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ABSTRACT

The gram-negative bacterium Pseudomonas syringae pv. actinidiae (Psa) is the causal agent of
the bacterial canker of kiwifruits leading to important economic losses in New Zealand, Italy,
Korea and Japan the main producers worldwide.

To identify virulence targets and develop new effective targeted control strategies, molecular
mechanisms involved in host plant recognition by Psa and related infection processes was
currently studied.

To this aim, the Psa CRAFRU 8.43 strain was transformed with constructs carrying the green
fluorescent protein (GFP)-encoding reporter gene under the control of the promoter of several
Psa genes, selected for their putative role in pathogenicity based on literature. Our results
showed that hrpAl gene promoter, involved in the early steps of bacterial infection, is induced
in a minimal medium (mimicking apoplast conditions), with an earlier and at higher levels in
presence of Actinidia deliciosa leaf extract, indicating a role downstream of host recognition
by bacteria. The characterization of hrpAl-inducing kiwi extract showed that such signal(s) are
kiwi-specific and smaller than 10KDa in size.

Moreover, to elucidate the signalling pathway(s) involved in host-mediated hrpAl induction, a
chemical library was screened to identify molecules able to block such activation. Nineteen
candidate molecules were obtained, displaying different inhibition levels. According to the role
of HrpALl in plant hypersensitive response (HR) induction, HR in model plants wasquantifiedto
obtain a visible phenotype correlated with hrpAl promoter induction and thus demonstrate the
inhibitory effect of selected molecule, dicoumarol, in a plant system.

Moreover, the molecules responsible for Psa quorum sensing activation are still unknown, since
Psa possess three LuxR-solos proteins (PsaR1, R2, R3) lacking Luxl enzymes responsible for
AHL synthesis. Thus, to identify putative PsaR1 ligands, its recombinant autoinducer-binding
domain was produced in E. coli and chemical libraries were screened using a high throughput
fluorescence-based thermal shift assay. Four molecules inducing a significant thermal shift
were identified as putative PsaR1 ligands; moreover, the presence of the same or other putative
PsaR1 ligands in Kiwi plants was confirmed by a similar thermal shift effect in presence of kiwi
plant extracts.

Quercetin and luteolin, PsaR1 putative ligands, tested on Psa virulence traits (motility and

biofilm) showed an increase of swarming motility and reduction biofilm formation.
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Chapter 1: INTRODUCTION

1. Pathogenicity and virulence factors of plant pathogenic

bacteria

Pseudomonas syringae, the most studied plant pathogenic bacterial species,
countsapproximately 60 pathovars [1] infecting economically important crops, with continuous
new disease outbreaks. A recent example is the Kiwifruit canker outbreak in New Zealand and
Europe caused by P. syringae pv. actinidiae [2].

Pseudomonas syringae strains show epiphytic and endophytic interconnected phases of growth:
in the former bacteria live on the surface of plant tissues such as leaves, stems, flowers and
fruits while in the latter bacteria enter the plant and colonize the intercellular apoplast space [3].
Entering the plant requires bacterial motility, mediated by flagella and type IV pili and also
recognition and taxis towards infection sites and nutrients. In this transition from epiphytic to
endophytic phases, bacteria get in contact with the plant cell wall and need to overcome host
plant resistance, to evoke disease. At this stage, bacterial pathogenicity is largely dependent on
the ability to assembly a functional type Il secretions system (T3SS), encoded by hrp genes
(for hypersensitive response and pathogenicity) and responsible for the secretion of many
effectors; these hrp genes are present in most plant pathogenic bacteria including P. syringae
pathovars and their expression is induced only in presence of plant tissue [4].

Thus, to evoke disease, bacteria can manipulate the plant cell metabolisms by producing
effectors or other pathogenicity factors such as toxins, hormones or lytic enzymes, to the
advantage of bacteria. The timing and efficient expression of these virulence factors is regulated

by a complex signaling network, which has been only partially elucidated in model species [5].

1.1. Abilities to colonize and enter a plant: bacterial motility
Motility is an important trait in bacteria, to reach more and better nutrients, avoid unfavorable
environments and spread onto or within host tissues.
Bacteriacan move by different systems: swarming, swimming and twitching motilities occur by

rotating flagella or pili, which are protein structures anchored to the cell membrane (Fig. 1).
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Figure 1: A scheme of bacterial movement: swarming, swimming and twitching [6].

Moreover, chemotaxis allows bacteria to move and orient according to environmental stimuli
[7] as shown by mutations in chemotaxis genes, which impair bacterial spreading [8-9].
Bacteria swarm as a group of cells across host surface [10]; this motility, mediated by flagella,
is also assisted by the biosynthesis of surfactantsand cell-cell interactions. Bacteria synthesize
and secrete surfactants (short for “surface active agent”), amphipathic molecules onthe
swarming front, that reduce superficial tension on the substrate [8]. Direct contact between
bacteria and the surface may have a crucial role, but the mechanisms of surface sensing must
be elucidated [6]. Because surfactants are effective at high concentrations, their production is
regulated by quorum sensing (QS) to ensure a sufficient bacterial population to produce
beneficial surfactants [11].

Swimming motility is defined as the movement of individual cells in liquid or low-viscosity
media [10] and despite it requires a functional flagellum, unlike swarming motility doesn’t need
neither QS systems nor biosurfactants [12].

Mutations on flagella synthesis or function abolish colony spreading, confirming flagella
crucial role in swarming and swimming [13].

Twitching motility requires the type IV pili, which produce a movement by repetitive extension
and retraction, and is important in exploration and initial attachment on surfaces, as well as in

the development of biofilm architecture, thereforedepending on QS system [14-15].
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1.2. Abilities tocolonize and enter a plant: biofilm
Biofilm are bacterial communities in which cells are immersed in a matrix attached to a surface,
concentrating water and nutrients and protecting bacteria from adverse conditions, outside and
inside the plant.
The mixture of extracellular factors represents the “biofilm matrix” composed primarily of
EPSs, proteins, eDNA and lipids. The components of this matrix support biofilm 3-dimensional
structure composed by bridge, channels and pores which play a key role in cell-cell interaction,
nutrient utilization and horizontal gene transfer; moreover, the matrix provides a physical
barrier against antibiotics or plant defense compounds and protects biofilm cells from
environmental stresses such as UV radiation, pH changes, osmotic stress and desiccation [16].
External bacterial components such as flagella, pili and LPSs play an important function in the
initial stages of biofilm formation on surfaces, while the phases of growth, maturation and
disassembly of biofilms depend on the biosynthesis of EPSs, proteins, eDNA, and lysis products
[17].
The importance of LPSs in biofilm formation was demonstrated by various mutations related
to LPSs synthesis in Pseudomonas aeruginosa [18], P. syringae [19] and Xanthomonas citri
[20] which reduced the ability to form a biofilm.
Bacterial autoaggregation, differs from biofilm in the abundance of extracellular factors,
surface components and cell density. It can be visualized macroscopically by clumping of cells
in liquid culture, and represents a survival strategy triggered in hostile environments, involving
LPSs and outer membrane structures, such as type IV pili, fimbriae, flagella and proteinaceous
polymeric appendages. Therefore, bacterial aggregation on a surface precedes the phase of
biofilm formation. The transition from bacterial aggregation to mature biofilm can be
summarized in the following steps: (i) interactions among bacteria near plant microenvironment
(ii) interactions between bacteria and plant surfaces (iii) biofilm formation. These phases, as a
whole, are also common to plant growth promoting bacteria and may thus have negative or

positive effectson plant fitness depending on the bacterial species involved [21] (Fig. 2).
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Figure 2: A scheme of bacterial autoaggregation and biofilm development, and their relationship with plant
colonization [21].

Bacterial motility (twitching, swimming and swarming) in combination with chemotaxis are all
involved in the various stages of biofilm development [22]. Initially, free-swimming phenotype
allows bacteria to reach a suitable surface while the surface-swarming phenotype allows
bacteria to adhere and to move on the surface [23]. Afterwards, motility is involved also in
biofilm dispersal, when bacteria spread to colonize new habitats. Chemotaxis regulates the site
of biofilm establishment, as observed in Ralstonia solanacearum, for example, which is
attracted by host plant exudates, and colonizes specific positions of the plant surface with

optimal nutrient availability [22].

1.3. Abilities to overcome plant resistance

Plant pathogenic bacteria enter through wounds or natural openings (i.e. stomata and
hydathodes), proliferate in intercellular spaces (the apoplast) and then deliver effector
molecules (virulence factors) into plant cells to enhance their microbial fitness. Plants, on the
other side, rely on the innate immunity of each cell, and the systemic signals released from
infection sites.

Intricate interactions between plant immune responses and bacterial virulence strategies occur.
Plants evolved a first layer of pathogen recognition, relying ontransmembrane pattern
recognition receptors (PRRS), that respond to slowly evolving microbial- or pathogen-
associated molecular patterns (MAMPS or PAMPSs) [24-25] and can activate for example a
signaling cascade in the stomatal guard cells to close stomata as part of the PAMP-triggered

immunity (PTI). A major consequence of PTI is the inhibition of bacterial growth through
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production of antimicrobial compounds, restriction of nutrients in the apoplast and the
reinforcement of plant cell walls [26].

Moreover, most plant pathogenic bacteria can induce a resistant response in non-host plants
often including a hypersensitive response (HR) characterized by a programmed cell death
(PCD) at the infection site. As a counter-defence strategy, P. syringae evolved virulence factors
such as toxins (i.e. coronatine and syringomycin) and effectors delivered by the type 3 secretion
system (T3SS) which can act on plant metabolism or interfere with hormonal signaling, to re-
establish for instance stomata opening. In turn, some plant genotypes in a species can evolve
new specific receptors (Fig. 3) recognizing such bacterial effectors, to achieve the so-called
effector-triggered immunity (ETI). As a consequence, bacterial growth is restricted as above,

and plant cells typically undergo an ETI- triggered hypersensitive response.
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Figure 3: Schematical representation of the “zigzag model” illustrating the quantitative output of the plant immune
system. PTI= PAMP-trigger immunity, ETI= effector-triggeredimmunity, ETS= effector-triggered susceptibility,
HR= hypersensitiveresponse [27].

1.4. The type 11 secretion system (T3SS)
In conclusion, it is now well accepted that the effector proteins injected into hostcells via the
type 111 secretion system (T3SS) are responsible for pathogenicity and disease occurrence in
host plants while in resistant genotypes they can be recognized triggering a resistance-
associated HR [28].
The key component of T3SS is the Hrp pilus, which functions in the translocation of bacterial

effectors inside the plant cell. The major subunit of the TTSS pilus is the HrpA protein [29].
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P. syringae mutants in hrpA lose the ability to cause disease in host plants and to elicit the
defense-associated HR in non-hosts [4].

Despite the primary sequences of hrpA share a low homology among various pathovars, the
secondary structure is remarkably similar, consisting almost exclusively of a-helices, and a [3-
stand only in the amino terminus, which is dispensable for function [30]. The hypervariability
of the primary sequences of the pilus principal subunit may reflect evolutionary adaptation, to
avoid the recognition by the host defense system.

While the Hrp pilus is constructed, by adding HrpA subunits at the distal site, also the secretion
of effector proteins occurs, presumably because the expression of T3SS and effectors genes is
coordinately regulated [31].

Two alternative models were proposed to explain the secretion of effector proteins namely
“conduit” and “guiding filament” model. In the former model, proteins exit from the tip of the
Hrp pilus, while in the latter the Hrp pilus carries effector proteins with it, requiring a physical
interaction between pilus and proteins, so that newly secreted proteins would be localized near
the base of the pilus (Fig. 4) [32-33].
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Figure 4: Schematical representation of type 3 secretion system (T3SS), and alternative secretion models of
effector proteins [32, 34].

In all examined strains of P. syringae, the hrp locus consists of 27 open reading frames (ORFS)
located in the chromosome and organized into six operons. Among hrp genes, three classes can
be distinguished: (i) the first class encodes core components of T3SS; (ii) the second class
encodes regulatory proteins (HrpL, HrpR, HrpS and HrpV); (iii) the third class encodes secreted
proteins such as extracellular components of T3SS (e.g. HrpA) [26, 35].



CHAPTER 1: INTRODUCTION

In a saprophytic environment, P. syringae does not express hrp genes at a significant level, until
it comes in contact with plant apoplast. HrpL, HrpR, HrpS, three positive regulators, are
involved in the transcriptional regulation of the T3SS genes. HrpR and HrpS interact directly
and in conjunction with the sigma factor 6>* required for the maximal expression of hrpL gene;
HrpL is a sigma factor that directs the transcription of all T3SS genes. On the other hand, HrpV

is a negative regulator of T3SS-associated genes [4, 36].

1.5. Quorum sensing in gram-negative bacteria

Many bacterial traits, either linked to pathogenicity or simply associated to environmental
fitness are regulated at the population level. Population density changes bacterial behaviors
related to motility, biofilm formation, gene expression, virulence activation and communication
with other bacteria. The ability to perceive bacterial density is described as quorum sensing
(QS) [37].

The QS circuit, also present in most in gram-negative phytopathogenic bacteria, was first
identified in the luminescent bacterium Vibrio fischeri [38] and consists of two proteins called
Luxl and LuxR. Luxl-like proteins synthesizes specific acyl homoserine lactones (AHL) known
as autoinducers, the concentration of which increases with increasing of cell density. LuxR-like
proteins bind the cognate AHL, and after reaching a threshold concentration, the LuxR-
autoinducer complex binds a specific promoter DNA sequence called “lux box” activating target
gene transcription. In V. fischeri, this mechanism regulates luminescence, from which the
names of LuxR/Luxl are derived. Moreover, in V. fischeri, the LuxR-autoinducer complex also
binds the luxR promoter with a repressive effect, thus acting as a negative feedback regulation
of the circuit (Fig. 5a).

The canonical QS networkin Pseudomonas spp. was mainly investigated in Pseudomonas
aeruginosa which contains two Luxl/R-type systems, namely Lasl/LasR and Rhll/RhIR. Both
Lasl and Rhll are autoinducer synthases that catalyze the formation of N-(3-oxododecanoyl)-
homoserine lactone and N-(butyryl)-homoserine lactone, respectively. At high cell density,
LasR binds its cognate autoinducer, and the resulting complex binds “lux boxes” in the
promoters of several genes encoding virulence factors, such aslasB, lasA and toxA, responsible
to produce an elastase, a protease and the exotoxinA, respectively. The LasR-autoinducer
complex also activates the expression of rhiR, encoding the second LuxR-like protein of P.
aeruginosa. In turn, the RhIR-autoinducer complex activates a second class of target genes,

such a srpoS encoding for a sigma factor ¢°, rhlAB involved in the synthesis of biosurfactants,
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lecA encoding a cytotoxic lectin and rhll, involved in the synthesis of RhIR-specific autoinducer
(Fig. 5b) [39-40].

LuxR proteins consist of two domains: the amino-terminal domain, involved in the binding of
the autoinducer, and the carboxyl-terminal domain, binding DNA sequences. In absence of the
autoinducer, the amino-terminal domain inhibits the DNA binding on the carboxyl-terminal.
The carboxyl-terminal domains are also involved in the multimerization of LuxR proteins,
required for binding DNA sequences. Regions responsible for DNA binding on “lux box”are
conserved helix-turn-helix (HTH), suggesting that the target specificity of these systems derives
from selectivity for the cognate autoinducers. In fact, alteration in the acyl side chain of the

autoinducer, can inhibit LuxR activity and target genes expression [38].
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Figure 5: Schematical representation of quorum sensing (QS) system in gram-negative bacteria: (a) Vibrio fischeri
LuxI/LuR QS system [41] and (b) Pseudomonas aeruginosalLasl/LasR and RhlI/RhIR QS system [42].
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1.5.1 Non-canonical quorum sensing system: the LuxR “solos” family

Bacterial quorum sensing plays a crucial role in ecological fitness by regulating cell-cell
communication. Many plant pathogenic bacteria in particular, employ the QS system to regulate
their virulence factors; in addition, it was recently found thatcomponents of the QS system can
also be involved in the interaction between bacteria and eukaryotic hosts [43]. In fact, AHLsS
can act as inter-kingdom signals because they can be perceived by plants, which in turn respond
regulating plant gene expression [44]. On the other hand, plants can produce low molecular
weight compounds interfering with the bacterial QS system, acting as agonists or antagonists
of AHLs [45-46].

In the last decade studies revealed a family of proteins in plant-associated bacteria sharing
highly similarity with QS LuxRs, but lacking a cognate Luxl protein, for this reason called
“solos”. LuxR-solos have been identified in several bacterial species, including the object of
this Thesis, P. syringae pv. actinidiae. These proteins cannot bind AHLS, due to the lack of
highly conserved aminoacids in the AHL-binding domain, but there is evidence that they could
bind plant compounds [47], which makes them interesting candidates in plant-pathogen

communication.
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Figure 6: Schematical representation of interkingdom signaling between plants and bacteria involving canonical
and non-canonical quorum sensing (QS) systems [48].
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Up to date, LuxR-solos proteins participating in interkingdom signaling by the detection and
binding to host signal molecules [47] have been identified in several plant pathogenic bacteria,
such as Xanthomonas oryzae pv. oryzae (OryR) [49], X. campestris pv. campestris (XccR) [50],
Pseudomonas fluorescens (PsoR) [51], and P. syringae pv. actinidiae (PsaR2) [52].

A major achievement in this intriguing inter-kingdom communication, mediated by a non-
canonical QS system, would be the identification of plant molecules possibly binding LuxR-
solos, among the many low molecular weight secondary metabolites produced by plants [48].

1.6. Role of GacS/GacA two component system in the regulation of bacterial signaling
network

In nature, microorganisms are subjected to a myriad of environmental stimuli, such as changes
in temperature, osmolarity, pH and nutrient availability. In response, bacteria have developed
multiple systems to adaptat to these environmental fluctuations.
The sensor kinase GacS and the response regulator GacA are members of a two-component
system found in gram-negative bacteria and also in plant pathogenic pseudomonads [36].
GacS sensor kinase detects environmental signal molecule(s) and undergoes
autophosphorylation, and in turns fosforilates the GacA response regulator, activating a signal
transduction cascade leading to gene expression and bacterial adaptation to changing conditions
[53].
In Pseudomonas syringae pv. tomato DC 3000, GacS/GacA is upstream of the regulatory
hierarchy controlling the expression of several bacterial traits. Among the genes affected by
this system there are hrpL, hrpR and hrpS -well-known essential components in the induction
and assembly of the T3SS - and the ahll and ahIR, key genes of the QS system. Moreover,
GacS/GacA controls upstream events in the expression of several phenotypes related to
pathogenicity, such as bacterial motility, elicitation of hypersensitive response (HR) and in

planta survival [54].
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2. Pseudomonas syringae pv. actinidiae, the causal agent of

kiwifruit bacterial canker

Pseudomonas syringae pv. actinidiae (Psa) is a gram-negative bacterium, aerobic, rod-shaped,
motile by polar flagella, that can grow epiphytically and endophytically causing the kiwifruit
canker. Psa can spread by rain, insects, animals and human activities and penetrates host tissues
through wounds or natural openings, such as stomata or lenticels, or through pollen
dissemination.

Infections can spread more efficiently in spring under mild, humid weather, with temperatures
ranging from 12 to 18 °C. Leaf symptoms include brown-black leaf spots often surrounded by
a chlorotic halo and blossom necrosis. From primary infection sites, bacteria can move
systemically through the twigs and trunk causing extensive cankers along the trunk and

bleeding of a whitish to orange ooze (Fig. 7) [55-56].
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Figure7: Life cycle and symptoms of Psa across the seasons. Green arrows represent the epiphytic inoculum; blue
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of Psa and red boxes describe symptoms [57].
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Disease control strategies, necessary to minimize the impact of the epidemic and to contain
economic losses, include good orchard hygiene practices and chemical treatments with copper-
based compounds (in Europe) and streptomycin, in Countries where this is allowed (New
Zealand and Asian countries). However, none of the available practices is effective enough to
cure the disease, while Psa bacterial strains can evolve to become resistant to copper and
antibiotics. Additional available tools consist in elicitors, such as bacterial proteins and
polysaccharides (i.e. harpins, chitosan), that activate plant defense and induce resistance.
However, the use of elicitors alone is not recommended and the duration of protection provided
depends on the elicitor, pathogen and crop [58]. Recently, copper resistance has been identified
in New Zealand Psa strains, acquired through horizontal gene transfer (HGT) [59], so in order
to reduce this phenomenon and to develop new control strategies, new natural compounds from

different sources i.e. essential oils (EOs) are currently studied [60].

2.1. Psa outbreaks and identification of Psa biovars
Psa was first identified in Japan (1989) [61], and subsequently in South Korea and Italy (1994)
[62-63], in evolutionarily divergent populations: while the Japanese and Italian strains produced
phaseolotoxin, the Korean strains synthesized the phytotoxin coronatine [64].
In Europe, Psaoutbreaks of new highly virulent strains have been reported for the first time in
Italy (2008) [65] ad then in Portugal [66], Spain [67], France [68], and Turkey [69], and also in
other continents including New Zealand [70] and Chile [71] in 2010.
Psa outbreaks attracted much attention due to the severity and global economic impact of the
disease, caused by a recently emerged pathogen. In subsequent years, Psa strains from diverse
origins have been investigated using various methods, such as multilocus sequence typing
(MLST) analysis of housekeeping genes or effector genes, or whole-genome sequencing of
several Psa strains.
From a taxonomic point of view, P. syringae “sensu lato” (P. syringae—related species and
pathovars) consists in nine genomospecies, corresponding to species with no distinguished
phenotypical features according to Wayne et al. [72]. In particular, genomospecies 1
corresponds to P. syringae “sensu stricto” and includes P. syringae pv. syringae, while P.
syringae pv. tomato belongs to genomospecies 3 [73], and P. syringae pv. actinidiae belongs
to genomospecies 8. Usually P. syringae pv. tomato is the well-recognized bacterial model to

study emerging Pseudomonas phytopathogenic bacteria, and this can be applied to Psa since
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genomospecies 3 and 8, to which both pathovars belong, are closely related. Nevertheless,
Berge et al. identified two clades among microorganisms belonging to genomospecies 3 and 8,
called phylogroups 1a and 1b, which include P. syringae pv. tomato and P. syringae pv.
actinidiae, respectively [74-75]. Moreover, within the genomospecies 8, Psa is more closely
related to P.s. pv. theae [76]. The Asian origin of Psa and P.s. pv theae as well as the genetic
closeness between their hosts. i.e. Actinidiaceae and Theaceae families, could explain their high
similarity [77]. Importantly, Psa, P.s. pv theae and P. s. pv. avellanae (genomospecies 8), the
latter elevated to the species level and further named P. avellanae [78], are so closely related to
have been recently considered belonging to the P. avellanae species [79].

On the basis of genetic diversity, toxin production and other phenotypic features, Psa strains
were classified into different biovars [80]: strains originally isolated in Japan (1989) and in
Italy (1994), were assigned to biovar 1, which can synthesize phaseolotoxin, from the argKtox
gene cluster. Psa strains isolated in South Korea (1994) were classified as biovar 2, and can
produce coronatine [81]. The most aggressive Psa biovar 3 responsible for the global outbreak
of bacterial canker of kiwifruit doesn’t produce phaseolotoxin nor coronatine but carries a
plasmid of about 160 kb, absent in biovar 1 and 2, and encodes four putative clade-specific
TTSS effectors (hop-H1, hop-Z5, hopAM1-2 and hopAALl-2) [55, 82, 84].

Strains belonging to biovar 4, detected in New Zealand and Australia, were recently re-
classified as a new pathovar actinidifoliorum (Pfm) based on phylogenetic and phenotypic
differences causing only leaf spots but no canker symptoms [85]. Biovar 5 and biovar 6,
recently identified in Japan, have an extremely limited distribution and may be endemic at
present. However, there is no guarantee that they remain so in the future [86-87]. At present,the
most severe biovar 3, can be found in most infected orchards worldwide.

Several genome analyses performed so far revealed that epidemics in Europe, New Zealand and
Chile of Psa 3 biovar originated from independent introductions [82], probably from a single
founder variant from China [87]. There are evidence supporting two phases in the recent
evolution of Psa biovar 3. In the first phase DNA mobile elements contributed to differentiation
and developing of more adapted clones during the initial spread in China; subsequently highly
virulent and adapted biovar 3 strains spread to Europe, Chile and New Zealand, that represent
ecological niche lacking competitive selections represented by the highly sensitive A. chinensis
[88].

On the basis of recent evidence of short-term genome evolution of Psa biovar 3, modern control

strategies should focus on methods that should recombination to reduce the risk of developing
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variants with enhanced fitness or virulence [88]. In fact, copper-resistant strains were recently
reported for Psa biovar 3 in New Zealand, but not yet in European strains [59, 88].

2.2. Pathogenically relevant Psatraits

Similarly, to other pseudomonads, Psa can organize cell communities within biofilms,
composed of bacterial cells merged in a dense matrix of exopolysaccharides (EPSs), proteins,
and extracellular DNA, in which bacteria are protected against host defense mechanisms,
unfavorable environment or chemicalagents. Biofilm formation and dispersal cycles reflect the
pathogenic cycle of spreading and survival on plants. In fact, it was reported that Psa biofilm
formation is involved in different phases of kiwifruit infection both outside and inside the host
plant [89].

Detailed biochemical studies revealed that Psa EPSs are mainly composed of rhamnose, fucose
and glucose, in two polysaccharides: a branched a-D-rhamnan with side chains of a terminal
a-D-Fucf and an a-D-1, 4-linked glucan, considered novel and Psa -specific polysaccharides
[90], because such branched rhamnans were never reported from Pseudomonas species before.
As in other plant pathogenic bacteria, Psa biofilm formation is likely regulated by the QS
system, although Psa possesses three putative LuxR-solos protein, and the regulation of density-
dependent behaviors is poorly understood. As previously mentioned, these LuxR-solos, namely
PsaR1, PsaR2 and PsaR3, could be involved in detection of host signals or QS signals from
other bacterial species. In particular, a bioinformatics analysis revealed that PsaR2 likely
belongs to the subfamily of LuxR-solos found in plant-associated bacteria and proposed to bind
uncharacterized plant signal(s) [52]. On the other hand, PsaR1 and PsaR3 are more similar to
LuxR-type protein of the canonical QS system, suggesting that these two putative receptors
could also detect AHLs from other bacteria. All Psa LuxR-solos are involved in in planta
survival, as shown by phenotypic analyses of Psa mutants, while PsaR3 mutant is also impaired
in swarming motility and lipase production [52]. However, very few LuxR-solos have been
studied in relation to their possible role as sensors foro other types of signals. For example, a
recent seminal paper showed that a LuxR-solo from Photorhabdus luminescens responds to an
endogenous signal which is not an AHL [91-92]. Therefore, it cannot be excluded that Psa

LuxR-solos may participate to a novel QS system involving other types of signals.
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AIMS OF THESIS

AIMS OF THESIS

The aim of this work was to investigate on the plant signal molecules and Psa genes and sensors
involved in plant-bacteria communication during the early phases of infection, in order to start
a preliminary characterization of downstream Psa signaling pathways.

The first objective was the application of a chemical genetics approach to obtain the gene(s)
activation in a mimicking plant apoplast environment and subsequently set up a high-
throughput system in order to screen a natural molecule library to detect molecules interfering
with signaling pathway between plant signal molecules and bacterial gene activation.
Moreover, molecule with gene promoter inhibition effect was tested to obtain its phenotypic
effect on Psa.

The second objective was investigating the role of the LuxR-solos PsaR1 as a putative plant
molecule sensor. At first molecule libraries were screened by high-throughput thermal shift
assay to probe putative PsaR1 ligand(s); subsequently Psa virulence-associated phenotype (i.e.

motility and biofilm) were set up to elucidate the effect of PsaR1 and binding molecules.
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Chapter 2: Identification of signaling pathways involved

In early virulence induction in Pseudomonas

syringae pv. actinidiae (Psa)

1. ABSTRACT

The gram-negative bacterium Pseudomonas syringae pv. actinidiae (Psa) is the causal agent of
the bacterial canker of kiwifruits, which causes important economic losses worldwide.

As with other plant pathogenic bacteria, plant colonization is enabled by the expression of
crucial virulence factors. However, the regulatory networks controlling pathogenicity and
virulence are not fully understood. The identification of plant components that may trigger
pathogenicity and of inhibitory signals can be very helpful in developing new effective control
strategies. To this aim, we are currently studying the molecular mechanisms involved in host
plant recognition and downstream virulence induction.

Psa CRAFRU 8.43 strain was transformed with constructs carrying the green fluorescent
protein (GFP)-encoding reporter gene under the control of the promoters of different Psa genes,
selected based on their putative role in pathogenicity, reported inthe literature. Promoter activity
induction was then monitored following GFP fluorescence in different conditions. One of those
genes, hrpAl, encodes an essential component of the type 11l secretion system. Our results
showed that hrpAl gene promoter is activated in a minimal medium (mimicking the apoplast
conditions) and is induced earlier and more strongly in presence of Actinidia deliciosa leaf
extract, as expected based on its role downstream host recognition by bacteria. This system was
used to characterize hrpAl-inducing kiwi extracts, showing that such signal(s) are kiwi-specific
and their size is smaller than 10KDa.

Moreover, to start dissecting the signaling pathway(s) involved in host-mediated hrpAl
induction, a chemical library was screened to identify molecules that could block such
activation. Nineteen candidate molecules were selected, displaying different inhibition levels.
Because hypersensitive response and pathogenicity are dependent on a functional hrp cluster,
we tested the ability of one candidate molecule, dicoumarol, to reduce HR-associated
programmed cell death in tobacco plants, to correlate the inhibition of hrpAl gene expression

with the possible reduction of an hrpAl-dependent phenotype.
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2. INTRODUCTION

As already mentioned in Chapter 1, among the different biovars of Pseudomonas syringae pv.
actinidiae, biovar 3 is the most severe and widespread, and responsible for the global outbreak
of bacterial canker of kiwifruit, in last decade [1]. However, the basis of biovar 3 aggressiveness
has been only recently investigated. Among the few examples, there is a screening of a mutant
population for altered lipase secretion in Psa biovar 3, which led to the identification of several
genes belonging to different functional categories i.e. dsbA, mcp, pill and gacS genes [2]. The
role of these genes in pathogen survival and/or growth in the plant was then assessed, revealing
a group of new important bacterial virulence factors.

The importance of these genes in virulence of other bacterial species is described: dsbA (thiol-
disulfide oxidoreductase), is involved in type 2 secretion (T2SS) and in particular in disulfide
bond formation on secreted enzymes during their passage through the periplasm [3] and is
required for the expression of the type 11 secretion system, intracellular survival and bacterial
motility of P. aeruginosa [4]. Mcp (methyl-accepting chemotaxis proteins) are involved in
chemotaxis, as a key element during invasion of plant tissues and regulate, among others, the
bacterial motility mediated by type IV pilus, and biofilm formation, in response to chemical
signals [5]. The pill gene is also involved in pilus biosynthesis and type 1V pilus-mediated
bacterial motility [6]. Lastly, the sensor kinase GacS, in the GacS/GacA two-component
system, [7] is an upstream regulator of the signalling cascade controlling the expression of
various genes involved in type 3 secretion system (T3SS), elicitation of hypersensitive response
(HR), quorum sensing (QS) system, motility and in planta survival [8], in P. syringae pv.
tomato.

HrpAl protein, belonging to the same protein family of HrpA, is a type Il helper protein
required for full expression of other Hrp proteins affecting the transcription and/or RNA
stability of the hrpRS operon [9].

Currently, there are some examples of the induction of bacterial virulence by plant-derived
molecules. For example, in P. syringae, hrpA gene transcription [10], protein accumulation and
secretion [11] are strongly induced in the presence of plant-derived compounds of unknown
chemical nature. Despite the involvement of plant molecules in plant-microbe communication
and bacterial virulence induction has repeatedly been suggested, the nature of plant signals and
corresponding bacterial signaling pathways are still not elucidated. In this context, chemical

genetics can offer several advantages compared to classical genetic approaches, allowing to test
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a multitude of molecules for their effect on the modulation of gene expression or on specific
phenotypic traits [12].

Progress in synthetic and combinational chemistry provides some new available molecule
libraries, that can be used to modulate target genes, protein functions and phenotypes and
dissect signalling pathways in different organisms [13,14].

In recent years, chemical genetics has been increasingly used in microbiology to assist new
drugs discovery and to probe virulence mechanism; for example, compounds blocking specific
responsescould uncover the regulation of complex biological responses [15].

On these bases, the aim of this work was to shed light on the plant signal molecules possibly
involved in plant-bacteria communication during the early phases of infection and to start a
characterization of downstream signaling pathways in Psa. Coherently, the chemical genetics
approach was applied focusing on the expression of hrpAl a gene, with a prominent role in
assembly of the T3SS, and on the expression of the above mentioned genes, (dsbA, mcp, pill,
gacsS and hrpAl), shown to be involved in P. syringae virulence.

To this purpose, Psa CRAFRU 8.43 strain was transformed with the plasmid pBBR1MCS-5
(GmR) containing the green fluorescent protein (GFP)-encoding gene under the control of the
above-mentioned virulence gene promoters in order to assess their responsiveness in different
conditions. Once optimized the experimental conditions to get a reproducible activation of the
promoter of these virulence genes in vitro, a chemical library was subsequently screened to

identify the molecules able to block such activation.
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3. MATERIALS AND METHODS

3.1. CULTURE MEDIA
The composition of media used to grow or incubate bacterial strains aredescribed in Table 1

and Table 2.

Table 1: King’s B medium composition

KB (King’s B medium)
PEPTONE 20 gr
GLYCEROL 10 mi
KoHPO4 1.5¢r
MgSQO4 1.5¢gr
WATER Up to 1000 ml
pH 7.2

HIM (hrp-inducing medium)
KH2PO, 55¢r
KoHPO4 1.5¢r
(NH4)SO,4 1.0 gr
MgCl, 0.34 gr
NaCl 0.1¢r
GLYCEROL 2ml
WATER Up to 1000 ml
pH 5.5

Table 2: hrp-inducing medium
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3.2. BACTERIAL STRAINS

To evaluate induction of gene promoters, Pseudomonas syringae pv. actinidiae (Psa) strain
CRAFRU 8.43, belonging to biovar 3 and isolated in Italy in 2008 from Actinidia deliciosa
[16], was transformedas described [17] with the plasmid pBBR1MCS-5 (GmR) containing the
green fluorescent protein(GFP)-encoding sequence under the control of different virulence gene
promoters, namely hrpAl, dsbA, mcp, pill and gacS. The same Psa strain transformed with GFP
but without any promoter sequence was used as negative control. All transformed strains were
produced in collaboration with Dr V. Venturi (International Centre for Genetic Engineering and
Biotechnology ICGEB, Trieste).

Psa strains J35 (biovar 1), KN.2 (biovar 2), CRAFRU 8.43 and V13 (biovar 3) were kindly
provided by Dr. Marco Scortichini (CREA: Council for Agricultural Research and Analysis of
Agricultural Economics) while Pseudomonas syringae pv. tomato carrying the avirulence gene

AvrB (Pst-AvrB) was kindly provided by Prof. J. Dangl (University of North Carolina).

3.3. PLANT LEAF EXTRACTS AND FRACTIONS

Leaves and petioles of Actinidia deliciosa cv. Hayward from a lot of twenty plants grown in
greenhouse were grinded in a kitchen juice extractor and squeezed completely; the collected
gross extract was centrifuged repeatedly (5000 rpm, 4 °C, 10 minute) discarding the pellet until
clarification, and the supernatant sterilized through a 20 um filter before storing at -20 °C. The
same procedure was used to obtained tomato and cucumber leaf extracts.

Kiwifruit plant leaf extract was fractionated by centrifugal filter units (Amicon ® Ultra—4,
Merck Millipore Ltd., Tullagreen, Carrigtwohill, Co. Cork, IRL.) with molecular size cut-off
from 100 to 10 kDa, according the manufacturer’s instructions. The extract fraction retained on
the filters and the flow through were resuspended in milliQ water to the original sample volume.
Kiwifruit leaf extract in PBS and its fractions, as well as bacterial spent media and surfactants,

were kindly provided by Dr. Francesco Spinelli (University of Bologna).

3.4. MONITORING GENE PROMOTERS INDUCTION
All Psa GFP-transformed strains, grown on KB-agar plate, were inoculated in 15 ml of KB
liqguid medium supplemented with gentamicin (40 pg/ml final concentration) and incubated

over-night at 28 °C under shaking (200 rpm).
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The cells, recovered through centrifugation (5000 rpm, room temperature, 15 minute), were
resuspended in fresh HIM or KB, supplemented or not with Kiwifruit leaf extract (1% final
concentration), to reach an optical density of ODeoo = 1 or ODsoo = 0.1, respectively.

Bacterial cultures of each strain (200 ul) were aliquoted in wells of transparent 96-multiwell
plates and GFP fluorescence emission was measured every 15 minutes up to 8 hours, while
ODsoo was measured at 0, and 2, 4 and 8 hours of incubation at room temperature, with
fluorescence reader settings at Aexc = 485nm and Aem = 535nm, while optical density was
measured at Aop = 600nm.

Fluorescence values of the control strain (Psa GFP-transformed without promoter) were
subtracted to fluorescence values obtained for each gene promoter, at each time point.
Similarly, bacterial ODsoo at time zero was subtracted to each ODesgo measurement along the
experiment.

The same procedure, using a black 96-multiwell plates, was applied also to obtained time-
course of all strains incubated in HIM supplemented with kiwifruit leaf extract in PBS and the
time course of Psa GFP-transformed strain under the control of hrpAl gene promoter
(hrpAl::GFP) in HIM supplemented with spent media and surfactants.

Each test was carried out in three independent replicates.

As described above Psa carrying the hrpAl::GFP construct and the Psa control strain were
prepared in HIM supplemented or not with kiwifruit, cucumber or tomato leaf extracts (1%
final concentration) and 200 ul of each bacterial suspension was aliquoted in wells of black 96-
multiwell plate. GFP fluorescence emission was measured at 0, 2 and 4 hours using plate reader
settings mentioned above.

The GFP fluorescence values of control strain was subtracted to fluorescence values of
hrpAl::GFP obtained with various extracts at each time point. The same procedure was used to
analyze also kiwifruit leaf extract fractions. For each test, three independent experiments were

performed.

3.5. SCREENING OF CHEMICAL MOLECULE LIBRARY
The Psa hrpAl::GFP strain suspension was prepared as described above in HIM supplemented
with Kiwifruit leaf extract (1% final concentration) and library molecules (0.01 mg/ml final
concentration) of SCREEN-WELL® library Natural Product Library provided by the "Enzo
life sciences" manufacturer. The library consists of 502 natural compounds and are supplied

into 96-multiwell plates, dissolved in 100% dimethylsulfoxide (DMSO) in a volume of 100 pl
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per well (concentration 2 mg/ml). Moreover, the hrpAl::GFP strainin HIM alone and HIM with
kiwifruit leaf extract were prepared as controls of minimum and maximum promoter induction,
respectively.

200 pl of bacterial suspension was aliquoted in wells of black 96-multiwell plates and GFP
fluorescence emission was measured as above at 0 and 2 hours of incubation. The induction of
the hrpAl promoter was expressed as the increase of fluorescence signal after 2 hours in
comparison to 0 hour (T2n-Ton) ne wel. Each experiment was repeated three times.

3.5.1 SCREENING DATA ANALYSIS APPROACH
Plate acceptance criteria signal-to-background (S/B) [18] allow to discard plates with no
sufficient hrpAl promoter induction, while fluorescence signal drift [19] and delta fluorescence

signal drift (Adrift) allow to evaluate spatial plate uniformity plotted by row.
S/B and Adrift are defined as follow:

__average (CONTROLpos)
" average (CONTROLneg)

S/B
Adrift = (CONTROLpos — CONROLnNeg) ozow

where average (CONTROLneg) and average (CONTROLpos) are the average of fluorescence
values produced by hrpAl::GFP strainin HIM alone and HIM with Kiwifruit, respectively.
While n°ROW?” is the row number of 96-multiwell plate ranging from 1 to 8.

Because there are several environmental, instrumental and biological factors that affect
screening data, to determine if the data collected from each plate hold the minimum quality
requirements some quality control (QC) parameters [20] were applied, such as signal window
(SW) and Z’factor, defined as follow:

3(StdC0NTR0Lpos) + 3(StdCONTROLneg) > 0.4

|averageCONTROLpos - averageCONTROLneg|

Z'factor =1 —

sw averageconTroLpos — averagecomkomeg| -3 ((StdCONTROLpos) + (StdCONTROLneg)) -
stdcontroLpos
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Where “stdcontroLpes” and “stdconTroLneg” are the standard deviation of negative and positive
control mentioned above.

Because random variances across the plates of the same experiment were expected,
normalization of data within each plate was necessary to allow data comparison among the
three biological replicates of same experiment. Normalization control based and no-control
based approaches namely normalized percent inhibition (NPI) and robust Z-score, respectively,
are defined as follow:

average (CONTROL,,;) — FLUORESCENCE, .00 (ith weury

NPI

x 100
averageconrroLpos — AVETrageconTROLNEg

FLUORESCENCEsample (ith well) — mediansample (all wells)
MAD

Robust Z — score =
sample (all wells)

MAD g, mpie atl weits) = 1.4826 x median |( FLUORESCENCE 14,0 ith ey ) — (mediansampe catt wes))|

Acceptance criteria for a molecule with an inhibition or activation effect was for both
normalization methods respectively NPI > 90% or NPI < -75% and Robust Z-score < -1 or
Robust Z-score > 2.

In Robust Z-score average and standard deviation (std) are replaced with median and median
absolute deviation (MAD), respectively.

Moreover, median and MAD were used to defined an intensity scale allowing to distinguish
“active” molecule based on their level of inhibition/stimulation. Intensity scale ranging from

stimulation effect to increasing grade of inhibition effect is defined as follow:

FLUOmmple ith wetty > mediancoyrroLpos + MADsampie (aut wetis) = Stimulation
mediancoyrrorneg < FLUO ggmpie ith werry < Mediancoyrrorpos + MADsampie (ant wetsy = low inhibition

medlanCONTROLneg - MADsample (all wells) < FLUOsample (ith well) < mEdlanCONTROLneg

= moderate inhibition

FLUOsample (ith WE”) < medianCONTROLneg - MADsample (a” wells) = hlgh lnhlbltlol’l
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Each group of molecules (plate) was tested in triplicate, and a t-test analysis was performed to

confirm the statistical significance of observed effects on hrpAl promoter induction.

3.6. EVALUATON OF PSA-INDUCED PLANT CELL DEATH

Cell death associated to a hypersensitive reaction can be quantitatively assessed by measuring
the electrolyte leakage from infected cells [21,22]. All Psa strains, namely J35 (biovar 1), KN.2
(biovar 2), CRAFRU 8.43 and V13 belonging to biovar 3, and Pseudomonas syringae pv.
tomato carrying the avirulent gene AvrB (Pst-AvrB), grown on KB-agar plate, were inoculated
in 30 ml of KB liquid medium (for Psa) or KB supplemented with rifampicin 50 pg/ml and
kanamycin 50 pg/ml (for Pst-AvrB), and incubated over-night at 28 °C under shaking (about
200 rpm).

All bacterial suspensions were centrifuged (5000 rpm, room temperature, 15 minute), pellets
were washed three times in MgCl> 10 mM, and 20 ml for each culture were prepared in MgCl,
10 mM at ODsoo = 1 and ODsoo = 0.1 of optical density.

Three leaf discs (one for each leaf) from six plants of Arabidopsis thaliana Columbia-0 (Col-
0) or Nicotiana tabacum cv. Xanthi (5-6 weeks’ old) were vacuum infiltrated with each
bacterial suspension, or with MgCl, as a negative control, by a needle-less syringe. All
infiltrated leaf discs were washed in milli-Q water for 30 min with gentle agitation (90rpm),
and then placed in 2 ml of milli-Q water in which conductivity (uS/cm) was measured at 0, 2,
4, 6, 18, 20 and 24 hours for N. tabacum and at 0, 2, 4, 6, 22 and 24 hours for A. thaliana.
Conductivity values at each time point (average of 3 technical replicates) were subtracted to

conductivity at 0 hours.

3.6.1 EFFECT OF DICOUMAROL ON Pst-AvrB CELL DEATH INDUCTION
A 20 ml suspension of Pst-AvrB was prepared in MgCl> 10 mM at ODeoo = 0.1 as described
above, supplemented with dicoumarol (0.05 mg/ml final concentration) from Sigma-Aldrich®
or with DMSO 100% in an equal volume as negative control. Three leaf discs (one for each
leaf) from six individual plant of Nicotiana tabacum cv. Xanthi (5-6 weeks old) were vacuum
infiltrated with bacterial suspensions or MgCl. (negative control), as described above, and
conductivity (uS/cm) was measured at 0 and 24 hours. Conductivity value at 0 hours was

subtracted to conductivity measured at 24 hours.
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4. RESULTS

41. A HIGH-THROUGHPUT SYSTEM (HTS) TO MONITOR PROMOTER
INDUCTION OF PSA VIRULENCE GENE PROMOTERS INDUCTION

4.1.1 Assessment of the conditions for the monitoring of virulence gene promoter
induction

To assess the responsiveness conditions of virulence gene promoters, a fluorescence emission
assay was set up usingthe P. syringae pv. actinidiae CRAFRU 8.43 strain transformed with the
plasmid pBBR1IMCS-5 (GmR) containing the green fluorescent protein(GFP)-encoding
sequence under the control of different virulence gene promoters, namely hrpAl, dsbA, mcp,
pill and gacsS selected on the basis of literature: hrpAl as a crucial component of the T3SS in
Pseudomonas syringae [9-11], and dsbA, mcp, pill and gacS, all identified as functionally
involved in Psa lipase secretion and in planta survival [2] (Fig. 1).

Virulence gene Reporter gene (GFP)
* dsbA \/
* mcp TR
¢ gacS transformation Biovar 3
* pill (CRAFRUS.43)
Virulence gene Reporter gene (GFP)
* - D —-’
Negative control el Biovar3
(without promoter) (CRAFRUS.43)

Figure 1: Schematical representation of GFP fluorescence emission assay in P. syringae pv. Actinidiae to test
virulence gene promoter responsiveness (image modified from www.bios.net/daisy/Biocindicators and
www.sciencephoto.com)
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Fluorescence emission time course and bacterial growth were measured in both rich medium
and in the minimal medium HIM (for hrp-inducing medium), the latest mimicking apoplast
conditions and thus assumed to activate at least the hrpAl promoter. Moreover, both media
were supplemented or not with kiwifruit leaf extract in order to detect promoter activations
possibly induced by the host plant extract.

In rich medium (KB) supplemented or not with Kiwifruit leaf extract, the growth of all
transformed strains was similar and the increases in fluorescence signal observed in these
conditions were correlated to the increases of optical density, except for the one carrying the
hrpAl promoter. This indicated that the signal was generally due to the increase of background
fluorescence during bacterial growth proportionally to bacterial cell density and thus that there
was no induction of the activity of the corresponding promoters (Fig 2). Regarding the hrpAl
promoter, the fluorescence emission did not follow the growth curve and started to increase
only at higher bacterial density, likely due to a low basal activity of the promoter in absence of

appropriate environmental conditions (Fig 2a).
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Figure 2: Real-time monitoring of fluorescence emission (continuous line) and bacterial optical density (dotted
line) of Psa strains carrying the GFP-encoding gene under the control of hrpAl promoter (a), pill promoter (b),
dsbA promoter (c), mcp promoter (d) and gacS promoter () in rich medium (KB) supplemented or not with
kiwifruit leaf extract (red and blue respectively). Values represent the average of three independent biological
replicates.
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Conversely, no bacterial growth was observed in minimal medium (HIM) supplemented or not
with kiwifruit leaf extract (Fig. 3), demonstrating that the fluorescence increases measured in
these conditions were not due to the increased cell density but to an actual induction of promoter
activity.

hrpAl gene promoter was induced in HIM, and the fluorescence signal was detected earlier and
at a higher level in presence of kiwifruit leaf extract, suggesting that the combination of HIM
with kiwifruit leaf extract could induce hrpAl promoter activity (Fig. 3a). Among all promoters
tested, pill showed the highest fluorescence signal which seemed to further increase in presence
of kiwifruit extract, only between 6 and 8 hours of incubation (Fig 3b). dsbA and gacS gene
promoters were induced in both HIM and HIM supplemented with kiwifruit leaf extract,
indicating promoter induction independently of a kiwifruit signal (Fig. 3c — 3e).

No fluorescence signal was observed from the mcp promoter in HIM, either supplemented or
not with Kiwifruit leaf extract (Fig. 3d).

In summary, the above results showed that neither the evaluation of gene promoter induction
nor the effect of kiwifruit leaf extract were possible when bacteria were incubated in rich
medium. Conversely, bacterial cell incubation up to 8 hours in minimal medium, mimicking
apoplast conditions, and supplemented with kiwifruit leaf extract, corresponded to the optimal
conditions for monitoring virulence gene induction, in particular for the hrpAl promoter. On
the basis of these results, subsequent experiments focused on the activation of the hrpAl
promoter as the most reliable reporter system to screen the molecules contained in the chemical

library, for their ability to boost or to inhibit the effect of plant component perception.
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Figure 3: Real-time monitoring of fluorescence emission (continuous line) and bacterial optical density (dotted
line) of Psa strains carrying the GFP-encoding gene under the control of hrpAl promoter (a), pill promoter (b),
dsbA promoter (c), mcp promoter (d) and gacS promoter (€) in minimal medium (HIM) supplemented or not with
kiwifruit leaf extract (red and blue respectively). Values represent the average of three independent biological
replicates.
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4.1.2 Characterization of the hrpAl gene promoter inducing factors: specific effect of
the kiwi extract
To ascertain whether the hrpAl gene promoter induction was kiwifruit-specific, the effect of

cucumber and tomato extracts was tested and compared with kiwi leaf extract (Fig. 4).

Virulence gene Reporter gene (GFP,
* -<»/£ e
— >

transformation Biovar3
(CRAFRUS.43)

Virulence gene Reporter gene (GFP)

Negative control tansformation - giovar 3

(without promoter) (CRAFRUS8.43)

Figure 4: A scheme of GFP fluorescence emission assay in P. syringae pv. actinidiae to test responsiveness of
hrpAl gene promoter in HIM supplemented and not with tomato, cucumber or kiwifruit leaf extract.

In this case fluorescence detection was further optimized in order to improve the sensitivity and
the specificity of the technique, by using a black multiwell plate. In fact, in previous
experiments only transparent multiwell plates were used to allow the contextual measurement
of optical density and detect possible cell density-dependent fluorescence emission.
Fluorescence was measured at 0, 2, and 4 hours of incubation corresponding to the maximum
of induction observed in the previous time course experiments. The hrpAl promoter induction
was expressed as fluorescence fold change in each condition versus HIM.

As expected, the hrpAl promoter was induced in HIM supplemented with Kiwifruit extract,
with the higher fluorescence increase detected after 2 hours of incubation. In HIM

supplemented with tomato or cucumber leaf extract, hrpAl was not induced at any of the
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analyzed time points, suggesting that hrpAl gene promoter activity could be mediated by
kiwifruit-specific signal molecule(s) and not by general plant components (Fig. 5).
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Figure 5: Fluorescence emission of Psa strain carrying the GFP-encoding gene under the control of hrpAl promoter
in minimal medium (HIM) and HIM supplemented with kiwifruit, tomato and cucumber extracts. Fluorescence
signal, measured at 0, 2 and 4 h of incubation, was expressed as fold change versus fluorescence in HIM. Values
represent the average of three independent biological replicates.

4.1.3 Characterization of the hrpAl gene promoter inducing factors: kiwi leaf extract
fractions

For a preliminary characterization of the kiwifruit extract factor(s) inducing the hrpAl gene
promoter in Psa, the extract was fractionated using centrifuge filter devices with a decreasing
molecular weight cut-off.
The fluorescence fold change was measured in HIM supplemented and not with total kiwifruit
leaf extract, or with the following Kiwifruit fractions: greater than 100 KDa, between 100 KDa
and 50 KDa, and lower than 50 KDa, at 0, 2, and 4 hours of incubation (similarly to the previous
experiments).
The Kiwifruit fraction lower than 50 KDa induced the hrpAl gene promoter comparably to the
effect of the total kiwifruit leaf extract, and the higher fluorescence increase was obtained after
2 hours of incubation. The kiwifruit fraction greater than 100 KDa and between 100 KDa and
50 KDa caused a promoter induction comparable to HIM alone at each time-point (Fig. 6a).
Based on these results, experiments were repeated with Kiwi fractions lower than 50 KDa,
between 50 KDa and 30 KDa, between 30 KDa and 10 KD, and lower than 10 KDa.
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hrpAl gene promoter was induced in HIM supplemented with all the tested kiwifruit samples,
in a comparable manner, except for the fraction between 50 KDa and 30 KDa that showed the
lowest fluorescence induction. As expected the higher fluorescence increase was obtained after
2 hours of incubation (Fig 6b). These results suggest that kiwifruit extract factor(s) that induce

hrpAl promoter in Psa, is contained in the fraction with a molecular weight lower than 10 KDa.
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Figure 6: Fluorescence emission of Psa strain carrying the GFP-encoding gene under the control of the hrpAl
promoter (a) in minimal medium (HIM) and HIM supplemented with total kiwifruit extract, or fractions: higher
than 100 KDa, between 100 KDa and 50 KDa, lower than 50 KDa; (b) in HIM and HIM supplemented with total
kiwifruit extract, or fractions lower than 50 KDa, between 50 KDa and 30 KDa, between 30 KDa and 10 KDa, or
lower than 10 KDa.

Fluorescence fold change, measured at O, 2 and 4 h of incubation, is versus the value in HIM alone. Values
represent the average of three independent biological replicates.
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4.1.4 Assessment of gene promoter induction in presence of a kiwifruit leaf extract in
PBS

To exclude the possibility that the extraction method used from Kiwifruit leaves could have
altered the chemical composition of the extract, experiments were repeated following extraction
in phosphate buffer saline solution (PBS). The new extract was provided by Dr. Francesco
Spinelli (University of Bologna), in the frame of a wider collaboration. Fluorescence emission
time course was measured using the best conditions assessed in the above paragraph, in order
to detect possible differences depending on the kiwi leaf extraction method.
In agreement with the above experiments, hrpAl gene promoter was induced in HIM, but the
fluorescence signal was detected earlier and at higher level in presence of the new kiwifruit leaf
extract (Fig. 7a). In the same way, pill showed a stronger fluorescence signal, further increased
by kiwifruit extract between 6 and 8 hours of incubation (Fig 7b).
Conversely, dsbA and mcp gene promoters were not induced in HIM, either supplemented or
not with Kiwifruit leaf extract (Fig. 7c — 7d). Finally, the gacS gene promoter was induced in
HIM, either supplemented or not kiwifruit leaf extract, similarly to previous experiments (Fig.
7e).
Except for dsbA, fluorescence profiles were very similar to those obtained in the previous
experiments, especially regarding hrpAl and pill promoters, induced mostly in HIM
supplemented with kiwi leaf extract obtained with either of the two different extraction
methods.
On the basis of these results, the subsequent experiments focused on the hrpAl promoter as the
one with the best activation profile increased by kiwifruit extract. Therefore, it could be
assumed that Psa, incubated in a medium mimicking apoplast condition, activatesthe hrpAl
promoter which is further increased upon sensing some leaf compounds during the early
incubation phase. On the basis of these results, the subsequent experiments focused on the

hrpAl promoter as the one showing the best responsiveness an in planta-like environment.
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Figure 7: Real-time monitoring of fluorescence emission of Psa strains carrying the GFP-encoding gene under the
control of hrpAl promoter (a), pill promoter (b), dsbA promoter (c), mcp promoter (d) and gacS promoter (e) in
minimal medium (HIM) supplemented or not with kiwifruit leaf extract in PBS (red and blue respectively). Values
represent the average of three independent biological replicates.
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4.1.5 hrpAl gene promoter induction with fractions of kiwi leaf, extracted in PBS
On the basis of above results, kiwifruit leaf extract in PBS were fractionated using centrifugal
filter devices with low molecular weight cut-off, that is higher than 30 KDa, between 30 KDa
and 10 KDa, or lower than 10 KDa.
Fluorescence was measured at 0, 2, and 4 hours of incubation (as in previous experiments) in
HIM supplemented and not with total kiwifruit leaf extract in PBS, or the above Kiwifruit
fractions. Results were expressed as fluorescence fold change in comparison to incubation in
HIM alone.
The Kiwifruit fraction lower than 10 KDa induced the hrpAl gene promoter slightly more (after
2 hours of incubation) or comparably (after 4 hours of incubation) to the total kiwifruit leaf
extract.
The lower promoter induction was obtained, after 2 and 4 hours, in HIM supplemented with the
Kiwifruit fraction between 30 KDa and 10 KDa and, after 4 hours, in HIM supplemented with
kiwi fraction higher than 30 KDa (Fig. 8). Results were comparable with those obtained in
previous experiments, suggesting that Kiwifruit extract component(s) that induced hrpAl

promoter gene in Psa, are lower than 10 KDa in size, independently of the extraction methods.

hrpAl :: GFP
4,0
Q
oo
=
(1]
o=
@]
3z
o
o
3
| =
Q
&
2
o
=
w
0 2 4
Time (hours)
HIM HIM-+kiwi(PBS) = HIM-+kiwi(PBS) > 30 KDa

m HIM+kiwi(PBS) 30-10 KDa  m HIM+kiwi(PBS) < 10 KDa

Figure 8: Fluorescence emission of Psa strain carrying the GFP-encoding gene under the control of hrpAl promoter
in minimal medium (HIM) and HIM supplemented with total kiwifruit extract in PBS, or the following kiwifruit
fractions: higher than 30 KDa, between 30 KDa and 10 KDa, or lower than 10 KDa. Fluorescence fold change,
measured at 0, 2 and 4 h of incubation, is versus the value in HM. Values represent theaverage of three independent
biological replicates.
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4.1.6 hrpAl gene promoter induction with bacterial spent media and surfactant

The treatment of bacterial cultures with spent media and surfactants could help elucidating
possible bacterial components involved in cell-cell communication. Regarding surfactants, they
have been reported to be involved in a wide range of bacterial behaviors (biofilm maintenance,
antagonistic activity, bacterial motility) and therefore their possible influence on bacterial
virulence and hrpAl induction was investigated. Surfactant of Pseudomonas syringae pv.
actinidiae, Pseudomonas viridiflava, Escherichia coli (strain DH5a), Pseudomonas
fluorescence (strain A506) and Pseudomonas syringae pv syringae were kindly provided by
Dr. Francesco Spinelli (University of Bologna), together with spent media of the above strains
and of Pseudomonas putida (strains IBE2 and IBE3). The possible induction of the hrpAl gene
promoter by bacterial compounds was preliminarily tested by monitoring fluorescence emission

in time courseexperiments, in the optimal conditions assessed in the previous paragraph.
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Figure 9: Real-time monitoring of fluorescence emission of Psa strains carrying the GFP-encoding gene under the
control of hrpAl promoter in minimal medium (HIM) supplemented or not with bacterial spent media produced
by: Pseudomonas syringae pv. actinidiae (PSA), Pseudomonas syringae pv. syringae (PSS), Pseudomonas
fluorescence strain A506 (PF A506), Pseudomonas viridiflava (PV), Pseudomonas putida strain IBE2 (PP IBE2),
Pseudomonas putida IBE3 (PP IBE3), Escherichia coli strain DH5a (E. coli DH5a) and LB media (negative
control) (a) and surfactants produced by: Pseudomonas syringae pv. actinidiae (PSA), Pseudomonas viridiflava
(PV), Escherichia coli strain DH5a (E. coli DH5a) Pseudomonas fluorescence strain A506 (PF A506),
Pseudomonas syringae pv. syringae (PSS) (b). Values representthe average of three independent biological
replicates.

Similarly to previous experiments, the hrpAl gene promoter was induced in HIM, while the
fluorescence signals in presence of bacteria spent media were comparable to those obtained
with the LB medium used as a negative control (Fig. 9a); in the same way, there was no

fluorescence signal in presence of bacterial surfactants (Fig. 9b), suggesting that hrpAl
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promoter activity was reduced by the addition of spent media or surfactant, in comparison to
the HIM induction effect.
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4.2. IDENTIFICATION OF MOLECULES AFFECTING hrpAl PROMOTER
ACTIVITY: HIGH-THROUGHPUT SCREENING OF A CHEMICAL
LIBRARY

With the aim to dissect the signaling pathway linking the sensing of kiwi molecules to the hrpAl
activation, we performed a high-throughput screening (HTS) of a chemical library in order to
identify molecules that could interfere with, or enhance the kiwifruit effect on hrpAl induction.
From a technical point of view to ensure the robustness of the screening process, biological
replicates were performed, and different criteria were established to assess the reliability and
the quality of each experiment. The aim was to highlight the replicates showing eventual
random variances in order to exclude those non-conformed to quality control. Afterwards the
candidate molecules were selected on the basis of a robust statistical analysis to support a

significant effect on hrpAl promoter activity.

4.2.1 Plate acceptance criteria: spatial uniformity assessment
Preliminarily to HTS and data analysis, it was important to set criteria to define reliable
experiments and discard plates that displayed a random variance among samples, such as in the
situations where induction of hrpAl promoter, after 2 hours of incubation was too low or there
were no significant differences of average fluorescence values between positive and negative
controls (Fig. 10). In these cases, plates were discarded and the experiment was repeated to

perform the statistical analysis using always three biological replicates.
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Figure 10: Representative platesof fluorescence emission (black values) by Psa carrying hrpAl::GFP with (a) and
without (b) kiwifruit induction of hrpA1 promoter, after 2 h of incubation in HIM (blue wells), HIM supplemented
with kiwifruit leaf extract (green wells) and HIM supplemented with Kiwifruit leaf extract and library molecules
(white wells). Positive and negative control average values are shown in red.
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An important parameter to consider is the spatial uniformity of the fluorescence signal, which
must not be influenced by the well position in the plate. To this aim, spatial plate uniformity
was calculated from data collected after two hours of incubation (T2n-Ton) (Fig.11a) and
expressed in terms of fluorescence signal drift of the positive and negative controls, plotted by
row.

Row(s) with a fluorescence drift were identified by plotting the delta of fluorescence values
between controls (positive and negative). As shown in the example presented in Fig. 11b no
rows with a significant drift effect were detected in either the negative or the positive controls
(Fig. 11c).
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Figure 11: A representative experiment of hrpAl promoter induction in Psa carrying hrpALl::GFP grown in HIM
(blue wells), HIM supplemented with kiwifruit leaf extract (green wells) and HIM supplemented with kiwifruit
leaf extract in presence of the library molecules (white wells). Values of fluorescence after 2 h of incubation
(black); and positive and negative control average values (red) (a). Positive (green square) and negative (blue
diamond) control fluorescence values plotted by row (b), and the delta control fluorescence (grey circles) plotted
by row (c).
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The importance of assessing the spatial plate uniformity is shown in Fig. 12 and 13. Indeed,
despite a sufficient induction of hrpAl promoter activity by the kiwifruit extract, the plates
showed a fluorescence signal drift.

In the first plate (Fig. 12) there was a fluorescence signal drift in the fifth row (Fig. 12c) caused
in particular by a drift of the positive control (Fig. 12b). The plate was however not completely
excluded, but the library molecules in the fifth row were re-considered in subsequent biological
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Figure 12: Representative plate of Psa with kiwifruit induction of hrpAl promoter, in HIM (blue wells), HIM
supplemented with kiwifruit leaf extract (green wells) and HIM supplemented with kiwifruit leaf extract and
library molecules (white wells). Values of increasing fluorescenceafter 2 hours of incubation (black); and positive
and negative control average values (red) (a). Positive (green square) and negative (blue diamond) control
fluorescence values plotted by row (b), and the delta control fluorescence (grey circles) plotted by row (c).

In the second plate (Fig. 13) there was a fluorescence signal drift in half of the rows, namely 1,
2, 5and 8 (Fig. 13c) caused by a drift of both positive and negative controls (Fig.13b). Similar

plates were excluded from further data analysis.
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Figure 13: Representative plate of fluorescence emission by Psa strain carrying hrpAl::GFP with significant
kiwifruit induction of hrpAl promoter, in HIM (blue wells), HIM supplemented with kiwi leaf extract (green wells)
and HIM supplemented with kiwifruit leaf extract and library molecules (white wells). Values represent the
fluorescence after 2 h of incubation (black); and positive and negative control average values (red) (a). Positive
(green square) and negative (blue diamond) control fluorescence values plotted by row (b), and the delta control
fluorescence (grey circles) plotted by row (c).

4.2.2 Plate acceptance criteria: quality control (QC) parameters

There are several environmental, instrumental and biological factors that contribute to HTS
performance. In order to determine if data collected from each plate held the minimum quality
requirements, additional criteria must be met. The QC parameters used in this screening
(defined in the corresponding Material and Methods section) were: Signal-to-background
(S/B); Signal window (SW) and Z’-factor.

S/B is considered weak parameters to represent the dynamic signal range in HT screening, so
even if it was calculated for each plate during the screening, it was scant in quality control.

Conversely, SW and Z’-factor indicate a degree of separation among signals, and are more
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reliableto define data range in the plate between negative and positive control. A drop in the
Z’-factor indicates either a high variability or a narrow signal window. Indeed, examining the
Z’-factor equation an increase in the standard deviation of the controls and/or a decrease in the
window of control signals mathematically results in a lower Z’-factor. Overall, a low Z’-factor
value indicates that there is too much overlap between the positive and negative controls for the
assay to be useful

Briefly, the acceptance criterion for QC used was Z’-factor > 0.4 which was comparable to a
SW > 2. Even if the variability in the control wells was considered in Z’-factor, the positional
effect is not accounted, thus for this reason the spatial uniformity assessment, mentioned above,
was also considered.

The quality control parameters computed for the three representative plates, shown in the
previous paragraph, were: SW = 46.36 and Z’-factor = 0.87 (Fig. 9); SW = 6.77 and Z’-factor
= 0.60 (Fig. 10); and SW = 2.87 and Z’-factor = 0.42 (Fig 11).

These results suggested a different quality level for each experiment, therefore confirming the
high reliability of values obtained from the first plate, the acceptability of values obtained from
the second plate and the low reliability ofthe third plate values, so that this latter experiment

was discarded and repeated.

4.2.3 Statistical approaches in the selection of candidate molecules

Despite a meticulous optimization, and the selection of reliable plates based on the above
parameters, random variances across the plates and within the same experiment plate were
expected; hence normalization of data within each plate was necessary to allow data comparison
among plates.

Two main approaches were used to normalize HT screening data (defined in the corresponding
Material and Methods section), a control-based and a non-control-based normalization.

In the control-based approach, namely Normalized Percentage Inhibition (NPI), positive and
negative controls were considered as the upper (100%) and lower (0%) measure of activity,
respectively, so the library molecule activity was calculated on the basis of these values, as a
percentage of inhibition (positive values) or activation (negative values). In a single plate the
acceptance criterion for a molecule with an inhibition or activation effect was respectively NPI
> 90 (red) and NPI < -75 (green). Conversely, in non-control-based normalization (Robust Z-

score), library molecules were assumed “inactive” acting themselves as negative controls.
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On the other hand, values obtained after a non-control-based normalization (Robust Z-score)
corresponded to a score of inhibition (negative values) or activation (positive values). In a single
plate the acceptance criterion for a molecule with an inhibition or activation effect was
respectively Robust Z-score < -1 (red) and Robust Z-score > 2 (green).

The fluorescence values obtained after normalization corresponded to a different level of
inhibition or activation on hrpAl promoter.

The same representative plates mentioned above (Fig. 11 - 12) were considered as examples
also for the following normalization analysis.

The representative plate shown in Fig. 11, with optimal quality control parameters, displayed 2
molecules with a positive effect and 13 molecules with a negative effect based on the Robust
Z-score (Fig. 14b); however only 4 inhibitory molecules and no molecules with positive effect
were confirmed through NPI (Fig. 14a).
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Figure 14: Representative plate with the best control quality parameters and corresponding values after a control -
based normalization (a) and a non-control-based normalization (b). Red and green values represent, respectively,
library molecules with an inhibition and activation effect.

Similarly, the representative plate shown in Fig 12, with acceptable quality control parameters,
displayed 2 molecules with positive effect using the Robust Z-score, confirmed also by the NPI,
and 20 molecules with inhibition effect, 13 of which were confirmed by NPI (Fig 15). In this
latter plate, the fifth row showed an altered spatial uniformity that could cause an
overestimation of the fluorescence signal (Fig.12), thus questioning the validity of the effect
observed with the activating molecules present in this row. However, despite the non-perfect
spatial uniformity, this molecule was finally not excluded according the high Z-score and the

high negative percentage of NPI.

48



CHAPTER 2: Results

a Normalized percent inhibition (NPI) b Robust Z-score
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Figure 15: Representative plate with acceptable quality parameters and corresponding values after a control-based
normalization (a) and a non-control-based normalization (b). Red and green values represent, respectively, library
molecules with an inhibition and activation effect on the hrpAl promoter.

The molecules identified from these plates werethen confirmed or discarded in subsequent
replicated experiments (at least 3 biological replicates with reliable quality parameters), using
in particular a control-based (NPI) normalization of data, due to its greater stringency to identify
molecules with inhibition or activation effect on promoter activity.

The NPI of 3 biological replicates was calculated and molecules with inhibition or stimulation
effects were selected using more stringent acceptance criteria, i.e. NPI> 100% (red) and NPI <
-25% (green), respectively for molecules with inhibition or stimulation effect. According to
these criteria, in the representative plate shown in Fig. 16, five molecules showing promoter

inhibition and four molecules with promoter stimulation were identified.
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Figure 16: NPI obtained from 3 biological replicates of a representative experiment showed as single plates and
median of the replicates. The acceptance criteria for the median plate were > 100 (red) and < -25 (green).
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To further reduce the possibility of inefficient hit selection, i.e. false positive or negative
molecules, data were further analyzed by a robust statistic approach. To this purpose, median
and median absolute deviation (MAD) replaced the widely used mean and standard deviation
(SD) to reduce the effect of outliers on the final results. Indeed, median and MAD have a
breakdown-point of 50% (defined as the amount of outlier data points tolerated by statistical
parameters), while mean and SD have a breakdown-point of 0%. Thus, a data set with 50% of
outlier density could be handled better with robust statistic.

Through these statistical tools, an intensity scale was definedto distinguish “active” molecules
based on their level of inhibition/stimulation. To this aim, a cut-off £k MAD was set above and
below the median, with k = 1.

The median of negative and positive controls, and the MAD of all samples were calculated
using the resulting average of 3 biological replicates (as described in corresponding material
and methods section) and cut-off were defined. In particular, molecules were considered as: i)
promoter activators with values higher than the sum of the positive control median and MAD;
ii) strong promoter inhibitors with values lower than the difference between negative control
median and MAD; iii) moderate inhibitors with values between the median of the negative
controls and the difference between the negative controls median and MAD; iv) weak inhibitors
with values between the negative controls median and the sum of negative controls median and
MAD.

According to these criteria, the same molecules obtained through NPI, were classified based on
the intensity of their effect on promoter activity. Thus, among the five molecules with inhibitory
effect, three molecules displayed a low inhibition effect (pink), one displayed a moderate

inhibition effect (brown) and one showed a strong inhibition effect (red) (Fig. 17).
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Figure 17: Fluorescence signal average obtained from 3 biological replicates of a representative experiment.
Molecules with stimulatory effect had fluorescence values higher than MEDIAN positive controt + MAD (green).
Molecules with inhibition effect were classified following fluorescence values lower than MEDIAN negative control —
MAD (red), or comprised between MEDIANnegative control — MAD and MEDIANegative control (Prown), or comprised
between MEDIANnegative control 2Nd MEDIANpositive control ¥+ MAD (pink).

The effect of the molecules identified above were further confirmed with a t-test statistical
analysis, which indicated thatfour inhibitory molecules out of five and three stimulatory

molecules out of four displayed a statistically significant effect (p-value < 0.1) (Fig. 18).

Library molecule codes

2-A09 2-A10 2-A11 2-A12 3-A01 3-A02 3-A03 3-A04 3-A05 3-A06

2-B10 2-B11 2-B12 3-B01 3-B02 3-B03 3-B04 3-B0S 3-B06

2-C09 2-C10 2-C11 ! 3-C01 3-C02 3-C03 3-C04 3-C05 3-C06
- 2-D10 2-D11 2-D12 3-D01 3-D02 3-D03 3-D04 3-D05

2-E09 2-E10 2-E11 2-E12 3-E01 3-E02 3-E03 3-E04 3-E05 3-E06

2-FO9 2-F10 2-F11 2-F12 3-F01 3-F02 3-F03 3-F04 3-FO5 3-FO6

2-G09 2-G10 2-G11 2-G12 3-G01 3-G02 3-G03 3-G04 3-G05 3-G06

' 2-H10 2-H11 2-H12 3-HO1 3-H06

p-value < 0.05 **
p-value<0.1 *

Figure 18: Representative plate showing active molecules with stimulation effect (green) or inhibition effect,
further classified based on inhibition intensity, i.e. low inhibition (pink), moderate inhibition (brown), strong
inhibition (red). The corresponding p-values are indicated for each active molecule.
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The data analysis described so far was applied to screen a total of five hundred molecules. This
work resulted in 63 active molecules showing different levels of inhibition (40 molecules) or
stimulation (23 molecules) effect.
The same molecules were then tested for their possible effect on bacterial growth, by measuring
Psa optical density after 24 hours of incubation. An arbitrary threshold of OD2sn — ODon > 0.6
was defined to identified molecules (underlined codes) with negligible antibacterial activity
(Fig. 19).
IDENTIFICATION CODES OF SELECTED MOLECULES
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Figure 19: Identification codes of selected molecules with high (dark green) and low (light green) activation effect;
high (red), moderate (brown) and low (pink) inhibition effect. Underlined codes represent molecules which do not
affect or have a negligible effect on bacterial growth (ODsoo > 0.6 after 24 h of incubation).

4.2.4 Candidate molecules validation in a secondary screening

An additional round of screening was carried out on the same selected molecules, using the
same criteria described above. However, to increase the robustness of results, a Psa strain
transformed with GFP-encoding gene without any upstream promoter was used as a control to
increase specificity. Fluorescence values were thus calculated by subtracting both the Ton value
and the bacterial basal fluorescence values obtained with the promoter-less GFP.

Again, the conformity of plates to quality control parameters was assessed, for the three

biological replicates, as shown in Tab. 1.

1° biological replicate 1° biological replicate 1° biological replicate
SW 10.79 29.44 18.41
2'-factor 0.65 0.85 0.75

Table 1: Values of SW and Z’-factor computed for the three biological replicates of the secondary screening. The

acceptance criteria were Z’-factor > 0.4 and SW > 2.
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NPI was calculated for each biological replicate and acceptance criteria for molecules with an
inhibition or stimulation effect were set at NP1 > 90 (red) and NPI <-75 (green), respectively.
The NPI of the median among the three biological replicates were calculated and molecules
with inhibition or stimulation effect were selected with more stringent acceptance criteria, i.e.
NPI < -25 (green), NPI > 100 (red) and 100 < NPI < 75 (orange).

Based on these criteria, 25 molecules showing a high inhibition effect and 26 molecules with a
moderate inhibition effect were detected, whereas no molecule showed a stimulatory effect
(Fig. 20).
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Figure 20: NPI obtained from the 3 biological replicates of the molecules selected in the primary screening. The
NPI acceptance criteria for a molecule with an inhibition or stimulation effect were red > 100 or 75 < orange <
100, and green < -25, respectively.

Using the resulting average of the 3 biological replicates of each plate, the medians of negative
and positive controls and MAD of all samples were calculated in order to obtain the
corresponding cut-offs (as described previously and in the Material and Methods section) and
to select and classify molecules with high, moderate or low inhibition/stimulation effect.

Accordingly, 14 molecules with high inhibition effect (red), 11 molecules with moderate
inhibition effect (orange), 30 molecules with low inhibition effect (pink), and no stimulatory

molecules were detected (Fig. 21).
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Our attention was therefore subsequently focused on molecules with high or moderate
inhibition effects, to investigate in vivo inhibition and possible further applications.
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Figure 21: Fluorescence signal average obtained from the 3 biological replicates. Molecules with stimulation effect
had fluorescence values higher than MEDIAN positive controt + MAD (green). Molecules with inhibition effect were
classified following fluorescence values lower than MEDIAN negative control — MAD (red), or comprised between
MEDIANnegative control — MAD and MEDIANegative control (Brown), or comprised between MEDIANegative control aNd
MEDlANpositive control + MAD (pmk)

As in the primary screening, the identified activities were further confirmed with a t-test
statistical analysis, confirming 13 molecules (out of 14) with high inhibition effect, and 6
molecules (out of 11) with moderate inhibition effect, with a p-value < 0.05.

Among all selected molecules, one molecule, namely dicoumarol (code: 5-B01; orange square),
showed a very weak effect on bacterial growth (OD24n — ODonh = 0.7), compared to the others,

which displayed some bacteriostatic activity (OD2an — ODon < 0.6) (Fig. 22).
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IDENTIFICATION CODES OF SELECTED MOLECULES
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Figure 22: Identification codes of library molecules obtained in the secondary screening and corresponding p-

p-value < 0,05 **
p-value < 0,1 *

5-D01

values for selected molecules with high or moderate inhibition effect.

Subsequently, the name and structure of the 19 selected molecules were retrieved (Fig. 23).
Active molecules belonged mainly to the class of flavonoids (Genistein, Rhamnetin, Rutin,
Luteolin and Biochanin-A), while other molecules were derivatives of coumarin compounds
(Coumermycin A1, Dicoumarol and Auraptene), and phenolic compounds (CAPE, Butein and
Phloretin). Finally, some of them were well-known antibiotic compounds (Radiciol,

Rifampicin, Azomycin and Minocycline-HCI), and were thus discarded as unusable for field

applications.
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Figure 23: Identification code, name and molecular structure of molecules with showing a high or moderate
inhibition effect on hrpAl promoter activity, confirmed in the secondary screening and with a p-value < 0.05.
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43. SET UP OF A METHOD TO EVALUATE THE PATHOGENICITY-
REDUCING ACTIVITY OF SELECTED MOLECULES IN PLANTA

Because artificial infections of kiwifruit plants with Psa is very time consuming and not 100%
reproducible, we assumed that the hypersensitive reaction (HR) caused by Psa on non-host
plants could be a good representation of its pathogenic ability on its host, as repeatedly reported
[21]. In principle, this model system allows to screen for a robust phenotype, in the form of a
visible cell death, or can be quantitatively assessed in terms of the electrolyte leakage associated
to the HR.
The measurement of HR- associated cell death induced by Psa was carried out in two model
plants, i.e. Arabidopsis thaliana cv. Columbia-0 and Nicotiana tabacum cv. Xanthi. Indeed, the
hypersensitive cell death is dependent on the activity of the type 3 secretion system (T3SS),
including HrpAl. Thus, the induction of cell death could be useful to evaluate in vivo the
inhibitory effect of the active molecules, selected in the HTS, thanks to a measurable phenotype.
Preliminary experiments of electrolyte leakage were performed to optimize the experimental
conditions. Psa strains of biovar 1 (J35), biovar 2 (KN.2) and biovar 3 (CRAFRU 8.43 and
V13) were tested at two bacterial densities (ODeoo = 0.1 and ODeoo = 0.01). Moreover,
Pseudomonas syringae pv. tomato carrying the avirulence gene AvrB (Pst-AvrB) was used as
a positive control in both A. thaliana cv. Columbia-0 and N. tabacum cv. Xanthi. The cell death,
expressed as conductivity (uS/cm), was measured in Nicotiana tabacum and Arabidopsis

thaliana leaf disks vacuum-infiltrated with the different Pseudomonas syringae strains.

a N. tabacum OD=0,1 b N. tabacum OD=0,01

Conductivity (ps/cm)
Conductivity (us/cm)

0 4 8 12 16 20 24 0 4 8 12 16 20 24

Time (hours) Time (hours)

CraFru Vi3 KN2 J35 =—Pst MgCl2 ——CraFru V13 KN2 135 =——Pst ——MgCl2

Figure 24: Electrolyte leakage measured in N. tabacum cv. Xanthi leaf disks infiltrated with different Psa strains,
belonging to biovar 3 (CRAFRU 8.43 and V13), biovar 2 (KN.2) and biovar 1 (J35), or Pst-AvrB as a positive
control. MgCl.-infiltrated disks were used as negative controls. Bacterial suspensions were infiltrated at ODggo =
0.1 (a) or ODggo = 0.01 (b). Conductivity was measured at 0, 2, 4, 6, 18, 20 and 24 h of incubation. The values are
shown as mean +SD of three biological replicates.
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Figure 25: Electrolyte leakage measured in A. thalianacv. Columbia-0 leaf disks infiltrated with different Psa
strains, belonging to biovar 3 (CRAFRU 8.43 and V13), biovar 2 (KN.2) and biovar 1 (J35), or Pst-AvrB as a
positive control. MgCl,-infiltrated disks were used as negative control. Bacterial suspensions were infiltrated at
ODsg0o = 0.1 (a) or ODsoo = 0.01 (b). Conductivity was measured at 0, 2, 4, 6, 22 and 24 hours of incubation. The
values are shown as mean +SD of three biological replicates.

Psa, independently of the biovar, showed very low conductivity values, both in N. tabacum and
A. thaliana, at both bacterial concentrations (Fig. 24-25). Conversely Pst-AvrB induced a strong
hypersensitive cell death, according to conductivity values, proportional to bacterial density, in
both plant species.

Since Psa did not induce a significant cell death in either of the model plants and assuming that
the active molecules selected in HTS could inhibit the T3SS of bacterial strains other than Psa,
the effect of dicoumarol was tested on the cell death induced by Pst-AvrB (ODsoo = 0.1) in N.
tabacum cv. Xanthi.

As expected, PstAvrB induced a strong conductivity increase compared with the negative
control (MgCl), indicating a strong hypersensitive cell death. By contrast, the addition of
dicoumarol (0.1 mg/mL) significantly decreased the conductivity, of about 20% (Fig. 26).
These results thus suggested that dicoumarol could partially reduce the HR-related cell death
induced by Pst-AvrB.
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Figure 26: Conductivity (uS/cm) measured in the bathing solution containing N. tabacum cv. Xanthi leaf disks, 24
h after infiltration with Pst-AvrB ODey = 0.1 or MgCl,, supplemented with dicumarol or DMSO.
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5. DISCUSSION

Like other plant pathogenic Pseudomonas syringae strains, P. syringae pv. actinidiae (Psa)
lives and multiplies on the surface of host plant as an epiphyte, and later within the intercellular
space (apoplast) as an endophyte. The ability to multiply in the plant apoplast and to cause
disease in host plant or hypersensitive reaction (HR) in non-host plant, is dependent on the type
3 secretion system (T3SS) encoded by the hypersensitive reaction and pathogenicity (hrp)
genes. Hence hrp genes are not expressed at significant levels until bacteria reach the apoplast
of a plant [23].

In this study we focused on the complex plant-pathogen interaction, especially the early
interaction events with plant factors triggering pathogenicity in Psa, with the final goal to
identify potential chemical inhibitors of the infection process.

To this aim, a reporter system has been successfully developed to follow pathogenicity
activation in several incubation conditions and to draw hypotheses about the possible
underlying mechanism.

Consistently with reports on other plant pathogenic pseudomonas bacteria [24,25], our results,
obtained with a chemical genetic approach, showed that the apoplastic environment, mimicked
by the HIM medium induces the hrpAl gene promoter but also that kiwifruit leaf extract may
specifically increase the hrpAl gene response, suggesting the presence of additional promoter-
inducing components in the host plant.

It is possible that only the combination of soluble plant compounds and of an apoplastic-like
environment can give the maximal induction of the hrpAl gene, because there was no induction
when kiwifruit leaf extract was suspended in the rich medium KB, showing that plant signal
molecules alone are not sufficient for gene induction. Thus, hrpAl expression is regulated by
both nutritional and plant signals and suppressed by high nutrient level.

A possible model may involve the upstream activation of a regulatory system such as
GacS/GacA (histidine sensor kinase/transcription regulator) which is induced in HIM according
to our data but not further increased by kiwifruit leaf extract. It can therefore be assumed that
hrpAl promoter is induced by a more complex mechanism involving for instance the two-
component system, a well-known regulator of a wide array of phenotypes, including those

influenced by hrp genes [26].
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The upstream role of GacS/GacA on hrp genes expression was also observed in a GacA mutant
of Pseudomonas syringae pv. phaseolicola grown in minimal medium, which showed a
significant reduction of hrpL gene expression [27].

In the same way, type IV pili are thought to be an important organ for motility on the leaf
surface and primary interaction with hosts [28]; according to the above-mentioned model of a
double signal controlling Psa phenotypes and gene expression, pill gene promoter intense
induction in minimal medium may be due the low nutrient availability (as on the leaf surface),
and further increased following perception of some host plant components in presence of Kiwi
leaf extract after 6-8 hours.

The incubation in bacterial spent media and surfactants provided indirect information on the
interaction between Psa and other bacterial populations occupying the same niche in nature.
The observed effect was the switch-off of the HIM effect in hrpAlpromoter induction; because
on leaf surface there is a wide range of plant-colonizing bacteria, bacterial surfactant or spent
media in a minimal medium could probably mimick the epiphytic environment, where hrp
genes are not expressed. Clearly, the mechanisms supporting these putative antagonistic
interactions need to be explored, because the scientific literature reports examples in which
disease severity can be enhanced when plant pathogenic bacteria interact with other plant-
colonizing bacteria [29].

Despite the nature of kiwi leaf components responsible for enhancement of hrpAl expression
is unknown, our data indicate that the compounds recognized by Psa are hydrophilic, with
molecular mass smaller than 10 KDa, resistant to heat inactivation (data not shown).
Interestingly, those molecules seem to be host-specific, because the further increase in gene
promoter induction did not occur with other non-host plant extracts (i.e. tomato and cucumber).
Our results agree with other authors with respect to some features of the hrp-inducing signals,
such as their early activity, their small size and heat resistance, while they are in contrast with
previous reports about host-specificity, because in P. syringae pv. tomato, the hrpA promoter
was induced when incubates in viable cell cultures and cell-free exudate of host plant such as
tomato and Arabidopsis thaliana but also in non-host plants, such as tobacco, scots pine and
deadly nightshade [11].

Up to now, the hrpAl-inducing signal molecule(s) are still hidden among the many kiwi leaf

metabolites and it remains to be ascertained if the hrpAl promoter induction can be due to a
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single molecule or to a group of similar or different compounds. Further metabolomics analyses
are needed on kiwi leaf fractions to draw hypotheses about the chemical nature of these signals.
However, additional information about the signaling pathway linking kiwi signal perception to
hrpAl promoter activation may be obtained by a systematic screening of natural compounds.
For this purpose, the fluorescence reporter system developed in Psa was scaled and optimized
to 96-well plates, to screen a molecule library. Moreover, a robust fluorescence data analysis
approach was implemented, in order to identify molecules that could interfere or enhance the
kiwifruit effect on hrpAl induction.

Because the high throughput system (HTS) to screen a chemical library is a very expensive and
delicate process, despite it allows to test a wide number of samples, some check points were
introduced at several steps of the screening processbased on statistical tools. Plate acceptance
criteria (spatial uniformity, Z’-factor, SW, reliable positive and negative controls) allowed to
discard experiments with random variances and keep only technically reliable experiments.
Moreover, random variability across biological replicates wastaken into account by
normalization of fluorescence values, thus allowing data comparison among replicates. Both
control-based (NPI) and non-control-based (Robust Z-score) methods provided comparable
results, although NPI allowed to identify the active molecules in a more stringent way.
Identified molecules were classified according to their level of inhibition/stimulation through a
robust statistic approach [20], and then molecules active on the hrpAlpromoter were confirmed
by t-student statistical test.

Although some molecules exhibiting a stimulating effect on hrpAl promoter activity were
identified during the first phase of the screening, the second round did not allow to confirm
their effect as statistically significant. We could assume that these molecules mimicked some
hrpAl stimulating components, present in Kiwifruit leaf extract, and thus led to an additive
effect, detectable only in conditions in which promoter activation was not at the maximum. The
study of hrpAl promoter activity stimulation would thus require other experimental conditions,
such as the incubation of Psa in HIM only (without kiwifruit extract).

Based on the results of the chemical genomic screening an interesting a candidate was
identified, dicoumarol, which could inhibit hrpAl induction by Kiwi leaf extracts, but had a
negligible effect on bacterial cell viability, leading to the hypothesis that this compound could
be a pathogenicity inhibitor, that would not exert a selective pressure on bacterial populations

towards selection of resistant strains.
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Dicoumarol is a coumarin derivative, belonging to the chemical class of benzopyrones. These
molecules are widespread in higher plants and released upon cell injury. Coumarin precursor
accumulates in vacuoles in form of glucoside of coumaric acid, and upon cell damage
extravacuolar B-glucosidase can release coumaric acid that spontaneously lactonizes to give
coumarin. A well-known coumarin derivative is 4-hydroxycoumarin, which is commonly
formed by microbialmetabolic processes. Two molecules of 4-hydroxycoumarincan react non-
enzymatically with formaldehyde to give dicoumarol [30, 31].

Dicoumarol is also well-known for its pharmacological effects as an anticoagulant, acting by
depletion of active vitamin K in blood [32]. For this reason, its potential as an antimicrobial
compound in crop protection cannot be directly proposed. However, the proof of concept that
some natural molecules can act as pathogenicity inhibitors can be a first step in this direction
and open new avenues of research for the development of safe and effective derivatives.
Despite few information is currently available about dicoumarol effect on bacteria, precursors
or derivative molecules of dicoumarol have already been described for their role on hrp genes
and T3SS. For example, o-coumaric acid shows a significant inhibitory effect on hrpAl
promoter activity in Xanthomonas oryzae (causal agent of leaf blight and streak disease in rice)
[33] and inhibits T3SS in Erwinia amylovora [34] but induces T3SS in Dickeya dadantii [35,
36]; on the other hand, p-coumaric acid is a strong inhibitor of the T3SS in D. dadantii and E.
amylovora but has no effect on X. oryzae. In R. solanacearum, oleanoic acid showed a strong
induction activity on T3SS (through hrpG and hrpB regulator genes expression), unlike
dicoumarol, which did not produce any effect [37, 38].

Based on the reported scientific literature, it seems difficult to identify a single molecule or a
class of molecules that affect specific hrp genes or that are widely recognized by bacteria with
a T3SS-dependent pathogenicity. Available information points to several signal molecules
acting on different bacteria and on different hrp genes. In fact, despite the conservation of hrp
genes, different T3SS regulatory pathways could be responsible for the species-specific activity
detected for these compounds.

However, biologically active molecules on T3SS share sometimes a similar chemical core,
indicating that some aromatic compounds, present in large amounts in plant extracts, might act
as the signals involved in inhibition/induction of hrp genes. In fact, in other plant pathogenic

bacteria, an aromatic or phenolic nature of some hrp-inducing signals was proposed [39].
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Our findings suggest that dicoumarol could be a good candidate to be further characterized in
in vivo experiments focusing on its hypotheticalrole as a protectant against Psa, because it can
reduce hrpAl induction, despite the presence of inducing kiwi molecules, without effects on
Psa growth and thus avoiding the selection of “drug”-resistant strains.

A further evidence that dicoumarol can indeed affect T3SS functionality could be obtained
evaluating its ability to reduce the typical hypersensitive reaction (HR) commonly produced in
tobacco by phytopathogenic bacteria [40]. However, Psa did not produce a measurable HR
neither in N. tabacum cv. Xanthi nor in A. thaliana cv. Columbia-0.

For this reason, dicoumarol ability to suppress HR was tested only with P. syringae pv. tomato,
carrying the AvrB effector (Pst-AvrB), showing a significant 20% reduction of HR in N.
tabacum, inoculated with Pst-AvrB supplemented with dicoumarol, further supporting the idea
that dicoumarol may indeed inhibit, at least partially, bacterial pathogenicity, in consideration
of the fact that the ability to trigger HR in non-host plants is an indication of pathogenic ability
on the specific plant host.

The reason why Psa does not produce a measurable HR in tobacco remains unclear. It is known
that HR elicitation can occur in tobacco and other non-hosts in response to most pathogenic
bacteria, but the molecular bases of this non-specific elicitation are not known [41]. On the
other hand, an HR can be elicited when a bacterial strain carries an avirulence (avr) determinant
which interacts with the corresponding resistance (R) receptor protein [42]. Although a gene
encoding a putative AvrRpm1 protein (recognized by the R protein RPM1 as AvrB) has been
identified in Psa genome (Mc Cann et al., 2011), there is yet no information regarding its
effective expression. It could thus be hypothesized that Psa inability to induce a measurable HR
may be due to the lack of an effector recognized by the plant and/or to the absence of specific
conditions required for TTSS expression/assembly or protein secretion. For instance, it is
known that some effectors are secreted in the extracellular medium only in conditions of low
temperature [43]. In order to obtain a reliable HR by Psa to test dicoumarol effect on Psa ability
to form a T3SS and to deliver hrp-dependent effectors, future experiments will consist in
producing a Psa strain carrying the AvrB effector (Psa-AvrB) to ensure the presence of the
effector and to test the ability of the genetically modified strain to induce an effector-triggered
HR in Arabidopsis [44] in different conditions, including the incubation of the bacteria in
different media (minimal medium supplemented or not with Kiwifruit extract) prior to plant

infection and performing the experiment at different temperatures.
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Testing dicoumarol on Psa-AvrB in an electrolyte leakage experiment, should provide a double
information: i) if there HR is inhibited (as with Pst-AvrB), this would support an effect of
dicoumarol on T3SS; ii) if there is no inhibition of HR triggered by Psa-AvrB, thus the observed
dicoumarol effect on hrpAl does not affect downstream secretion of T3SS-dependent effectors.
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Chapter 3: Investigating the function of putative

environmental sensors in Pseudomonas
syringae pv. actinidiae (Psa) virulence: LuxR-

solos

1. ABSTRACT

A canonical Quorum System (QS) is composed of a Luxl-type protein that catalyzes the
synthesis of N-acylhomoserine lactones (AHLS), which in turn interact with a cognate LuxR-
type protein. This complex further binds to specific promoter sequences, called lux box,
affecting the expression of QS-regulated target genes.

Many proteobacteria display orphan LuxR proteins, termed “LuxR-solos”, lacking a genetically
linked Luxl. The gram-negative bacterium Pseudomonas syringae pv. actinidiae (Psa), the
causal agent of bacterial canker of kiwifruits, does not produce AHLSs but possesses three LUxR-
solos (PsaR1, PsaR2 and PsaR3). PsaR1 and PsaR3, share high similarity with canonical LuxR
receptors, while PsaR2 belongs to a sub-group of LuxR-solos which were shown to respond to
plant signal molecules in other plant associated bacteria (PAB).

In this work, the role of PsaR1 was investigated by a comparative microarray transcriptomic
analysis of wild type (WT) and in APsaR1 mutant, indicating that PsaR1 is involved in the
regulation of chemotaxis and locomotion genes expression. Moreover, the recombinant PsaR1
autoinducer-binding domain was produced in E. coli and used in a chemical library screening
to identify putative PsaR1 ligands, by a high throughput fluorescence-based thermal shift assay.
Four molecules, belonging to the flavonoid class of compounds, were identified as putative
PsaR1 ligands. Moreover, the presence of the same or other putative PsaR1 ligands in Kiwifruit
plants was confirmed by a similar thermal shift effect in presence of kiwifruit plant extracts.
To decipher the role of PsaR1 activation in Psa virulence, two of the four identified molecules
(namely, luteolin and quercetin) were tested for their effect on bacterial motility and biofilm
formation, which are considered virulence-associated traits, showing that both molecules could

increase swarming motility and reduce biofilm formation.
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These results put the “LuxR-solos” PsaR1 under a new light with regard to its possible role in

virulence-associated and in inter-kingdom signaling between Psa and kiwifruit plants.
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2. INTRODUCTION

Quorum sensing (QS) is an intercellular communication system that links bacterial cell density
to gene expression through the production and detection of small and diffusible signal
molecules [1].

The predominant signaling molecules involved in QS are N-acylhomoserine lactones (AHLS),
the concentration of which increases with the number of bacterial cells. When bacterial
population reaches a certain size (a quorum), bacteria respond to AHL concentration by
regulating gene expression and related group-based behaviours (secretion of virulence factors,
motility, plasmid transfer, antibiotic production, bioluminescence and biofilm formation) [2].
A canonical gram-negative QS system is composed of a Luxl-type protein that catalyzes the
synthesis of AHLs, which in turn interact with a cognate LuxR-type protein; this complex
further binds to specific promoter sequences, called lux box, thus affecting the expression of
QS-regulated target genes [3].

Different Luxl synthases produce AHLs with acyl chains of various length, with or without a
substituent (usually hydroxy or oxo) on the carbon at the C3 position of the N-linked acyl chain.
The LuxR receptor proteins are about 250 amino acids in length and consist of two domains:
an amino-terminal AHL binding domain and a carboxyl-terminal domain, containing a helix-
turn-helix (HTH) DNA-binding motif [4].

Many proteobacteria display orphan LuxR, lacking a genetically linked LuxI, and so termed
LuxR-solos, although composed by the same modular structure of canonical LuxR proteins [5].
LuxR-solos can be present in both AHL-producing and non-producing bacteria, responding to
AHLs either endogenous or produced by other bacteria. In fact, QscR of the well-studied P.
aeruginosa is an example of a Lux-solos responding to exogenous and endogenous AHLSs [6],
while SdiA of Escherichia coli, a non-AHL-producing bacterium, can activate gene promoters
in an AHL-dependent manner [7].

A particular sub-groupof LuxR-solos, recently found only in plant-associated bacteria (PAB)
and lacking highly conserved amino acids involved in AHLs binding [8] were reported to bind
only plant compounds of unknown nature. The plant-pathogenic bacteria Xanthomonas oryzae
pv. oryzae (Xo0) and Xanthomonas campestris pv. campestris (Xcc) possess the LuxR-solos
proteins OryR and XccR, respectively, which respond to plant exudates and do not bind nor
respond to AHLs [9-10]. Therefore, these evidences indicate an interkingdom signaling

between plants and bacteria in which LuxR-solos proteinsmay play a key role. A major step in
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understanding this new QS system, would be the identification of the structure of plant
molecule(s) to which LuxR-solos or PAB LuxR-solos respond and the characterization of
downstream gene expression.

Recently it was found that also Pseudomonas syringae pv. actinidiae (Psa) possesses three
LuxR-solos, namely PsaR1, PsaR2 and PsaR3. Moreover, it was established that Psa does not
produce AHL, thus opening the question regarding the signal molecules perceived by these
three sensors. It has been proposed that PsaR2, which belongs to the sub-family of PAB LuxR-
solos, may respond to plant signals. On the other hand, PsaR1 and PsaR3, which share higher
similarity with the canonical LuxR receptors, might be involved in the recognition of AHLS
produced by neighboring bacteria. However, an involvement of PsaR1 and PsaR3 in inter-
kingdom signal communication cannot be excluded [11].

In the attempt to give a contribution in understanding the molecular basis of Psa virulence and
its relationships with the Actinidia host plant, we investigated the role of the LuxR solos PsaR1
as a putative plant molecule sensor. To this purpose the PsaR1 recombinant autoinducer-
binding domain was produced to screen molecule libraries for PsaR1 ligand(s) by a high-
throughput thermal shift assay. Moreover, biofilm and motility assays were set up, to elucidate

the effect of putative PsaR1 binding moleculeson Psa virulence-associated phenotypes.
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3. MATERIALS AND METHODS

3.1. CULTURE MEDIA
The composition of media used to grow or incubate bacterial strains are described in Table 1,
2 and 3.

HIM (hrp-inducing medium)
KH2PO4 550r
KoHPO4 1.5¢r
(NH4)SO4 1.0gr
MgCl» 0.34 gr
NaCl 0.1gqr
GLYCEROL 2ml
WATER Up to 1000 ml
pH 55

Table 1: hrp-inducing medium

KB (King’s B medium)
PEPTONE 20 gr
GLYCEROL 10 mi
KoHPO4 1.5¢r
MgSO. 1.5¢r
WATER Up to 1000 ml
pH 7.2

Table 2: King’s B medium

LB (Luria Bertani medium) Soft Agar
TRYPTONE 10 gr
YEAST EXTRACT S5gr
NaCl 5¢gr
AGAR 0.2% - 0.3% - 0.4% - 0.5%
WATER Up to 1000 ml

Table 3: Luria Bertani medium — Soft Agar
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3.2. BACTERIAL STRAINS, PsaR1-NT PROTEIN and PLANT EXTRACTS

In this work, we used the Pseudomonas syringae pv. actinidiae strain CRAFRU 10.22,
belonging to the biovar 3, isolated in Actinidia chinensis in Latina in 2008 and the
corresponding PsaR1 mutant (APsaR1). The construction of the APsaR1 mutant was described
previously by Patel et al. (2014) and both strains were kindly provided by Dr. Vittorio Venturi
(International Centre for Genetic Engineering and Biotechnology ICGEB, Trieste) [11].

The N-terminus portion of PsaR1 (PsaR1-NT) proteinwas producedin collaboration with the
biochemistry group of the Biotechnology department (Univ. of Verona: Prof. Paola Dominici;
Dr. Alessandra Astegno and Prof. Massimo Crimi), while plant leaf extracts in PBS (also

described in chapter 2) were kindly provided by Dr. Francesco Spinelli (University of Bologna).

3.3. BIOINFOMATIC ANALYSIS OF PsaR1 LuxR-solos
The amino acid sequence of PsaR1 protein, used for bioinformatical analysis, was extrapolated
from the complete genome sequence of Psa, ICMP 18884 strain, found under the ID
AKT?29937.1 as the product of gene 1'YO_010445 held in Psa chromosome.

The prediction of the presence and location of signal peptide cleavage sites was performed

using SignalP 4.1 server (http://www.cbs.dtu.dk/services/SignalP/).
The PsaR1 protein subcellular localization was analyzed using ngLOC tool

(http://genome.unmc.edu/ngLOC/index.html).

The PsaR1 protein sequence conserved domains were analyzed using NCBI’s Conserved
Domain Database (CDD), (https://www.ncbi.nlm.nih.gov/cdd/) and Pfam profile database
(EMBL-EBI’s Protein Family database- Pfam) (https://www.uniprot.org/database/DB-0073).

3.4. THERMAL SHIFT ASSAY

The thermal shift assay was carried out in a 96-multiwell plate using a Real-Time PCR
instrument (Mx3005P - QPCR Systems, Agilent Technologies). In each well the reaction mix
was composed of 19 pl of PsaR1-NT (5 uM or 10 uM final concentration) dissolved in a buffer
containing 50 mM Tris-HCI, 200 mM NaCl, pH 8 supplemented with 1 mM dithiothreitol
(DTT), 1 ul SYPRO® Orange dye 10X (ThermoFischer-SCIENTIFIC). A reaction mix without
the protein was prepared as a negative control. Each experiment was performed in two technical
replicates. The Real-Time software was set to measure fluorescence at a temperature ranging
from 25 °C to 95 °C.
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Protein melting temperature (Tm) was expressed as the first derivative of the dissociation curve
expressed as negative pick corresponding to Tm.

Thermal shift assays were performed to screen two molecule libraries: SCREEN-WELL®
Natural Product Library provided by the "Enzo life sciences” manufacturer and a synthetic
molecule library kindly provided by Dr. Andrea Chini (National Centre for Biotechnology
CNB-CSIC, Madrid, Spain). Both libraries were supplied within 96-multiwell plates, dissolved
in 100% dimethylsulfoxide (DMSO), the former in a volume of 100 pul per well at 2 mg/ml, the
latter in a volume of 10 ul per well at 10 mM.

The screening was carried out as described above. In each well the mix reaction was composed
of 18 ul of PsaR1-NT (5 puM final concentration), 1 pul SYPRO® Orange dye 10X
(ThermoFischer-SCIENTIFIC), and 1 pl of each molecule. A reaction mix without any
molecule or without any molecule nor the protein were prepared as negative controls.

Beside the screening of the chemical libraries, the same thermal shift assays described above
was also carrier out with 1 pl of ascorbic acid and glutathione (Sigma-Aldrich®) at decreasing
final concentrations (1000 puM, 100 uM and 10 uM) or with 1 pl of plant leaf extracts namely
of Actinidia deliciosa, Actinidia chinensis, Actinidia arguta and Nicotiana tabacum at 5% final
concentration. Negative controls were prepared as above. Tm Were expressed as the average of

three technical replicates, and a t-test statistical analysis was performed.

3.5. GENE EXPRESSION ANALYSIS BY MICROARRAY
Microarray analysis was performed on a custom Pseudomonas syringae genechip, designed in
house as previously described (http://hdl.handle.net/11562/977490) in collaboration with Dr.
T. Colombo (CNR of Rome) by wusing the Agilent eArray platform

(https://earray.chem.agilent.com/earray/). The chip used in this analysis contained the whole

set of annotated sequences from four Psa strains belonging to the three main biovars: the strain
J35 (NCPPB3739) belonging to biovar 1, the strain KN.2 (ICMP19073) belonging to biovar 2,
and the strains V13 (ICMP18884) and CRAFRU belonging to biovar 3. Moreover, the genome
of Pseudomonas syringae pv. tomato DC3000 (Pst DC3000) was included in the microarray
chip design to help discriminating Psa-specific transcriptomic features. Finally, annotated
transcripts from 3 integrative conjugative elements (ICEs) are also covered by our custom

microarray chip. It carries yielded 18,598 best probes (i.e.: with lowest possible target
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ambiguity) interrogating 20,554 CDS sequences, of which 14,457 have a unique match
(unambiguous probes) (Agilent Design ID: 078853).

Psa strains CRAFRU 10.22 and APsaR1 grown on KB-agar plate, were inoculated in 15 ml KB
liqguid medium and KB supplemented with kanamycin (100 pg/ml final concentration),
respectively, and incubated over-night (at least 16-20 hours) at 28 °C under shaking (200 rpm).
The bacterial suspensionswere washed three times in HIM, diluted in fresh HIM medium to
obtain 20 ml at ODeo = 0.2, incubated in 100 ml flasks at 28 °Cunder shaking (200 rpm) and
harvested at 4 hour and 24 hours. Three biological replicates for each strain in each harvesting
time were collected and used for the microarray analysis. Total RNA was extracted from the
samples using the Spectrum Plant Total RNA Kit (Sigma Aldrich) and quantified by Nanodrop
(Thermo Fischer). RNA quality was evaluated using Agilent RNA 6000 Nano Kit (Agilent
Technologies). Then the RNA was processed as described in the One-Color Microarray-Based
Gene Expression Analysis Low Input Quick Amp WT Labeling (Agilent Technologies, August
2015). Following hybridization, the chips were scanned using an Agilent G4900DA SureScan
Microarray Scanner System with the Agilent Scan Control software and the data extrapolated
using the Agilent Feature Extraction software.

Raw data were normalized, statistically evaluated and processed in collaboration with Dr N.
Vitulo (University of Verona), to obtain the fold changes of expression at two harvesting points.
Briefly, the average and the standard deviations of the triplicate-probe present on the microarray
chip were calculated, and the data were normalized using nonparametric tests.

The list of Differentially Expressed Genes (DEGs) was created considering only the CRAFRU
probes present on the chip, with a False Discovery Rate (FDR) FDR < 0.05, independently of
the log2fold-change. Functional category enrichment analysis was performed with BinGO

(http://apps.cytoscape.org/apps/bingo,Maere et al., 2005).

3.6. PHENOTYPIC EFFECT OF PUTATIVE PsaR1-NT LIGANDS: MOTILITY
ASSAY

To assess the optimal conditions for Psa motility, strain CRAFRU 10.22 grown on KB-agar

plate, was inoculated in 15 ml of KB liquid medium and incubated over-night (at least 16-20

hours) at 28 °C under shaking (200 rpm). The bacterial suspension was diluted in fresh KB

media to obtain the selected optical densities (ODgsoo = 1, ODsoo = 0.1 and ODgoo = 0.01) and a

volume of 12.5 ul was spotted on 2 ml of LB Soft-Agar (0.2% - 0.3% - 0.4% - 0.5% of agar
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concentration) in 60 mm @ Petri dishes, with 8 ml of KB agar as the bottom layer, and incubated
at 20 °C, 24 °C and 28°C for 48 hours.

Each sample was tested in three technical replicates, in three independent experiments. The
results were expressed as the average of the larger diameter measured for each colony, and a t-
test statistical analysis was performed.

To test the effect of putative PsaR1 ligands on Psa motility, experiments were performed as
above, with 12.5 pl bacterial suspension ODesgo = 0.01 on LB Soft-Agar 0.4% supplemented
with luteolin or quercetin (AlfaAesar by Thermo Fisher Scientific) at 0.05 mg/ml final
concentration and incubated at 24 °C for 36 hours. The results were expressed as the average
larger diameter and average dendritic extension measured for each colony. A t-test statistical

analysis was performed.

3.7. PHENOTYPIC EFFECT OF PUTATIVE PsaR1-NT LIGANDS: BIOFILM
ASSAY

Psa strain CRAFRU 10.22 grown as above, were resuspended in fresh HIM, LB or KB,
supplemented or not with luteolin, quercetin (0.05 mg/ml final concentration) or DMSO 100%
(in the same volume as luteolin and quercetin) to reach optical densities of ODsgo = 0.1 and
ODsoo = 0.01. The same non-inoculated media were used as negative controls. Aliquots of 100
pl of each samplewere incubated at 24 °C ina transparent 96-multiwell plates for or 24 and 48
hours. Then each plate was washed with tap water and 150 pl of CV (1%) were added in each
well. After 30 minutes, the plate was washed twice and biofilms stained with CV were dissolved
with 150 ul acetic acid (30%). After another 30 minutes, staining was measured in a plate reader
at Aop = 590nm. The results were expressed as the average of ODsg values obtained from three

technical replicates and a t-test statistical analysis was performed.
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4. RESULTS

4.1. INVESTIGATING THE FUNCTION OF LUXR-solos SENSORS IN PSA
VIRULENCE-RELATED TRAITS

4.1.1 Bioinformatics characterization of PsaR1 protein
PsaR1 protein sequence, extrapolated from the complete genome sequence of Pseudomonas
syringae pv. actinidiae, ICMP 18884 strain, was found under the ID AKT29937.1 as the
product of gene 1'YO_010445 held in Psa chromosome. The amino acid sequence has been used
in subsequent analyses using several bioinformatics tools.
In order to predict the presence and location of signal peptide cleavage sites, PsaR1 protein
sequence was analyzed using SignalP 4.1 server, an on-line prediction service.
SignalP gives 3 scores as an output for each aminoacidic position ofthe input sequence: C-score
(red line in Fig. 1) and S-score (green line)allowed to locate cleavage sites and signal peptide
positions, respectively, while Y-score (blue line), which is the geometric average of C- and S-
scores, provided a better prediction of cleavage site, in presence of a sequence with multiple
cleavage sites (C-score picks).
In addition, the following two scores are produced by SignalP: mean-S (S-score average) and
D-score (weighted average of mean-S and the higher value of Y-score), providing the threshold
to discriminate signal peptides, on the basis of D-score cut-off (purple dashed line in Fig. 1).
Because for non-secretory proteins all the scores should be low, and in particular D-score
should be lower than its cut-off, the SignalP outputs supported the hypothesis that PsaR1 protein

does not contain any cleavage site and thus produces no signal peptide (Fig. 1).
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Figure 1: Graphic output from the SignalP 4.1 server obtained using the PsaR1 protein sequence as query.

Four different scores are shown: C (red line), S (green line) and Y (blue line) for each position

in the sequence. D-score cut-off (purple dashed line).

The PsaR1 protein sequence was further analyzed using ngLOC tool to predictits subcellular
localization. The output showed a 39.38% probability for PsaR1 to be located in the cytoplasm
(CYT), while the probabilities of inner (IMB) and outer (OMB) membrane location were
19.39% and 16.0% respectively. Multi-localization confidence score (MLCS) represents the
probabilities for a sequence to be assignedto more than one subcellular location, when it is

greater than, or equal to 60. The MLCS for PsaR1 is 47.02, indicating PsaR1 is a cytoplasmic

protein (Fig. 2).
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-

ngLOC

A Bayesian method for predicting protein subcellular localization

PSAR1 CYT CYT 3938 |IMB 19.39 |OMB 16.07 |47.02

Figure 2: Graphic output from the ngLOC on-line prediction service, obtained using the PsaR1 protein sequence
as query.

In order to locate conserved domains, PsaR1 protein sequence was analyzed using NCBI’s
Conserved Domain Database (CDD).

As shown by the graphic output in Figure 3, PsaR1 contains a helix-turn-helix (HTH) conserved
domain commonly found in transcription regulators, binding specific DNA domains. In fact,
this HTH region, present in the query sequence, belongs with a very high confidence, to the
same protein family of the sequence highlighted in green in Fig. 3 (HTH_LUXR,
LuxR_C Like, CsgD and GerE). Moreover, some conserved residues (green triangle)
representing the DNA binding sites and dimerization interface were mapped in the HTH region.
An autoinducer binding region was also identified as a conserved domain, found in a large
family of transcriptional regulators activated by binding to autoinducer molecules (Fig. 3).

Conserved |
Domains C
o5 =
eSOt NewSearch | Structure Home | 3D Macromolecular Structures [ Conserved Domains | Pubchem | BioSystems |
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LuxR family transcriptional regulator [Pseudomonas syringae pv. actinidiae ICMP 18884]
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[+ EpsA TIGR03020 transcriptional regulator EpsA; Proteins in this family include a C-terminal LuxR .. 131-233 7.64e-20
[ HTH_LUXR smart00421  helix_turn_helix, Lux Regulon; lux regulon (activates the bioluminescence operon 177-233  4.64e-19
[H LuxR_C_like  cd06170 C-terminal DNA-binding domain of LuxR-like proteins. This domain contains a helix-turn-helix ... 179-234 6.67e-18
[+ CsgD coG2771 DNA-binding transcriptional regulator, CsgD family [Transcription]; 178-239  7.69%e-16
[+ GerE pfam00196 Bacterial regulatory proteins, luxR family. 179-230 1.54e-14
[+] PRK10188 PRK10188 DNA-binding transcriptional activator SdiA; Provisional 63-239 6.64e-14
[H Autoind_bind  pfam03472 Autoinducer binding domain; This domain is found a a large family of transcriptional ... 59-169 4.13e-03

Figure 3: Graphic output from the NCBI CD server, obtained using the PsaR1 protein sequence as a query.
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The interrogation of the Pfam profile database (EMBL-EBI’s Protein Family database- Pfam)
confirmed the inscription of the PsaR1 protein in two family profiles: transcriptional regulators
with a DNA-binding HTH domain, and autoinducer-binding domains, confirming results of the
above analyses.

This result was better explained by Pfam output scheme (Fig. 4) that showed: i) conserved
position in capital letters (#HMM); ii) the match between query sequence and family models
by a '+' (#MATCH); iii) the degree of confidence in residues alignment by a score ranging from
0 to 10(“*’) (#PP) corresponding to a color from red (0%) to green (100%) (#SEQ).

Moreover, Bit-score and E-value provide a high degree of confidence about the inclusion of the
query sequence into identified families.

Another useful information derived from the Pfam search output is the position of starting and
ending residues of each domain: from position 28 to 170 for the autoinducer binding domain,
and from 177 to 233 for the DNA-binding HTH domain (Fig. 4).

§|qn|l|( ant Pfdm A Mal( hes
how or hide all align
i emry |_Envelope | Alignment | MM __| Bit Predicted | Show/hide
: [ Lo | sur o o | 5o score active sites | _aigoment
Autoind bind  Autoinducer binding domain Domain  CLO161 28 170 12 129 149 25.8 5.8e-06 Hide
HMM deardf.GlrsGltvpvhgpre
MATCH . + Gt +eges
PP 55551
SEQ pA
GerE i Al MU AL omain  CL0123 7 | 23 7 2 54 57 60.3 8.7e-17 m

Figure 4: Graphic output from the EMBL-EBI Pfam server, obtained the PsaR1 protein sequence as a query.

Because the objective of the work was to provide information about the possible role of PsaR1,
and in particular, to detectedthe signal molecules and genes that PsaR1 can bind, experiments
were carried out to express the recombinant PsaR1 protein in a heterologous system, in
collaboration with the biochemistry group of the Biotechnology department (Univ. of Verona:
Prof. Paola Dominici; Dr. Alessandra Astegno and Prof. Massimo Crimi)

However, in repeated previous experiments, the full-lengh PsaR1 protein was only produced in
E. coli inan insoluble form, which led us to produce a truncated version of the protein including
only the autoinducer binding domain, to focus, as a first step, on the possible signal molecules
binding PsaRL1.
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The PsaR1 autoinducer binding domain was selected based on the bioinformatics information
obtained above; because this putative domain is located between residues 28 and 170, the
protein portion ranging from 1 to 176 was cloned in the E. coli expression vector pET12a-
HisTagPsaR1 (Fig. 5).

>AKT29937.1 LuxR family transcriptional regulator [ Pseudomonas syringae pv. actinidiae ICMP 18884
1e 20 30 40 50
MCSAMTESAT KDLLIQQMVS TITELDGQTA IEKALQWLRR ECDSERAMFY Cloned domain
60 7@ 80 90 100
QFKGPMLLTF ITSNVDDAWG QAYRQHELIT QDPVIRCYRN QLGFLNWQDA Auiinducerbindingdomaio
110 120 130 140 150 ——— HTH domain
FKQYPASACY EEAVDACELL PAISYGYTSH CRGTESVTSV CTLSEVERTI
160 17e 180 190 200
SAEQKYLVSS LMPVLHSVAR GLKFSSRGLT LRELEVLQWA RDGKTAWEIS
210 220 230 240
IIRDVSESTV KYHLKTIYSK LGVANRAQAV GEALCRGLIR

Figure 5: Accession number and FASTA format of PsaR1 protein sequence. The autoinducer binding domain and
the DNA-binding HTH domain are underlined in yellow and green respectively (according to Pfam output). The
PsaR1 protein portion expressed in E. coli is highlighted in yellow.

Hereafter, the N-terminus portion of PsaR1 (PsaR1-NT), successfully expressed in a soluble
form, was used in subsequent experiments, in search of signal molecules that could be involved
in PsaR1 activation. To this aim, a thermal shift assay was used to screen, in a high-throughput

method, a chemical molecule library in order to identify PsaR1-NT putative ligands.
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4.1.2 Thermal shift assay as high throughput system to identify PsaR1 putative
ligands: optimization of experimental conditions and screening of a molecule
library

Before the screening, thermal shift assay conditions were optimized. PsaR1-NT was tested at
two concentrations, i.e. 10 uM and 5 uM, at temperatures ranging from 25 °C to 95 °C.
PsaR1-NT at 10 uM and 5 uM showed the same pattern of dissociation curve and reached
higher fluorescence values at the higher concentration (Fig. 6a). The protein melting
temperature, measured using the dissociation curve first derivative, was about 40 °C at both
concentrations tested (Fig. 6b). Negative control (buffer) produced no fluorescence increase.
On the basis of these results, a protein concentration of 5 uM and temperatures ranging from
25 °C to 85 °C were sufficient to properly perform the screening.

a PsaR1-NT dissociation curve b PsaR1-NT dissociation curve first derivative
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Figure 6: Dissociation curve (a) and first derivative of dissociation curve (b) obtained by thermal shift assay.
PsaR1-NT was used at 5 uM and 10 uM with temperatures ranging from 25 °C and 95 °C and protein buffer was
used as negative control.

A chemical molecule library (about 1500 molecules) was screened using the thermal shift assay
in the above conditions. The dissociation curves of PsaR1-NT with or without chemical
molecules were obtained by plotting fluorescence and increasing temperature (Fig. 7a), and

then plotted as the dissociation curve first derivative (Fig. 7b).
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Figure 7: Representative experiment of library screening by thermal shift assay. Dissociation curves (a) and first
derivative of dissociation curves (b) were obtained with PsaR1-NT at 5 uM supplemented or not with the chemical
molecules contained in one plate of the library, at 0.1 mg/ml, at a temperature ranging from 25 °C and 85 °C.

Comparing the melting temperatures of PsaR1-NT with and without molecules, putativeprotein
ligandscould be identified, and false positive ligands could be distinguished (Fig. 8a; orange
and grey bars, respectively) by evaluating the dissociation curves and the first derivative
individually. Green bars indicate no detectable binding. The curves obtained with PsaR1-NT
alone overlapped and the resulting melting temperature (about 36 °C) was similar in all
replicates, indicating a good reproducibility of the experiment and thus a good reliability for
putative ligand identification (Fig. 8b-c). PsaR1-NT with a putative ligand showed the same
shape of control curves with the canonical positive shift (Fig. 8d) and an increase of the melting
temperature of about 4 °C in the representative experiment showed below (Fig. 8e). By contrast,
PsaR1-NT in presence of molecules that are not putative ligand, showed a dissociation curve
with a negative shift (Fig. 8f) and therefore a decrease of the melting temperature and a more
irregular curve obtained from the first derivative (Fig. 8g). Among the molecule tested, in this
representative experiment, one led to a PsaR1-NT melting temperature of 80 °C, representing
a false putative ligand; in fact, the dissociation curve had fluorescence values higher than the
one obtained with PsaR1-NT alone (Fig. 8h), but the dissociation curve first derivative showed
two peaks, i.e. at 36 °C, corresponding to the real protein melting temperature, and 80 °C, the

false positive melting temperature (Fig. 8i).
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Figure 8: Representative experiment of the library screening by thermal shift assay. (a) Melting temperatures of
PsaR1-NT in presence (light grey, dark gray, orange and green bars) or in absence (blue bars) of library molecules.
(b-d-f-h) Dissociation curves and (c-e-g-i) first derivatives of dissociation curves of PsaR1-NT (blue) in presence

of a putative ligand (orange), a false positive ligand (dark grey) or no ligand (green) using a temperature range
from 25 °C to 85 °C.

The data analysis described so far was applied on a total of about 1500 molecules, and at the
end of the screening 4 molecules, namely luteolin, quercetin, galangin and rhamnetin, were
obtained, all belonging to the flavonoids class of metabolites, sharing a common chemical
structure (Fig. 9).
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Figure 9: Name and molecular structure of PsaR1 putative ligands obtained from the screening of the molecule
library.

4.1.3 PsaR1 putative ligands validation and characterization using thermal shift

assay
To obtain more sensitive and reliable results, the same thermal shift assay was repeated with

PsaR1-NT in presence or absence of the putative ligands, obtained from the first round of
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screening (luteolin, quercetin, galangin and rhamnetin), at decreasing concentrations (0.1
mg/ml, 0.05 mg/ml, 0.025 mg/ml and 0.0125 mg/ml) to test a dose-dependent effect.

Luteolin and galangin at 0.1 mg/ml and 0.05 mg/ml produced an increase of PsaR1-NT melting
temperature of 2 °C to 4 °C. On the contrary, at lower concentrations (0.025 mg/ml and 0.0125
mg/ml), the differences of melting temperatures with or without molecules were not statistically
significant. Quercetin led to a thermal shift at all concentrations except the lowest one (0.0125
mg/ml). In the same way, rhamnetin at 0.025 mg/ml and 0.05 mg/ml led to a statistically
significant Tm increase (Fig. 10).

These results confirmed the thermal shift of PsaR1-NT in presence of the four molecules and
thus their potential roles as PsaR1 ligands. The optimal concentration of molecules to obtain a
significant PsaR1-NT melting temperature shift was 0.05 mg/ml, and the more efficient PsaR1-
NT putative ligands were luteolin and quercetin. Since all molecules share a common backbone,
these results suggest that the different groups harbored by the molecules could contribute to
their affinity to bind PsaR1.

Thermal Shift Assay
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Figure 10: Melting temperature of PsaR1-NT (5 uM), obtained by thermal shift assay, in presence or absence of
luteolin, quercetin, galangin and rhamnetin at different concentrations (0.1 mg/ml, 0.05 mg/ml, 0.025 mg/ml and
0.0125 mg/ml). Values represent the average of three independent experiments. p-value < 0.01 (**).

All the putative ligands of PsaR1-NT identified above are secondary metabolites present in
plants, belonging to the class of flavonoids that, among their numerous functions, possess an

antioxidant activity.
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As PsaR1 was kept stable and folded in a buffer supplemented with a reducing agent (DTT), it
could be hypothesized that the protein temperature shift observed was caused by the antioxidant
properties of the flavonoid and not due to a real protein-molecule interaction.

To understand the possible influence of the antioxidant effect of selected putative ligands, a
thermal shift assay was performed with PsaR1-NT in presence or absence of quercetin (0.1
mg/ml, 0.05 mg/ml and 0.025 mg/ml), the best candidate obtained in library screening, as well
as two antioxidant molecules, namely ascorbic acid and glutathione, at different concentrations
(1000 pM, 100 pM and 10 pM).

Whereas quercetin led to a significant PsaR1-NT Tm increase, neither ascorbic acid nor
glutathione affected it; so, the Tm shift observed in presence of the selected putative ligands is
likely due to a real protein-molecule interaction and not to their antioxidant activity (Fig. 11).

42

* %

w w &

a o o
—x

L

Melting Temperature (Tm)
w
S

{ “““ ‘“ """ EE 3 B B i

32— ] 1 ]

30 = — —

PsaR1-NT }0,0ZSmg/mI 0,05mg/ml  0,1mg/ml 10uM 100uM 1000uM

(5uMm) ‘

10uM 100pM  1000uM

quercetin [ ascorbic acid glutathione

Figure 11: Melting temperature of PsaR1-NT (5 uM), obtained by thermal shift assay, in presence or absence of
quercetin at different concentrations (0.1 mg/ml, 0.05 mg/ml and 0.025 mg/ml), ascorbic acid or glutathione at
different concentrations (1000 uM, 100 uM and 10 pM). p-value < 0.01(**).

To perform a preliminary characterization of putative ligands source, a thermal shift assay was
performed with PsaR1-NT in presence or absence of quercetin (0.025 mg/ml, 0.05 mg/ml and
0.1 mg/ml) and some plant extracts, namely from Actinidia deliciosa, Actinidia chinensis,
Actinidia arguta and Nicotiana tabacum at 5% of final concentration. Plant extracts produced
a statistically significant increase of melting temperature, and among them A. chinensis was the
most effective, leading to the hypothesis that its plant extracts contain possible PsaR1-ligands
(Fig. 12).
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Figure 12: Melting temperature of PsaR1-NT (5 uM), obtained by thermal shift assay, in presence or absence of

quercetin at different concentrations (0.1 mg/ml, 0.05 mg/ml and 0.025 mg/ml), and 5% of plant extracts namely
A. deliciosa, A. chinensis, A. arguta and N. tabacum. p-value < 0.01(**), p-value < 0.001(***).
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4.2. Evaluation of genes affected by PsaR1
The unpaired QS LuxR-solos protein family (PsaR1, PsaR2 and PsaR3) possess the typical
modular structure, having an autoinducer binding domain at N-terminus and a helix-turn-helix
DNA binding domain at C-terminus; therefore, the complex formed by LuxR-solos and
unknown-ligand(s) is supposed to bind lux-box sequences and affect QS target genes.
To understand which genes are regulated by PsaR1, a gene expression surveywas carried out
by microarray analysis, using the Psa wild type strain CRAFRU 10.22 (WT) and the
corresponding PsaR1 mutant (APsaR1) grown in a minimal medium (HIM) mimicking apoplast
conditions and collected after 4 and 24 hour of incubation.
At 4 hours, 66 genes were differential expressed (DEGs) in the APsaR1mutant in comparison
to the WT, 31 up-regulated and 35 down-regulated. Conversely, at 24h no DEG was detected
(Fig. 13).
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Figure 13: Number of DEGs between Psa strain CRAFRU10.22 wild type (WT) and PsaR1 mutant (APsaR1) after
4 and 24 h of culture in HIM. Up-regulated genes (UP) in green and down-regulated genes (DOWN) in yellow.

A functional enrichment analysis based on Gene Ontology (GO) annotations did not reveal any
predominant function among genes up-regulated in the APsaR1mutant (Fig. 14). By contrast
11 out of 35 genes (highlighted in light blue) down-regulated in the APsaR1, belonged to
functional categories related to chemotaxis and signal transduction (Fig. 15), indicating that the

expression of those genes is PsaR1-dependent in the WT.
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adj. o
PROBE_name Protein_ID logFC 1 Gene description GOs
55 = p-value
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CUST_40317_PI430613745| WP_017684673.1 0,039 hydrolase F:hydrolasef activity, acting on carbon-l?ltrogen (but not peptide)
bonds; P:nitrogen compound metabolic process
CUST_32093_PI1430613745| WP_003382973.1 0,023 hypothetical protein P:b'°|°g'°a|—pr°°e,ss; Cicellular_component;
- F:molecular_function
CUST_8697_P1430613745 | WP_003379334.1 0,029 hypothetical protein P:biological. process; Cicellular_component;
= F:molecular_function
CUST_19534_P1430613745| WP_017683813.1 0,033 hypothetical protein F:molecular_function; P:biological_process;
C:cellular_component
CUST_19543_P1430613745| WP_003382933.1 0,036 IM30 family F:molecular_function; P:biological_process
T F:oxidoreductase activity, acting on the aldehyde or oxo group of
CUST_29397_PI430613745| WP_017682600.1 -1,44 0,049 pY donors; F:thiamine pyrophosphate binding; P:oxidation-
oxidoreductase )
reduction process
CUST_29191_Pi430613745| WP_003378210.1|  -1,35 0,038 membrane i A iene et ot s
F:molecular_function
CUST 39249 PI430613745| WP_003381380.1 ﬂ "ﬁ 0,023 MULTISPECIES: hypothetlcal P:biological_process; F:molecular_function;
. - protein C:cellular_component
CUST_39215_PI430613745| WP_017682657.1 0,95 0,046 NAformlmlr\ojLAglutamate F:hydrolas? activity, acting on carbon—lrmrogen (but not peptide)
- deiminase bonds; P:nitrogen compound metabolic process
CUST_3794_P1430613745 | WP_005614159.1 |  -1,15 0,041 phage tail C:celluler. component; Emolecularzfunction;
P:biological_process
CUST_14432_P1430613745 | WP_004656644.1 0,033 phospholipid-binding C:integral component of membrane
CUST_3879_PI430613745 | WP_003377344.1 -1,12 0,039 prophage chitinase Echitinaseiactivity; P:d."tm cataboliciprocess; P:cell wall
macromolecule catabolic process
CUST_12627_PI430613745 | WP_005614777.1| 1,14 Gogg | btevansmonerantbiEma |
= factor antagonist STAS
C:outer membrane-bounded periplasmic space; F:secondary
CUST_41476_P1430613745| WP_003380255.1 -1,17 0,027 sulfate-binding active sulfate transmembrane transporter activity; F:sulfate
transmembrane-transporting ATPase activity; P:sulfate transport
CUST_15400_P1430613745 WP_017684369.1 | 0,040 superoxide dismutase F:SUpemXI,de d|smutas'e activity; F:me.tal I'On blndmg,;
= P:superoxide metabolic process; P:oxidation-reduction process
CUST_29531_P1430613745| WP_017682607.1 -1,19 0,033 thermolysin metallopeptidase | F:metalloendopeptidase activity; P:proteolysis
F:protein disulfide oxidoreductase activity; P:glycerol ether
CUST_39801_P1430613745| WP_003380053.1 -1,38 0,039 Thioredoxin metabolic process; P:cell redox homeostasis; P:obsolete electron
transport
F:transcription factor activity, sequence-specific DNA binding;|
F:1-pyrroline-5-carboxylate dehydrogenase activity; F:prolineg|
" , . dehydrogenase activity; F:oxidoreductase activity, acting on the|
trifunctional transcriptional
rEsStereTle dareanase aldehyde or oxo group of donors, NAD or NADP as acceptor;|
CUST_37971_P1430613745| WP_003377155.1| -1,33 0,029 g P:regulation of transcription, DNA-templated; P:proline

L-glutamate gamma-
semialdehyde dehydrogenase

biosynthetic process; P:proline catabolic process to glutamate;|
P:oxidation-reduction process; C:transcription factor complex;
P:regulation of transcription, DNA-templated; P:arginine|
metabolic process

Figure 14: List of up-regulated genes indicated with chip probe name (PROBE_name) and corresponding
translated protein (ID_protein). LogFoldChange (logFC) highlighted in different shades of green correlate with
the intensity of up-regulation. Cellular component (C), biological process (P) and molecular function (F) represent
the functional classes identified in Gene Ontology (GO) enrichment analysis.
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adj. s
PROBE_name Protein_ID logFC ) Gene description GOs
- - p-value
ICUST_2109_P1430613745 WP_017685013.1 1,32 0,027 50S ribosomal L20 C:ribosome
CUST_37929_PI430613745 | WP_003377147.1 1,21 0,041 acyltransferase ;ﬂ:::stymanﬁerase activity; P-acyl:cartierproteifi biosynthetic
CUST_9091_P1430613745 WP_003376006.1 1,51 0,027 amino acid ABC transporter C:integral component of membrane; F:transporter activity;
permease P:transport
CUST_9109_P1430613745 WP 017683635.1 1,53 0,037 amino acid ABC transporter C:integral component of membrane; F:transporter activity;
= permease P:transport
CUST_35286_P1430613745 | WP_003381563.1 1,75 0,027 C4-dicarboxylate transporter lgiltr::ii;aolrctomponent of membeane; F:symporteracthity;
CUST_91606_PI430613745 | WP_019716689.1 1,27 0,027 chemotaxis gl component o memb?m; el i anitiv
P:chemotaxis; P:signal transduction
lCUST_36292_PI430613745 | WP_003425021.1 | 1,04 | 0,032 chemotaxis Sl G Rl AT e (el e S
= P:signal transduction
CUST_36650_PI430613745 | WP_017682904.1 0,99 0,038 chemotaxis Slifigel componeht of memb'fme; E-Roali i UlCe eV
P:chemotaxis; P:signal transduction
ICUST_36652_PI430613745 | WP_017682904.1 | 1,18 0,046 chemotaxis Al T o i ) (el e iy
- P:chemotaxis; P:signal transduction
CUST 26549_PI430613745 | WP_017684482.1 165 0,027 D-alanyI-D-?Ianlne F:serlne-typ.e D-Ala-D-Ala carboxypeptidase activity;
= endopeptidase P:proteolysis
C:plasma membrane; F:diacylglycerol kinase activity;
CUST_11804_P1430613745 | WP_004397580.1 1,60 0,040 diacylglycerol kinase prhOSphaF'd'c acidbiosynthetic Pr_QCGSS; P:p_hos':hl’hp'd
biosynthetic process; P:phospholipid catabolic process;
P:glycerolipid metabolic process
C:cytoplasm; C:membrane; F:dihydroorotate dehydrogenase
CUST_20931_P1430613745 | WP_003383345.1 1,28 0,023 dihydroorotate dehydrogenase | activity; P:'de novo' pyrimidine nucleobase biosynthetic process;
P:oxidation-reduction process
zcell ; P:biologi ;
CUST_11260_PI1430613745 | WP_005736231.1 1,21 0,033 energy transducer col UIar‘compon.ent' DI e
F:molecular_function
CUST_26536_P1430613745 | WP_003382763.1 0,040 fiismentoushemaggiidinin: || 2iological process; Fimoleculaf._function;
C:cellular_component
CUST_93852_P1430613745 | WP_017682894.1 0,023 hypothetical protein -
CUST_1755_PI430613745 WP_003382329.1 1,03 0,040 hypothetical protein -
CUST_93643_P1430613745 | WP_017682922.1 1,34 0,037 |hypothetical protein A235_25466| -
CUST_35806_P1430613745 | WP_017706673.1 | 1,97 0,023 macrolide efflux Cliitegralicomponeritof membiarie; PAransiembrafie
transport
C:high-affinity iron permease complex; F:iron ion
CUST_31789_P1430613745 | WP_017683311.1 1,12 0,047 membrane transmembrane transporter activity; P:high-affinity iron ion
transmembrane transport
CUST_35614_PI430613745 | WP_017684794.1 1,30 0,047 membrane Ciintegral component of membrane; F:sulhuricesterhydrolase
= activity; P:metabolic process
lcUST_22419_PI430613745 | WP_005738888.1 | 1,52 0023 |Rinethylaceentinie chemotansllll i ch o BN nt el SR oiE s Bralm neriee e vy
= F:protein binding; P:chemotaxis; P:signal transduction
lCUST_29870_PI430613745 | WP_017684153.1 | 1,21 0,023 | methyl-accepting chemotaxis Ciintegral component of membrane; Fsignal transducer activity;
- P:signal transduction
. : C:integral component of membrane; F:signal transducer activity;
ICUST_6402_P1430613745 WP_020304384.1 1,63 0,027 methyl-accepting chemotaxis ) " ’
- P:chemotaxis; P:signal transduction
i | f ; Fisignal ivity;
ICUST_132715_P1430613745] WP_032609812.1 1,40 0,029 methyl-accepting chemotaxis < 'nteg{-a °_°m_P°"e“t° mem?fane,. Fisigna transqucer activity;
F:protein binding; P:chemotaxis; P:signal transduction
ICUST_20233_P1430613745 | WP_032609812.1 1,50 0,029 methyl-accepting chemotaxis c"nteg'_'al C,Om_ponent o meml,"anef Eslendl tranSd,ucer Activity;
F:protein binding; P:chemotaxis; P:signal transduction
CUST_13780_P1430613745 | WP_017684728.1 1,00 0,035 methyl-accepting chemotaxis Slnteera CCfmpor.lent of membra.ne; el Eep iy
P:chemotaxis; P:signal transduction
CUST_29871_P1430613745 | WP_017684153.1 1,03 0,038 methyl-accepting chemotaxis C:",“egral compon.ent AifDEiranEs ES Rl s oAty
P:signal transduction
CUST_2411_PI430613745 WP_017684853.1 1,13 0,027 molecular chaperone C:integral component of membrane
CUST 28497 PI430613745 | WP_003381860.1 2,07 0,018 MULTISPECIES: l:lypothetlcal P:blologlcal_proce.ss; C:cellular_component;
protein F:molecular_function
CUST_40243_PI430613745 | WP_017684704.1 1,24 0,037 peptide synthetase F:catalytic activity; P:metabolic process
ICUST_9349_P1430613745 WP_017683621.1 1,04 0,040 RND transporter C:membrane; P:transmembrane transport
CUST_15201_P1430613745 | WP_003380963.1 | 1,41 0,039 SAM:dependent F:methyltransferase activity; P:methylation
methyltransferase
CUST_16785_P1430613745 | WP_004396475.1 1,37 0,029 sodium-type flagellar C:cell outer membrane; C:integral component of membrane
CUST_5533_PI430613745 WP_017684869.1 2,07 0,046 type Il chaperone C:cytoplasm; P:regulation of protein secretion
ICUST_29790_P1430613745 | WP_017684976.1 1,08 0,049 type lll effector 1 P:interspecies interaction between organisms

Figure 15: List of down-regulated genes indicated with chip probe name (PROBE_name) and corresponding
translated protein (ID_protein). LogFoldChange (logFC) highlighted in different shades of red and yellow correlate
with the intensity of down-regulation. Cellular component (C), biological process (P) and molecular function (F)
represent the functional classes identified Gene Ontology (GO) enrichment analysis. Genes belonged to functional
categories related to chemotaxis and signal transduction are highlighted in light blue.

92



CHAPTER 3: Results

On this basis, an additional enrichment analysis was performed on genes down-regulated in the
APsaR1 using BiNGO, a Cytoscape plugin, that allowed to organize and visualize in a network
the GO terms associated to the list of genes positively regulated by PsaR1 (Fig. 16).

Each node represents a GO terms, and node area is proportional to the number of genes
annotated to the corresponding GO category. Node topology represents the hierarchy of GO
terms. The yellow and orange nodes represent terms with a significant enrichment, with darker

colors correlated with a higher level of significance (Fig. 16).

@ lation
regulation o ical process

response to al stimulus @ regulation Iar process
signal @ ission
chus

signalclion

Figure 16: BINGO analysis of down-regulated genes in APsaR1. Nodes are GO terms and their area is proportional
to the number of genes included in the GO. The different shades of orange-yellow are correlated with the degree
of significance.

The combination of results from the microarray analysis and from the above described chemical
screening, provided a rational direction to the subsequent analyses carried out to evaluate the
phenotypic effect of putative PsaR1 ligands on some Psa phenotypes, commonly correlated

with bacterial chemotaxis.

93



CHAPTER 3: Results

4.3. Effects of PsaR1 putative ligands on Psa phenotypes: motility and biofilm
formation

To assess the best conditions for Psa motility, P. syringae pv. actinidiae CRAFRU 10.22 strain
was incubated on plates containing different agar concentrations (0.5%, 0.4%, 0.3% and 0.2%)
and at different temperatures (28 °C, 24 °C and 20 °C). Psa motility was then measured after
48 hours of incubation and expressed as colony diameters.
At 28 °C, the diameters observed at 0.5% and 0.4% of agar were not statistically different, while
colonies grown on 0.3% and 0.2% of agar were significantly larger (Fig 17a). Moreover, lower
agar concentrations affected the shape of colony contour, in particular colonies obtained in
0.3% agar lost their circular contours, whereas at 0.2% agar, Psa colonies spread over the whole
plate (Fig 17b).
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Figure 17: Motility of Psa on different concentrations of agar (0.5%, 0.4%, 0.3% and 0.2%) measured after 48 h
of incubation at 28 °C. (a)Motility was expressed as diameter (mm) of Psa colony extension. Values correspond
to the average of three different biological replicates, (*) p-value < 0.05; (**) p-value < 0.01. (b) Representative
plates of Psa motility observed after 48h of incubation in different conditions.
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At 24 °C, the diameters observed at 0.5% and 0.4% agar were not statistically different, but on
0.4% agar, Psa colonies showed a dendritic contour, while at 0.3% and 0.2% they lost their
contours and spread over the whole plate (Fig 18a and b).
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Figure 18: Motility of Psa on different concentration of agar (0.5%, 0.4%, 0.3% and 0.2%) measured after 48 h of

incubation at 24 °C. (a)Motility was expressed as diameter (mm) of Psa colony extension. Values correspond to
the average of three different biological replicates (****) p-value < 0.0001.

(b) Representative plates of Psa motility observed after 48h of incubation in different conditions.

At 20 °C, the diameters of colonies grown on 0.4%, 0.3% and 0.2% of agar were significantly
larger than the diameter observed at 0.5% of agar (Fig 19a); coloniesgrown at 0.4% agar

concentration showed dendritic contours, which became less defined and larger at decreasing
agar concentrations (Fig 19b).
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Figure 19: Motility of Psa on different concentration of agar (0.5%, 0.4%, 0.3% and 0.2%) measured after 48 h of
incubation at 20 °C. (a) Motility was expressed as diameter (mm) of Psa colony extension. Values shown
correspond to the average of three different biological replicates (*) p-value < 0.05; (**) p-value < 0.01. (b)
Representative plates of Psa motility observed after 48h of incubation in different conditions.

To assess the best bacterial concentration for motility assay, different optical densities of Psa
(ODegoo = 1, ODsoo = 0.1 and ODesoo = 0.01) were tested using the experimental conditions
defined above, i.e. incubation on 0.4% or 0.3% of agar at a temperature of 24 °C, which allow
to observe a clear changing in motility phenotype.

The colony diameters measured on 0.4% agar showed no significant difference at the three
bacterial concentrations tested. On 0.3%, agar and Psa ODsgo = 0.01, colonies were significant
smaller than with the higher bacterial concentration (Fig. 20a).

Moreover, on 0.4% agar, Psa at the three optical densities developed in colonies showing
approximately the same dendritic contour shape, with a slight loss of contour definition at the
lower optical density. On 0.3% of agar, Psa at the lower concentration (ODsgoo = 0.01) showed
the dendritic contour shape, whereas at the higher concentration (ODeoo = 1) contours were less

defined and Psa spread over the whole plate (as shown in the above experiment Fig 18b). Psa
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at ODeoo = 0.1 showed a midway phenotype between the two optical densities mentioned above
(Fig. 20b).

a Motility assay 24°C
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Figure 20: Motility of Psa with different initial bacterial concentrations (ODeggo = 1, ODgoo = 0.1 and ODggo = 0.01)
measured after 48 h of incubation at 24 °C grown on 0.4% and 0.3% of agar. (a) Motility was expressed as diameter
(mm) of Psa colony extension. Values correspond to the average of three different biological replicates. (**) p-
value < 0.01. (b) Representative plates of Psa motility observed after 48 h of incubation in different conditions (b).

Based on these results, subsequent experiments were performed in 0.4% of agar at 24°C
andusing a bacterial concentration of ODgoo = 0.01, which allow a visible phenotype of

swarming motility, useful to screen the effect of the selected molecules on bacterial behavior.
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4.3.1 Effect of PsaR1 putative ligands on Psa phenotype: preliminary tests on
swarming motility and biofilm formation

PsaR1 putative ligands (luteolin and quercetin) identified in the library screening were used in
a motility assay to test their effect on Psa swarming, in the conditions described above (i.e.
0.4% of agar, 24 °C, ODeoo = 0.01), using the two molecules at a concentration of 0.05 mg/ml.
Colony extension, expressed as internal diameter and dendrite elongations (mm), was measured
after 36 hours of incubation.
In presence of luteolin or quercetin, Psa dendrites were significantly longer compared with the
negative control (Psa alone), with a stronger effect exerted by quercetin (Fig.21).
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Figure 21: Motility of Psa (ODsgo = 0.01) in presence or absence of luteolin and quercetin (0.05mg/ml) on 0.4%
agar and measured after 36 h of incubation at 24 °C. (a) Swarming motility was expressed as the internal colony

diameter and dendrite elongations (mm). (**) p-value < 0.01. (b)Representative plates of Psa motility in the
different conditions.

Psa biofilm formation was assessed using the crystal violet method, after 24 hours of incubation
in rich (LB) or minimal (HIM) medium, at two different initial bacterial concentrations (ODeoo
= 0.1 and ODsoo = 0.01).
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The amount of biofilm, corresponding to crystal violet absorbance at 590nm, produced in LB
at ODeoo = 0.01 was drastically reduced in presence of both luteolin and quercetin. Moreover,
quercetin caused a stronger biofilm inhibition than luteolin (Fig. 22a). By contrast, Psa biofilm
produced in LB, using the higher bacterial concentration (ODsoo = 0.1), was reduced only in
presence of quercetin (Fig. 22b).

It is worth noting that inhibition of biofilm formation was not due to an effect of the solvent,

since DMSO alone did not affect crystal violet staining.
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Figure 22: Psa biofilm formation, expressed as crystal violet absorbance at 590nm, after 24 h of incubation in LB
supplemented or not with luteolin, quercetin or DMSO using ODggo = 0.01 (a) or ODggo = 0.1 (b) as Psa initial
bacterial concentrations. (**) p-value < 0.01; (***) p-value < 0.001.

On the other hand, Psa barely produced any biofilm when grown in HIM starting from ODsoo
= 0.01. In this medium luteolin, quercetin and DMSO did not affect crystal violet absorbance

99



CHAPTER 3: Results

(Fig. 23a). By contrast, at ODeoo = 0.1, the presence of luteolin strongly increased biofilm

production, compared to quercetin and DMSO (Fig. 23b).
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Figure 23: Psa biofilm formation, expressed as crystal violet absorbance at 590nm, after 24 h of incubation in HIM
supplemented or not with luteolin, quercetin or DMSO using an ODggo = 0.01 (a) or ODggo = 0.1 (b) of Psa initial
bacterial concentration. (***) p-value < 0.001.
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5. DISCUSSION

LuxR-solos, transcription factors lacking the cognate Luxl, are closely related to LuxRs
involved in canonical quorum sensing (QS) system together with Luxls [5] and recent studies
suggested that LuxR-solos could also bind other signal molecules, evolving to respond to AHLS
only [12].

Pseudomonas syringae pv. actinidiae (Psa) doesn't have a canonical QS system but possesses
three LuxR-solos (namely PsaR1, PsaR2 and PsaR3) [11]. Among them, PsaR1, present in all
Psa biovars, is the only one successfully expressed and purified up to now (this work), allowing
to design experiments to search for signal molecules that could be involved in PsaR1-mediated
signaling.

The thermal shift assay (TSA) is a fluorescence-based method enabling the rapid and
inexpensive determination of protein putative ligands [13] and was used to test a large number
of molecules in order to identify those that may interact with the autoinducer binding domain
of PsaR1 (PsaR1-NT). In this way, four putative PsaR1 ligands were obtained, namely luteolin,
quercetin, galangin and rhamnetin. One interesting point is that these ligands share a common
chemical structure as they all belong to the flavonoid class of compounds.

Flavonoids are widely present in plants, being synthetized during the normal organ
development (i.e. in flowers and fruits) and in various abiotic or biotic stress conditions. For
example, flavonoids such as anthocyanins are produced and accumulated in flower and fruit to
enhance their role in pollination and seed dispersal [14]. Regarding their role in abiotic stress,
flavonoid production increase upon high light irradiance and can adsorb high energy solar
wavelengths (i.e. UV-B and UV-A), inhibit reactive oxygen species (ROS) formation or quench
already formed ROS [15]. Finally, many flavonoids are involved in defense mechanisms against
insects, fungi and bacteria; for example, dihydroquercetin is involved in defense against
Fusarium species [16], while quercetin increases larval mortality of Spodoptera litura [17].
Moreover, flavonoids can have a signaling function in the communication between plants and
microorganisms [18]. Examples regarding this latter function, include several flavonoids such
as quercetin and luteolin [19] which can induce nod genes involved in symbiosis with
leguminous plants in Rhizobium[20-21], and 7,4'-dihydroxyflavone (DHF), formononetin, and
medicarpin flavonoids, involved in high auxin concentration maintenance during

Agrobacteriumtumefaciens tumor formation [22], while the phenolic glucoside arbutin can
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induce the expression of virulence genes in P.syringae, involved in syringomycin and
syringopeptide production (syr-syp genes)[23].

Currently, there are few examples of inter-kingdom communication between plants and
pathogenic bacteria based on LuxR-solos family proteins, [8] such as in P. fluorescence (LuxR
protein PsoR) [24] and X. oryzae (LuxR protein OryR) [25]. These LuxR can bind plant
compounds but not AHLs. It is presently unknown if plant signal molecules could be detected
by Psa through LuxR-solos. Indeed, the PsaR2 was described as typically present in plant
associated bacteria (PAB) [11], and is therefore considered a candidate binding protein for plant
signals in Psa, while our results suggest that also PsaR1 could be involved in inter-kingdom
signaling by recognition of some plant flavonoid molecules (i.e. luteolin and quercetin).
Nevertheless, plant extract and flavonoid compounds are widely described as QS inhibitors and
promising tools forthe reduction of bacterial pathogenesis [26-27]. For example, in P.
aeruginosa strain PAO1, flavonoid enriched fraction of Centella asiatica [28] and quercetin
showed anti-QS activity, expressed as the inhibition of swarming and biofilm formation;
moreover, also docking studies demonstrate that quercetin could act as competitive inhibitor of
signaling molecules on P. aeruginosa QS LasR [29].

However, in our conditions, the putative PsaR1-NT ligand quercetin increased Psa swarming
motility, in contrast to the above cited report.

Based on the thermal shift assay and swarming experiments, luteolin could be another PsaR1
ligand: an interesting parallel can be drawn with symbiosis, a model widely described in
scientific literature, in which luteolin has a well-defined role.

In fact, NodD1 a member of LysR family transcription regulators, mediates the expression of
nodulation (nod genes) in the bacterium Sinorhizobium meliloti in response to plant-secreted
luteolin [30]; moreover, several flavonoids can directly bind NodD1 but only luteolin can
promote the conformational change necessary for nod genes induction [31].

It is noteworthy that the ability of each species of rhizobia to establish a symbiosis limited to a
set of host plants depends on the flavonoid mixture in the plant exudate [32], thus the expression
(or not) of nod genes in rhizobia is the result of a combination of flavonoid molecules with
stimulatory and inhibitory effect on nod genes [33-34]. It could also be hypothesized that the
same flavonoid can have different specific effects in different bacterial species, as observed
quercetin, for instance, which inhibits P. aeruginosa QS but enhance Psa QS, implying that

pathogenesis interaction supported by flavonoids could be specie-specific. Indeed, Actinidia
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exudate is rich in flavonoids, and among those luteolin and quercetin could be putative PsaR1
ligands, affecting downstream gene expression. In this context, it is interesting to note that Kiwi
plant extracts and quercetin caused a similar increase of PsaR1-NT melting temperature in
thermal shift assays, indicating that PsaR1 ligand(s) are hidden amid plant-secreted flavonoids.
It is noteworthy that the higher increase of melting temperature was obtained with Actinidia
chinensis extract, which is also the most susceptible species to Psa, although the relative content
of quercetin and/or luteolin in this or other Actinidia species was not determined and could be
the object of future research.

Finally, docking studies will be performed in order to model the possible binding between
PsaR1 and its putative ligands, although conclusive results will be difficult to obtains, in
absence of a reliable positive control to evaluate docking scores. Hence deeper biochemical
studies are needed to obtain more detailed information on PsaR1 ligand(s), such as isothermal
titration calorimetry (ITC) to characterize binding affinity of protein ligands, circular dichroism
(CD) to study differences in protein secondary structure with or without ligands, and differential
scanning calorimetry (DSC) to study the protein stability with or without ligands.

Other evidence suggesting that PsaR1 may be involved in perception of the external
environment derive from the results of our microarray analysis. For instance, the expression of
genes involved in the response to external stimuli, chemotaxis and locomotion can be
considered PsaR1-dependent, as they are downregulated in the APsaR1 mutant. Moreover,
PsaR1 seems to act as a transcriptional regulator in the early stage of apoplast colonization (4
hours), because after 24 hours of incubation in the apoplast-mimicking medium (HIM), we
could not detect any differentially expressed gene associated to PsaR1 deactivation.

In P. syringae pv. tomato DC3000, the two-component system GacS/GacA is upstream ofthe
regulatory cascade controlling the expression of several bacterial traits such as motility [35].
Similarly, GacS gene was induced in HIM because, as described in chapter 2, in this mediait
could be assumed that Psa QS components are expressed. Based on evidences of literature and
our experiments, it could be hypothesizing a signal transduction pathway in which GacS/GacA
induced in HIM could be involved in the expression of PsaR1 (similarly to what shown in Pst
[35].

Despite the Lux proteins PsaR1 is not involved in a canonical QS system, the downstream gene
expression affected are consistent with bacterial behaviors regulated by canonical QS of plant

pathogen bacteria; in fact, our microarray experiments suggest that PsaR1 is involved in the
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regulation of genes related to locomotion and chemotaxis, similarly to what observed in P.
syringae pv. syringae in which ahlR genes involved in the QS systemaffect for example
swarming motility [36]. However, Patel et al. reported that APsaR1 and wild type strains
showed a similar swarming phenotype despite a reduced in planta survival, hypothesizing a role
of PsaR1 during the infection process in planta, but not a direct involvement in swarming
motility. These evidences highlight a complex signaling network regulating Psa motility and
possibly other phenotypes.

Further transcriptomic experiments involving APsaR1 and wild type strains in presence of kiwi
extract or of the identified putative ligands, could elucidate better the role of PsaR1 in host
recognition and downstream events, possibly involved in the early steps of infection.
Therefore, based on gene functional categories enriched in the microarray results and on
information from the literature, we finally tested the effectsof luteolin and quercetin on related
phenotypes, i.e. motility and biofilm formation.

Several technical issues must be addressed to obtain a clear and reproducible swarming and
biofilm phenotypes in Psa, such as temperature, agar concentration and bacterial density, which
strongly influence P. syringae motility [37-38] and required a series of preliminary
experiments.

As described in P. aeruginosa, the principal Pseudomonas model organism, biofilm formation
and swarming motility are inversely regulated [39]; the same inverse correlation was
demonstrated also in plant pathogenic bacteria P. syringae pv. syringae, in which mutation in
ahll, ahIR and aefR genes, involved in QS, produces a hyper-motile phenotype with an impaired
production of alginates [36], an important component in biofilm exopolysaccharides. This
inverse correlation was also observed in our experiments, showing that luteolin or quercetin
treatments could increase swarming but drastically reduced biofilm formation.

As reported in P. syringae pv. syringae,genes involved in swarming and chemotaxis area
preferentially expressed when bacteria are grown in media mimicking some abiotic stress
conditions typical of the leaf surface [40] thus it can be hypothesized that the observed increased
swarming in presence of quercetin (or luteolin) could be related to the perception of flavonoids
as host plant components and that PsaR1 (as discussed above) could regulate swarming motility
to facilitate Psa entrance into leaf tissues through stomata. In this hypothesis, Psa could sense

flavonoids released from wound or secreted from glandular trichomes, as reported in Phillyrea
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latifolia (Oleaceae), in which the major secretory products are luteolin 7-O-glucoside and
quercetin 3-O-rutinoside [41].

Finally, it cannot be excluded that other LuxR solos are involved in plant perception, thus the
same phenotypes should be investigated also in presence of kiwi extract on APsaR1 but also on

the double and triple mutants, impaired in PsaR2 and PsaR3-dependent signaling.
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