gene, a genomic fosmid library was patched onto
CV026-seeded tagar plates and incubated overnight. A single fosmid clone able to
restore violacein production was identified. The fosmid DNA was partially digested with
SaBA andcloned intoBantH1-digested pBluescript SK One clone harbouring a 3kb

insert was capable of restoring violacein productidLASTN analysis of the 3:Rb
sequence revealed an ORF with 88% sequence identity f #twrrugata pdfiquorum
sensing gea (accession no. AF199370.1). The DF41 QS system consists oflgp 772

AHL synthetase gene designatadfl (accession ndHM590003.

4.2.3 ldentification of rpoSin Pseudomonasp. DF41

To ascertain the role of RpoS in the regulatory cascade controlligl D
biocontrol,rpoSwas isolated through PCR amplification. Using PCR primers specific to
theP. chlororaphisPA23rpoSgene, a 1.3 kb product was amplified from DF41. The 1.3
kb PCR product was cloned into TOPO vector pCR2.1 and sequenced using the
oligonucleotide universal primers, M13 forward -gfaaaacgacggcce®)) and M13
reverse (5taggaaacagctatg&®’). Sequence analysis confirmed the presence of an ORF

encoding a protein of 335 amino acids that shares 98% identity with the ®@@®S
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fluoresces 2P24 (accession no. ABQ65863)/% identity with the RpoS of.
fluorescensPfO1 (accession no. YP_346864) and 96% identity with the RygoS.
chlororaphis PfO-1 (accession no. CP000094.2). The DFpbS sequence has been

entered into the NCBI databa@ecession no. EU595545.1).

4.2.4 Effect of RsmZ overexpression on biocontrehssociated phenotypes.

Plasmid pME6359 harbouring tHe. fluorescensCHAO rsmZ gene under the
control of the induciblgac promoter was introduced into DF41 and DFHE9 @acS.

We subsequently examined the effect of multiple copies of RsmZ on secondary
metabolites contributing to the AF activity of DF41. We were foremost interested in
determining whether RsmZ overexpression could supprgssamutation as has been
reportedfor P. fluorescensCHAO Gaemutants(Heeb et al. 2002) In thein vitro AF
assays, we observed that surplus copies of RsmZ partially restored AF activity to the
GacSmutant, DF41469. However, the zones of inhibition were only one third those of
the wild type (Table 4.1).

In P. fluorescensCHAOQ, protease production is controlled by the Gac/Rsm
regulatory pathwayBlumer et al. 1999) Therefore, we tested DF41 (pME6359) and
DF41-469 (pME6359) for altered protease levels. In DF41 (pME6359), proteasis |
were increased-ld compared to the wild type. Similar to the results reportedPfor
fluorescen€CHAO gacmutantsrsmZoverexpression complemented protease production
by the DF41gacSmutant to wildtype levels (Table 4.1).

To determine if Rsizdi mediates AHL synthesis in DF41, AHL production in

DF41 andDF41-469 @acS was assayed using CVO#&licator plates. AHL production
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Table 4.1 Phenotypic characteristics oPseudomonasp. DF41 and derivatives
harbouring the rsmZ-overexpression pasmid pME6359.

Strain Relevant AF? Autoinducef Proteast HCN®
Genotype

DF41 (pME6032) Wild type 7.8(0.8) 82(0.7) 5.2(@0.5) +

DF41 (pPME6359)  Wild type, rsmZ 8.0(0.6° 9.3(0.3F 10.2(0.4) +
overexpression

DF41-469 gacS Ovemgrown 4.6 (0.5) 0.0(0.0) -

(PME6032)

DF41-469 gacs, rsmZ 28(0.3) 7.8(12f 56(0.9 +

(PME6359) overexpression

#Mean (SD) of the zones of activity (mm) from at least five replicates.

P Determined using Cyantesmo paper.

“Not significantly dfferent from the wild type.

dSignificantly different from the strain carrying the empty vector (p< 0.05).
°Significantly different from the strain carrying the empty vector (p< 0.001).
"Significantly different from the strain carrying the empty ve¢psr 0.0001).
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in DF41 is not entirely abolished in gacS mutant, but is significantly decreased.
Overexpression of RsmZ in tlgacSmutant restored AHL production to those of wild

type and also elevated AHL levels in the DF41 parent strain (Babje

4.2.5 RsmZ has pleiotropic effects on DF41 motility

Swarming and swimming motility were determined on Hogrcentage agar KB
plates. As described in chapter 3, a GacS deficiency in DF41 results in increased flagellar
motility (swimming) and a coplete loss of swarming motility. However, when multiple
copies of RsmZ were introduced into DF489, swarming motility was restored (Fig.
4.2). In contrast, swimming motility in all of the strains tested was decreased when
Rsmz was provided in surplu¥dble 4.2). These results indicate that RsmZ positively

controls swarming motility and represses flagellar motility in DF41.

4.2.6 RsmZ is part of the GacS/GacA regulatory cascade

To determine if RsmZ is a downstream regulatory element of the GacS/GacA
regulon in DF41, a promoterless transcriptional fusion vector carrying.the
chlororaphisPA23rsmZpromoter was introduced into DF41 and DFHBO @acS. Not
surprisingly, expression of themZ-'lacZ transcriptional fusion was very low in a GacS
minusbackground (Fig. 4.3). In the wild typsmZexpression increased throughout the
growth phase and was maximal at later stages of growth (Fig. 4.4). rSince
expression depends on GacS/GacA in ofsgudomonastrains, this result supports a

similar Gac/Rsm regulatory cascade in DF41.
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Figure 4.2 The effect of the RsmZ multicopy plasmid, pME6359, on swarming
motility in DF41-469 @acS. Panel A: DF41469 (pME6032), Panel B: DF4469
(PME6359).
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Table 4.2 Flagellar (swimming) notility of Pseudomonasp. DF41 and DF41469
(gac9 harbouring the rsmZ overexpression plasmid pME6359.

Strain Swim Zone Diameter (mnf)

24 h 72 h
DF41 (pME6032) 11.4 (1.9) 34.0 (0.7)
DF41 (pME6359) 7.2 (0.8Y 29.4 (1.1f
DF41-469 (pME6032) 18.6 (1.5) 49.8 (1.6)
DF41-469 (pME6359) 16.8 (0.4¥ 42.4 (1.1¥

#Mean (SD) from five replicates.
® Significantly different than strain carrying the empty vector (p< 0.05).
¢Significantly different than strain carrying the empty vector (p9019.
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Figure 4.3 The effect of the RsmZ multicopy plasmid (pME6359) on expression of

an rsmZ'-'lacZ transcriptional fusion in DF41 and DF41469 @acS. Panel A:rsmZ
expression in strains cultured for 24 h in PTSB. PanedBZexpression in strains

cultured for 48 h in PTSB. Activities (Miller units) are mean values of triplicate samples
+ SD.pME6032 is the empty vector.
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4.2.7 RsmZ affects expression ofsmZand other regulatory genes

To understand whether RsmZ is autoregulatedZtranscription was analyzed
in strains overexpressing tr@mZgene on plasmid pME6359. In addition, the effect of
RsmZ overexpression on transcigpt of two other regulatory genes, nameipSand
pdfl was examined. Plasmid pME6359 was introduced into DF41 and-B#1bac
harbouring'smZ,rpoSandpdfl-lacZ transcriptional fusions. Since the expression profile
of rsmZin DF41 is similar to thiain otherPseudomonastrains, with maximal expression
occurring at stationary phase (Fig. 4#4mZ rpoSandpdfl activity were assayed at 24 h
and 48 h of growth.

Our results indicate that multiple copies of RsmZ ingheSmutant [DF41469
(PME6359)] significantly increasedsmZtranscription compared to the mutant carrying
the empty vector [DF4269 (pME6032)] (Fig.4.3). In DF41, RsmZ overexpression led
to a 2fold increase insmZtranscription at 48h (Fig. 4.3). Thus it appears that RsmZ is
able to upregulate its own expression.

Similar to the AHL bioassay plates, the transcriptional activifydffin DF41-

469 @ac9 is modestly decreased compared to DF41 (Fig. 4.5). When RsmZ is provided
in surplus, at 24 pdfl transcription increased ew 2fold in both DF41 and DF4469

(Fig. 4.5A) and a further increasepdfl expression was observed at 48 h (Fig. 4.5B).
Together, these results indicate that RsmZ is a strong positive regulptit etpression

in DF41 (Fig. 4.5).
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To gain insight into the regulation of RpoS by the DF41 Gac/Rsm regulatory
cascadespoSexpression was examined in the wijghe background and tlgacS
mutant. The effeadf RsmZ overexpressiamn rpoSexpression was also determined
(Fig. 4.6). In thegacSmutant,rpoStranscription was reduced over tald by 48 h
compared to the wildype suggesting that GacScisntrollingrpoSexpression to some
extent. GacS exerttsiregulatory effects through RsmZ which counters RsmA and
RsmE translational repression, therefore, the addition of multiple copies of RsmZ is
expected to suppress the negative effectsgafc®mutation. However, we observed
conflicting results in DF4and thegacS minus strain. When RsmZ was introduced into
DF41 harbouring arpoS-'lacZ transcriptional fusion, RsmZ overexpression reduced
rpoStranscriptionapproximately Zold approximating levels observed igacSmutant.
In contrast, when RsmZ wasovided in surplus to thgacSmutant, asignificanteffect
was not observed after 24h of growth (Fig. 4.6A). However, when cells were assayed at
48h, RsmZ overexpression led to a-foll increase impoStranscription (Fig. 4.6B).
This inverse effecsuggests that control ghboSexpression is complex and a number of

regulatory elements are likely involved.

4.2.8 QS does not influence DF41 biocontrol traits

Previous attempts to generate an Alinus phenotype by allelic exchange in
DF41 were unsu@ssful leading us to speculate that there may be a second, unidentified
QS system present in this strain. Therefore, to generaterai QS phenotype in DF41,

plasmid pME6863 harbouring tliee subtilus aiiA gene encoding an acyl homoserine
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lactonase was introduced into DF41 and DB69 @acS. An AHL-minus phenotype
was verified on CV02&eeded agar plates. HCN, protease and AF activity were assayed,;
howevernone of these factors were found to be influenced by AHL (Table 4.3),

indicating that QS may have a more unique regulatory role in DF41.

4.2.9 QS affects motility in DF41

The effect of either exogenous AHL addition or AHL degradation on swimming
and swaming motility in DF41 and DF4469 @gacS was determined on lowercentage
agar KB plates. Interestingly, QS appears to negatively regulate both modes of motility.
The addition of exogenous AHL to the media completely abolished swarming motility in
DF41. As illustrated in Table 4.4, a significant decrease in swimming motility was
observed in the presence of exogenous AHL. Conversely;ddgiradation resulting
from theaiiA gene product led to an overall increase in swimming motility. Together,

these reults indicate that in DF41, QS is a negative regulator of motility.

4.2.10 AHL is a negative regulator ofrpoSand rsmZ transcription

The effect of AHL degradation or excess autoinducepodandrsmZ
transcription was determined. AHL degradatiorsviGund to have a strong inducing
effect onrpoStranscription in DF41 and DF4469 at both 24 and 48 hours (Fig. 4.7). In
strains harbouring th&iA generpoS*lacZ transcription was increased nearljodd in
DF41 and DF4469. In contrast, when dures were grown in the presence of

exogenous AHLrpoStranscription was reduced to below wtlgpe levels. AHL had a
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Table 4.3 Effect of quorum quenching and addition of exogenous AHL on the
phenotypic characteristics of DF41 and T mutant DF41-469 @acs.

Strain AF? Autoinducerr Proteasé HCN®
DF41 (pME6032) 7.8(0.8) 82(0.7) 52(05) +
DF41 (AHL +++) 8.1 (0.5)° 10.3 (0.5F 5.2 (0.4° +
DF41 (PME6863 7.9 (0.5)° 0.0 (0.0° 5.9(0.6)" +
DF41-469 (pME6032) Overgrown 4.6 (0.5) 0.0(0.0) -
DF41-469 (AHL +++)  Overgrown® 6.2 (0.3 0.0 (0.0° -
DF41-469 (pME6863  Overgrown® 0.0 (0.0 0.0 (0.0° -

#Mean (SD) of the zones of activity (mm) from a minimum of five replicates.
P Determined using Cyantesmo paper.

¢ Significantly different from strain carrying empty vector (p< 0.0001).
dSignificantly different from strain carrying empty vector (p< 0.001).

®Not significantly different from strain carrying empty vector.
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Table 4.4 The effect of AHL adition and quorum quenching on swimming
motility of DF41 and gacSmutant DF41-469.

Strain Swim Zone Diameter (mnd)
24 h 72 h

DF41 (pME6032) 11.4 (1.9) 34.0 (0.7)
DF41 (pME6863) 13.0 (1.0Y 37.2 (1.3f
DF41 (Al +++) 9.2 (1.3)° 29.0 (1.4f
DF41-469 (pME6032) 18.6 (1.5) 49.8 (1.6)
DF41-469 (pME6863) 18.2 (0.4F 42.8 (1.6)
DF41-469 (Al +++) 14.6 (1.3 44.0 (1.0

®Mean (SD) from five replicates.

® Significantly different from strain carrying empty vector (p< 0.0001).
¢ Significantly different from strain carrying empty vector (p< 0.001).
dSignificantly different from strain carrying empty vector (p< 0.05).
®Not significantly different.
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similar effect orrsmZtranscription, although the results were not quite as dramatic (Fig.
4.8). In DF41lysmZtranscription was significantly repressed at both 24 h and 48 h o
growth upon the addition of excess AHL. In gecSminus strain, DF4469, AHL

addition did not significantly impacsmZexpression util 48 h of growth (Fig. 4.8).
Likewise, AHL degradation resulted in considerable increasesmtranscriptionin the
wild-type backgrounat 24 h and 48 h (Fig. 4.8)ith a siginificant increase observed in

DF41-469 only at the 48h time point

4.2.11 pdfl expression is controlled by a positive feedback mechanism

Many QSregulated genes contairux box in ther promoter regions for binding
of the cognate QS LuxRanscriptional activator. The presence of a putdtix®ox-like
sequence in thedfl promoter region suggests thpatfl may be subject to autoregulation.
To investigate this, the effect of AHL deglation or excess autoinducer pifl
transcription was determined. AHL degradation was found to significantly depafhse
expression at both 24 h and 48 h whereas the addition of exogenous AHL led to
considerable increasespdfl transcription in bdt DF41 and thgacSminus strain (Fig.
4.9). pdfl expression was also determined to be strongly linked to the growth phase with
maximal expression observed at 38 h growth (Fig. 4.10). Together, these results indicate
thatpdfl gene expression is considbly affected by AHL in a positive feedback manner

and is growthphase dependent.

120



1400 - A
2 1200 -
=
]
&
= 1000
2
& 800
=
3
o 600 -
[
=
<]
< 400
L]
=
0
@ 200 -
O 4
DF41 DF41 DF41 DF41-469  DF41-469  DF41-469
pME€032  pME6863  AHL+++ pME6032  pME6863  AHL+++
3000 - B
w2500 -
=
]
&
= 2000
g
&
= 1500 -
o
<
3
= 1000
<]
5
=
=, 500 -
o
O -
DF41 DF41 DF41 DF41-469 DF41-469  DF41-469
pMES032  pME6863  AHLA++  pME6032  pME6SS3  AHLA++

Figure 4.8 The effect of plasmid pME6863 harbouring the AHL lactonase genaijA

and excess AHL on expression of arsmZ'-'lacZ transcriptional fusion in DF41 and
DF41-469 @acS. Panel AirsmZexpression in strains grown for 24 h in PTSB. Panel

B: rsmZexpression in strains grown for 48 h in PTSB. Activities (Miller units) are mean
values of triplicate samples + SD.

121



20000

18000

16000

14000 4

12000 4

10000 4

2000 A

6000

4000 A

B-galactosidase Activity (Miller Units)

2000 A

DF41 DF41 DF41 DF41-462  DF41-462 DF41-469
pMESO32 pMESSE3 AHIA++  pMEED32 pMESSE3 AHTA++

2000

7000 A

6000

5000 A

4000 A

3000 A

2000 A

B-galactosidase ACtivity (Miller Units)

1000 4

DF41 DE41 DF41 DF41-469 DF41-469  DF41-469
PMESO32 ) mses3 AHL+++  pMESO32  pMESSS3  AHL+++

Figure 4.9 The effect of plasmid ME6863 harbouring the AHL lactonase geneaiiA
and excess AHL on adfl'-'lacZ transcriptional fusion in DF41 and DF41469
(gacS. Panel A:pdfl expression in strains grown for 24 h in PTSB. PangidB:
expression in strains grown for 48 h in PTSB.tivities (Miller units) are mean values
of triplicate samples + SD.

122



45000 A
40000 A
35000 A
30000
25000 A
20000
15000 A
10000 A
5000 4

p-galactosidase activity (Miller units)

Figure 4.10 Expression of gdfl'-'lacZ transcriptional fusion in DF41 is growth-
phase dependentDF 41 was c ul t u-gatadiosidase aBtivit$wBas assaged b
at times intcated. Activities (Miller units) are mean values of triplicate samples + SD.

123



4.3 Discussion

Our initial characterization d?seudomonasp. DF41 focused on the
identification of gene products that directly and indirectly contributed to the lialogi
control activity of this bacterium. To gain further insight into the underlying mechanisms
of biocontrol activity, it is necessary to examine the regulatory systems governing
Pseudomonasp. DF41 AF activity. We first identified and characterizedwee
component signal transduction system GacS/GacA (Chapter 3), which is a conserved
system in numerous Granegative bacteria. The mechanisms underlying GacS/GacA
posttranscriptional control of target gene expression has been examined in a few
Pseudompasspecies, particularly iR. aeruginosd?AO1 andP. fluorescen€HAO. In
each of these strains, GacA posttranscriptional control is coupled to the Rsm system. The
Rsm system includes mRNBinding repressor proteins and Gamntrolled regulatory
RNAs.

In PAO1, the Gac/Rsm cascade activates expression of the QS Niipuddnoy}
homoserine lactone as well as extracellular virulence factors such as HCN and
pyocyanin. This is achieved via GacA upregulation of two, functionally redundant small
RNAs, RsmZand RsmY. Together RsmZ and RsmY induce translation by titrating the
RNA-binding protein RsmA. A homologous systenPinfluorescen€HAO consists of
three, small RNA regulators, RsmZ, RsmY and RsmX that antagonize translational
repression of target gea by sequestration of the RNvAnding proteins RsmA and
RsmE. While we were in the process of R&tReening for ansmZgene in

Pseudomonasp. DF41, we obtained an RsmZ overexpression plasmid, pME6359, from
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theD. Haas lab. This plasmid was introducetb DF41 and thgacSmutant to examine
the multicopy effect of RsmZ in gacSdeficient strain. When pME6359 was
introduced into DF4469,rsmZpartially suppressed the effects ajacSmutation,
restoring protease and HCN production and enabling samigtion of S sclerotorum
(Table 4.1). RsmZ overexpression in the DF41 wild type resulted in a substantial
increase in protease production, which translated into a slightly elevated level of fungal
inhibition (Table 4.1). Although a DF4jacSmutantproduced approximately 60% AHL
compared to the wild type, RsmZ overexpression compensated fpadBdeficiency
and AHL levels increased to those of the wild type. This result is similar to those
observed irP. fluorescen€HAO and inP. fluorescen&113, where overexpression of
RsmX, RsmY or RsmZ, or PrrB (an RsmZ homologespectively, can compensate for
gacSandgacAmutations. Moreover, these findings further support our earlier
observations that iRseudomonasp. DF41, a Gac/Rsm regulatory cade is essential
for production of secondary metabolites contributing to AF activity.

Contrasting results were observed for the effect of RsmZ on bacterial motility.
While multiple copies ofsmZrestored swarming motility to trgacSminus derivative,
an inhibitory effect was observed on swimming motility. Hs=udomonasp. DF41
gacSmutant consistently displays markedly increased swimming motility on low
percentage agar plates (Chapter 3). However, upon introductionrshidenulticopy
plasmid, pME6359, swimming motility was considerably decreased in thetyd and
in thegacSmutant. There is some precedent for this provided in the literature as
comparable results were observedtircoli. In this strain, the RsmA homolog, CsrAis a

positiveregulator of flagellar motilitfWei et al. 2001) RsmA binding to the &'
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segment ofhDC mRNA stimulates its translation and increases itslifal{\Wei et al.

2001) Although swarming motility ilPseudomonasp. DF41 is positively regulated by
Gac/Rsm similar toP. fluorescen€HADQ, it is notably different from that observed in
otherPseudomonastrains. For example, . aeruginos®AO1, RsmA has a positive
effect on rhamnolipids and swarming motility; therefore, GacA mutants display increased
swaming compared to the wild type due to the loss of RsmZ antagdhismlier et al.

2004) These results provide evidence thaPgeudomonaBF41, RsmZacts as

positive and a negative regulator of bacterial motility possibly by influencing the level of
free RNAbinding proteins homologous to RsmA and RsmE. Furthermore, the Gac/Rsm
regulons appear to display a notable amount of variability amongst different bacterial
strains.

The DF41 RsmZ secondary structure was analyzed usingf@Ao confirm
thepresence of repeated, unpaired GGA motifs in the hairpin loops believed to be
essential for RsmZ titration effects. Based on a high level of sequence identity and
identification of GGA motifs, we hypothesize that the DF41 and CHAO RsmZ regulatory
RNA will function in a similar manner. Furthermore, the gene organization in
Pseudomonasp. DF41 is similar tthat ofa number other pseudomonads, withrgraZ
gene located immediately downstream ofrip@Sgene.

Severalux-based QS systems have been ifiedtin plantassociated
pseudomonads that control an array of traits from AF compound production to bacterial
motility and epiphytic fitness. We were interested in determiningeg8lated
phenotypes ifPseudomonasp. DF41 and investigating their rofebiological control.

The generation of a genomic library facilitated the identification of a LR type QS
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system. Sequence analysis revealed 77% nucleotide identity shared with the QS genes of
the tomato pathogdp. corrugata. Interestingly, théBlastn search tool did not indicate
homology with othePseudomonalsixl genesother tharP. corrugata. The
Pseudomonasp. DF41 Q3ystemconsiss of an autoinducer synthase gene located
upstream of a cognate transcriptional activator gémenediatelydownstream of the
DF41-QS locus are three genes coding for components of a tripartite resistance
nodulation cell-division transporter, analogous to fRecorrugataQS gene
arrangementln P. corrugata anAHL-mediated QS system controls the productind
secretion of cyclic lipopeptides important for virulence on tomato plants and inhibition of
Rhodotorula pilimana@andBacillus megaterium(Licciardello et al. 2007)

To generate an AHIminus phenotype iRseudomonasp.DF41, plasmid
pPMEG6863 was itroduced into DF41 and tlgacSminus strain. ThaiiA gene on this
plasmid encodes a lactonase enzyme from the soil bactBagitussp. A24
(Reimmann et al. 2002)vhich allowed us to determine the effect of aIQiBus
background on the expressionAdt factors. Phenotypic analysis indicated that HCN
production, protease and AF activity was indistinguishable in strains harbouriaigithe
plasmid compared to those strains carrying the empty vector (Table 4.3). These results
are analogous to those elpged for gpcol mutant of the biocontrol bacteriuf
fluorescen®P24 where production of several biocontrol factors including siderophore,
HCN, proteinase and 2[@APG remained unchanged from the wild tyjdéei and Zhang
2006) Finally, addition of exgenous AHL to growing cultures did not affect AF activity
or protease production (Table 4.3), further substantiating that in DF41, QS does not

appear to regulate expression of biocontrol factors.
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When the phenotypic analysis was extended to includdfiéeof QS on
bacterial motility, differences were observed. AHL addition resulted in slight decreases
in swimming motility. The most dramatic effects were observed upon-éé¢gjradation
by the lactonase enzyme. Swimming motility was significantlyeased in both the wild
type and thgacSmutant carrying pME6863, supporting @&diated repression of
flagellar motility (Table 4.4). Identical trends were observed when swarming motility
was assayed. Addition of exogenous AHL to swarm plates corypédtelished
swarming motility by the wild type strain. Whereas in the presence of the AHL
degradation enzyme, increased swarming was observed.

Next, the effects of RsmZ and AHL on the regulatory cascade underlying AF
activity were examined. ArsmZ-'lacZtranscriptional fusion was introduced into DF41
and DF41469 @acS. As expected, in thgacSminus backgroundsmZexpression was
negligible. However, RsmZ overexpression resulted in markedly increased transcription,
attaining maximum expressiohlate stationary phase in both strains, indicating that the
rsmZgene is subject to positive autoregulation. It appearsrasmZmay be subject to
alternative regulation compared to otRseudomonastrains. InP. aeruginosaRsmZ
represses its owmanscription(Kay et al. 2006)whereas irP. fluorescen€HAO, an
rsmZmutant had only transient effects onramZ-'lacZ transcriptional fusiorfvValverde
et al. 2003)

Further insight into the Gac/Rsm regulon was provided by determining the
influenceof GacS, AHL and RsmZ ampoS, rsmZandpdfl expression b-galactosidase
assays indicated that RsmZ positively regulatifsexpression at high cell densities (Fig.

4.5). However, since gacSmutation only slightly decreaseufl expression, it would
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appear that there are other regulatory elements respof@il)S expression. .
aeruginosaC4-HSL production is stimulated by the Gac/Rsm pathway, and similarly, in
Pseudomonasp. DF41, overexpression of RsmZ in both the wild type andab8

mutant significantly increased the activity opafl'-'lacZ transcriptional fusion. These
findings are consistent with the increased levels of AHL produced by RsmZ
overexpressing strains that can be observed on agar plates seeded with the AHL
bioreporter strain.

When the effect of RsmZ on apoS*-'lacZ transciptional vector was examined,
conflicting results were obtained (Fig. 4.6). In the viyijde background, RsmZ
decreasegoSexpression Zold; however at 48 h, the opposite trend was observed in the
gacSmutant. A possible explanation could be thatsiRsmZ has a strong positive
influence on AHL production which in turn negatively regulafgsSexpression, the
different expression profiles observed between the wild type and the GacS mutant may be
due to a balance in the timing of AHL production adcorresponding negative
regulatory effects.

In P. aeruginos@®AO1, RpoS and AHL regulate each other and studies have
often drawn conflicting conclusions. A recent transcriptome analysis of the QS regulon
in this strain concluded that RpoS controlpragimately 40% of all genes in the QS
regulon and that RpoS positively influences lesystem which in turn, positively
regulates Rpo$Schuster and Greenberg 200¥Yhen the influence of QS degradation
and exogenous AHL addition epoS(Fig. 4.7) an rsmZ(Fig.4.8) expression was
examined irPseudomonasp. DF41, the results clearly indicated that QS represses both

rsmZandrpoSas expression was increased when AHL was degraded. This result was
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somewhat unexpected given that in other strains witlsy@&ms, such & putidaand
P. aeruginos@®AO1, AHL has been reported to have a positive effecpo8
transcription(Bertani and Venturi 2004)Whether this negative effect is a matter of
timing of expression or mediated through indirect effectsaresto be elucidated.

In conclusion, we have established that Gac/Rsm regulates a complex network of
regulatory elements underlying AF activityseudomonasp. DF41. The Gac/Rsm
cascade partially influences RpaBd AHL expression in this strain, gegting that
additional unknown regulatory elements may be involved. An interesting role for QS is
proposed which differs significantly from that reported for other bacteria, because in
DF41, QS is a negative regulatorrpbSandrsmZexpression. Few stlies have
examined possiblssmZregulatory elements, and our preliminary results suggest a
negative AHL- mediated influence orsmZtranscription. Although it is highly probable
thatPseudomonasp. DF41 produces RsmA homologs which act as negativiate

of biocontrol, they have yet to be identified.
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Chapter 5
Investigation of the biological activity and structure of a compound

essential for DF41 AF activity
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5.1 Introduction

Cyclic lipopeptides are a novel classfafictionally versatile molecules that have
been isolated from a number of bacterial species, including vd?sriglomonastrains
reviewed in(Raaijmakers et al. 2006)A defining feature of CLPs is their biosynthesis
via a nonribosomal thiotemplate mbanism on large peptide synthetaf@sking and
Marahiel 2004; Grunewald and Marahiel 2008hese noiibosomal peptide synthetase
(NRPS) templates consist of repeating sets of core modules which are each divided into
enzymatic domain@Marahiel et al1997) Each module is typically responsible for the
incorporation of a single amino acid precursor into thentmrsomal peptide. Although
the modules are formed of repeating sets of three standard domains, namely, adenylation
(A), peptidyl carrier prtein (PCP) and condensation (C), variability in the number and
arrangement of domains as well as the incorporation of different arstaodard amino
acid precursors leads to a number of structurally diverse peptide products. The inclusion
of additionalcatalytic domains into the core protein template also contributes to the
structural diversity associated with CLPs. Despite the structural variations, CLPs all
consist of a short oligopeptide moiety linked to a fatty acid tail. The majority of NRPS
lipopeptides produced seudomonaspecies are cyclized by lactone ring formation
between two amino acids in the peptide moiety; however, recently, two linear-NRPS
produced lipopeptides, syringafactin and peptin31 have been isolate® fymngae
strains(Berti et al. 2007; Fiore et al. 2008)

In Pseudomonaspecies, a number of metabolites are produced on NRPSs such as
siderophores, biosurfactants, phytotoxins and AF compounds. CLPs produced by plant

associated pseudomonads are often antagonisticdaitzer microorganisms and
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demonstrate phytotoxi@ender et al. 1999antibacteria{Gerard et al. 1997AF

(Nielsen et al. 2002)r antiprotozoan activitfMazzola et al. 2009) CLPs also

contribute to bacterial motility and colonization and as scehtribute to biofilm

formation, bacterial proliferation and survival. The main biological action of CLPs is
mediated through formation of small pores in target membranes, thus disrupting the flow
of ions across the membrane and leading to membranesmll&iPs are believed to

exert their effect on cell membranes by working synergistically with cell wall degrading
enzymes (CWDEsSs).

Many regulatory elements of CLP synthesis have been identified. The global
regulatory Gac system has been identiisach major determinant controlling putisolvin
(Dubern et al. 2005kyringomycin and syringopept{irrabak and Willis 1992; Kittemt
al. 1998) tolaasin(Grewal et al. 19959mphisin(Koch et al. 2002)entolysin(Vallet-

Gely et al. 2010andmassetolidé\ biosynthesigde Bruijn et al. 2008) This two

component signalling pathway appears to play a global role in CLP production in contrast
to a plethora of other strashependent regulatory elements such ag@# et al. 2005;

Dubern et al. 2006 heatshock proteingDubern et al. 2005pand a serine proteagie

Bruijn and Raaijmakers 2009) uxR-type transcriptional activators of the AQ'%

family are emerging as a wiggpread regulator of CLP biosynthegig Bruijn and
Raaijmakers 2009As regulatoy elements are often found in the genomic regions

flanking NRPS genes, continued sequencing of NRPS gendzsandomonagenomes
coupled within silico analysis is advancing our understanding of CLP regulation and
leading to the identification of NRPS genlusters for the biosynthesis of new CLP

molecules.
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5.2 Results

5.2.1 Isolation of aPseudomonasp. DF41 mutant deficient in AF activity
Transposon mutagenesisRgeudomonasp. DF41 was performed with the aim
of identifying metabolites demonstnadj biological control activity again§t.
sclerotiorum. Approximately five thousand mutants were screened in radial diffusion
assays for altered AF activity. In addition to DF4E9 QacS)discussed in chapter 3, a
second Th mutant, DF411278 also exluited significantly reduced inhibition of the
fungal pathoges®. sclerotiorunand was selected for further analysis (Fig. 5.1).
Rescuecloning experiments and subsequent sequencing of the regions flanking
the Trb-1063 insertion, indicated that the Trtarrupted a gene with highest homology at
the amino acid level (82%; 226/275 amino acids) tsiiECgene ofPseudomonas
syringaepv. syringaeB301D (accession #AA0724253ypCencodes a peptide
synthetase involved in nembosomal production of the CL$yringopeptin (Scholz
Schroeder et al., 2001). The sequence flanking tbankertion in DF411278 is
homologous to a SypC condensation domain. NRPS operons are extremely large, for
example thesypCORF spans 40.6 kb and the ensiy@gene cluster isstimated to be
nearly 80 kb (Schot&chroeder et al., 2001); as a result, genetic complementation of this

mutation was not attempted.
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Figure 5.1 AF activity of DF41 and 1278qlp). 5¢ L of an overni ght cu
spotted onto a PDA plate and grown for 16 h at 28°C, at which point an agar plug
carryingS.sclerotiorumhyphae was placed onto the middle of the plate. 1: DF41. 2:

DF41-1278
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5.2.2 A putative CLP-like compound is a mapr determinant of DF41 AF activity

We hypothesized that Bnnsertion into a NRPS gene should not alter DE2T8
expression of other AF factors including protease, HCN and AHL signal molecules.
Analysis ofthis strain confirmed that there was no diffeze in production of these
molecules in DF411278 compared to the wild type. Thus it appears that the significantly
decreased AF activity associated with DPR£1/8 is due to the loss of the NRPS
generated product (Table 5.1 and Fig. 5.1). A single traospiasertion in this mutant

was verified by Sotiern analysis (refer to Fig. 3.2

5.2.3 DF41-1278 ¢lp) displays a loss of biocontrol activity againss. sclerotiorum

DF41 and DF441278 ¢lp) were evaluated for their ability to inhibit disease on
canoh plants caused 8. sclerotiorumnfection. The incidence of leaf infection and
disease severity were evaluated. In greenhouse studies, DF41 provided significant
protection against fungal infection on the canola leaves and considerably reduced disease
severity (Fig. 5.and Fig. 5.3 In contrast, the putative CLP mutant showed little
antagonism towar8. sclerotiorun{Fig. 5.2and Fig 5.3. These findings indicate that

CLPs are an essential factor for DF41 biocontré@derotiniainfection in cana.

5.2.4 DF41-1278 ¢lp) is not affected in motility

To determine if the DF41278 €lp) mutant was affected in motility, swarming
and flagellar motility was compared to that of the witde strain. On 0.5% KB agar
plates, a change in swarming patteras not observed as DF4278 swarmed in a

blebbing pattern comparable to the wild type. Flagellar motility was assayed on 0.3%
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Table 5.1 Phenotypic characteristics dPseudomonasp. DF41 and Trb mutant
DF41-1278 €lp)

Strain AF? Autoinduce” Proteas@ HCNP
DF41 7.1(0.9) 10.7 (0.5) 58(0.7) +
DF41-1278 2.6 (1.4 9.9 (0.6) 6.3 (1.2f +

#Mean (SD) of the zones of activity (mm) from at least six replicates.
P Determined using Cyantesmo paper.

¢ Significantly different from the wil type (p< 0.0001).

4Not significantly different from the wild type.
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Figure 5.2 Efficiency ofPseudomonasp. DF41 (wild type) and DF411278 ¢€lp) in
managing Sclerotinia sclerotiorumascospore infection on canola plantsPanel A:

percent incidence of leaf infection. Panel B: disease severity on stem. In all treatments
except the healthy control, plants were sprayed @itbclerotiorunascospores. The
healthy control plants were sprayed with phosphate buffer. Column means laibeled w
the same letter do not differ significantly by Duncan's Multiple Range Test (DMRT;
P>0.05).
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