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Abstract

The development of alternatives to the use of cbalrpesticides
constitutes the current challenge of the contropblaint diseases. The
stimulation of plant immune system using plant deé elicitor
constitutes an interesting approach. COS-OGA iswelnplant defense
elicitor combining fungal-derived chitooligosacdidas (COS) and plant
cell wall-derived oligogalacturonides (OGA). A tiformulation of this
product, FytoSave®, is now registered in Europecaatrol powdery
mildew in grapevine and cucurbit. Another compositof COS-OGA,
FytoSoal, is under development by Fytofend SA tcasgd the action
range of this elicitor.

This thesis aims at studying the potential usehef dlicitor COS-
OGA to protect Solanaceae against Phytophthora infestansand
Alternaria solani Bioassays were performed to evaluate the effiadcy
two formulations of the elicitor, FytoSave® and &$obl, and to
understand their modes of action. Preventive spgsyiof both
formulations were shown to reduce early and laighblof potato and
tomato. However, the levels of protection differadcording to the
formulation of the elicitor and the plant-pathogéamteractions, in
particular the types (species and strain) of pahegnd their lifestyle,
the genotypes of plant species and the environrheonalitions. FytoSol
is more efficient against the hemibiotrophic androtophic pathogens
than FytoSave®. The modes of action of both fortmts were
investigated by quantification of defense gene esgion and enzymatic
activities. Our work confirms that FytoSave® actevaa defense
response through the salicylic pathway in tomattaraction withA.
solaniand in potato in interaction with. infestansThe protective effect
of FytoSol was higher but, despite a significantgraantation of
endogenous SA in tomato treated leaves, the malecpathways
induced by this elicitor is yet not so clear. Thesuits of this thesis
demonstrated that plant defense elicitors inted#@erently with plant
depending on the plant-pathogen interactions. Eurtudies using
whole transcriptome shotgun sequencing and proteoare required to
better understand the modes of action of plantrdefeslicitors. These
information are important to optimize protectivfeet of elicitors in
order to reinforce the interest to their use fa thtegrated control and
encourage their practical use in agriculture.
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General introduction

1. Research Context

Agriculture has changed noticeabdgpecially since the end of the
Second World War. In response to human populatioowiy and
urbanization, agricultural practices have beennisifeed to meet the
growing food demand. Food productivity soared due rew
technologies, mechanization, increased chemical spsrialization and
government policies that favored maximizing product(Agricultural
Sustainable Institute, 2017). Although these changave had many
positive effects and reduced many risks in farmitngy also lead to
environmental degradation. Most crops required #ensive use of
repeated pesticide treatments to keep them hehlihyhey are costly
and have environmental side effects (Cooke e2@ll).

During the past two decades, a growing movemenstistainable
agriculture has emerged. This movement is defirethea management
and utilization of the agricultural ecosystem iway that maintains its
biological diversity, productivity, regeneration paeity, vitality and
ability to function (Van Cauwenbergh et al., 200e implementation
of sustainable agriculture has become a principadllenge for
agricultural research, practice and policy. Infied of plant protection,
the directive 2009/128/EC of the European Parliamamd of the
Council of 21 October 2009 established a framewforkCommunity
action to achieve a sustainable use of pesticigesducing the risks and
impacts of pesticide use on human health and oentk@onment. This
directive forced member states to establish natiandon plans based
on integrated pest management reducing the depeadsn pesticides
for plant protection. The regulation 1107/2009/E@aerned the placing
of plant protection products on the market and abpg Council
Directives 79/117/EEC and 91/414/EEC. This regatagnsures a high
level of human, animal and environmental protectemd provides
clearer rules to make the approval process fort gestection products
more effective.
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The new pesticide legislation scenario that coadr€EU member
states creates an opportunity to build a commorghated Pest
Management (IPM) framework in agriculture that iaseéd on a
sustainable approach (Lamichhane et al., 2015). iBMa system
approach that integrates all available preventimechanical, physical
and biological control methods combined with a paes limited
recourse to conventional pesticides. Over the thstade, increased
efforts in research and policy development haveldgid useful
knowledge and alternatives to chemical pesticidasdan help to reduce
pesticide use in agriculture in Europe (Lamichhenal., 2015).

This PhD thesis has been performed based on afotEmed
framework. The research was achieved as a part obllaborative
project between the laboratory of phytopathology tlé Université
catholique de Louvain (UCL) and the unit of reshkairc plant cellular
and molecular biology at the University of NamulNa&mur), granted by
the Walloon region (Direction générale opératiolende I'Agriculture,
des ressources naturelles et de 'EnvironnemeojeqrD31-1339). This
project aimed at studying modes of action and tbssipility to use
COS-OGA, a new elicitor of natural defense, in gnéded pest
management programs in potato. COS-OGA is a neiveatigredient
from biological origin. It was approved in 2015 fase as plant
protection product under European regulation 11@J32EC (European
commission, 2015) against powdery mildews in cuitanbd Solanaceae
and allowed to organic farming since 2016 (Europeammission,
EGTOP, 2016) It combines fungal-derived chitool@msharides (COS)
and plant cell wall-derived oligogalacturonides (@®Gvhich stimulate
the plant immunity. These characteristics make iit iateresting
candidate within the framework of IPM. This PhDdisefocuses on the
challenges associated to the use of COS-OGA irt plaxtection.
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General introduction

2. Objectives and outline of the thesis

Beside the side effects of pesticides on envirortiraed humans, the
use of pesticides by farmers for the control onpldiseases and pests
offers considerable advantages. They help farmermgréventing crop
damage by avoiding infection or infestation byikij harmful pests and
pathogens. Furthermore, they often act rapidly effectively. The use
of plant defense elicitors constitutes a distinahtool strategy which
depends on the response of the plant to the intenawith an elicitor
and can result in an elevated plant defense l@wing crop damage.
Elicitors are molecules that stimulate plant deéemgchanisms and act
thus on the plants, and eventually indirectly othpgens or pests. This
indirect effect of the elicitors deserves in-depthdies to characterize
their modes of action and limiting factors assaadatio plant responses.
The main question treated in this thesis concdragbtential use of the
elicitor COS-OGA to protecSolanaceaeagainst diseases caused by
fungi or oomycetes.

To address this question, assays were performeelvatuate the
efficacy of two formulations of the elicitor COS-@G&Ggainst early and
late blight of potato and tomato and to understaet modes of action.
These diseases are caused by two major pathofjieersiaria solaniand
Phytophthora infestanshat differ in their types of parasitism. Three
hypotheses are assumed. First, we hypothesizehbatfficacy of the
elicitor is influenced by its formulation, by thethogen and its type of
parasitism. Secondly, and based on the first seypdthesis, we assume
that plant responses which rely on the elicitoredm of action may
differ. The major impact of factors like climaticorditions, host
genotype and pathogen strain on the interactiomd®t plant, pathogen
and elicitor constitutes our last hypothesis.

To test these hypotheses, bioassays were conduratiedl controlled
conditions using two formulations of COS-OGA (Fya8® and
FytoSol) and distinct pathosystem®otato Solanum tuberosumwas
the first plant species used as host plant becpotsdo crop protection
was the focus of the research project. Afterwatdsato Solanum
lycopersicurh was used as plant model because, &vlanaceagit is

! An ecological subsystem defined by the phenomerfiparasitism
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close to potato and therefore affected by similhpgens. Tomato is
also a widely-used plant model system for studyiregcomplex network

of hormone pathways involved in host defense respollany mutants

or transgenic plants that are altered in hormorethbolism or signaling
are characterized and available. Furthermore, thelavgenome of
tomato is known and tomato grows more rapidly tpatato and it is
easy to grow (no tubers). Two distinct pathog&fgitophthora infestans
andAlternaria solani,were also successively used in our experiments to
compare the effects of COS-OGA on both hemibiotiopand
necrotrophic pathogehs

The following dissertation is composed of 6 chapt@hapter 1
gives a literature review on important topics addesl in this thesis,
including the disease triangle, the characterisifdfie plant species and
pathogens studied in this work and the methods tisecontrol the
diseases caused by these agents. Current knowtedgeechanisms of
plant defenses are also introduced because thgyaphaajor role in the
interaction plant-parasite. The COS-OGA elicitodéscribed in the last
part of this chapter. The second part of the thehapters 2, 3 and 4)
focuses on the experimental work of our researble. different chapters
were conducted as independent studies and do ohtdan the same
pathosystemsChapter 2 focuses on the effect and mode of action of
FytoSave®, againd®. infestansa hemibiotrophic pathogen on potato.
Studying the potential effects of factors as potatdtivars andP.
infestansstrains on efficacy of FytoSol is presentedcirapter 3. The
protective effect and mode of action of FytoSavef® &ytoSol against
A. solanj a necrotrophic pathogen on tomato is addressetapter 4.

In chapter 5, the hypotheses questioned above are confrontidtiaé
results and conclusions that were gathered duhiggresearch and the
research project.

Finally, a general conclusion is drawn ghapter 6, including the
new insights and the perspectives gained throughhhbsis.

2 This was encouraged by the research and thesimittaes to differentiate from Geraldine Van
Aubel’s thesis work on th8. tuberosurk. infestangathosystem.
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Chapter 1

Literature review

This literature review focuses first on an introtiloie of the ‘disease
triangle’, a basic concept in plant pathology iltaing well the
importance of the major components of a disease ahdheir
interactions to set the strategy of plant diseasdrol. This conceptual
model is also used to predict epidemiological outes in plant health,
both in local and global communities (Scholthofd2 An overview of
the major components of the diseases referred thisnwork is then
provided. The second part of this review concehesdvolution of pest
management strategies in crop protection and tkenpal role of plant
defense elicitors. Current knowledge on plant imensystem is given in
order to help understanding modes of action of tpthiefiense elicitors.
The last part of this review introduce to the COSA elicitor.

1. The disease triangle: a fundamental principle in
plant pathology and disease control

The disease triangle (Figure 1.1) is one of that ficoncepts
encountered in an introductory plant pathology seurThis triangle
illustrates one of the paradigms in plant pathojdbgt is, the existence
of a disease caused by a biotic agent absolutglyiress simultaneously
the interaction of a susceptible host, a virulemthpgen and an
environment favorable for disease development @fr&001). Each of
the three components can display considerable ti@risand as one
component changes it can affect the disease sgvEdt example, the
pathogen may be of a less virulent race, some glartome more
resistant with age or environmental conditions rbaytoo dry for the
pathogen to infect the plant.
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Effect of COS-OGA against the hemibiotrophic pa#mB. infestans

susceptible
host

no
disease

favourable

U _/ environment
\\.*__.___/

Figure 1.1 :The disease triangle illustrating the phenomenoplart disease as
the interior space of a triangle with the threecatial factors (susceptible host,
favorable environment for disease, and pathogemhetvertices. Variation in

the ‘strength’ of the contributions of these fasttw the relationship (‘strength’
is indicated by the size of the circles) will qutattvely alter the severity of the

disease, which will be shown by a change in the arethe central disease
envelope (Moore et al., 2011).

pathogen

Some plant pathologists have suggested elabordkiagdisease
triangle by adding additional parameters, such asiam activities,
pathogen vectors and time (Francl, 2001). Humairiggtin agriculture,
contributes widely to the disease triangle becausmpacts all three
factors aforementioned. This activity can profoyndhffect the
occurrence and severity of plant diseases. Diseas¢ors are not
essential to all plant disease even though they alaritical role in
vector-borne diseases. They are only worth inclydim those special
cases, when it connects the host and pathogere®rthis arrangement
emphasizes the dependence of the pathogen on dterv&he last
additional parameter, time, is an essential dinmmgA disease does not
occur instantaneously. Time is required for thenpgén to infect the
plant and to produce characteristic lesions as wsellto produce
sporulation. A prolonged period of time can alsapsk between
infection of the plant and symptom expression (Maetral., 2011).

The disease triangle illustrates quite clearly timeée components are
required simultaneously to cause a diseamkthat an array of factors or
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conditions can hamper a disease. This thesis @msderstanding how
the elicitor COS-OGA can interfere with the othemponents of the
disease triangle and activate plant defense depgrati the host, the
pathogen and the environment. The following sestidetail the actors
of the disease triangle that were used throughustthesis. The ways
used to control these diseases are also described.

1.1. Hosts

In the disease triangle, the host is the planifitSeme plant species
can be infected by many pathogens, others onlyesdfom particular
ones. All plants have a range of susceptibilitesatrange of diseases.
Our work focuses on two species from the geSokanum This is a
large and diverse genus of flowering plants, whidcludes two
important food crops of the highest economic imgioce, potato
(Solanum tuberosuyrand tomato $olanum lycopersicumTomato has
also several characteristics that makes it an igkzait model for plant
research. These two species are briefly presentiiksi section.

1.1.1. Potato

Potato Golanum tuberosum is an annual herbaceous,
dicotyledonous plant originating and domesticated the Andean
mountains of South America. It was first reportadelurope before the
end of the sixteenth century. This annual croprasvg worldwide and
belongs to the most important food crops in the

family (Singh and Kaur, 2016). In Europe, 1.6 il hectares of
potatoes are grown and Belgian potato productigmesents less than
5% of this area (Eurostat, 2014). The potato isvtbed’'s number one
non-grain food crop and the fourth main food cropwn in the world
after maize, rice and wheat (Cunnington, 2008js klso an important
source of vitamin belonging to the B and C groupd & supplies a
variety of dietary nutrients like potassium, magaesand phosphorus
(Prokop & Albert, 2008).

Potato plants produce flowers and berries thataiorit00-400 true
potato seeds. These true potato seeds (TPS) arealled "botanical
potato seed" to differentiate them from "seed pasit which are
genetically identical clones produced in large narslby planting pieces
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of a potato stem, tuber or through tissue cultBrepagation from TPS
is common in potato breeding programs. In contiasnost commercial
production, potatoes are vegetatively propagated fseed potatoes
(Stevenson et al., 2001).

Potato is a particularly valuable and importantpcho Europe but
current farming practices come at a high envirortaleand financial
cost. A huge amount of fungicides are used to ptdtee potato from
potato late blight. The use of varieties with resise to late blight
would be a sustainable and environmentally friengly of cultivating
potatoes. Several resistant potato varieties haea beveloped but the
ones currently available suffer of defects, suchaate, color, shape and
process ability, making them unappealing to consamend the
processing industry. As a result, these varietiedhardly cultivated. For
this reason, the majority of the potato productioea is covered by
susceptible varieties. For example, potato ‘Bintje’, sensitive to the
late blight, accounts for more than half of the dtah potato
(Landbouwcentrum Aardappelen, 2016).

The genome of the tuber crop potato was known s (The
Potato Genome Sequencing Consortium, 2001). Comaouitivated
potato varieties are autotetraploid (2n = 4x = 483hly heterozygous,
with a basic chromosome number of 12. There areaillivated species
at the diploid (2n = 2x = 24) to pentaploid (2n =5x60) levels. The
triploid and pentaploid cultivated species are gramnly on highland
plateaus and slopes of the Andes, but diploid vatitd species are
grown more widely and also used for breeding tédreprarieties. Wild
and cultivated potato genetic resources providariety of reproductive
and genetic features associated with species eliffiation and breeding
applications (Watanabe, 2015).

1.1.2. Tomato

Tomato Golanum lycopersicum.)Lis a dicotyledonous species. It
originated in western South America, and domestinais thought to
have occurred in Central America (Kimura and SinB&08). The
Spanish conquistadors most likely sent the firgdseto Spain in the
early 1500s. The fruit gained little attention ipa#, but soon traveled
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to Italy, a country that embraced tomatoes witlagpassion. In Europe,
the production is estimated at 16.8 million tongarhatoes in 2014, of
which approximately two thirds come from Italy aBgain (Eurostat,
2014). In Belgium, 500 ha tomato are grown undeassihiouse in
Flanders (De Blaiser, 2016).

In addition to its worldwide cultivation and econgmmportance,
tomato has several characteristics that make ideal dicotyledonous
model to investigate various physiological phenomebecause of a
relatively compact genome (950 Mb) combined witnarker-saturated
genetic linkage map, rich germplasm collections &ighly efficient
transformation protocols (Carvalho et al., 2011)e Tomato genome of
the cv. ‘Heinz’' 1706 was sequenced in 2012 and sakehe tomato a
very popular alternative system for plant reseafdie tomato
consortium, 2012). The genome $8f lycopersicuntv. 'Moneymaker',
used in this thesis, was also sequenced thanke tieeterence genome of
the S. lycopersicuniHeinz 1706 (The 100 Tomato Genome Sequencing
Consortium, 2014).

1.2. Pathogens

Potato and tomato plants are host of many pathogemrjanisms
including fungi, bacteria, viruses, phytoplasmasg aematodes. Fungi
and Chromista are important groups of potato amdato pathogens.
Early and late blight, caused Alternaria solaniand Phytophthora
infestans respectively, are the most important diseasesechby them,
but other fungal diseases also affect these plpatias: anthracnose
caused byColletotrichum coccodedusarium wilt caused byeveral
Fusarium spp.,gray mold caused botrytis cinerea Several plant
pathogenic bacteria can also severely affect tomsatend potatoes
during the growing season and the storage. For phear@lavibacter
michiganensisis the agent of bacterial ring roRectobacterium
carotovorumis the agent of the aerial stem rot or tuber softand
Ralstonia solanacearuns the agent of the brown rot. Similarly, some
viruses and viroids are extremely important pathsgef potato and
tomato plants. Most of them can be readily transaiin symptomless
seed tubers from generation to generation, but gmak and viroid is
also specifically transmitted by another mode, sashby insect or
nematode vectors or by mechanical meaRetato leaf roll virus
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(PLRV), Potato Virus X(PVX), Potato virus Y(PVY), Tomato mosaic
virus (ToMV) or Potato yellow mosaic virugPYVV), Potato spindle
tuber viroid PSTVd are some exampleblematodes likévieloidogyne
spp. or insects likdactericera cockerellare also important pests that
damage plants. They also transmit diseases like libeterium
‘Candidatus Liberibacter solanacearurttie putative causal agent of
zebra chip disease of potato transmittedBbycockerelli(Stevenson et
al., 2001).

As mentioned above, fungi and oomycete organisme an
important group of potato and tomato pathogens. grtbem, first and
foremostPhytophthora infestanbut alsoAlternaria solanj the causal
agents of late and early blight, respectively, eduserious diseases. As
our research focuses on pathosystems associateds® pathogens, we
described the two diseases caused by them in libevilog sections.

1.2.1.Late blight

Potato late blight is the most famous and probatly most
important disease ofolanaceae It is caused by the oomycete P.
infestans. The Oomycetes are a large group of terrestrial amaatic
eukaryotic organisms. Although they superficialgsemble fungi in
mycelial growth and mode of nutrition, moleculandies and distinct
morphological characteristics place them in thg#om Chromalveolata
(phylum Heterokontophyta) with brown and goldenaglgand diatoms
(Heffer Link et al.,, 2012)P. infestansis well known for its causal
involvement in the Irish potato famine after intwotion of the HERB-1
strain to Ireland from the Americas, which totadlgstroyed staple crop
during 1845 and 1846. This led to the death of milkon people and
the displacement of another million refugees (Nd&wiet al., 2011).
Potato late blight is still among the worst crogedises of the world
despite much research efforts over the years (Z098). Even using
resistant potato varieties and effective fungicidgebal losses caused
by this disease (costs of control and damage) dimated to 4.8 billion
euros per year (Haverkort et al., 2008).
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The life cycle of the causal agent and its highuleince are
associated to the severity of the dise&ednfestansan reproduce both
sexually and asexually as presented in the Figizre 1

Figure 1.2 : Life cycle oP. infestangAgrios, 2005)

Asexual reproduction is the major contributor tademics of the
late blight with an entire cycle realized in thi@eseven days depending
on the environmental conditions. This rapid cydleves several cycles
of infection to occur within a growing season. he tasexual formpP.
infestans produces, on sporangiophores, sporangia containing
biflagellate zoospores inside. This type of repaiun facilitates rapid
population growth and serves as the major vehicieind) epidemics
during the season. As long Bsinfestangemains exclusively asexual in
an area, there are two primary mechanisms by wiiehpathogen can
occur in a field: via plant debris surviving in sfsom the previous year
and via aerial transport of sporangia from outsiderces (Aylor et al.,
2001). In response to temperature, sporangia gatenfiorming a germ
tube at 18°C-24 °C or release zoospores at 8°C-Btinfect leaves,
stems, and potato tubers (Goodwin et al., 1998psHeuwers et al.,
2000; Judelson & Blanco 2005). Encysted zoosparss their flagella
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and produce germ tube to develop appressoria fdeepis penetration
(Judelson & Blanco, 2005). After penetration, thathpgen then
establishes a biotrophic interaction with the heptint and forms
haustoria from which nutrients are taken up. Thrbphic phase is
followed by a necrotrophic phase (Vleeshouwerd.e2800; Avrova et
al., 2007). Necrotrophism leads to formation ofides on infected
tissue. Mycelium emerges through the stomatal ogsnwithin 3 to 5
days and produce new sporangia for a secondargtiofie(Kamoun et
al., 1998).

A sexual reproduction can also be involved in fifie ¢ycle of P.
infestans but is less frequent than asexual reproductorinfestangs a
heterothallic organism with two known mating typesl and A2
(Brasier, 1992). In close proximity, both the mgtigpes Al and A2 can
induce their reproductive structures called antli@rand oogonia which,
after fusion, can produce dormant oospores. Thespaoes can survive
for long periods in plant debris or soil. Germingtioospores produce
sporangium under favorable climatic conditions awdablish a new
infection cycle.

Unlike most plant pathogenB, infestansan infect the distinct parts
of plants: foliage, stems, fruits or tubers. Symmcare first small, dark
and circular to irregularly shaped lesions on stemd leaves (Figure
1.3). These usually appear in the lower leaves avimicroclimate is
more humid. During cool and wet weather conditidesjons enlarge
rapidly and become water soaked. In tomato plamisction of green or
ripe fruit produces large, irregularly shaped broblotches. Infected
fruits rapidly deteriorate into foul-smelling mass&Vith the progression
of disease, production of sporangia gets startetadded sporangia fall
into leaves, stems or soils and start to infecvdea stems, fruits or
tubers in potato plants. Tubers in the early inéecget slightly brown or
produce purple blotches on the skin and later tdeeays rapidly before
harvest.
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Figure 1.3: Symptoms of potato late bliglat. Infection of Phytophthora
infestanson potatoes cv. ‘Challenger’ (photo: Gil Colau, JCb. Foliar
symptoms on potatoes cv. ‘Bintje’: first small, kland irregularly lesionsc.
Foliar symptoms on potatoes cv. ‘Bintje’: largeiées which become water
soaked.d. Sporulation on potato leaves cv. ‘Bintje’ (photalain Decroés,

UCL).
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1.2.2.Early blight

Early blight, caused bilternaria solani Ellis & Martin) Sorauer, is
well known in tomato production to be economicalig most important
disease. Worldwide, this pathogen is also one ef rtfost important
foliar pathogens of potato, generating yield lossdésup to 30%
depending on location, cropping season and stageotato maturity
(Olanya et al., 2009). In recent years, early hligfections have been
detected with increasing frequency in various etabwing areas of
Europe (Runno-Paurson et al.,, 2015; Edin & Anderss2014). In
tomato, crop losses of up to 79% due to early bigére reported from
Canada, India, USA, and Nigeria (Gwary & Nahunnd@98; Sherf &
MacNab, 1986; Datarm & Mayee, 1981; Basu, 1974YimgustorageA.
solani can cause dry rot of potato tubers and also rediarage length,
both of which diminish the quantity and quality wiarketable tubers
(Olanya et al., 2009).

A. solaniis a mitosporic fungus which belongs to the asamtey
phylum in the classDothideomycetesand order Pleosporales
(Lawrence, 2013). As a necrotrophic pathogen, titagxs nutrients from
death cells killed prior or during colonization. Tielp cell necrosis and
leakage of nutriments, such pathogens produce xts. In the case
of A. solanj the most toxic compound produced is alternarid,achost
specific toxin essential for the pathogenicity awidulence of the
pathogen (Langdsorf et al., 1990).

A. solanihas no known sexual stage and the genetic variatizong
strains can be explained by hyphal anastomosidl &#fdexander 1957;
Stall 1958). The fungus survives between successigp seasons as
mycelium or conidia on decaying plant debris oraent infection in
seeds (Rotem, 1994) (Figure 1.4). Under free m@sbu near-saturated
humidity at a wide range of temperatures (8-32%0)idia ofA. solanj
can germinate to produce one or more germ tubeshwbevelop
appressoria for leaf epidermis penetration or etitesugh stomata or
wounds by hyphal growth (Simmons et al., 2007)eAfienetration, the
pathogen uses necrotrophic nutrition facilitatedelmgymes (cellulases,
pectin methyl galacturonase) thdégrade the host cell wall and by
toxins that kill host cells (Rotem 1994). Lesiorezbme visible into two
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or three days after infection, and spore productiocurs onto three or
five days later. The relatively short disease cytlthe fungus allows for
polycyclic infection (Sherf & MacNab 1986; Chaera&i Voorrips,
2006).

New conidia 8
&

produced - !
p on infected g B @
l/-ISSLIES

Penetration through wound Invasion of stem or fruit

Conidiurm \

Figure 1.4 : Life cycle oA. solani(Agrios, 2005)

Early blight is principally a disease of aging gldissues. Lesions
first appear on older and lower leaves with smadgwnish to black
lesions (Figure 1.5). Leaf spots enlarge in diameta characteristically
concentric fashion. The area around the spot megrbe yellow and dry
out. On stems, spots are gaunt with no clear cosit@n tomato plants,
the fungus occasionally attacks fruit at the stemd, ecausing large,
sunken areas with concentric rings and a blackietglappearance. On
potato, tuber lesions are dry, dark and pressediet tuber surface, with
the underlying flesh turning dry, leathery and bmovduring storage,
tuber lesions may enlarge and tubers may beconieekid (Kemmitt,
2002).
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Figure 1.5: Symptoms of early bight a. Foliar syomps on potatoes cv.
‘Markies’ (photo: Alain Decroés, UCL). b. Foliar mptoms: beginning of the
infection with small, brownish lesions o&. solani on tomato leaves cv.
‘Moneymaker’. c. Foliar symptoms on tomato leaves ®oneymaker’.

1.3. Environment: abiotic and biotic factors

The outbreak of a disease requires not only thleraotion between a
virulent pathogen and a susceptible plant but afsecific ecological
conditions. Favorable environmental conditions udel all abiotic
factors, such as moisture (e.g. air humidity, @infnd irrigation),
temperature, sunlight, wind, nutrition and soil lifyaas well as biotic
factors, such as beneficial microorganisms andfedators that might
interfere with the pathogen or the plant (Legréne Buveiller, 2010).
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In the case of potato late blight, the disease Idpweent is favored
by moderate temperatures (15°-25°C) and wet camditilt can develop
in very warm daytime temperatures (ca. 35°C) if ditons are
extremely wet and night temperatures are moderHsé-Z0°C) (Fry,
1998). For tomato early blight, the minimum temper@ for infection
can be as low as 10 °C, the maximum> 35 °C, andptiemum between
20 °C and 30 °C. Rainy weather or heavy dew (90%itiity or greater)
also favored disease development (Van der Waalls, 001).

2. Disease control: How to break the disease triangle
in a sustainable way?

As explained above, the occurrence of a diseassedaby a
biological agent absolutely requires the interactid a susceptible host
with a virulent pathogen under environmental caodg favorable for
disease development. This basic concept of ‘dist@segle’ in plant
pathology is also well adapted to illustrate hovptevent a disease. The
mechanisms that contribute to pathogenesis camealthought of as
modifying the disease triangle by reducing or atiaing one of the
corners of the triangle or by interfering in theemaction between
triangle’s components (Moore et al., 2011).

In the actual agricultural systems, diseases aialyneontrolled by
repeated fungicide treatments, using fungicide$ wifferent modes of
action. Up to one application a week is requiregdrivent or control late
blight under favorable conditions. For early bligtiie application of
foliar fungicides is not necessary in plants at tlegetative stage.
Accordingly, spraying should commence at the Bigh of disease or at
the row closure. The frequency of subsequent sprglysuld be
determined according to the cultivar (Warton andod/02013). The
control of these diseases is first based on theeptin of primary
infection using contact fungicides (Euroblight, ZDlwhich prevent
spores from germinating and infecting the potatmplf applied prior to
spore release. However, once the infection hasratwand the fungus
has penetrated the leaf, it will no longer contie# disease. Systemic
fungicides are absorbed into the plant and areslvaated. As a
conseguence, they can be curative. A whole rangerattive fungicides
are registered in Europe to control late and eblight (Euroblight,
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2017). Each fungicide has its own mode of actidficacies and other
characteristics. However, resistance to some gobgprative fungicides
has been already reported (Warton and Wood, 2083jthermore,
fungicide treatments are costly and do have enmisnal side effects
(Cooke et al., 2011).

Environmental policies and an increased public eamaelated to
the environmental effects of fungicides, encourdige use of other
prophylactic methods to control diseases. The eighg of European
environmental policies led to the implementatiorvaioEU directives
and regulations. These aim at harmonizing reguiabetween member
states and, especially, to decrease environmeatdhmination as well
as to increase safety of plant production proddotsfarmers and
consumers (Hillocks, 2012). A new legislative framek on pesticides
has been adopted by the European Parliament andCthecil:
Regulation (EC) No 1107/2009 of the European Radiat and of the
Council of 21 October 2009 concerning the placihglant protection
products on the market and repealing Council Divest 79/117/EEC
and 91/414/EEC. This Regulation aims at ensuringigh level of
human, animal and environmental protection as wasllto provide
clearer rules to make the approval process fort glestection products
more effective (Hillocks, 2012; Skevas et al., 20V8laverde et al.,
2014). It has been estimated that the implemematd the new
Regulation would lead to the removal of 20% to 56f4he available
active ingredients, even if part of it is seen aseatial for plant
protection (Hillocks, 2012; Lamicchane et al., 201%he fungicide
availability is now declining as a result of thisw legislation and the
evolution of resistance in pest populations. Therderefore an urgent
requirement for alternative tactics to make cromtgmtion more
sustainable. Many experts promote Integrated Pestalgement (IPM)
as the best way forward, and the EU has placedd&hrally within its
2009 Sustainable Use Directive on pesticides (EFeanpParliament,
2010).

IPM means the careful consideration of all avadapkst control
techniques and subsequent integration of apprepnaéasures that
discourage the development of pest populationskaeg pesticides and
other interventions to levels that are economidaltyified and reduce or
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minimize risks to human health and the environm#?t emphasizes
the growth of a healthy crop with the least possitikruption to agro-
ecosystems and encourages hatural pest controlamieafis. It is an
ecosystem approach to crop production and protedhat combines
different management strategies and practicesaw gealthy crops and
minimize the use of pesticides (FAO, 2017). In thpproach, careful
monitoring of pests and their natural enemies akert into account
(Bajwa and Kogan, 2002; Flint and van den BoscB119The aim is not
to eradicate pest populations but rather to mattegya below levels that
cause economic damage (Chandler et al., 2011).

The control strategies include the use of cropiva bred with
total or partial pest resistance. Potato breedimdate blight resistance
was one of the earliest practices to reduce thielence of disease by
means of genetic improvement (Bengtsson, 2013pokato breeding,
two varietal resistances to late blight were udddséard et al., 2010):
the quantitative resistance and the race-specifigeRe breeding or
"gene-for-gene" resistance. The quantitative rast# based on
polygenic determinism, is thought to be much maesistent. The race-
specific resistance states that a single resist@Rcgene product in the
plant is required for recognition of a single pmotencoded by a
pathogen avirulence (Avr) gene. The recognitiorswth an Avr factor
results in the activation of plant defenses thatmmate in a
hypersensitive response (HR) and local cell dehtiially Solanum
demissum was used as source of resistance. Manelth&-genes were
found in this species. The last years, many nevstegge sources have
been found in several wild species. Isolation ofdRes from these
sources is more and more possible through map lwdeeithg and allele
mining. Therefore, the use of combinationsPiyenes with different
spectra must be pursued to increase durabilityesiStance and thereby
providing food security under no or little fungieidapplication.
Cisgenesis is a promising approach that introdneé&se genes from the
crops own gene pool using GM technology, therebgimang favorable
characteristics of established varieties (Jo eR@all4).

Control strategies amongst IPM also include goodicalural
practices, such as crop rotation, intercroppingrater sowing, physical
methods, such as mechanical weeders and decisipporsusystem
(DSS). A thorough knowledge of disease epidemiologkes it possible

31



Effect of COS-OGA against the hemibiotrophic pa#mB. infestans

for predictive models to forecast infection or @ise occurrence
(Madden et al., 2007). Decision support tools imfdarmers when it is
economically beneficial to apply pesticides. Thes®lude the
calculation of economic action thresholds, phenickigmodels that
forecast the timing of pest activity and basic pesiuting. These tools
can be used to move away pesticide application frontine calendar
spraying to a supervised or targeted program (Qearet al., 2011).
Across Europe, there is a variety of decision-supggstems aiming at
ensuring efficient spraying against late blightpmtato, such as a Guntz-
Divoux-based model in Belgium, Guntz-Divoux/Milsoh France,
NegFry in Denmark, PhytoPre+2000 in SwitzerlandARI-Plus and
ProPhy in The Netherlands and Simphyt in GermarchéBers, 2004,
Wander et al., 2006; Small et al., 2013). Everuiidicide choice and
application timing is driven by decision supporstgyms, a complete
growing season usually requires 10 to 20 sprayrarhieve an efficient
control of late blight (Haesaert et al., 2015).

Other strategies exist within IPM like the use aldgical control
with natural enemies, including predatory insectd mites, parasitoids,
parasites and microbial pathogens used againstri@brate pests,
microbial antagonists of plant pathogens and miatopathogens of
weeds (Chandler et al., 2011). Natural or synthptmducts, such as
semiochemicals, biocidal plant extracts or eligtare also a group of
crop protection tools used in IPM (Chandler et2011). The elicitation
of plant defense by natural and synthetic compowadied elicitors is a
novel strategy based on the induction of similafedse responses in
plants, similarly to a pathogen infection (ThakurS&hal, 2013). Some
chemical inducers of disease resistance like baraitizol (BTH) orf3-
aminobutyric acid (BABA) have already been testeddontrolling the
severity of late blight disease in potato. Ressitisw varying efficiency
depending on the product tested, the potato cultiva theP. infestans
strain (Sharma et al., 2010). Their use in IPM@&gtural practices could
minimize the application of chemical pesticides amhtribute to the
development of sustainable agriculture. The modeation of these
compounds is however still sometimes unknown. Thapplication
requirements also differ from chemical productsheiter understanding
is necessary for them to be broadly used in agucail
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3. Plant immune system: current concepts and
mechanisms

This section focuses on the description of knowdedy the plant
immune system. As a perquisite of this PhD theflig defense
mechanisms resulting from the plant-pathogen iotema and
contrasting according to the lifestyle of the pago are also presented.

3.1. The zig-zag and co-evolutionary models

Despite plants being fixed to the ground and imtitng with a
variety of plant pathogens, they show a resistancthe majority of
pathogen. This suggests an innate immune syst@wiaf the plant to
escape from pathogen infection. Plants, unlike malsmack mobile
defender cells and a somatic adaptive immune sydtestead, they rely
on the innate immunity of each cell and on systesignals emanating
from infection sites (Jones and Dangl 2006). Inendécyears, many
research studies allowed to better understand #g@hamisms involved
in plant defense and are summarized hereafter.

It is usually recognized that the first layer ofetise prevention in
plant consists of a passive physical barrier comgpas the cuticle and
cell walls which prevent the entry of pathogense Becond resistance
layer is an active mechanism called hypersensitegponse (HR)
(Freeman and Beattie, 2008). It corresponds tga reell death in the
local region surrounding the infection. Both resgem belong to an
“incompatible plant-pathogen interaction”. In tkituation, the pathogen
is called “avirulent” and the plant host is definasl “resistant”. To the
opposite, when a “virulent” pathogen interacts vetfsusceptible” plant
host, a “compatible interaction” can occur and eadisease.

The perception of a pathogen by a plant takes @ateo locations:
in apoplasm and inside the cell (Win et al., 2012)2006, Jones and
Dangl (2006), proposed a simple coevolutionary rhooke plant—
pathogen interactions, called the ‘zig-zag’ modehich encompasses
two branches of the plant immune system (Jones empl, 2006).
Although this model is now questioned (Pritchard &irch, 2014) by
recent studies, the clear schematic representafighe plant immune
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system in this model constitutes a good basis paéx the successive
and distinct responses of a plant to a pathogech Eip is illustrated in
the figure 1.6.

High PTI ETS ETI ETS ETI
% A 'y
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Figure 1.6: A zigzag model illustrates the quantitative outputof the plant
immune system (Jones & Dangl, 2006).

The ultimate amplitude of disease resistance orepiility is proportional to
[PTI — ETS + ETI]. In phase 1, plants detect mi¢at/pathogen-associated
molecular patterns (MAMPs/PAMPs, red diamonds) WRRs to trigger
PAMP-triggered immunity (PTI). In phase 2, succebgfathogens deliver
effectors that interfere with PTI, or otherwise leleapathogen nutrition and
dispersal, resulting in effector-triggered susdality (ETS). In phase 3, one
effector (indicated in red) is recognized by an NBR protein, activating
effector-triggered immunity (ETI), an amplified eéwn of PTI that often passes
a threshold for induction of hypersensitive celdtte(HR). In phase 4, pathogen
strains are selected that have lost the red effeetod perhaps gained new
effectors through horizontal gene flow (in blue)-eg¢k can help pathogens to
suppress ETI. Selection favors new plant NB-LRFRle# that can recognize
one of the newly acquired effectors, resulting agaiET]I.

The first phase in the plant-pathogen interactiondacts to the
PAMP-triggered immunity (PTI) (figure 1.6; Figure 1.7, step 1). It
relies on the recognition by the cell surface pattecognition receptor
(PRRs) of conserved microbial signatures termedhqeen-associated
(or microbe-associated) molecular patterns (PAMPSYNAS).
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Figure 1.7:Schematic of the plant immune system (Dangl et aR013)
Pathogens of all lifestyle classes (color coded lahdled) express PAMPs and
MAMPs as they colonize plants (shapes are colordoa the pathogens).
Plants perceive these via extracellular PRRs arntlatan PRR-mediated
immunity (PTI; step 1). Pathogens deliver virulemdfectors to both the plant
cell apoplast to block PAMP/MAMP perception (nobam) and to the plant
cell interior (step 2). These effectors are adar@s® specific subcellular
locations where they can suppress PTI and fadliteirulence (step 3).
Intracellular NLR receptors can sense effectorthiae principal ways: first, by
direct receptor ligand interaction (step 4a); sécdny sensing effector-mediated
alteration in a decoy protein that structurally ngisnan effector target, but has
no other function in the plant cell (step 4b); ahidd, by sensing effector-
mediated alteration of a host virulence targete ltke cytosolic domain of a
PRR (step 4c). It is not yet clear whether eachthefse activation modes
proceeds by the same molecular mechanism, nocisat how, or where, each
results in NLR-dependent effector-triggered immygETI).

PAMPs/MAMPs are defined as invariant epitopes withmolecules
that are fundamental to the pathogen’s fitness,elyiddistributed
amongst different microbes, absent in the hostrandgnized by a wide
array of potential hosts (Schwessinger & Zipfel020 Various PAMPs
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have been identified, such as the bacterial flaggfig22), harpin,

elongation factor (EF-Tu), peptidoglycan, lipop@gsharide, cold shock
protein and fungal chitin, necrosis-inducing proteiransglutaminase,
cryptogein and elicitin (Boller and Felix, 2009;|Rad Pieterse, 2012).
In addition to sensing pathogen invasion by meahsPAMPs or

MAMPs, plants are also able to sense infectiousesahodified-self via

damage (or danger)-associated molecular patterA81{3), like plant

cell wall fragments or peptides derived from clahvend degraded
products, including oligogalacturonides, prosysteniiydroxyproline-

rich systemins, proPeps and phytosulphokines (Yauotdgt Huffaker,

2011; Ferrari et al., 2013; Wu et al., 2014). larmps, DAMPs are cell-
derived and initiate and perpetuate immunity inpogse to trauma,
ischemia, and tissue damage, either in the absencpresence of
pathogenic infection (Tang et al, 2012). They ir@wc set of basal
responses such as indirect and direct antimicrobffelcts (cell wall

strengthening and anti-microbial agents) and atseesas signals (prime
defense responses) (Heil & Land, 2014).

Plants perceive PAMPs, MAMPs or DAMPs through Ratte
recognition receptors (PRRs) localized on the ptasmembrane (Figure
1.7). PRRs are the sentinels of the apoplasm,cdedi to PAMP
sensing. PRRs comprise a ligand-binding ectodoraathare separated
between two classes: the receptor-like kinases @Rldt receptor-like
proteins (RLPs). RLKs are composed of an ectodonpaitentially
involved in ligand binding, a single-pass transmeanb domain, and an
intracellular kinase domain. RLPs have a similancdtiral organization
but lack the intracellular kinase domain (Macho &ipfel, 2014). PRR
ectodomains can contain leucine-rich repeats (LRRSine motifs
(LysMs), lectin motifs, or epidermal growth faci@GF)-like domains.
LRR-type PRRs bind to proteins or peptides, sucbhaaserial flagellin
like the 22 amino-acids sequence originating frdegdllin (Flg22),
bacterial elongation factor EF-Tu, or endogenousgtiges (Pep)
(Chinchilla et al., 2006; Macho and Zipfel, 2014unSet al., 2013;
Yamaguchi et al., 2006; Zipfel et al., 2006). PR&staining other
domains are involved in the recognition of carbohye-containing
molecules, such as fungal chitin, bacterial pepfigkans (PGN),
extracellular adenosinetri-phosphate (ATP), or ptatl-wall-derived
oligogalacturonides (OGA) (Couto and Zipfel, 20Mrcho and Zipfel,
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2014; Pel and Pieterse, 2012). After recognitiothefr specific ligands,
PRRs trigger a range of universal molecular, phggioal and

pathogenesis-related responses including ion fla@ess the plasma
membrane, increased intracellular *Caoncentration, production of
reactive oxygen species (ROS), mitogen-activatedtepr kinase

(MAPK) cascades, protein phosphorylation, cell wadinforcement,

receptor endocytosis and protein—protein interactind rapid induction
of defense genes, largely regulated by WRKY trdapgson factor

(Nicaise et al., 2009; Tena et al., 2011). All thesents trigger PAMP—
triggered immunity (PTI) also called basal immunity horizontal

resistance.

In response to this basal plant immunity, some esgfal pathogens
have evolved and deployed molecules called effedtoat contribute to
pathogen virulence and especially can interferdn VAT| (Figure 1.7,
step 2 and 3). This results @ffector-triggered susceptibility (ETS)
which is the second phase of the zigzag model (Eigli6). All
pathogenic microbes are expected to encode effedtmt suppress
PAMP-triggered defenses. Up to now, the best clenized effectors
come from the phytopathogenic bacteria. Six tydeseoretion systems
are known in Gram-negative bacteria (Tseng et2809) of which the
type Il secretion system (T3SS) appears to bentbst important for
virulence. By the T3SS, plant pathogenic bacterigect multiple
effectors into the host plant, suppressing PAMPed&$ responses.
Without a functional T3SS, they only induce thenmry defense
response and are not pathogenic (de Wit et al.7)200 recent years,
research on fungal and oomycete effectors has Iyaigereased the
knowledge of how these effectors function withire thlant cell to
promote disease. Effectors from fungi and oomychteg& been shown
in the host cell and in the apoplastic space betwadjacent cells
(Giraldo & Valent, 2013). Within the host cell, eftors interact with
numerous plant components to alter plant metabolisignaling
pathways and gene transcription to manipulate thantpdefense
response. For example, effectors Pslscl fRimytophthora sojaeand
Vdiscl fromVerticillium dahliaeare required for full virulence of both
pathogens and reduce the amount of salicylic adig¢nwexpressed
within plant cells (Liu et al., 2014). Effectorsicalso be released in the
apoplastic space where glucanases and chitinasgzr@auced by host
plants to disrupt the pathogen cell wall and stop pathogen from its
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progression. These enzymes also release MAMPatbatcognized by
plant PRRs and conduct to the production of phgtaak, PR proteins,
ROS, and lignins (Sanchez-Vallet et al., 2014). e&ffrs from
filamentous pathogens that function in the apoplese shown to play a
central role in blocking these plant responses imadety of ways
(Sharpee & Dean, 2016). For example, chitin, a -afedlracterized
MAMP, is competed by effectors like Slpl frolkagnaporthe oryzae
(Chen et al., 2014; Mentlak et al., 2012) or EcpsnfCladosporium
fulvum (de Jonge et al., 2010) with the chitin-elicitanding protein
(CEBIP) and chitin elicitor receptor kinase 1 (CERK T These two
receptors are well characterized PRR proteinsrtigatiate PTI (Kaku et
al., 2006; Miya et al., 2007). Other effectors thhase located within
the host plant cell or apoplast also exist butrtlegiation within the plant
cell are ambiguous or unknown. CfTom1 fr&n fulvumis a glycosyl
hydrolase effector (GH10) that interacts with aetbdifies the steroidal
glycoalkalid a-tomatine from tomato, which constitutes a chemical
barrier against a wide range of fungal and badtpathogens (Okmen et
al., 2013). Althougho-tomatine was shown to be present in both the
plant cellular vacuole and within the apoplast dgf€. fulvuminfection,
the exact location where CfToml operates to detositomatine is
currently unknown (Okmen et al., 2013, Sharpee &MD016).

Unlike animals, plants do not have an adaptive imengsystem to
eliminate pathogens that have entered their intatae spaces and
vascular systems. Nevertheless, plants have deael@ secondary
defense response. This is triggered upon speddfiognition of an
effector termed pathogen avirulencaviy protein by specific plant
disease resistanR) protein (Chisholm et al.,, 2006; Jones & Dangl,
2006). This relationship is a gene-for-gene (GH@graction (Jones &
Dangl, 2006). After activation, a local defensepmsse induces a
hypersensitive response (HR, a localized programroell death
response) or hypersensitivity followed by an incatiplity interaction.
This plant defense response is calleffector-triggered immunity’
(ETI) and is the third phase of the zigzag model (figu Figure 1.7,
step5) (Jones & Dangl, 2006). R-proteins are ergtdyeplant R-genes.
Different classes of R-genes exist but the two mel@sses are the NB-
LRR genes that produce intracellular proteins witichtain a nucleotide
binding site (NB) and leucine-rich repeats (LRRggKHale et al., 2006)
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and the cell surface PRR (Song et al., 1995). Theejm products of the
PRRs contain extracellular, juxtamembrane, trandonene and
intracellular non-RD kinase domains (conserved nangi (R) located
adjacent to the key catalytic aspartate (D) alded¢®D motif (Dardick
and Ronald, 2006). Analysis of the fully sequenamddel plant
Arabidopsis thaliana ecotype Columbia (Col-0) has revealed
approximatively 149 genes that encode NB-LRR pnatéMeyers et al.,
2003). Within the NB-LRR class of R-genes, two dabses exist
(McHale et al., 2006). The first subclass has amasterminal Toll-
Interleukin-1 receptor homology region (TIR). Thier one contains a
leucine zipper region at its amino terminal. SpeddB-LRR proteins
are activated by specific pathogen effectors. Tdas be via direct
interaction, as receptor and ligand, respectivéligure 1.7, step 4a).
Alternatively, an effector can modify its host cédir target (or a
molecular decoy of that target), and a specific NddRociated with the
target or decoy can be activated through the neaditin (Figure 1.7,
steps 4b and 4c). NLR activation coordinates eftettggered
immunity, a rapid and high-amplitude reboot of efée-suppressed,
PRR-dependent output that limits pathogen prolifena (Figure 1.7,
step 5) (Dangl et al., 2013). Pathogen effectarmfdiverse kingdoms
are recognized by NB-LRR proteins and activate laimidefense
responses which are effective against obligate rdpbs or
hemibiotrophs (Glazebrook, 2005). The GFG concepgssts a direct
and specific interaction between pathogengene loci and alleles of the
corresponding plant disease R-locus and avirulef@®er)-protein.
However, in the majority of cases, recognition ofA/r protein by its
corresponding R protein may be indirect. This “gudrypothesis”
implies that R proteins indirectly recognize pathiogeffectors by
monitoring the integrity of host cellular targetseffector action (Jones
& Dangl, 2006). GFG resistance to necrotrophic fuagare in plants
(Wang et al., 2014).

In the zigzag mode(Figure 1.6) the last steps reached when the
pathogen has gained new effectors that can hetpstippress the ETI.
This results then again in a compatible interactiand disease
development. In response, selection of plants witidified NB-LRR
genes that can recognize these effectors wouldt iesa new ETI. Two
extreme NB-LRR evolutions exist. Some NB-LRR geass not prone
to duplication, and are evolving relatively slowlyheir products are
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perhaps stably associated with a host protein whossgrity they

monitor, retarding diversification. Others are ewoy more rapidly and
may interact directly with rapidly evolving effecso(Kuang et al., 2004;
Van der Hoorn et al., 2002).

3.1. The limit of the current model: is it time to move on?

The zigzag model of the plant immune response wasduced by
Jones and Dangl in 2006 and is essentially an @gppsnodel to clarify
the principles of plant-pathogen interaction. Hoamas all models, it is
a simplification of the reality and has limitatioris is therefore not a
guantitative or predictable framework for the direstudy of plant-
microbe interaction (Pritchard and Birch, 2014).

The original zigzag model applies well to biotraphiant—pathogen
interactions, but is less applicable to processeslving necrotrophs. In
contrast with biotrophs, necrotrophic pathogensioibdevelop complex
interactions but promote necrosis to ensure noitritiy releasing toxins.
These toxins can also manipulate plant immunityr Example,
necrotrophic fungi from the order Pleosporales l{sas Alternaria,
Cochliobolis and Pyrenophora spp.) produce host-specific toxins
(HSTs), which direct host pathways towards prograchicell death and
exclusively benefits the fungus. These HST help pathogen to
subverted ETI, rendering necrotrophic pathogen hypalent (Keller et
al., 2016).

The time scale and the ordering of the eventserribzag model are
also very simplified. Most of the molecular proasslescribed in this
model occur essentially at a population level aver donger time-scales.
Furthermore, effectors appear to completely reptes$TI. Plant innate
immunity is more an integrative and essentiallycB&stic process
combining the detection and action of effectors, M?s and damage-
associated signals. This interpretation casts doubthe validity of a
conceptual division between PTI and ETI, when abered at a
molecular or system level in the plant (Cook et 2015; Pritchard and
Birch, 2014; Thomma et al., 2011).
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3.2.Systemic immunity

Defense implemented by plants is not only limitea lbcal
responses. It is also associated with the transgastgnals throughout
the plant resulting in a broad-spectrum diseaséstagxe against
secondary infections. This induced resistance eaddfined as a “state
of enhanced defensive capacity” (Van Loon et a®98). Systemic
acquired resistance (SAR) and induced systemisteggie (ISR) are two
forms of induced resistance (Figure 1.8). Theydmscribed below.

Pathogen

infection
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Figure 1.8: (previous pag&chematic representation of biologically induced
resistance triggered by pathogen infection (red aow), insect herbivory
(blue arrow), and colonization of the roots by benfécial microbes (purple
arrows) (Pieterse et al., 2014).

Induced resistance involves long-distance sigrizds$ are transported through
the vasculature or as airborne signals, and sysédimipropagate an enhanced
defensive capacity against a broad spectrum o€ladta in still healthy plant
parts. Consequently, secondary °)(2pathogen infections or herbivore
infestations of induced plant tissues cause siganifily less damage than those
in primary (*) infected or infested tissues.

3.2.1.Systemic acquired resistance

Systemic acquired resistance (SAR) refers to andad immune
mechanism in plants, which is triggered by a pathogttack. It is a
conserved mechanism amongst diverse plants anersoluing lasting
resistance to unrelated pathogens (Gao et al.,)2045% avirulent
pathogen causing local programmed cell death cduncen SAR through
generation of mobile signals, which can protectdtier part of the plant
from secondary infection (Fu and Dong, 2013). Salvetudies have
shown that the establishment of SAR involves theegation and
transport of signals via phloem to the uninfectistaditissues (Guedes et
al., 1980; Tuzun & Kuc, 1985, Gao et al., 2015)RS#an be induced by
both PTI and ETI and is associated with local arfiéno systemic
accumulation of SA (Pieterse et al., 2014). Themsal signal of SAR is
SA accumulation and several components of the SAway including
the methylated derivative of SA (methyl SA, MeSRpa(k et al., 2007).
However, other SAR inducers have also been propcEed section
reviews the biosynthesis and the role of SA in SRl discusses the
other SAR inducers and their possible cross-tatk SA.

The phytohormone SA plays a central role in a numbg
physiological responses, including plant defens@resg pathogens. SA
biosynthesis is triggered during PTI and ETI upecognition of PAMPs
or pathogen effectors (Pieterse et al, 2012). Gdlgethe SA pathway is
typically effective against biotrophic pathogensd asome phloem-
feeding insects (Glazebrook, 2005). SA is a phermimpound that can
be synthesized from the primary metabolite chortem&h) via the
shikimic acid pathway, which forms two distinct dotanches enzymatic
pathways: the first one involving phenylalanine amia-lyase (PAL)
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and the second the isochromistate synthase (IC3jS(Barcion &
Metraux 2006) (Figure 1.9).

Biotrophic pathogen

PALl 1 ICS/SID2
Q5Ag

Induced

‘ Redox change

lTRX H3}H5

4—;0

I—;

WRKYS PR-1

Figure 1.9 :Schematic overview of the salicylic acid (SA) sigiting pathways
(Pieterse et al, 2012).

Solid arrows indicate established activities orusealation of compounds and
red inhibition lines and crosses indicate repressiof transcription.
Abbreviations: BRCA2A, Breast Cancer2A; Ch, cho@sen ICS/SID2,
isochromistate synthase; NIMIN, NIM1-InteractingNPR1, Non expresser of
PR-gene 1; P, phosphorylated protein; Phe, phamjle; RAD51, Ras
associated with diabete51; SA, Salicylic acid; SNBuppressor of nprl
Indicible 1; SSN2, Suppresor of SNI1; TRX-H3 /Hbioredoxins; TGAs, TGA
transcription factors; Ub, ubiquitinylated protein.

It is currently unclear which factors govern thedfic recruitment
of PAL or ICS pathway for SA biosynthesis. SA isnthesized in
chloroplast and exported to the cytosol by Enhandedease
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Susceptibility 5 (EDS5), a member of Multidrug andxin Extrusion
(MATE) transporter family, located in the chlorogi@nvelope (Serrano
et al.,, 2013). Other proteins also participate o g&cumulation like
EDS1, Phytoalexin Deficient 4 (PAD4), and Non-rapecific Disease
Resistance 1 (NDR1) (Gao et al., 2015). StudieA@bidopsisICS1
and PAL mutants showed the importance of SA in SIWS1 and PAL
mutants are unable to induce SAR (Wang et al., 26lisang et al.,
2010) suggesting that SA synthetized by both PAd KIS pathway is
critical for induction and/or establishment of SARao et al., 2015).
NagH transgenic plants, which express bacterial sateyhydroxylase
(Vernooij et al., 1994) that catalyzes the conwsrsif SA to catechol,
are also unable to induce SAR, suggesting the itapoe of SA in SAR.

An important part of synthetized SA is converted atored as SA-
derivatives after glycosylation, methylation or amiacid conjugation.
SA-derivatives include SA B-B-D-glucose (SAG), SA Glucose Ester
(SGE), Methyl SA (MeSA) (Dempsey et al., 2011). Me&S volatile and
phloem mobile and must be converted in SA in distsue infection.
The biosynthesis of MeSA is catalysed by SA methgkferases and the
reconversion of MeSA into SA is due to a methykeeste (Koo et al.,
2007). Studies have reported that the ability toveot SA into MeSA
and reconvert MeSA back to SA is critical for SARap et al., 2015).
With the exception of MeSA, the role of the oth&A-derivatives in
SAR remains unclear.

SAR signaling downstream of SA is controlled by thexox-
regulated protein Non-expressor BRgenes 1 (NPR1), which upon
activation by SA acts as a transcriptional coattivaf a large set of PR-
genes (Pieterse et al., 2014; Pieterse et al.,)20Ir2der uninduced
conditions inArabidopsis NPR1 is sequestered in the cytoplasm as an
inactive oligomer formed by intermolecular disuéfithonding (Mou et
al., 2003). Reducing conditions resulting from analation of SA cause
dissociation of the NPR1 oligomer by the activifytltioredoxins TRX-
H3 /H5 (Tada et al., 2008) into active monomerse Tionomeric form
of NPRL1 is translocated into the nucleus via nugkege proteins, such
as Modifier Of Snil (MOS) (Mou et al.,, 2003; Tada et al., 2008).
Nuclear localization of NPR1 facilitates its intetian with members of
the TGA transcription factor subclass of the bésiine zipper (bZIP),
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a family of transcription factors (Fan & Dong, 200Zhis in turn
enhances binding of the TGA transcription factarpitomoter elements
of NPR1-dependent target genes such as PR-pr@Wiaisg et al., 2006;
Wang et al., 2011). During this process, NPR1 be&sophosphorylated
and subsequently ubiquitinated by an E3 ubiquitifade with high
affinity for phosphorylated NPR1, after which it i&rgeted for
degradation by the proteasome. This clearance @dpgtorylated NPR1
from the target gene promoter is required for fiadluction of the SA-
responsive target genes, probably because it alloew NPR1
monomers to reinitiate the transcription cycle @pa al. 2009; Pieterse
et al, 2012) (Figure 1.9Recently, the NPR1 paralogs NPR3 and NPR4
were identified as SA receptors that bind to SAhwdtfferent affinity
(Fu et al., 2012) (Figure 1.10). NPR3 and NPR4 vs&i@vn to function
as adaptors of the CULLIN 3 (CUL3) ubiquitin E3dge to mediate
NPR1 degradation, thereby regulating NPR1 staldlitg activity. It was
proposed that the differential affinity for SA cagsNPR3 to mediate
degradation of NPR1 at high SA levels, resultindocal programmed
cell death during ETI. At lower levels of SA, suak during PTI or in
distal SAR-expressing tissues, NPR4 stabilizes NHR&t results in the
activation of PR-gene expression (Pieterse et2@ll4). Thus, NPR1-
mediated signaling is active only at intermediate I8vels (Seyfferth
and Tsuda, 2014)

Figure 1.10 :Model of SA perception by its receptors NPR1, NPRINPR4
(Seyffert and Tsuda, 2014).

NPR1 accumulation is regulated by SA through the r8geptors NPR3 and
NPR4. Pathogen infection triggers SA accumulatiorthe case of low SA, the
SA-receptor NPR4 triggers NPR1 degradation throtlgh 26S proteasome.
When SA levels are intermediate, NPR1 protein acdarmas. High SA-
concentrations trigger the SA receptor NPR3-medid#PR1 degradation.
Thus, only intermediate levels of SA achieve NPRtuanulation thereby
activating SA-mediated transcriptional reprograngmin
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Several negative regulators of SA- and NPR1-regdlagenes exist
such as the NIM1-Interacting 1 (NIMIN1) and Supgmsof NPR1
Inducible 1(SNI1) inArabidopsis thaliangSong et al. 2011). NIMIN1
inhibits promoter activity of defense genes likdly targeting TGA
transcription factors (Weigel et al. 2005). SNIk#gs its negative effect
through association with defense gene promotersg®bd al. 2011). On
the PR1 gene promoter, interaction of NPR1 with TGA traison
factors helps recruit Suppressor of snil 2 (SSM2ydunteract SNI1
repression (Li et al. 1999, Song et al. 2011). Anplex of RAS-
associated with diabetes 51 (RAD51) and Breast €a2w (BRCA2A),
both involved in double stranded break repair viamblogous
recombination (Doutriaux et al., 1998; Siaud et &004), is also
recruited to thé°R-1promoter, which together with SSN2 and RAD51D
positively regulates plant immune gene expresslikely through a
direct effect on DNA accessibility (Song et al. 20Wang et al. 2010,
Pieterse et al, 2012).

Other SAR inducers exist and involve free radigaimoxide (NO)
and reactive oxygen species (ROS) (El Shetehy.ef@l5). BothNO
and ROS function in a concentration-dependent mameeause they can
confer SAR only when present at an optimal conegiotn (Wang et al.,
2014). Free radicals are thought to participatSAR by mediating the
oxidation of carbon (C) 18 unsaturated fatty adqi@as) containing a
double bond on C9 present on monogalactosyldiagydgbl (MGDG)
and digalactosyldiacylglycerol (DGDG) lipids (Figut.11). This results
in the formation of 9-oxo nonanoic acid (ONA), whigs converted to
the di-carboxylic acid azelaic acid (AzA) by theddmn of a carboxylic
group. AzA triggers biosynthesis of Glycerol-3-ppbate (G3P) via
upregulation of genes encoding G3P biosynthetigraes. G3P operates
in a feedback loop with lipid transfer proteins RIRnd AZI1 to regulate
SAR (Yu et al., 2013). Cross talks exist betweena®4 NO pathway in
SAR. For example, NO-mediated S-nitrosylation ofRIRLindermayr
et al., 2010) and EDS1 regulated levels of SA amd AWitteck et al.,
2014). These results suggest that the interlinkéda®d NO-pathways
might allow to a fine regulation of the optimal eh®f SAR (Gao et al.,
2015).
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Figure 1.11 A simplified model showing pathways, chemicals, androteins
involved in SAR (Gao et al., 2015).

Infection with avirulent (avr) pathogen induces wuoclation of SA and
nitricoxide (NO) in a digalactosyldiacylglycerol @DG)-dependent manner.
NO operates in a feedback loop with reactive oxygpacies (ROS), which
catalyze oxidation of C18 unsaturated fatty acidsSA)( present on
monogalactosyldiacylglycerol (MGDG) and DGDG lipidSxidation of C18
FAs at C9 carbon (indicated by the arrows) gensragelaicacid (AzA), which
triggers biosynthesis of glycerol-3-phosphate (G8i)upregulation of genes
encoding G3P biosynthetic enzymes (glycerol kinasg& and G3P
dehydrogenase, G3Pdh). G3P-mediated signaling perdient on DIR1 and
AZI1, which interact with each other and requireRG8r the stability of their
respective transcripts. Conversely, DIR1 and AZzié& also required for G3P
biosynthesis, suggesting that G3P and DIR1/AZIllag SAR via a feedback
loop. In the SA branch, EDS1 regulates both SA&nA levels. NPR1 is a key
downstream component in the SA branch which iosytlated by NO (Gao et
al., 2015).
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The transcription activator NPR1 induces the praidoc of
pathogenesis-related (PR) proteins. The term PRipsowas originally
used to indicate “those proteins that are not oly oat basal
concentrations detectable in healthy tissues, drutvhich accumulation
at the protein level has been demonstrated updrologfical conditions
and related situations in at least two or more tplsathogen
combinations” (Van Loon & Van Strien; 1999 et Vandn et al., 2006).
However, this proposed definition caused confugiothe past as the
term PR proteins was often used to designate adiraie-induced
proteins, including enzymes like phenylalanine amiadyase which
are constitutively present but also increase dumiogt infections. These
proteins also detected in healthy tissues were darathogenesis related
like (PRLs) proteins (Van Loon et al.,, 1994). PRotpns are now
defined as “all microbe-induced proteins and th@mologues to the
extent that enzymes which are generally preserstitotively and only
increased during most infections” (Van Loon et &Q06). Plant
pathogenesis related (PR) proteins are generatlyced by various
types of pathogens such as viruses, bacteria, @amgl. fSome of these
proteins are also expressed in response to sonmicdie that act in a
similar way as pathogen infection. However, somthefPR proteins are
constitutively expressed in some organs or durgntpin developmental
stages. They are regarded as PR-like proteins beazfutheir sequence
homology. However, some PR-like proteins are fotmde strongly
induced by infections and hence they are also dateg mostly as PR
proteins (Sinha et al., 2014).

The functions of the seventeen families of PR pnstare presented
in the table 1.1. PR proteins exert a broad rarfgaeiadogical actions:
chitinases which degrade hyphal walls, permatined groteins
facilitating the permeabilization of membranes oryene inhibitors. A
lot of PR proteins remain poorly known. Studieshwitansgenic plants
expressing PR proteins are helpful to understamd ntechanism of
action of these proteins (Van Loon et al., 2006).
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Table 1.1: PR proteins families, adapted from Siethal. (2014).

Family Proteins Functions
PR-1 PR-1a, PR-1 b, and PR-1c Antifungal
PR-2 B-1,3-Glucanases Cleavpsl,3-glucans
PR-3 Chitinase types I, Il, IV, V, VI, Endochitinase

and VIl
PR-4 Chitinase types | and Il Antifungal and cldse
PR-5 Thaumatin-like proteins Antifungal
PR-6 Tomato proteinase inhibitor | Proteinase iithib
PR-7 Tomato endoproteinase P Endoproteinase
PR-8 Cucumber chitinase Chitinase 111
PR-9 Tobacggrg?(irgg-sfgrming Peroxidase

Parsley “PR-1"

PR-10 Betv 1, Mald 1, Apig 1, and Ribonuclease-like

Dauc1l
PR-11 Tobacco chitinase type V Chitinase
PR-12 Radish Rs-AFP3 Defensin
PR-13 ArabidopsisTHI2.1 Thionin
PR-14 Lipid transfer proteins irr\](l:iﬂftlaltltqts ;)L;()jr;ospholipids
PR-15 Barley OxOa Oxalate oxidase
PR-16 Barley OxOLP Oxalate-like oxidase
PR-17 Tobacco PRp27 Unknown
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3.2.2.Induced systemic resistance

In contrast with SAR, the second form of inducesisi&nce, called
induced systemic resistance (ISR), is triggerednbg-pathogenic but
plant growth-promoting microorganisms, includinghdgii (PGRFs) or
rhizobacteria (PGRPs). Phenotypically, ISR is samido SAR with a
lower disease severity on elicited plants. Howewde molecular
mechanisms are different. ISR requires responssgeteeboth jasmonic
acid (JA) and ethylene (ET) pathways (Van Weed.eR808) and the
defense response, controlled by NPR1 protein, fferdint. In ISR, the
defense response is called priming (Conrath, 20@@ning consists in
an induced state, non-perceptible in healthy c@rdit which allows the
plant to develop more rapidly its defense mechasiginen a pathogen
attacks. The system of priming allows a good ptataof the plant with
minimal costs: nothing is produced before the atrief the pathogen
(Vos et al., 2013).

JA and its active derivative jasmonyl-isoleuciné-(l&) play an
important role in the regulation of defense agaimscrotrophic
pathogens and chewing herbivores (Pieterse e2@l4). Furthermore,
jasmonates, which include biological active intedmées in the
pathways for JA biosynthesis and the biologicalgrivhtives of JA,
affect many plant processes as fruit ripening, pctidn of viable pollen,
root growth or tendril coiling.

JA biosynthesis begins via the oxylipin pathwayhwtite release of
a-linolenic acid G-LA) from membrane lipids in chloroplast and its
conversion to 12-oxo-phytodienoic acid (OPDA). OPigrates into
peroxisome and undergoes a reduction and threelsooihoxidation to
form JA. JA itself can be further metabolized irgtctive or inactive
derivatives. Methyl JA (MeJA) is a volatile compauithat is potentially
responsible for interplant communication. JA coajiegl, via the JA
conjugate synthase JAR1, with amino acid isoleulieg results in JA-
lle, which is currently the only known JA derivagineeded for JA
signaling (Katsir et al., 2008). Under uninducechditions, jasmonate
ZIM (JAZ) proteins bind to transcriptional regulegolike histone
deacetylase 6 (HDAG6) or the complex novel intemnactd JAZ
(NINJA)/Corepressor Topless (TPL) and prevent ualjnactivation of
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JA pathway. However, in the presence of JA or ibadtive derivatives,
the physical interaction between JAZ proteins aaddcriptional factor
are broken and JAZ interact with SCE complex composed by the F-
box protein Coronatine intensive 1 (COI1). BindioigJA-lle to COI1
leads to ubiquitinylation and subsequent degradatibJAZ repressor
proteins through the proteasomes and activati@nlafge number of JA-
responsive genes (Chini et al., 2007) (figure 1.12)

Necrotrophic pathogen/
herbivorous insect

llAR]

Q@ JA-lle

y \s (-‘S\'/‘
( \i\‘/g,/ A 4
\\._,/

[—

Figure 1.12 Schematic overview of the jasmonic acid (JA) sigling
pathways (Pieterse et al, 2012).

Solid arrows indicate established activities or umalation of compounds.
ORAJ59 (grey text) is a hypothesis target of EINB/EIAbbreviation:a-LA, a-
linolenic acid; EIN3, Ethylene insensitive 3; EILE|N3-likel; ERF, Ethylene
Response Factor; JA-lle, jasmonyl-isoleucine; JARA, conjugate synthase;
JAZ, jasmonate ZIM proteins, HDA6, Histone deacztgl 6; MYC-type
transcription factors; NINJA, novel interactor oAZl OPDA, 12- oxo-
phytodienoic acid; ORA59, octadenoic-responsiv@bidopsis 59; PDF1.2,
plant defensin 1.2; SCFCOI1 complexes composed Ipyotein Coronatine
intensive 1 (COI1), a Ring Box protein (RBX), aloubdaptor (ASK1), a cullin
ligase 1 (CUL1l) and a ubiquitin-activating enzym@; ETPL, Corepressor
Topless; Ub, ubiquitine; VSP2, Vegetative-storagetgin 2.
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Ethylene (ET) is a gaseous hormone which has Sesdsyl-
methionine and 1-aminocyclopropane-1-carboxylicas biosynthesis
precursors (Wang et al., 2002). This plant hormigriavolved in many
aspects of the plant life cycle, including seedngeation, root hair
development, root nodulation, flower senescenceciasion, and fruit
ripening (Johnson & Ecker, 1998). Ethylene is asmajor constituent
of defense signals in plants and functions as aumtar of plant
immunity (Von Dahl & Baldwin, 2007).

ET gas is perceived by a family of ET-associatedepéors
(ETR/ERS) localized in membranes (Sakai et al. 19BByjure 1.13). In
the absence of an ethylene signal, ethylene rexeptitivate a Raf-like
kinase, constitutive expression BR gene 1 (CTR1) that negatively
regulates the downstream ethylene response patipoagibly through a
MAP-kinase cascade. Binding of ethylene inactiva¢egptors, resulting
in deactivation of CTR1, which allows several positregulators (EIN2,
EIN5, EIN6 and the transcription factors EIN3 andlllg to function.
EIN2 positively signals downstream to the EIN3 fanaf transcription
factors located in the nucleus. EIN3 binds to ttenwter ofERF1gene
and activates its transcription in an ethylene-ddpat manner. ERF1 is
also involved in JA-mediated gene regulation trapson factors. ERF1
and other ethylene-response-element-binding p®t¢EREBPS) can
interact with the GCC box in the promoter of targehes and activate
downstream ethylene responses includiR®F1.2 and HookLessl
(HLSJ). These genes encode effector proteins that a@edeto execute
a wide variety of ethylene responses, from diseessstance to
differential cell growth (Wang et al., 2002)
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Figure 1.13 Model of Ethylene Signal transduction Pathway (Wanget al,
2002).

There are five ethylene receptorsAnabidopsis ETR1, ETR2, EIN4, ERS1,
and ERS2. Ethylene binding occurs at the N-termirgasmembrane domain of
the receptors, and a copper co-factor is requiardttie binding. RAN1, a
copper transporter, is involved in delivery of ceppo the ethylene receptor. In
the absence of an ethylene signal, ethylene recepttivate a Raf-like kinase,
CTR1, and CTR1 in turn negatively regulates the mkiveam ethylene response
pathway, possibly through a MAP-kinase cascade.diBgn of ethylene
inactivates the receptors, resulting in deactivatmf CTR1, which allows
Ethylene insensitive 2 (EIN2) to function as a pesiregulator of the ethylene
pathway. EIN2 positively signals downstream to tE#N3 family of
transcription factors located in the nucleus. EIbiBds to the promoter of
Ethylene response factor ERF1) gene and activates its transcription in an
ethylene-dependent manner. Transcription factor&1ERnd other ethylene-
response-element-binding proteins (EREBPSs) camactavith the GCC box in
the promoter of target genes and activate downstethylene responses.

3.2.3.Interactions between SA and JA and ET defense pathways

In nature, plants are simultaneous or sequentiathacked by
multiple enemies with often different strategiesl difestyles. To build
an optimal defense, cross-talk between SA, JA ahgdhways allows
the plant to divert resources to the most appropdafense mechanisms

53



Effect of COS-OGA against the hemibiotrophic pa#mB. infestans

(Pieterse et al., 2012). Antagonistic relationslaips most often reported
but synergistic SA and JA/ET pathway interactiols® accur (Mur et

al., 2008). The crossroad between rhizobacteriurveid signal (ISR)

conducted by JA/ET and systemic-derived signal (B&BRnsduced by
SA is NPR1 (Spoel et al., 2003) (Figure 1.14). Hesve the defense
responses that are activated downstream of NPRtleady different.

Sequence analysis revealed th#RR1 contains a functionally ankyrin-
repeat domain that might be involved in proteintgiro interactions

(Cao et la., 1997). Binding of pathway-specifictpios to NPR1 might
therefore account for the separation of the SAR i pathways

downstream of NPR1. Studies have also shown tiiaal®l SAR can be
activated simultaneously, resulting in an additlegel of protection

(Van Wees et al., 2000).

ET and JA signaling may also function independetdlyregulate
distinct processes in defense response and intevidict SA. SA-JA
cross-talk components include the protein kinas&K#fPetersen et al.,
2000) and in particular the interplay of transddpal regulators appears
to play large roles in SA-JA antagonism. Over-esgi@ of WRKY70,

a transcription factor, increased SA-dependent gexpressionRR1,
PR2,andPR5 and suppressed JA-dependent defense gene tgiwscri
(COR1 and VSP1); with anti-sense WRKY70 plant digplg opposite
effects (Mur et al., 2013). Interactions also extistween SA and ET
pathways. In enhanced disease resistancEDR{) mutant, ethylene
potentiates SA-mediatedPR-1 gene expression. In the absence of
constitutive expression &R gene (CPR5, CPR6), the ethylene pathway
can also activate SA-mediatd®R-1 gene expression independent of
NPRL1 to promote SAR.
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Figure 114 : Interactions between Ethylene (ET), Jasmoniacid (JA) and
Salicylic acid (SA) in plant disease resistance (Vg et al., 2002).

The ET signal transduction pathway can interachwlite JA pathway to co-
regulate expression of a subset of defense-relBfedgenes, for example,
PDF1.2 involved in plant disease resistance. Meanwtkiilere are considerable
interactions between JA/ET- and SA-dependent pathvra systemic acquired
resistance. Inedrl mutant, ethylene potentiates SA-mediatB&®-1 gene
expression. In the absence of CPR5 and CPR6, liytere pathway can also
activate SA-dependeR-1gene expression independent of NPR1 to promote
systemic acquired resistance. In tb&il mutant, the JA/ethylene-dependent
PDF1.2 gene is constitutively expressed. Moreover, thg/lehe pathway is
also required for the rhizobacteria-mediated induggstemic resistance, which
is independent of SA and pathogenesis-related getieation. ET signaling
acts downstream of the JA pathway but upstreamRRNin ISR activation.
Plants that lack ISR1 fail to develop ISR and digpkthylene insensitivity.
Arrows indicate positive regulation, and open bbkbckdicate negative
regulation.
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3.2.4.The emerging players and their crosstalk with SA, JA and
ET defense pathways

The essential defensive roles of primary defensenboes, JA, SA
and ET, have been well established. Other phytoboes, such as
abscisic acid (ABA), auxins (indole-3-acetic acid\A]), cytokinins
(CKs), brassinosteroids (BRs), gibberellins (GAhd astrigolactones,
which are better known for their roles in stredsramce or plant growth
and development, also regulate plant defense, reifhene or in
conjunction with the primary defense hormones @®iVera et al.,
2014).

It is not surprising that pathogens have developaglabilities to
manipulate or subvert plant phytohormone signafinthways for their
benefit. Tactics frequently employed by plant pgdms involve
hijacking, evading, or disrupting hormone signalipgthways and/or
crosstalk. As explained in the following sectiome tlifestyle of a
pathogen often dictates the type of phytohormomeryention strategy
adopted.

3.3. Contrasting plant defense mechanisms according to
the lifestyles of the pathogens

Plants pathogenic micro-organisms can often béndisished into
three broad classes based on their modes of opatriBiotrophs are
pathogens that derive their nutriments from lividgst tissues
(Glazebrook et al., 2005). Necrotrophs infect aifild Host tissue and
extract nutrients from dead host cells. A third ugro hemibiotrophic
organisms, display both forms of nutriment acdigisitshifting between
an early biotrophic phase, allowing invasive hyptwspread throughout
the infected plant tissue, to necrotrophy at latage of disease during
which toxins are secreted by the pathogen to inthost cell death (Lo
Presti et al., 2015). Fundamental differences éeasiveen biotrophs and
necrotrophs in many aspects of their pathogeneHEi® infection
processes, histology of disease, infection-relatedphogenesis, nature
of effector proteins, associated host defense resg® and most
importantly their nutrient acquisition strategiesry significantly. These
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differences account for why one defense strategy effactively restrict
biotrophs and enable necrotrophs (Laluk & Mengi2@g,0).

For the success of pathogenesis including attachmbost
recognition, penetration and proliferation, biotnap fungi develop
intimate relationships with their host cells usingection structure
regulated by gene expression and complex regulafmayhways
(Kahmann & Basse, 2001). These pathogens also teediraited
amounts of cell-wall-degrading enzymes (CWDE) amahegally lack
toxin production (Mengiste, 2012). Typically, biogphic fungi produce
nutriment-absorbing structures called haustorighiwithe living plant
cell from which nutriments are taken-up (MendgerH&hn, 2002). By
their feeding activities, they create a nutriemksat the infection site
that causes serious economic losses and threatbal gbod security
(Koeck et al., 2011). For a compatible interactigith the host plant,
biotrophic pathogens have to pass the complex +#ayiired defense but
also suppressed host defense mechanisms. Fungtsctiomo may
include fungal chitin shield which protects the dahcell wall and the
chitin fragments from chitinases. Plants secreta-be-glucanases to
damage fungal cell walls but some pathogen produglesanase
inhibitor protein. Other effectors (proteinase bitdrs and phytoalexin
detoxifying enzymes) may aid the pathogen’s sucdess (Gebrie,
2016). Once the fungal effector passes the plafiende mechanism the
plant will not resist. Subsequently, the plant @u production of
defense signaling molecules like salicylic acid (idgen & Hahn,
2002). As discussed above, plants can also respgrathogen attack by
activation of a large number of defense mechanigmgainst biotrophic
fungal pathogens, two main strategies are usedadmysto restrict the
invasion and growth: penetration resistance and e-f@ngene
resistance. Plants can strengthen cell wall and breme to halt spore
germination and prevent the formation of the hausto by penetration
resistance. The gene-for-gene resistance applgdeirthe penetrated
epidermal cell and it is associated with the atiivaof SA-dependent
signaling and activation of the systemic acquiredistance (SAR) in
distal tissues, which reduces the effects of semgndattacks.
Recognition and activation of the incompatible iatgion result in
several responses to limit the feeding strategythaegropagation of the
pathogen to the infection site. That includes tbeauenulation of reactive
oxygen species (ROS) and pathogenesis-related (P&Egins, the
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induction of the hypersensitive response (HR) witohfines biotrophs
by abolishing nutrient supplies thereby limitinghmegen growth, callose
deposition, tissue disorganization, changes in gize and shape of
chloroplasts, nuclear and nucleolar degradatiod, @egrammed cell
death (PCD) (Alazem & Lin, 2015; Baebler et al.12p

Where biotrophs have developed intricate infecttvategies aimed
at maintaining host viability, necrotrophs are fative saprophytes that
deploy diverse phytotoxic compounds and CWDEs lioly laccases,
proteases, pectinases, and specifically endo-plalggauronases (endo-
PGs) (Kars et al., 2005) to induce cell necrosid eause leakage of
nutriments (Oliver & Ipcho, 2004). Necrotrophs &wether divided into
two groups. The first one is the host specific agophs group. The
pathogens from this group produce host specifilmoXHST) that are
essential for their pathogenicity and virulencetheir specific host
(Mengiste, 2012). For exampl€ochliobolus carbonunproduces HC
toxin to cause Northern corn leaf spot disease aizenandAlternaria
alternata f. sp. lycopersigproduces AAL toxin to cause stem canker
disease in tomat@lternaria solanisynthesizes phytotoxic metabolites,
especially alternaric acid and zinniol, to causdydalight and collar rot
diseases on tomatoes. The second group is compddkd broad-host
necrotrophs that produce an extensive array of comgs, enzymes and
toxins which alone or in combination likely intemrfe with common
structural and functional features shared amonigréifit plant families
(Laluk & Mengiste, 2010). The pathogeBstrytis cinerea Alternaria
brassicicola Plectosphaerella cucumerinandSclerotinia sclerotiorum
are good examples of such broad host range fungedotrophs To
cause disease, necrotophic pathogens activelynoirent or suppress the
plant defense weaponry and/or modify the host Ielluand
physiological environment. Generally, necrotrophs eonsidered less
sophisticated organisms that deploy ‘brute forceéchanisms to
overcome the host. It is now understood that nempbic pathogens
employed protection of fungal structures, inhibitiof elicitor-induced
defenses, de-toxification of plant defense compeuwsad manipulation
of specific plant proteins or physiological proeessto evade host
immune responses. Owing to their defense functiplasit hormones are
major targets of pathogen attack and manipulatidob{us & Hertweck,
2009). Botrytis cinerea for example, produces ET and ABA that may
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perturb host response pathways by promoting HRdijk@ptoms with
features of plant programmed cell death (PCD) anidation of the HR
that promotes susceptibility to necrotrophs (GowirnLevine, 2000).
Defense against necrotrophic pathogens includetitainge as well as
induced physical and chemical barriers. MultipleMi?s, DAMPs, and
effectors from necrotrophic pathogens are percemyedarious receptors
in the plants. PAMPs of necrotrophic fungal pathmgeinclude
constituents of the fungal cell wall such as chitohitosan, and
endopolygalacturonases which are perceived by rpattecognition
receptors (PRRs) of host plants to activate PTlloing infection by
necrotrophic fungal pathogens, plants produce ais@ll signaling
molecules and peptides such as DAMPs which triggéense response.
The fungal necrotrophB. cinerea,produces polygalacturonases (PGs),
as one of the virulence components recognized &ydst plant via two
mechanisms. In the first mechanism, these dirdattgtion as PAMPs
which are recognized by Responsiveness to polygatatases 1
(RBPG1), a receptor-like protein to activate degeresponse againBt
cinerea(Zhang et al., 2014). Plant polygalacturonasebiting proteins
(PGIPs) counteract PGs contributing to basal @st& against
necrotrophic infection in various species (Feredral., 2003; D'Ovidio
et al., 2004). The contribution of PGs to basaistaace is not only by
directly blocking cell wall degradation but also bgnhancing
accumulation of long chain oligogalacturonides (P@EOvidio et al.,
2004). OGs are fragments released following padégradation of the
primary cell wall capable of activating innate immeuresponses as
damage-associated molecular patterns (DAMPSs) (B&lleelix, 2009).
Depending on the degree of chain polymerizations @@uce oxidative
burst, cell wall lignification, phytoalexin accunation, protease
inhibitor expression, and changes in ion fluxewva as SA, JA, and ET
biosynthesis (D'Ovidio et al., 2004). Other celllw@mponents may
also serve as DAMPs &hytophthoracellulose binding lectin (CBEL)
protein or plant-derived peptides Pepl and Pep2.tDheir destructive
pathogenesis strategies, DAMP-triggered immune oesgs may be
commonly activated by necrotrophic pathogens andlve an array of
defense responses including the accumulation opfekins, defensins,
antimicrobial compounds and activation of hormoegutated defenses
like SA, JA, ET but also ABA, Auxins and GAs. Indition to PAMPs
and DAMPs, fungal necrotrophs produce various #ffsg such as
pathogenic proteins and toxins, which are sometipsgseived by host
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cell receptors to trigger ETRLM3, A Toll-interleukin receptor domain
which has been identified iArabidopsis is involved in ETI response
against necrotrophic fungal pathogens, such Bas cinerea A.
brassicicola andA. brassicagStaal et al., 2008). However, the effector
that binds withRLM3 has yet to be identified. In general, the peropti
of necrotrophic fungal effectors leads to effedtaggered susceptibility
(ETS) or HR cell death which favors colonization lafst plants by
necrotrophs (Pandey et al., 2016).

3.4. Elicitors that induce resistance

As described by Thakur and Sohal (2013), the terheitor was
originally exclusively used for molecules capablé inducing the
production of phytoalexins. The term is now commyonised for
molecules that stimulate any type of plant defensehanism. Elicitors
can be natural substances that come from the pathdexogenous
elicitors) or released from plants by the pathogeaction (endogenous
elicitors) (Boller, 1995). Elicitors can also ben#lyetically generated.

Elicitor activity has been revealed for plant-dedv cell wall
components, proteinaceous pathogen molecules, aaiderived
elicitin INF1 and non-proteinaceous molecules (\&élet al., 2014).
Non-pathogenic microorganisms can also be recodriigeplants and
are classified in three groups: cell surface comgsumetabolites under
iron regulation and antibiotics (Ongena and Thqn20D6). Synthetic
elicitors also called chemical inducers or planaltie promoter may
trigger defense reactions by mimicking interactiohsatural elicitors or
defense signaling molecules with their respectivgnate plant receptors
or by interfering with other defense signaling caments (Bektas &
Eulgem, 2014). First synthetic elicitors, polya@yhcid derivatives,
were identified by Gianinazzi & Kassanis (1974)e$& molecules were
able to activat®R-1gene expressions and mediate resistance of tobacco
(Nicotiana tabacumagainstTobacco mosaic viru§TMV) or Tobacco
necrosis virus(TNV). Since then, many other chemical activators
including benzothidiazole (BTH, chemical analogueSd\), the non-
protein amino acid pB-aminobutyric acid (BABA) or 2,6-
dichloroisonicotinic acid (INA) have been used witarious efficacy
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depending to the pathogen and the host plant @peand variety)
(Thakur & Sohal, 2013).

4. COS-0OGA elicitor

COS-OGA is a defense elicitor based on the MAMP/ODAM
combination containing chitosan oligomers (COS) aedtin-derived
oligogalacturonides (OGA). COS-OGA was developed by
Laboratory of Plant Biology at the University of idar and is produced
by Fytofend SA. It was recently registered at Eesp level as
FytoSave® and contains 12.5 g/L COS-OGA as actipstsince.

Pectin is a structural heteropolysaccharide coethin the primary
cell wall of plants where it constitutes a densdamalar network. Acidic
pectin (homogalacturonans) binds calcium ions amch$ chain dimers
called egg-boxes which play important roles in pgreperties of the
pectin network (Cabrera et al., 2010; Grant etl&73). Upon invasion,
most pathogens secrete enzymes that degrade tHepeaetin into
oligogalacturonides (OGA). OGAs function as elitof plant defense
responses (Van Cutsem and Messiean, 1994; Ridlal,e2001). They
can also adopt a calcium-induced egg-box confoomgfrigure 1.15a).

Chitin is a long-chain polymer dN-acetylglucosamine, and is a
characteristic component of the cell walls of fuagd vertebrates like,
arthropods (crustaceans and insects), mollusksegpitlalopods (Tang et
al., 2015). Plants attacked by fungi respond byedeg pathogenesis-
related proteins among which several chitinased tireak down
glycosidic bonds in chitin. Chitosan oligosacchasid(COS) (Figure
1.15a) that result from chitin deacetylation andirofysis can elicit
defense responses mostly in dicots (Shibuya andamdiin 2001).
Chitosan is a cationic polymer that can intera¢hwiegatively charged
OGA and stabilizing the egg-box conformation of O@Agure 1.15)
(Cabrera et al., 2010). These molecules, COS anil, @@refore mimic
a plant pathogen interaction as a PAMP (COS) abdlP (OGA) (El
Gueddari et al., 2002; Van Cutsem and Messian, )199%% stabilized
complex of calcium, COS and OGA constitutes a wagrsignal to the
plant in response to the simulation of wall degtiaa due to the
presence of a pathogen. This complex has beentegpdo trigger
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defense responses (e.g., alkalinization, potassitiox, oxidative burst)
of Arabidopsis thalianaell suspensions (Cabrera et al., 2010).

OGA Fully OGA - COS
egg box deacetylated complex
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Figure 1.15 :Model for the interaction of chitosan oligosacchades with
OGA(Cabrera et al., 2010)
(a) Schematic representation of OGA egg box dissapby fully deacetylated
COS. Polycationic COS interact with identically spd negative charges of
OGA, replacing calcium ions and dismantling peetiig boxes. (b) Schematic
representation of OGA egg box stabilization by riatéion with partly
acetylated COS. Side view (left) represents peatig box dimer with at least
five calcium ions that bind. A positively chargggrtly acetylated chitosan
molecule binds external negative charges of caldioomd pectin while higher
COS concentrations could dislodge calcium from ¢benplex. The chitosan
molecule being shorter than the OGA, the extremitéthe egg box remain
accessible. Top view (right) schematically représéine location of charges on
the oligomers. The 2F4 antibody could still biné t60S-stabilized egg box
dimer on the calcium-binding side of the complex.
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When this PhD was started, a first composition atsimy COS-
OGA was available. In 2015, this composition wagistered in Europe
as FytoSave® against powdery mildew Quicurbitaceae Solanaceae
and grapevines. It has proved to be effective mtgamting cucumbers
against low to moderate pressure Sphaerotheca fuligine72-85%
protection compared with the control in terms ofvesdy) and
grapevines againstincinula necato (from 96% during the first
assessment to 76% at the end of the experimengselpathogens are
biotrophs. The plant defense mechanisms involvedegponse to the
application of this elicitor on tomato leaves sedmbe rely on SAR as
COS-OGA sprayings induce a cumulative accumulatioBA as well as
an overexpression of SA-mediated gene expressian Aubel et al.,
2014). As degree of polymerization of OGA, the degrof OGA
methylation, the degree of acetylation and theepatbf acetylation of
COS can strongly modify the way oligosaccharidesdates PTI
(Cabrera et al., 2006, Madhuprakash et al., 201dleRR et al., 2001),
another composition, called FytoSol, was develapgdrytofend SA in
2013. This composition is still under development.
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Studying the effect of FytoSave®, a COS-OGA elicitp
against Phytophthora infestans, a hemibiotrophic
pathogen on potato

Opening comments

The main objective of this thesis is the evaluatbthe potential use
of the COS-OGA elicitor to prote@olanaceaegainst diseases caused
by fungi or oomycetes. In order to meet this oliyectwe have firstly
studied the effect of COS-OGA on potato late blighreliminary assays
were performed under controlled conditions in ortestandardize the
pathosystem Solanum tuberosum-Phytophthora infestanunder
controlled conditions: culture media, the quantitynoculum or the age
of plants were optimized to produce moderate th Imfection (data not
shown). After these preliminary assays, we havéedeshe potential
effect of FytoSave®, the commercial product contgnCOS-OGA,
against potato late blight. This product was shtavbe effective against
the biotrophic pathogens involved in the powderidews on cucurbits
andSolanaceagvan Aubel et al., 2014F. infestansthe agent of potato
late blight, differs from them by its pathogenesisategy: it is a
hemibiotrophic pathogen which displays an earlytrbjghic phase
followed by a necrotrophic phase. The second obgecf this study was
to decipher, to some extent, the mode of actiothisf product and the
eventual induction of plant defense by a diffe@ngiene expression
analysis using quantitative PCR assays.

This chapter is adapted from the paper publishd¥lant Pathologyand
titted ‘The novel elicitor COS-OGA enhances potato resistae to
late blight’

% Clinckemaillie A, Decroés A, van Aubel G, Carralas Santos S, Renard ME, Van Cutsem P,
Legréve A, 2017. The novel elicitor COS-OGA enhanpetato resistance to late bligftant
Pathology 66: 818—825. doi:10.1111/ppa.12641
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1. Abstract

Phytophthora infestanis the causal agent of potato late blight. This
pathogen is usually controlled by fungicides, bugwn European
regulations have imposed changes in crop protectianagement that
have led to a search for alternative control messsufhe induction of
plant defense responses by elicitors is a promisiegy strategy
compatible with sustainable agriculture. This studyestigated the
effect of eliciting a defense response in potatiregiP. infestanaising
a formulation of the COS-OGA elicitbthat combines cationic chitosan
oligomers (COS) and anionic pectin oligomers (OGAjials were
conducted under greenhouse conditions to assesabiliy of COS-
OGA to control P. infestans The results showed that three foliar
applications with this elicitor significantly increed potato protection
against late blight in controlled conditions. Thetiation of potato
defense genes was also evaluated by RT-gPCR dilmasg trials. Two
pathogenesis-related proteins, basic PR-1 andcaeidi2, were rapidly
and significantly up-regulated by the elicitor treant. Therefore, these

4 Formulation used is FytoSave®
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results suggest that the COS-OGA elicitor increabesprotection of
potato againsP. infestansand that this protection could be explained by
an increase in the expression of potato defensesgesther than by
biocide activity.

2. Introduction

Late blight in potato%olanum tuberosurh.) and tomato $olanum
lycoperscumL.) is caused byPhytophthora infestangChromista,
Oomycota). This polycyclic and hemibiotrophic pagbo is controlled
mainly by repeated fungicide treatments, up to apglication a week
when conditions favor infection, which are costiypdado have
environmental side effects (Cooke et al., 2011).

Recent advances in the understanding of plant deferechanisms
have opened up a new approach to managing plapts#is in an
economic and sustainable way. The innate immunftyplants is a
complex of interconnected mechanisms that plarésausesist potential
pathogens and herbivore attacks. These mechanitsostake into
account the evolution of the plant immune systerd dre sequential
events in pathogenesis in a ‘zigzag model’ (Jone®angl, 2006).
Common microbial components, such as bacterialiogd! constituents
(known as pathogen or microbe-associated mole@aterns, PAMPs
or MAMPs; Ausubel, 2005) or molecules released ftbenplant host by
wounding or enzymatic degradation (known as danmsgeciated
molecular patterns, DAMPs; Vorwerk et al., 2004) b& recognized by
cell surface pattern-recognition receptors (PRBs)lér & Felix, 2009).
The recognition of these molecules by a host mengbraceptor induces
primary non-host immune resistance in the plantt tt@n reduce
infection by the pathogen. This response is caP&MP triggered
immunity (PTI). However, pathogens have evolved amd able to
release effector molecules that they inject diyeaito the cytoplasm.
These effectors interfere with PTI and make possibEe nutrition and
dispersal of the pathogen. This is known as effetciggered
susceptibility (ETS). As a co-evolutionary respgngdants have
acquired the ability to recognize the presence aciivity of these
effectors. This co-evolved plant defense is cale&dtector-triggered
immunity (ETI) and induces a hypersensitive respoftdR) (Jones &
Dangl, 2006). The relationship between host andhqmEn has thus
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evolved into a gene-for-gene interaction based be specific
recognition of a pathogen protein, called the demoe (Avr) protein, by
a plant protein called the R (resistance) protéimés & Dangl, 2006).

In addition to conferring total resistance to thathmgen that is
present, the HR induces one of the systemic resistpathways, known
as systemic acquired resistance (SAR), which wall dctive against
future pathogen infections. The induced resistazae be defined as a
‘state of enhanced defensive capacity’ (van Looal.et1998). SAR and
induced systemic resistance (ISR) are two formsadiced resistance.
SAR is trigged by localized pathogen attacks ares uke salicylic acid
(SA) pathway to transduce the signal in the whdéip(Dong, 2001).
ISR is triggered by nonpathogenic but plant gropthmoting
microorganisms, including fungi (PGPFs) or rhizabaa (PGPRs). ISR
relies on jasmonic acid (JA) and ethylene (ET)rémsduce the defense
signal in the whole plant (Van Wees et al., 2008PS-OGA is an
elicitor that was recently registered at Europeasell as FytoSave® and
combines  chitosan  oligomers (COS) and  pectin-ddrive
oligogalacturonides (OGA) (Cabrera et al., 2010hede molecules
mimic a plant pathogen interaction as a PAMP (C@%) a DAMP
(OGA) (Van Cutsem & Messiean, 1994; El Gueddarlgt2002). This
complex has been reported to be able to triggezndef responses (e.g.
alkalinization, potassium efflux, oxidative burstjom Arabidopsis
thaliana cell suspensions (Cabrera et al., 2010). COS-O@G# lheen
assessed under commercial greenhouse conditionmsef8phaerotheca
fuliginea on cucumbers and in the field agaitsticinula necatoron
grapevines. It proved effective in protecting cubens againstS.
fuliginea (72—85% protection compared with the control inm® of
severity) and grapevines against powdery mildean{f®6% during the
first assessment to 76% at the end of the expetjman Aubel et al.,
2014). These results encouraged further studieh@mpotential use of
the COS-OGA elicitor against other fungal diseases.

In this study, bioassays were conducted under aibedr conditions
in order to evaluate the effect of COS-OGA on thieceptibility of
potato plants t®. infestansThe activation of selected potato genes was
also analysed in order to investigate the impadtlicftation with COS-
OGA on plant defenses.
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3. Materials and methods

3.1. Phytophthora infestans inoculum

Strain 10022 (A2 mating type, race 1.3.4.5.7.10.CRA-W,
Belgium) was used as inoculum in the assays andwaastained on V8
medium. Hyphal tips were transferred from V8 mediumo rye sucrose
agar medium and incubated in the dark at 20 °CAfareeks to induce
sporulation. In order to ensure pathogenicity, ¢hrain was inoculated
onto detached potato leaflets before emchivo experiment. After 10
days of incubation at 20 °C, the potato leafletsentnsed with sterile
demineralized water to remove the sporangia thatbesn produced. A
suspension of TOsporangia per millilitre was prepared and placed i
cool room for 4 h at 4 °C in order to stimulate tiedease of the
zoosporangia.

3.2. Invitro test on oomycidal effect of COS-OGA

The oomycidal effect of COS-OGA was investigated fgcing
hyphal tips in Petri dishes containing V8 mediahwvot without 62.5 mg
L * active ingredient of soluble liquid (SL) FytoSavéBytofend) and
incubated in the dark at 17 °C. This was repeagetinies and the radial
growth of the resulting colonies was measured aftedays and
compared for both treatments.

3.3. Plant growth, treatments and Phytophthora
infestans inoculation

Plantlets ofS. tuberosunBintje’ (CRA-W, Belgium) were produced
in vitro, subcultured on MS medium, then delicatedynoved from the
media and transplanted into pots containing a ligiedi mixture of
compost and vermiculite (1:2 v/v). The plants wiergated daily with
Hoagland’s solution and maintained under greenhoasditions with a
photoperiod of 16 h at 20/16 °C (day/night tempewgt After 4 or 5
weeks growth (at the five-leaflet stage), they wieamsferred into two
separate greenhouse tunnels (ACD; Serrabris) platgde the main
greenhouse. These tunnels were used to separatelatedl and
noninoculated plants and to maintain 90% humidgyng humidifiers
(CUOGHI type NEB-5000; BEPA - SA). Plants were teghwith 0.5%
(vIv) of FytoSave®, containing 12.5 g'lof the active ingredient (COS-
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OGA) or with water (control plants) by spraying thpper and lower
leaf surfaces until run-off. This was performedeach plant at 7, 3 and
1 days before inoculation of plants wikh infestans Before and after
these treatments, a high relative humidity was ta@ed in the
greenhouse to ensure good adsorption of COS-OGANmstthe leaves.
Subsequently, half the plants were inoculated vithinfestansby
spraying 1 mL of sporangial suspension*($porangia mL) on each
leaf of the plant using a sterile glass sprayerrfide As a control, the
remaining plants were sprayed in the same way wéiter.

3.4. Assessment of disease progress

Disease severity was assessed quantitatively nalestimation of
the percentage of the leaf area covered by symptwv@is 7 days using
the scale described by James (1971). Disease progrer time was
estimated by calculating the area under the disgmegress curve
(AUDPC). The AUDPC values were calculated using tbkowing
equation (Campbell & Madden, 1990):

AUDPC= i{[%jx (T +1—Ti)}

i=1

wherey; is disease severity at thih observation]T; is time at theith
observation, and is the total number of observations.

In addition, the incubation and latency periodg #ize of lesions
and sporulation were checked daily for 7 days afteculation using a
gualitative scale based on a score between 0 arflj B0 symptoms
(biotrophic stage); 1, lesions smaller than 0.5 @eginning of the
necrotrophic stage); 2, lesions larger than 0.5 &mbeginning of
sporulation (necrotrophic stage); 4, abundant dptiom covering the
entire lesion; 5, coalescence of lesions.

3.5. Gene expression profiling

The expression levels of several genes in the plaste compared
at four time points: 0, 15, 48 and 72 h post-inatah (hpi). The choice
of these time points was based on the stages iimfiagtion cycle of this
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pathogen (Vleeshouwers et al., 2000; Avrova et 2007). The time
point 0 h corresponded to inoculation, 15 h toltwrophic stage, 48 h
to the beginning of the necrotrophic stage and 7@ the necrotrophic
stage. At each time point, four plants (biologicgplicates) for each of
the four treatments (described above) were analyzed

For isolation of RNA, two fully extended leaves wewllected from
each plant and rapidly ground together into a fmevder in liquid
nitrogen. Total RNA was extracted using the RNeB&nt Mini kit
(QIAGEN), following the manufacturer’s instructiondDNA was
removed from the RNA extracts by DNase digestiomgishe RQ1
RNase-Free DNase (Promega), following the manufectu
instructions. The concentration and purity of th&lt RNA extracts were
determined using a NanoDrop ND1000 (Thermo ScieptifThe
concentration of RNA in extracts was adjusted tpglpL* for each
sample before reverse transcription. cDNA was ®giged with an
anchored oligo(dT)18 primer, using the Transcrigtost Strand cDNA
synthesis kit (Roche) following the manufacturén'structions.

The expression patterns of four potato defenseetigenes, as well
as housekeeping genes for normalization of resukise then quantified
by real-time reverse transcription quantitative PRI-gPCR). The
housekeeping genes were: the elongation factow (EF1w),
glyceraldehyde 3-phosphate dehydrogenaSAPDH Gallou et al.,
2009) and phosphoglycerate kinas¥sK) (Ghareeb et al., 2011). The
target genes 086. tuberosunthought to be involved in plant defense
were: genes for the basic pathogenesis relatectiprdt PR-1) and
acidic pathogenesis-related proteinPR¢2 Gallou et al., 2009), which
are convenient markers for monitoring the deferespanse (Pieterse et
al., 2009); the protease inhibitor PI{1), involved in JA pathway
(Fujimoto et al., 2011); and the non-inducible immity (NPRJ) gene
(van Aubel et al., 2016), implicated in the crosi-tbetween SAR and
ISR (Spoel et al., 2003).

RT-gPCR assays were carried out using SYBR Greemisiry and
the primers used for each gene are given in Talle The reaction
components for each sample were 10 pL iQ SYBR Gagrermix
(Bio-Rad), 0.5 pL of each primer (20 pmol), 7 uL BPEtreated water
and 2 pL cDNA. The amplification reaction was paried in a CFX 96
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Real-Time System (Bio- Rad) using the followingtpiml: denaturation

step at 95 °C for 10 min; then 40 cycles of 15 8%tC, 1 min at 60 °C
and 30 s at 72 °C; and finally, the establishmdnthe melting curve

(55-95 °C with a heating rate of 0.5 °€).sTwo technical replicates of
the qPCR were made for each sample, standard awtieblco

Standards were obtained by serial dilutions of RMAtracts.
Standard curves were generated for all genes iardmd examine the
linearity of amplification over the dynamic rangehe results obtained
were treated using CFX MANAGER Software (Bio-Radyl a&xpressed
as normalized relative quantities.

3.6.Data analysis

Data from all the experiments were subjected tdyaisof variance
(ANOVA) using the SAS ENTERPRISE GUIDE v. 4.1 (SA&titute
Inc.). The treated means were compared using Takd$D test with a
confidence interval of 95% (P < 0.05).
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4. Results

Oomycidal effect of COS-OGA and its effect on disease severity
and progress

The absence of any oomycidal activity of FytoSay&EDS-OGA
elicitor) on P. infestanswas confirmed. In the presence of FytoSave®,
the radial growth of colonies reached 93.6 + 8.5%he growth on the
control media. A bioassay was conducted under otbedk conditions in
order to test the effect of FytoSave® on potatedtéd by potato late
blight. Disease progress on potato plants treajeéblar applications
with the COS-OGA elicitor beforeP. infestansinoculation was
compared with disease progress on plants treatibdmnaiter (Fig. 2.1).

Q
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=}

- (b) 150 -
=8=(C0S-0GA

b
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a
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0+ T T T T . ) 0 : .

b2 3 4 5 67 COS-0GA Control
Time (days after inoculation)

AUDPC

Disease severity (%)

Figure 2.1 Disease severity progress (percentagkeadfarea covered with
symptoms) (a) and values of area under the diggaggess curve (AUDPC) (b)
of potato plants elicited with COS-OGA or waterrftrol) and inoculated with
Phytophthora infestan®lo symptoms were observed on non-inoculated plants
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The treatment of plants with FytoSave® resultedairsignificant
decrease in disease progress. The first symptopsasgd 2 days after
inoculation (dai) on both treated and untreatedrobplants, but disease
progress was more rapid on the latter (Fig. 2.Bg).7 dai, the mean
percentage of leaf area covered by symptoms ineteas73 + 24% for
control plants and 27 + 12% for COS-OGA treatedidlaThe AUDPC
values calculated over 7 days differed significa(il < 0.05), depending
on the treatment of plants with COS-OGA or wateg.(B.1b): the mean
AUDPC value reached 109 + 25 for control plantsjclwhwvas almost
three times greater than the value obtained for -OG®-treated plants
(40 £ 19). Based on these values, the protectiofec®d by the COS-
OGA elicitor againsP. infestansvas close to 50%.

Qualitative observations of the lesions on the tslaevealed that the
length of the incubation period remained the samigther or not plants
were treated with COS-OGA, because the lesionsampgeat the same
time, but sporulation was slightly delayed on COSAtreated plants
on day 6 (Fig. 2.2).

A second bioassay was conducted under the sametioordto
confirm the above observations. A significant de@eas disease
progress on COS-OGA-treated plants was again obdewith a mean
percentage leaf area covered by symptoms of 35 for%ontrol plants
and 22 *+ 2% for COS-OGA-treated plants, at 7 dae AUDPC values
of potato late blight of non-treated or COS-OGAatexl plants
calculated over 7 days were significantly differer® + 10 for non-
treated plants and 35 = 2 for plants treated wi@SEOGA. The
protection conferred by the COS-OGA elicitor wasineated to be 50%,
as in the case of the first bioassay
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Figure 2.2: Dispersion of qualitative scores ofgpotlate blight lesions on COS-OGA-treated and wiated

plants inoculated witiPhytophthora infestan®, no symptom; 1, lesions smaller than 0.5 ciasipns larger than
0.5 cm; 3,beginning of sporulation; 4, abundantsiation covering the entire lesion; 5, coalescenfdihe lesions
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Effect of COS-OGA on gene expression in infected and uninfected
potato leaves

In order to investigate the impact of treatmenthw@tOS-OGA on
potato defense gene expression, the expressicgrpain potato leaves
of four defense related genePR-1, PR-2, PI-1 and NPRlwere
guantified using RT-gPCR. Their expressions reéatio the control
plants (plants sprayed with water and uninoculatéglue = 1)
depending on the treatment and over time were codpafter
normalization using three housekeeping ge@sOPH, PGKandEF1-
a; Fig. 2.3). The expression BR-1andPR-2 encoding for basiPR-1
protein and acidic PR-2 protein, was significantig-regulated after
COS-OGA treatments, whether inoculated or unindedlafrom the first
day after the last treatment (0O hpi) until 72 higig( 2.3a,b). For both
pathogenesis-related genes, this up-regulation lants treated with
COS-0OGA was significantly higher at 0 and 15 hpiriaculated plants
than in uninoculated plants. At 48 hpi, the diffeze in relative
guantities of PR transcripts between COS-OGA treptants inoculated
or uninoculated was no longer significant and ah@2the expression in
inoculated plants was even lower than uninoculdtedddition, the PR-
2 transcript levels at 0 hpi and 48 hpi were aigoificantly higher in
plants treated with water and inoculated wthinfestanghan in plants
treated with water alone. The relative quantitie®dlBR1fluctuated less
(between 0.5 and 1.5) over the course of the exyari tharPR-1, PR-2
andPI-1 (Fig. 2.3c). Although limited change is difficutt validate by
RT-qPCR, significant differences were observed:egerpression was
higher than the uninoculated water-treated coratoD hpi in water-
treated inoculated plants, at 15 hpi in COS-OGAted inoculated
plants, and at 48 hpi in water-treated inoculatedtp. In addition, at 72
hpi, a significant decrease in expression was tedefor COS-OGA-
treated uninoculated plants and for water-treatedulated plants. For
the PI-1 gene, expression was significantly inadasn plants
challenged witHP. infestansand treated with COS-OGA at 0 hpi, and in
plants inoculated and/or treated with COS-OGA ahpb(Fig. 2.3d). At
48 hpi, no significant difference was detected leemvCOSOGA-treated
and/or inoculated plants compared with the contdolwever, there was
a significant difference between inoculated andnooillated plants
treated with COS-OGA. At 72 hpi, a significant wggulation of thePl-1
gene was observed in plants inoculated Withinfestanswhether they
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were treated or untreated with COS-OGA (about 5 Hhdimes higher
than the control, respectively).

The expression patterns of these genes were aatified in the
plants in the second bioassays. Again, a signifigdrigher expression
of PR-1andPR-2was observed in plants treated with COS-OGA at all
time points. FoOPR-1this up-regulation varied from about 4 to 18 times
higher than the control and f&R-2it was 5 to 24 times higher. As
observed in the first bioassay, the up-regulatibRR-1in plants treated
with COS-OGA was significantly higher in those thatre inoculated
than uninoculated at O hpi and 15 hpi; again, atadl 72 hpi, the
difference in relative quantities ®R-1transcripts between inoculated or
uninoculated plants treated with COS-OGA was nagdonsignificant.
However, for PR-2 no significant difference was observed between
inoculated and uninoculated COS-OGA-treated plaxsept at 72 hpi;
at this time point, the expressionR-2was significantly higher in the
inoculated treated plants. These results for PR#2red from the first
bioassay and could be related to the slightly higgeverity observed.
For NPR1andPI-1 gene transcripts, the same expression pattertieas
first bioassay were detected, confirming the ihitlaservations.
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Figure 2.3 Expression relative to control plantsravme of four genes in potato
leaves treated or untreated with COS-OGA and iradedl or not with
Phytophthora infestans'he genes investigated were (a) pathogenesitedela
(PR-1), (b) pathogenesis-related BR-2), (c) non-inducible immunityNPRY)
and (d) protease inhibitor 1PI-1); expression levels were normalized with
housekeeping gen€3ADPH, PGK and EFx The relative expression level of
each candidate gene is given in logarithmic formasults for the same time
point with a different letter are significantly fiifent at P< 0.05 based on a
Tukey test. The standard error range is calculaiéidfour biological replicates
and takes into account two technical replicates.
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5. Discussion

European Union policy is aimed at reducing pesticicse in the
short term (Hillocks, 2012). In this context, it isyportant to find
additional approaches for controlling plant dissask is now well
documented that induced resistance, either localystemic, caused by
biotic or abiotic agents, could confer long-lastipgptection against a
broad spectrum of plant diseases (Durrant & Do§42 Walters et al.,
2013; Li et al., 2016). COS-OGA is a novel ageat stimulates natural
plant defenses and has been tested in several éauraguntries (van
Aubel et al., 2014). The efficacy of this new dbciin reducing
biotrophic powdery mildew agents has been repovid regard to
protecting cucurbits againss. fuliginea and grapevines againdd.
necator Under commercial growing conditions, a reductiordisease
severity compared with the untreated control of top72% for S.
fuliginea and 78% forJ. necatorhas been reported (van Aubel et al.,
2014).

Given the severe losses causedFbyinfestanson potato and the
urgent need to develop control strategies thatccoatiuce the use of
chemical pesticides, studies on the potential ahgugplant defense
inducers against this pathogen were needed. Soameichl inducers of
disease resistance have already been tested fwolliog the severity of
late blight disease in potato, with varying effioadgy. Examples include
benzothiadiazol (BTH) anf-aminobutyric acid (BABA). No protection
againstP. infestandas been reported for BTH (Si-Ammour et al., 2003)
but 15-100% protection has been reported for BA8#&pending on the
potato cultivar andP. infestansstrain used (Sharma et al., 2010). In the
present study, bioassays were conducted underofledtrconditions in
order to evaluate the effect of COS-OGA on potatanipresistance
against potato late blight. The results indicatesiigaificant reduction in
disease severity (about 50%) on plants treated Gf$-OGA. Visual
observations of the progress of lesions over theseoof the experiment
showed that the treatment of plants with COS-OGé bt inhibit the
completion of the pathogen’s life cycle, but it dibw down disease
progression. This resulted in a reduction in thaf lerea covered by
symptoms and consequently in reduced sporulatitthoAgh this result
does not indicate that the use of COS-OGA shoupface synthetic
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multisite or curative fungicides, this elicitor ddube useful in
combination with other control strategies (e.g. nplaresistance,
fungicides, cultural practices) in integrated pestanagement
programmes based on reduced pesticide use andsedenvironmental
protection. The reduced disease severity associaitd those plants
treated with COS-OGA suggested that quantitativeistance toP.
infestanswas established. The absence of any direct effettie COS-
OGA elicitor (FytoSave®) at 62.5 mg'Lof active substance on the in
vitro growth ofP. infestan®n V8 medium supported this hypothesis.

In order to confirm the activation of natural deferby COS-OGA,
the dynamics of expression of plant defense geregs guantified over
time by RT-gPCR assays on the potato leaves. Aifiteresting result
was the significantly higher (R 0.05) expression of two pathogenesis-
related genef?R-1andPR-2 in the plants treated with COS-OGRR-

1 codes for the basic PR-1 protein and has long keewn to be linked
to partial resistance t®. infestansn Solanum species (Vleeshouwers et
al., 2000).PR-2 which codes for #-glucosidase, is often linked to the
SA pathway and SA is an important compound requicecthe basal
defense of potato plants against late blight dsé€bkalim et al., 2007).
The PR-1 and PR-2 family proteins also have biodba&inrand biological
properties associated with activity against oonmggsuch aB. infestans
(van Loon et al., 2006). Previous studies revedlesd PR-1 protein
reduced germination of sporangia in vitro, germetulength of P.
infestanson tomato, and the surface area of leaf discstedewith this
oomycete (Niderman et al. 1995; van Loon et alQ620A recent study
on the biochemical activity and mode of action dR-P proteins
demonstrates that the inhibitory effect on pathogewth is caused by
the sequestration of sterol from pathogens (Gamal.e 2017). Sterol-
auxotroph pathogens such as the oomyeétgophthoraare particularly
sensitive to PR-1: they have lost the ability ymthesize their own
sterols, which are essential molecules for manlleelfunctions. They
must therefore acquire sterols from host cell memés. Studies
performed on other pathosystems, suckEasalyptus—Puccinia psidiion
(Boava et al., 2009) anBoncirus trifoliata— Phytophthora parasitica
(Boava et al., 2011), have shown that tAR-2 family has B-1,3-
endoglucanase properties and hydrolyged4,3-glucans, a major
component of the cell wall of oomycetes. The reiductn disease
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severity observed on potato plants treated with ©QG3\ and
inoculated with P. infestans could, therefore, be related to an
overexpression oPR-1 and PR-2 genes. In both experiments, higher
expression oPR-1 transcripts was observed at O hpi in plants tckate
with COS-OGA and inoculated witR. infestansthan on treated but
uninoculated plants. This higher expression at srclearly stage may
be explained by an interaction between moleculésdrinoculum, either
from the culture medium or the pathogen itselfhwtite plant during the
short time interval (less than 30 min) between utagon and
harvesting. The expressiondPR1was also investigated, as this gene is
implicated in the cross-talk between the SAR and [g&thways. The
relative expression ofNPR1 fluctuated less over the course of the
experiment than théR genes. This low expression was difficult to
validate by RT-gPCR. In addition, it is reportedttn up-regulation of
the NPR1gene is not necessary for activatdBRtdependent defenses
(Shah, 2005). In the present study, the expressighe PIl-1 gene was
observed to fluctuate, both up and down, througlbetcourse of the
experiment in plants challenged wikh infestans whether treated or
untreated with COS-OGA. It was clear that this gemes particularly
up-regulated in plants inoculated wikh infestansat the necrotrophic
switch (48-72 hpi). This is consistent with findingeported in the
literature (Beckers and Spoel, 2006). This up-ratuh of PI-1 indicates
that the elicitation of plant defense by COS-OGAildaalso involve, at
least partly, the JA-dependent gene. However, énatisence of data on
the quantification of JA, this hypothesis cannot benfirmed.
Nevertheless, cross-talk between the SA and JAwasth in natural
plant defense has been frequently reported (Kuakel Brooks, 2002),
indicating that different metabolic pathways colbe involved in the
quantitative resistance conferred by COS-OGA. Reckata from a
transcriptomic and proteomic study by van Aubehlet(2016) confirm
these results. Further investigation is requiredig¢termine the precise
role and signaling pathway of COS-OGA during thiéedént life stages
of P. infestans as well as the persistence of the effect agdinist
pathogen.
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6. Conclusion

The results of this study imply that the applicataf COS-OGA led
to a reduction in late blight severity. This is fivst report on the effect
of COS-OGA against a hemibiotrophic oomycete fungiee protection
conferred by this elicitor seems to be correlateth vdefense gene
expression, especially tHeR-1 and PR-2 genes. Whether or not COS-
OGA activates the defense of potato agaiRstinfestansthrough
modulating the SA-dependent pathway in combinatidth the JA/ET
signaling pathways remains to be determined. Theselts should
encourage further studies to be conducted on tlierabaction of COS-
OGA and its inclusion in integrated crop protectmogrammes against
potato late blight and other diseases. The uskeoklicitor alone would
probably be insufficient to prevent potato lategbti especially where
there is high disease pressure, but the reducedfanfection progress
in plants treated with COS-OGA could assist intégea disease
management strategies when combined with prevertivecurative
fungicides.
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Chapter 3

Influence of pathogen and host genotypes in the nesnse
to COS-OGA in the potato late blight pathosystem

Opening comments

In chapter 2, we showed that COS-OGA (FytoSave@ofEnd SA,
Belgium) protects to some extent potato aga#isttophthora infestans
by stimulation of innate plant defense. A novel COSA based
product, FytoSol, was developed by Fytofend SA &mther studies
performed by G. Van Aubel at UNamur revealed thas tproduct
provided a better protection to potato agalsinfestansThe level of
protection obtained under controlled conditionshwitoSol againsP.
infestanson potato cv. Bintje was nearly perfect (van Aul2€117). The
degree of polymerization of OGA, the degree of O@Athylation, as
well as the degree of acetylation and the pattéatetylation of COS in
the novel product could be involved in this phenoare As shown in
several studies, they strongly modify the way holgosaccharides
stimulate PTI (Cabrera et al., 2006, Madhuprakast. £2015; Ridley et
al., 2001). In this chapter, we explore and goerrinto the study on the
interaction between COS-OGA and the potato laghblpathosystem by
studying the effects of pathogens and host genstypé¢he response to
the elicitation. As a biological process, plantadefes may be influenced
by these factors. Furthermore, in the perspectivine development of
an integrated crop management strategy, COS-OGAldéihe combined
with complementary strategies as potato cultivaistance.

This chapter provides a first insight into the i@ influence of
factors such as the host cultivar and the patheg@mn on COS-OGA
efficacy.
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Contribution in this chapter by authors (initial):
A. Clinckemaillie, M. E. RenafdH. Verhaggehand A. Legrév

Experimental procedure: AC and AL
Establishment and assessment of the bioassay: MERIY
Data analysis, AC

1. Abstract

The development of alternatives to the use of cbalrpesticides
constitutes the current challenge to control pthsgases. In this context,
the induction of plant defenses by using naturadymthetic elicitors is a
promising new strategy compatible with sustainaddgiculture. The
elicitor COS-OGA was shown to be effective agathsthemibiotrophic
pathogens Phytophthora infestanson potato. This study aims at
investigating the protective effect of a COS-OGAsdmh product,
FytoSol, on ten potato cultivarS¢lanum tuberosunagainst two strains
of P. infestans Bioassays were conducted under controlled canditi
and the disease severity was assessed during $5dgyants treated or
not with the elicitor. Potato late blight infectioemained at very low
level during this bioassay, which was performedyiaenhouse during
the winter. These results reveal that experimecalditions were not
optimal. Nevertheless, significant differences ofsedse severity
according to host and pathogen genotypes in regponte COS-OGA
treatment were observed, indicating that thesefachay influence the
defense of plants. This should be confirmed inrthér assay.

2. Introduction

The control of potato late blight, caused Rlyytophthora infestans
currently requires frequent applications of fungés. However, the
emergence of fungicide resistance and pesticidssiations by EU
regulation necessitates the development of alteeatrategies. These
alternatives to the use of chemical pesticides ttates the current
challenge to control plant diseases. In this cdntle induction of plant
defenses by using natural or synthetic elicitorsaigpromising new
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strategy compatible with sustainable agriculture ttould be combined
with genetic improvement.

Plants are vulnerable against attacks of many patiio
microorganisms but are resistant to a multitudeotbfer ones. In the
course of evolution, they have developed many wiffe defenses
mechanisms against pathogens. In the same timet plathogens
developed specialized keys to counteract plantndefeAlthough lacking
an immune system comparable to animals, plants himweloped a
stunning array of structural, chemical, and protmsed defenses
designed to detect invading organisms and stop tiefore they are able
to cause extensive damage (Freeman and Beatle). ZR88earch has
recently provided new insights on plant defensecgsees. Plants
initially use pattern recognition receptors to mguae, in the apoplast of
the plant cell, microorganisms by detecting certedmserved features
referred to as microbe- or pathogen-associated culale patterns
(MAMPs or PAMPSs) (Schwessinger et al., 2012; Boded He, 2009).
This detection induces pattern-triggered immunk®y I} which is also
known as the basal or early immune response. Irafuof PTI induces a
mitogen-activated protein kinase (MAPK) cascade kbads to various
plant defense mechanisms. Cell wall reinforcemgntdilose deposition
and the production of antimicrobial chemicals inithg reactive oxygen
species (ROS) or antimicrobial proteins and enzyaressome of these
mechanisms (Doods and Rathjen, 2010). However, gattegens can
circumvent PTI by delivering proteins called effastinto the plant cell.
In turn, plants evolved. They have developed arsgtayer of immunity
mediated by the recognition of these effectorsughointernal receptors
(R proteins) referred to as effector-triggered imitw (ETI). Upon
recognition of the effector, these receptors ultetyainduce a localized
programmed cell death (PCD) called hypersensitegponse (HR) that
may limit pathogen spread (Doods and Rathjen, 20I®e most
common class of these receptors acts inside tharaglypically contain
nucleotide-binding site (NBS) and leucine-rich @pdomains (LRR).
Co-evolution of plants and their pathogens, illatgd by the zigzag
model of Jones and Dangl (2006), leads to an isgrgadiversity of R
proteins, effectors and mechanisms of resistandesasceptibility.
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Many example of gene-for-gene have been descriBezh(olise et
al., 2017). In the early 20th century, the breddend resistance genes
(R genes) against potato late blight in the hexdo demissupwhich
could directly be crossed with tetrapldid tuberosumSo, this species
was considered as the main resistance resourcel®mrl genes (R1-
R11) have been integrated into potato cultivarse Turability of
resistance associated with particular R proteinsames problematic as
the extreme selective pressure they exert agafstinfestans
Consequently, successful resistance breeding gieeateely on stacking
resistance from different origins (gene pyramids)hie same cultivar to
reduce the chances of a pathogen evading recagnitiediated by a
single R protein (Xin et al.,, 2012). From the pao side, allelic
diversity of Avr effectors apparently determine thgecificity of their
recognition by R proteins. We talk about differeates ofP. infestans
when e.g. a single amino acid changes in Avr3a @raimvents its
recognition by R3a. Such mutations were alwayscata with the loss
of the primary (pathogenic) function of Avr3a inpguessing the plant
cell death response (Bos et al., 2009).

More recent studies revealed that plant defenseitae from
biological origin, such as plant-derived cell wailomponents,
proteinaceous pathogen molecules or non-proteingcewlecules can
be used to activate or boost natural disease aesistin non-infected
plant tissues (Wielsel et al., 2014). Syntheticciwrs, also called
chemical inducers, may also trigger defense reagtidhey mimic
interactions of natural elicitors or defense sigramolecules with their
respective plant receptors or by interfering withen defense signaling
components (Bektas and Eulgem, 2015). COS-OGA il plant
defense elicitor that was recently registered atopean level as
FytoSave® against powdery mildew in cucurbits @wlanaceae It
combines  chitosan  oligomers (COS) and  pectin-ddrive
oligogalacturonides (OGA) (Cabrera et al., 2010)jcWhare relatively
conserved small molecules collectively referredpathogen associated
molecular patterns (PAMPS) and damage associatéecuoiar patterns
(DAMPS). The complex of COS and OGA interacts wjilasma
membrane pattern recognition receptors (PRRs) dimdulate the
pathogen triggered immunity (PTI) (Van Cutsem & Klean, 1994; El
Gueddari et al., 2002). The commercial productpsgte® is effective
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against biotrophic pathogens as Erysiphaceae Solanaceage
Cucurbitaceae and grapevines (van Aubel et al420d a recent study,
we have tested the efficacy of FytoSave® againtdtpdate blight and
observed that this elicitor is able to reduce ladight severity in potato
cv. ‘Bintje’. However, its efficacy was only partigClinckemaillie et al.,
2017,cfr chapter2). A more recent study on the same pastasyhave
revealed that another COS-OGA based product, cdfgdSol also
developed by Fytofend SA, is very effective agaiRstinfestanson
potato cv. ‘Bintje’ (van Aubel, 2017).

In the framework of the integrated pest managemdifterent
strategies have to be associated to control dis€asease resistance in
plant is likely composed by multiple layers of defes activating PTI
and ETI. Both of PTI and ETI contribute to basaiseance (Zhang et
al., 2010). However, the host genotype is knowaffect the expression
of induced resistance (Martenelli et al., 1993;wdigen and Verhaar,
1994; Dann et al., 1998; Resende et al., 2002; iTetcal., 2011). This
expression can vary greatly across a range of tiggieFor example,
induction of resistance in soybeanSolerotinia sclerotiorunwith INA
or acibenzolar-S-methyl (ASM) was greatest in spBbke varieties
(Dann et al., 1998). In contrast, resistance irdactto Blumeria
graminis was strongest in the most resistant and weake#teérmost
susceptible barley genotype (Martinelli et al., 3pBometimes, there is
no clear association between the resistance rafirige variety and its
ability to express induced resistance as demoasstriay Walters et al.
(2011) in barley againg®hynchosporium commuméth a combination
of resistance elicitors (ASM, BABA and cis-jasmome)d by Sharma et
al. (2010) in tomato againBt infestansith BABA.

To our knowledge, no studies were conducted oiitalis effects on
resistance amongst potato cultivars. This studysaatnevaluating the
additional effect of the use of the elicitor Fytb8o combination with
several potato genotypes known to differ in thasceptibility to potato
late blight. A bioassay was conducted under cdetiotonditions; ten
genotypes of potato and two strains PBf infestanswith different
virulence were tested.
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3. Materials and methods

3.1.Inoculum

Two strains ofP. infestans,14-009 (A1 mating typeAvr-race
1.3.4.7.10.11, CRA-W, Belgium) and 14-015 (Blu_13-fating type,
Avr-race 1.2.3.4.5.6.7.10.11 CRA-W, Belgium), wereduas inoculum
in the bioassay. They were maintained on V8 medbparulation of the
strain, pathogenesis restauration and inoculum apadipn were
conducted as described in Clinckemaillie et al1@ACfr Chapter 2).

3.2. Plant growth, treatments with the elicitor and
inoculation

Ten potato cultivars3olanum tuberosunwere obtained from CRA-
W, Libramont, Belgium. They were chosen for thessistance td.
infestans Cultivars chosen and their resistance ratinB.tinfestangor
the growing season 2016 (1 = high susceptible $0l€8ss susceptible)
were: Bintje (1,8), Tentation (4,3), Campina (5,Markies (6,4),
Almonda (7,1), Challenger (7,5), Gasoré (7,9), &8 (8,2), Passion
(8,6), Cephora (8,6). Before planting, tubers wiest treated during 2
hours with gibberellin hormones at the concentratid mg L* to
stimulate sprouting. Thereafter, they were plamtéol pots containing a
sterilized mixture of compost and vermiculite (1/82). The plants were
irrigated daily with water and maintained underegrgouse conditions
with a photoperiod of 16h at 20/15°C (day/night pemature). At the
four leaves deployed stage, plants were treatetd @i6% (v/v) of
FytoSol, containing 12.5 g™Lof the active ingredient (COS-OGA) or
with water (control plants) by spraying the upped éower leaf surfaces
until run-off. This was performed at 7, 3 and 1 sldyefore the
inoculation of plants witlP. infestansBefore and after these treatments,
a high relative humidity was maintained in the glemuse to ensure
good adsorption of COS-OGA/water by the leaves.s€gbently, four
plants per cultivars and per treatment were indedlavith each strain of
P. infestansby spraying 1 mL of sporangial suspension®(§forangia
mL™) on each leaf of the plant using a sterile glasayer (Merck). As a
control, the remaining plants were sprayed in Hmaesway with water.
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3.3.Assessment of disease progress

The disease severity was assessed quantitatively dsy by visual
estimation of the percentage of the leaf area eavby symptoms from
the inoculation to 15 days using the scale desgripe James (1971).
The area under the disease progress curve (AUDREmiculated from
disease severity as described by Campbell and Mad@®©0).

3.4. Data analysis

Data from all the experiments were subject to aialpf variance
(ANOVA) using the SAS ENTERPRISE GUIDE v. 4.1 (SA&titute
Inc.). The treated means were compared using Takd$D test with a
confidence interval of 95% (P < 0.05).

4. Results

This bioassay was performed under controlled candit in
greenhouse during the winter 2016-2017. The poatabers require a
period of dormancy during the winter period to gewte. In this
experiment, the end of dormancy was obtained bylicgipn of
gibberellin hormones to stimulate sprouting. Evethwhis treatment,
the germination of tubers was very slow. The f@aves deployed stage
was reached only after five weeks. As shown inregBL1, the infection
on the susceptible cultivars ‘Bintje’ by the tweoashs was very low and
delayed in time compared to previous bioassayshim gathosystem
realized with another strain (10-022) &f. infestans late blight
symptoms appear 7 days after inoculation (dai)lantp inoculated with
each strain and previously elicited or not with #ieitor. In previous
study, AUDPC calculated over 7 days reached vahataeen 70 and
110 on plants treated with water and inoculatedh whe strain 10-022
(cfr chapter 2). In own assay, AUDPC calculated oveddys on plants
cv. ‘Bintje’ treated with water reached values an@ws for the both
strains 14-009 and 14-006. On the others cultithesfirst symptoms of
potato late blight appeared 2 dai for Cephora, Ada Challenger,
Campina, Markies and Gasore, and 3 dai for TemtatRassion et
Allians. To analyze the effect of FytoSol on diseagevelopment
according to the potato cultivar and the strairPofinfestansused, the
AUDPC was calculated over 15 days for each cultarad strain (Figure
3.1). Differences in AUDPC values on some cultivdepending on the
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strains, suggest that strains differed in theioleince. AUDPC values on
plants treated with water were significantly diffet for the both strains
on the cultivars Markies (3345 for strain 14-009 &2+3 for strain 14-

015), Challenger (28+4 for strain 14-009 and 17a# dtrain 14-015),

Gasore (3518 for strain 14-009 and 56+7 for stfir015) and Cephora
(5310 for strain 14-009 and 389 for strain 14-015

For the cultivars Tentation and Almonda, the treatmof plants
with FytoSol resulted in a significant decreasaligease progress with
both strains. Based on the values of AUDPC, théeptimn conferred by
the FytoSol elicitor again®. infestansvas 48.6 % for Gasore with the
strain 14-015, 54 % for Tentation and 46 % for Ahda with both
strains, 62 % for Cephora and 64.3 % for Challemgseulated with the
strains 14-009.

In this bioassay, the low levels of infection bytlbatrains ofP.
infestans,even on plants treated with water, were not caedldo the
field varietal susceptibilities. For example, thisedise severity on the
susceptible cultivar Bintje was lower than the oomesmore resistant
cultivars, such as Cephora. These results do hotvanalyzing the
relationship between the response of the elicitatith COS-OGA and
the genotypes of plants.
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5. Discussion

The aim of this experiment was to evaluate the rgate additive
effect of induced and genetic resistance agathgtophthora infestans
In order to be, to some extent, representativeht fteld infection
pressure, two different strains Bf infestanshave been selected. They
were chosen based on their prevalence (14-009)ear particular high
virulence in Belgian field (14-015, Blu_13-A2). Tegenotypes with
distinct genetic resistance to potato late bligktevtested. During this
bioassay, the development of plants was slow aedirfection was
slight. This can be partly explained by the facattithe assay was
performed under greenhouse conditions during th&ewiseason and,
even with a treatment with gibberellin hormone tedk the dormancy of
the tubers, the germination of the tubers was l@my After elicitation
and inoculation, plants were placed in a greenheusere the relative
humidity was less homogenous and probably not @gptcompared to
previous assays performed in growth chamber onatheer greenhouse.
The low disease severity observed in this assaljd@lso be explained
by the fact that the strains inoculated differeahfrthe ones used in our
previous bioassays. This highlights the difficulty perform repeatable
bioassays and the importance of each factor fordéhwelopment of a
disease. Therefore, the results of this assay tesinterpreted with
caution and the experimentation should be repeated.

Despite the low level of disease pressure espgciail the
susceptible cultivar Bintje, some results obtainmedhis study suggest
interesting information. Firstly, the expression influced resistance
conferred by FytoSol againd®. infestansvaried according to the
cultivars used. The response of elicitation was ralated to the
resistance level of the potato varieties. For exampytoSol reduced
significantly P. infestangnfection on Tentation or Cephora, susceptible
and resistant cultivars respectively. Secondly, theponse to the
elicitation seems to be also affected by the pathostrain used for
challenge inoculation. FytoSol seems to have aeceffhh combination
with the more aggressive strain on certain potatwtypes. It is the case
on cultivars Cephora and Challenger with the strb4a009 and the
cultivar Gasore with the strain 14-015. FytoSol fasb a significant
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effect when the levels of infection were raised (bamptation and
Almondia for both strains). In these experiments,have highlighted an
additive effect of FytoSol, during an interactiodamt pathogenic
compatible.

The differential resistance induction may be thsulteof defense
mechanisms and responses established by FytoSdtatmms. Our
results show some differences in disease progressawding to the
varieties used. Interestingly, there is no relati@tween the resistance
rating of the cultivars and the observed AUDPC.sTikivalid for both
cultivars treated with water or with FytoSol. It uid be that the
resistance suppressors or the avr gene oPthefestansstrains used in
the present study interacted differently with tloégpo varieties and their
induced resistance mechanisms.

As previously discussed, results must be intergreféh caution and
experimentation will be repeated to confirm resultaplementations
could also be done in the experiment design like #uadition of
FytoSave®, the commercial product containing COSAO& decrease
of the number of cultivars can be considered byoshm more
contrasted profiles of resistance to late blighirtikermore, a greater
number ofP. infestansstrains with well characterized virulence profile
can be suggested in order to broaden the reseeogie.sThe use of a
mixture of strains as inoculum can also be testedrder to evaluate
plant response in the presence of several str8ingrmaet al. (2012)
reported that BABA performed well when a singlehpaten strain was
used for inoculation, but less when two or threth@gen strains were
mixed.

6. Conclusion

This bioassay is a first investigation to study éfiects of host and
pathogen genotypes on inducibility resistance inafoo againstP.
infestans.The results of this study imply that the applicataf FytoSol
was not always related to the varietal resistarideeopotato and it was
influenced by the pathogen strain used for ino@atTo confirm these
results, the bioassay must be repeated and thercbsestrategy
completed in order to obtain right and usable imfation.
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Chapter 4

Protective effect and mode of action of FytoSave®nd
FytoSol againstAlternaria solani, a necrotrophic pathogen
on tomato

Opening comments

In chapters 2 and 3, we have investigated the teffe€0S-OGA
based products, on the pathosyst8olanum tuberosum-Phytophthora
infestans The treatment of plants with FytoSave® induceslad 50%
reduction of potato late blight severity. This ratiereduction was not
sufficient for the management of this disease @ldfiand Fytofend
developed a new formulation of the product, FytoStlidies performed
by van Aubel (2017) in UNamur under controlled dtinds revealed
that this COS-OGA product was more efficient thggtoBave® against
potato late blight, with a protection close to 10@éspite us not having
confirmed this result in chapter 3, further studiegorted by van Aubel
(2017) corroborate the efficacy of FytoSol agaipstato late blight.
Proteomic and transcriptomic studies performednmeustand the mode
of action of this elicitor revealed that the metabpathways involved in
the interaction FytoSdb. tuberosum-P. infestamffered from the one
observed with FytoSave® with induction of a comgletdifferent
parallel pathway connected or not to the accurmadatf SA or the
activation of PR genes. These observations, combined to the fatt th
treatments of plants with FytoSave® are less efficagainst late blight
compared to powdery mildew and FytoSol is moreciffit againsP.
infestansthan FytoSave®, indicate that the activity rangd anode of
action of the elicitor could depend on the plarttipgen interaction,
which is linked to the type of parasitism of thehmayen. In order to test
this hypothesis, we decided to evaluate the effeictsoth compositions
of COS-OGA and to analyze the differential expmssof defense
pathways in a pathosystem caused by a necrotrgglihmgen. We have
selected Solanum lycopersicum-Alternaira solanas a model
pathosystem. Tomato is anoth8olanaceag close to potato but this
plant doesn’t produce tuber and it grows easityginome is completely
annotated and mutants or transgenic plants alterdwrmonal signaling

97



Protective effect of COS-OGA against the necrotiophthogen A. solani

pathways are available. The agent of the earlyhblig. solani, was
chosen because it is pathogenic on tomato andopatet necrotrophic.
In this experiment, a third elicitor, the well-knowbenzothiadiazole
(BTH), was tested as a control of activation of SARis signal is
translocated throughout plants and activates SAjRasitransduction.
The effects of the three elicitors on the proteciid tomato againsA.
solaniwere compared by the assessment of the diseageegsoon wild
tomato and on two tomato mutants deleted on SAdJApathway.
Quantification of endogenous salicylic acid andyematic activities as
well as dynamic of differential defense genes esgiom help us to
understand the mode of action of the tested et&itmd evaluate the
relationship between the composition and the dgtivi the elicitors and
the type of parasitism of pathogens.
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1. Abstract

This study investigated the protective effects tn@dmodes of action
of two COS-OGA-based products, FytoSave® and Fyta8minst the
necrotrophic pathogeAlternaria solanion tomato. A third elicitor was
introduced in the experiments, the benzothiadiagBlEH) as a control
of activation of the systemic acquired resistanidee efficacy of the
three elicitors was compared by quantificationhaf tisease progress on
wild tomato plants and two tomato mutants deleiteeon SA NahG
mutant) or JA Defl mutant) pathways. Endogenous salicylic acid and
enzymatic activities as well as dynamic of diffdi@ndefense genes
expression using quantitative RT-PCR were quadtifie order to
decipher the mode of action of the elicitors. THiiter FytoSol
provided the best protection on wild tomato agaistsolani It also
provides a significant protection on two tomato amisNahG andDefl
but the protection was lower than the one obseedvild tomato
These results indicate that each of the SA andatAways is not solely
responsible of the protection. After the elicitatiwith BTH that mimic
the defense-associated effects of SA, a significadtiction of disease
progress was observed on two tomato mutiNakG and Defl For
FytoSave®, the disease severity was significandguced by the
treatment on th®efl mutant. The absence of protection in the mutant
NahG demonstrated that the salicylic acid pathway imlved in the
protection conferred by FytoSave®. Tomato defemseeg such aBR-1,
GLU and P69b were generally up-regulated after treatments i
elicitors. Increased activities @#f1.3-glucanase (GLU) and Polyphenol
oxidase (PPO) were observed on elicited tomatoeeaand only in
tomato treated with FytoSol for Peroxydase (PODYr @sults reveal
that FytoSave® and BTH activate well a defense aresp of tomato
againstA. solanithrough the SA pathway as it was observed forrothe
biotrophic and hemibiotrophic pathogens. The ptotec effect of
FytoSol was higher but, despite the significant raeigtation of
endogenous SA in tomato treated leaves, the malepathway induced
by this elicitor is not yet so clear. These ressitggest that the hormonal
regulation induced by FytoSol do not rely on SAyoahd probably
include other pathways.
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2. Introduction

Diseases of major crops caused by fungi and oorayaet mainly
controlled by repeated fungicide treatments thatcastly and do have
environmental side effects (Cooke et al., 2011).tHis context, the
development of complementary and sustainable mamagepractices to
conduct integrated pest management (IPM) and dseréae use of
chemical pesticides is of prime importance. A piing strategy is the
stimulation of plant defense response that condiactsn incompatible
interaction with the pathogen by natural or synthebmpounds called
elicitors (Thakur and Sohal, 2013). This defenspoease is stimulated
by pathogen or microbe associated patterns, PAMPgAMPSs, and
damage associated patterns, DAMPs which are reoegnby cell
surface pattern-recognition receptors (PRRs) andd ledo the
establishment of PAMP triggered immunity (PTI) (RBol & Felix,
2009). The induced resistance spreads into theeyplant and become
systemic. This response can be split into systeanguired resistance
(SAR) or induced systemic resistance (ISR) dependmthe metabolic
pathways associated. SAR is effective against & vadge of pathogens
and is mediated by a salicylic acid (SA)-dependmacess. ISR can
result from the colonization of plant-growth-prommgt rhizobacteria
(PGPR) or fungi (PGRF) and is mediated by jasmo(& or ethylene
(ET) sensitive pathway (Vallad et al., 2004; Waltet al., 2005). Cross-
talk between SA-, JA-, and ET-dependent defensewagts can affect
each other’s signaling, either positively or negaii and provides a
finer answer of plant defenses against variousqomhs (Pieterse et al.,
2012).

The elicitor COS-OGA has been recently registered@ropean
level as FytoSave®. It combines chitosan oligon{@®S) and pectin-
derived oligogalacturonides (OGA) (Cabrera et &Q10). These
molecules mimic a plant pathogen interaction aAKIP (COS) and a
DAMP (OGA). The efficacy of this new elicitor indacing biotrophic
powdery mildew agents has been reported with regargrotecting
cucurbits againstSphaerotheca fuligineaand grapevines against
Uncinula necatorMechanisms involved by treatment with FytoSave®
likely rely on SAR with an accumulation of SA and @verexpression of
SA-mediated genes and proteins (van Aubel et @14p Recent studies
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revealed that a treatment with FytoSave® reducedpttato late blight
severity up to 50%. The accumulation RiR-1 and PR-2 transcripts in
elicited potato plants (cv. Bintje) suggests th#& gathway is also
involved in the potato response to the inoculat@nP. infestans
(Clinckemaillie et al., 201%fr Chapter 2.

This study investigates the protective effect dmel mode of action
of two COS-OGA compositions, FytoSave® and FytoSgjainst the
necrotrophic pathogedrlternaria solani. This pathogen ighe causal
agent of early blight disease of tomaolanum lycopersicum Land
potato . tuberosuim In recent years, early blight has become more
prominent in Northern countries of Europe leadiogricreased interest
for this pathogen (Edin and Anderson, 201A). solani affects the
foliage, stems and fruit of infected plants, cagsmportant losses by a
reduction of economic fruit yield (Jones et al.12D The plant defense
mechanisms induced by elicitation with FytoSave® &gtoSol will be
compared to those induced by benzothiadiazole (BaHpther elicitor
which has been reported to cause systemic resgstanseveral crops
against foliar diseases (Bokshi et al., 2003; Girlet al., 1996; Ishii et
al., 1999) and which activates SAR signal transdoctat a step
downstream or at the same site of SA accumulatiiedrich et al.,
1996). The protective effect of FytoSave®, Fyto&oll BTH on tomato
plants cv. Moneymaker will be compared to two tamautants deleted
either on SA NahG mutant) or JA Defl mutant). The quantification of
endogenous salicylic acid, the evaluation of thpression of tomato
defense genes and the assessment of enzymatidiestivill help to
understand the modes of action of FytoSave® and3ejtagainst the
necrotrophic pathogef. solani

3. Materials and methods

3.1. Plant material and growth conditions

Bioassays were conducted on wild tomato cv. MondgmaThe
efficacy of FytoSave®, FytoSol and BTH was alsdagdson two tomato
mutants, deficient in the SA-or JA-signaling pathwavolved in the
plant defense reactions: tomato transgeéM&hG cv. Moneymaker
(Brading et al, 2000) and tomato mutant deficiamtDefenseless 1
(Defl) gene cv. Castlemart (Howe et al, 1996). TomattanibDefl is
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deficient in a gene product that acts after lip@nase conversion of
linolenic acid to hydroperoxylinolenic acid but bef the conversion of
12-oxo-phytodienoic acid to JA. This function playsritical role in the
octadecanoid signaling pathway and in the defefiggamts (Howe et
al., 1996). Tomato transgehNahGexpresses the bacterial géwahG a
gene encoding salicylate hydroxylase that removegenous SA by
converting it to catechol (Brading et al., 20003e8s of each genotype
were planted in pots filled with sterilized compasiil. Plants were
grown under greenhouse conditions with a 16h plestog at constant
temperature of 24°C.

3.2. Elicitor application

Three elicitors were used: FytoSave® and FytoSgtofend SA,
Isnes, Belgium) with 0.5% (v/v) soluble liquid foulation containing
12.5 g/L COS-OGA and BTH with Bion® WG 50 contaigif0% active
ingredient (Syngenta) at 10 mg a.i’.LThe treatment of plants with
FytoSave® or FytoSol were applied on four weekakhts three times
at 7 days, 3 days and 1 day befogcdrresponding to the time when
some plants were inoculated with solani(see after). The treatment of
plants with BTH was performed in a same way but time at 3 days
before T. Non-elicited plants (control plants) were treatad each
elicitation time with water. Before and after thaseatments, 90% of
relative humidity (RH) was maintained in the greswmée in order to
ensure a good absorption of the treatments byethesk.

3.3. Alternaria solani culture and inoculation

Two isolates ofA. solanj strains A1 and CRA1 (CRA-W Gembloux,
Belgium) were used as inoculum in the assays. TiansAl was used
in all experiments performed in this study. TheaistrCRALl was a
second strain used for determining the direct €€ OS-OGA on the
fungal growth. The strains were conserved on V8iomdinder daylight
at ambient temperature. To prepare suspensionridieo the fungus is
subcultured on V8 medium for 3 weeks. The day afcidation, the
conidia were harvested from medium in sterile demahzed water by
removing the supernatant from the plate and fitteteough a meshing
5x5 um. The concentration of conidia was determinéth a Fuchs-
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Rosenthal counting chamber and adjusted with stetémineralized
water in order to obtain 45,000 conidia/ml. Thepsumsion was sprayed
on the upper surface of four leaves of plantsrtili off using a sterile
glass sprayer (Merck). Sterile demineralized wetas sprayed similarly
on uninoculated plants. Following the inoculatiotithwA. solani or
treatment with water, plants were then incubatedeuncontrolled-
environment chamber for 24h under 90% RH in thé& da20°C. A 16h
photoperiod was restored after 24h with a tempegatf 20°C and
ambient RH. Each day, during two hours in the eartyrning the RH
was increased to 90% to mimic the nightly dew iture

3.4. Disease assessment

In order to investigate the protective effect ok tthree tested
elicitors againstA. solani(strain Al), the disease severity was assessed
guantitatively. Each day, a visual estimation & fiercentage of the leaf
area covered by symptoms was done from the indcnldab 7 days
using the modified scale developing by Ephrathle{1®89). The area
under the disease progress curve (AUDPC) was eaémlifrom disease
severity as described by Campbell and Madden (1990)

3.5. Direct effect of COS-0OGA on the fungal growth

The direct effect of COS-OGA on the fungal growth/o solani
(strains A1 and CRA1) was assessedvitro. Hyphal tips of 5 mm
diameter were taken from the periphery of an algtigeowing V8 sub-
culture ofA. solaniand placed face down on Petri dishes containing V8
supplemented with 0, 0.125, 0.625, 1.25, 6.25,,182%, 125 and 625
mg L™ of FytoSave® and FytoSol. The growth diameterthefcolonies
were measured daily during seven days of incubatiater daylight and
ambient temperature.

3.6. Salicylic acid quantification

Endogenous salicylic acid (SA) in wild-type Moneyaa tomato
leavesharvestedat T, and 24h after Jin uninoculated plant was
assessed for each treatment. Extraction of SA ealized according to
Molinari & Loffredo (2006). The procedure was maed as mentioned
in Gharbi et al. (2016)200mg of fresh plant tissue was incubated with
1.8 ml HCI (ImM) under mechanical shaking at 2ge Thixture was
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sonicated at 5C° for 1min and centrifuged at 15080§C° for 15 min.
The supernatant was collected and added to 2mihgt acetate before
vortexing for 1 min and centrifugation at 15000¢&r for 15 min. The
ethyl acetate fractions were combined and evapobrettedryness on a
speedvac at 4&. The residue was dissolved in 0.5 ml of
water/acetonitrile (ACN) (1:1v/v) before SA quaitiftion by high
performance liquid chromatography (HPLC) (10 of sample was
injected). The system consisted of an Agilent 18&fes equipped with
an automatic injector and a column (Inertsil ODS2830 x 3.0 mm, 3
um) oven both thermostated at 30°C. SA was detdnyeaifluorescence
detector at 315 nm emission and 408nm excitatiomelgagths. The
mobile phase was a water/acetonitrile (ACN) gratdfeom 10 to 100%
ACN and the flow was 1 ml mih Quantification of SA was performed
by external calibration using SA standards withagarirations from O to
10 uM.

3.7. Gene expression profiling

The differential expression patterns of wild-typeoméymaker
tomato genes depending from SRR-1, GLU, P69p and JA/ET
(LOXD, PR-3 and PI-Lsignaling pathway were quantified using RT-
gPCR. This expression was compared at four timatgoil, and 24h,
48h and 72h after I At each time point, four leaves per plant and fou
plants per treatment (described above) were hadedeep frozen using
liquid nitrogen and stored at -80°C until they wprecessed for enzyme
and RNA extractions. Total RNA extraction, the $wsis of cODNA and
the quantification by real-time quantitative RT-qRP@ere performed as
previously described by Clinckemaillie et al. (2D1(¢fr chapter 2.
Primers for three Housekeeping gen@AC, EFle, PGK) and six
tomato defense-related genes were retrieved framlitbrature (table
4.1).
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3.8. Quantification of enzymatic activities

Enzymatic activities in wild-type Moneymaker tomatwere
compared at four time pointsy @nd 24h, 48h and 72h afteg. At each
time point, four leaves per plant and four plargs gpeatment (described
above) were harvested and deep frozen using ligjtidgen. Frozen leaf
samples (0.5g fresh weight for polyphenol oxidd¥ed) and peroxidase
(POD) or 1g forB-1,3-glucanase (GLU)) were homogenized for 30 min
with 5 ml 80 mM sodium acetate (pH 5) with 5mM afduced
glutathione for GLU activity or 3 ml of 50 mM sodiuphosphate buffer
(pH 7.8) for POD and PPO activities. After centgiition at 12,000 rpm
for 20 min at 4°C, the supernatant (protein exjrasets removed, filtered
through Wathman n°1 filter paper and used as thecsoto assay
enzymatic activities. For all protein extractsatgbrotein contents were
qguantified by the Bradford test (Coomassie Prot@issay Kkit,
thermoscientific) by adding 1.5 mL Coomassie reage30 ul of crude
extract and reading absorbance at 595 nm afteacdioa time of 10 min
at room temperature. Protein quantities were egtighy reference to
absorbance obtained for a series of BSA (Bovinairalb standard)
concentrations.

Three defense-related enzymes were chosen frortitéhature for
their roles on the defense induction. The peroXdalays an important
role in one of the earliest observable event offglaesponse: oxidative
burst (Wojtaszek, 1997). Polyphenol oxidase catalyzhe oxygen
dependent oxidation of phenols to quinines whictolved in plants
defense against pathogens (Yedidia et al., 20083 hitin and glucan
are the major components of many fungal pathogesiadingA. solanj
an antifungal role as been suggested for theseogeatic-induced
hydrolytic enzymes (Lawrence et al., 1996).

B-1,3-glucanase (GLU) activity was determined using azurine-
crosslinked pachyman (AZCL-Pachyman) as substidtis. substrate is
supplied by Megazyme (Aust.) Pty. Ltd. (Warriewobt§W, Australia)
in a ready to used tablet. The enzyme extractiors warformed
following the manufacturer’s instruction suppliedtiwthe tablets. The
absorbance of the extract was measured at 590 tinex#hacts were
assayed in triplicate. A substrate blank was redliby adding 1,8-
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glucazyme tablets to 1 ml of extraction buffer. ekftaccounting for
background colour, the endo-133glucanase activity was determined by
using the standard curve prepared by Megazyme (ABst. Ltd. from
tablets within the same batch. One unit of actiity is defined as the
amount of enzyme required to release one micromibleducing sugar
equivalents per minute under the defined assay ivonsl (i.e., 1
milliunit releases one nanomole) and was expresaedunits per
milligram of protein after taking account of the tab protein
concentration.

Peroxydase (POD)activity was determined using guaiacol as the
substrate (Silva et al., 2004). POD activity meamant was followed at
470 nm each 60s for 5 min on 140 pl of the progmacts mixed with
3.29 ml substrate (180 mM guaiacol, 0,1M @y, pH 5.8) and 5 pl of
H,0, One unit (u) of peroxidase activity was definedreschange of in
0.01 absorbance units per minute. The specifiziictivas expressed as
units per gram of fresh weight.

Polyphenol oxidase (PPOMkctivity was determined using catechol
as the substrate. PPO activity measurement waswiedl at 420 nm
every 30s for 5 min on 150 pl protein extracts rdingth 3 mL substrate
(catechol 50 mM, 0,1M KHPQ,, pH 6.2 with 0.5 mg/mL of catalase)
One unit (u) of PPO activity was defined as thengeaof in 0.01
absorbance units per minute. The specific activig expressed as units
per gram of fresh weight.

3.9. Data analysis

Data were analyzed with the SAS Enterprise Guide @&AS
Institute Inc., Cary, USA) program using ANOVA folled by Tukey
HDS test (Honestly Significant Different) with ardmence interval of
95% (P-value < 0.05).
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4. Results

Direct effect of COS-OGA on the fungal growth

A preliminary assay was conducted to evaluateitro the direct
effect of FytoSave® and FytoSol (COS-OGA elicitoms) the fungal
growth. Mycelial plugs of two strains @f. solani(Al and CRA1) were
disposed on serial dilutions of both compositioisC®S-OGA. No
significant difference was observed between thevtiramf both strains
on media with 0 to 125 mg L-1 of the active ingeeds COS-OGA, for
both compositions. At the highest concentrationetss625 mg L-1, a
decrease of the growth of both strains was obsefeedrytoSave® and
FytoSol: on FytoSave® amended media, the growttotifnies reached
83.6 £1.1% of the one of the control for the strAihand 82.5 £ 1.2%
for the strain CRAL but, on FytoSol amended mealidy 16.5 + 1.1%
for the strain A1 and 18.7 + 1.5% for the strainAQRThe half maximal
effective concentration (EC50) was calculated fgioBol. EC50 values
of 361.22 mg [! and 431.41 mg twere calculated for strain Al and
strain CRA1, respectively.

Effect of FytoSave®, FytoSol and BTH treatments ondisease
severity and progress

In order to investigate the protective effect otdSave®, Fytosol
and BTH, the severity of early blight (strain Atfection was assessed
on tomato wild-type Moneymaker. The disease sevedtolved
differently depending on the elicitor used (Figuela). The first
symptoms appeared 2 days after inoculation (dagtewer the treatment
but the disease severity progressed rapidly ontplaeated with water.
After seven days, the disease severity of untreplmuts reached about
15% whereas the severity was approximately 11 flaofts elicited with
FytoSave® and BTH but less than 5% for plant testegtd FytoSol.
Significant differences between the AUDPC calcwaten 7 days
depending on the treatment allow separating theades severity of
plants treated with FytoSol, the one on plantstéaavith FytoSave®
and BTH and the disease level on water-treatedtplahll tested
elicitors protected tomato agairnst solani : around 35% protection for
FytoSave® and BTH and 85% for FytoSol.
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Figure 4.1: Disease severity progress (percentdgead area covered with
symptoms) (a) and values of area under the disgpagess curve (AUDPC)
over 7 days (b) of wild-type Moneymaker tomato pdatneated with COS-OGA
elicitors (FytoSol and FytoSave®), Benzothiadiaz{®&dH) or water (control)
and inoculated withAlternaria solani.No symptoms were observed on non-
inoculated plantsResults with a different letter are significanthjferent at P<
0.05 based on a Tukey test. The standard errorerangalculated from four
biological replicates.

A second bioassay was conducted under the sametiooadwith
FytoSol to confirm its high protection agaidstsolani In this bioassay,
two concentrations of conidia were tested: 6,500 45000 conidia/ml.
Despite a lower disease progress on plant inoallatgh 6,500
conidia/ml, a significant decrease in disease pesgoa FytoSol-treated
plants was again observed for both concentratidnsoaidia with a
mean percentage leaf area covered by symptomsdof 3..2% with
6,500 conidia/ml and 51.3 + 12% with 45,000 corfidiafor control
plants and 0.3 + 0.1% with 6,500 conidia/ml and+13% with 45,000
conidia/ml for FytoSol-treated plants, at 7 daieTARUDPC values of
early blight of water- or FytoSol-treated plantdcatated over 7 days
were significantly different. AUDPC reached 10 + 4id 1673 £ 790
for untreated- inoculated-plants with 6,500 and0@8, conidia/ml
respectively. For plants treated with FytoSol amoculated with 6,500
and 45,000 conidia/ml, AUDPC reached respectivedy+0.3 and 141 +
80. The protection conferred by FytoSol was eseaab be 90% for
both conidia concentrations, in the same rangested here above for
the first bioassay.
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In the same bioassay presented at figure 4.1, thea® of
FytoSave®, FytoSol and BTH was also tested on tonmatitants in
order to highlight the metabolic pathway targetedttie elicitors and
specifically evaluate if SA and/or JA signaling ipays are involved in
the plant defense reaction. Like on the wild-typendymaker (Figure
4.1a), symptoms due to early blight infection appdawo days after
inoculation on both mutants, whatever the treatimeut the severity of
symptoms evolved differently depending on the ictreatment and
the mutant (Figure 4.2a). After seven days, a Baanit reduction of the
AUDPC on transgeni®NahG tomato plants was observed when plants
were elicited with FytoSol and BTH compared to pdatreated with
water (Figure 4.2b). The protection level using BBthyed stable
(around 35%) on transgeniahG tomato plants but it decreased for
FytoSol than the one observed on the figure 4.1then wild-type
Moneymaker. Indeed, the protection conferred byoSgt againstA.
solani decreased to 50% on transgeNi@hG plants instead of 85% on
tomato wild-type Moneymaker. For tomaefl mutants, a significant
reduction of AUDPC appeared between plants treaititld water and
elicited with FytoSol, FytoSave® and BTH. This retlan was higher
with FytoSol (50% of protection againdt solani)but it was also less
than the reduction observed on the wild-type Monalyen tomato plants
(85% with FytoSol).
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Figure 4.2: Disease severity progress (percentdgead area covered with
symptoms) (a) and values of area under the digmasgess curve (AUDPC) of
NahG tomato mutant (b) anBefl tomato mutant (c) treated with COS-OGA
elicitors (FytoSol and FytoSave®), Benzothiadiaz@aH) or water (control)
and inoculated with Alternaria solani. Non-mutant control (wild-type
moneymaker tomato) was also used in the same bipassl presented at figure
4.1. No symptoms were observed on non-inoculated pldRésults with a
different letter are significantly different at £ 0.05 based on a Tukey test.
These letters can be compared to the figure 4.&. Standard error range is
calculated with four biological replicates.

SA guantification

By its pivotal role in regulation of both local @éefse and systemic
acquired resistance (SAR) activated by PTI and BEH,quantity of SA
in wild-type Moneymaker tomato leavess assessed for each treatment
one and two days after the last elicitation (d&#. was significantly
higher in plants elicited with FytoSave® and Fytb#agure 4.3) for
both time points. This difference with plants texhtvith water highlight
that SA is produced in response to the elicitatwith COS-OGA

111



Protective effect of COS-OGA against the necrotiophthogen A. solani

elicitors. This significant increase of SA was rafiserved in plants
treated with BTH despite a slight increase of Saeld

= Water = FytoSol m FytoSave BTH
70

Salicylic acid (ng g'' FW)

1 dae 2 dae

Figure 4.3: Quantification of salicylic acid (SApmtent in tomato leaves cv.
Moneymaker. Plants were treated with COS-OGA dlisit (FytoSol and
FytoSave®), Benzothiadiazole (BTH) or water (cohtemd harvested one and
two day after the last elicitation (dae). Resuliesravexpressed as means with
standard deviation (n=6). Bars with different |ett@re statistically different
(Tukey test P<0.05).

Expression analysis of defense genes

In order to differentiate the metabolic pathwaysoimed in response
to treatments with elicitors on tomato defense gerpression, the
differential expression patterns of genes dependm&A PR-1, GLY
P69 and JA/ET LOXD, PR-3and PI-1) defense pathways were
guantified using RT-qPCR. Their relative expressicompared to the
control plants (plants sprayed with water and ucimated) (value=1)
depending on the treatment and over time were cmdpafter
normalization using three housekeeping geC, PGK andEF1-,
previously validated after analysis of their stipihnd homogeneity.
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The expression ofPR-1 was significantly up-regulated after
treatment with COS-OGA elicitors or BTH in plantgiether inoculated
or uninoculated, from O hour post inoculation (hgmtil 72 hpi. At 48
hpi, a significant difference in relative quantitief PR-1 transcripts
appeared between inoculated and uninoculated plaetged with
elicitors (Fig. 4.4a). The level @&LU, coding for a3-1,3-glucanase, also
rapidly accumulated in tomato leaves elicited VAiioSol and BTH at O
hpi but not for FytoSave® treated leaves for whecklown-regulation
was observed. The up-regulation rapidly decreas@d api for FytoSol
and BTH but an upregulation appeared at that moineleiaves treated
with FytoSave® and inoculated. At 48 hpi, the tai levels ofGLU
were significantly higher in plants inoculated wih solaniand elicited
than plants uninoculated and elicited whateverdhetor (Fig. 4.4b).
The elicitation of plants with COS-OGA elicitors y{6Save® and
FytoSol) or BTH sharply up-regulatdeb9b gene expression encoding
for a subtilisin-like protease b at 0 hpi for atéatments (Fig 4.4c). At 24
hpi, a significant up-regulation of the expressidrthis gene occurred in
plants elicited with FytoSave® or BTH and inocuthteith A. solani
This up-regulation was generalized in all treatrsest 48 hpi but no
significant difference was observed at least athpRfor FytoSol and
plants treated with FytoSave® and uninoculated. iEf@ive quantities
of LOXD fluctuated less (between 0.07 and 1.7) over thaseoof the
experiment tharPR-1, GLU and P69b (Fig 4.4d). A significant up-
regulation of LOXD was observed at 24 and 72 hglants treated with
FytoSave® and inoculated witA. solani,expression. The expression
was down regulated in plants treated with BTH ahg8 with FytoSol
and BTH (inoculated or not) at 72 hpi, and treatdth FytoSave®
without A. solaniat 72 hpi. Non-significant difference Bi-1 transcripts
(Fig 4.4e), encoding for a protease inhibitor 1t@irg is observed at 0
hpi between treatments. After 0 hpi, a significaltwn regulation
appeared for all treatments. A significant up-ragoh of PR-3encoded
for a basic endochitinase class Il, was observey ionplants elicited
with FytoSol and uninoculated at 0 hpi (fig 4.330 more significant
difference was observed with this elicitor at 24 Iyt a down regulation
was observed for BTH treated plants (inoculatedat). After, an up-
regulation ofPR-3transcript was generally observed in plants insteal
with A. solani
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Genes depending on SA defense pathway
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Genes depending on JA defense pathway
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Figure 4.4 (Two previous pages) Expression relativeontrol plants over time
of six genes in tomato leaves treated or untreaitd COS-OGA elicitors
(FytoSol or FytoSave®) or Benzothiadiazole (BTHY amoculated (+) or not (-
) with Alternaria solani The genes investigated were (a) pathogenesitedela
(PR-1, (b) B-1.3-glucanase (GLU), (c) Subtilisin-like protedsg(P69b), (d)
Lipoxygenase (LOXD), (e) protease inhibitor IPI{1) and (f) Basic
endochitinase class Il (PR3); expression levels ew@&ormalized with
housekeeping genegSAC, PGK and EF1x The relative expression level of
each candidate gene is given in logarithmic formasuts for the same time
point with a different letter are significantly fiifent at P< 0.05 based on a
Tukey test. The standard error range is calculadéd four biological replicates
and takes into account two technical replicates.

Induction of defense-related enzymes by COS-OGA eltors and
BTH application

Still to differentiate the metabolic pathway andadddition to the
expression analysis of defense genes in tomatdsplactivities of some
enzymes were quantified. A significant increase pef,3-glucanase
(GLU) activity at 0 hpi in all plants elicited witytoSave®, Fytosol and
BTH (Figure 4.5). This activity decreased rapidiy24 hpi and no more
difference between treatments was recorded exoeptFjtoSave®
uninoculated-treated plants and BTH inoculatedt¢etgolants. At 48
hpi, the B-1,3-glucanase activity was significantly higher phants
inoculated with A. solanifor all treatment except FytoSave®. This
increase in plants interacting with the pathogers whserved for all
treatments at 72 hpi.

Increased peroxydase activity (POD) only occurrad0 hpi, in
plants treated with FytoSol in the presence or ofoA. solani This
higher activity disappeared at 24 hpi. After, tlogivaty of this enzyme
was significantly higher in plants interacting witte pathogen.

Significant higher polyphenol oxidase (PPO) acivitas observed
from O to 24 hpi in leaves treated with the thrikeiters. After, a higher
PPO activity was observed in plants interactindhwit solaniwhatever
the treatments.
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72h

72h

Figure 4.5: Enzymatic activity relative to contrpllants (treated with water)
over time ofB-1,3-glucanase, Peroxidase and Polyphenol oxidas®mato
leaves treated or untreated with COS-OGA elici{éngoSol and FytoSave®)
or Benzothiadiazole (BTH) and inoculated (+) or (twith Alternaria solani.
Results for the same time point with a differetteleare significantly different
at P< 0.05 based on a Tukey test. The standard errgerancalculated with

four biological replicates and takes into accohne¢ replicates
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5. Discussion

In this study, we investigated the potential usetvad synthetic
elicitors, FytoSave® and FytoSol, on tomato eatlght caused byA.
solani Both products contain different chitosan oligosné€OS) and
pectin-derived oligogalacturonides (OGA) fractionfiese components
were associated in order to mimic a PAMP and a DABIR induce a
plant defense response when they are applied onsplBioassays were
performed under controlled conditions on wild-tygemato cv.
Moneymaker and on tomato mutants deficient in theoSJA-signaling
pathway to evaluate the effects of two compositiaisCOS-OGA
elicitors againsA. solaniand to understand their modes of action. Their
efficacy was compared with the one provided ByH (Bion®,
Syngenta), well known to mimic the defense-assediadffects of SA
against a broad spectrum of phytopathogens by S#iRation (Bektas
& Eulgem, 2014). Although resistance to necrotroppathogens is
usually controlled by the plant hormones jasmorg a&and ethylene
pathway (Thaler et al., 2012), BTH has repeatedignbreported to be
effective againstBotrytis cinereain various plants including tomato
(Achuo et al. 2004).

In our experiments, a significant reduction in gdnlight severity on
tomato plants treated with the three elicitors wasserved. The
protection conferred by FytoSol (about 85%) wasificantly greater
than FytoSave® and BTH (about 35 %). The reducseadie severity on
plants elicited with COS-OGA or BTH suggested tihaise elicitors can
induce a defense againAt solani,a necrotrophic pathogerrevious
studies reported good protection of COS-OGA (Fyie®)
(respectively 75 and 95%) against the biotrophicth@gens
Sphaerotheca fuligineand Uncinula necator(van Aubel et al., 2014).
The protection by FytoSave@gainst the hemibiotrophic pathogén
infestansis lower (around 50 %) (Clinckemaillie et al., Z)1but a
recent study realized by van Aubel et al. (201%eated that FytoSol
induce a complete protection in controlled condisioagainstP.
infestans The results obtained with FytoSave® and FytoSydirast
these various pathogens under controlled conditisingw that the
application of these elicitors leads to reductidnseveral diseases.
However, the protection conferred largely deperfdh® composition of
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the elicitor tested, the pathogen and its pathagstnategy. FytoSave®
has the strongest protective effect on biotrophithpgens while FytoSol
can control nearly perfectly hemibiotrophic andnetrophic pathogens.

This differential effective protection depending ohe type of
pathogens could be explained by different defenstabolic ways.
Previous studies showing that chitosan -COS isvddrfrom chitosan, a
component of FytoSave® and FytoSol, has a doubkrtefit acts as
antimicrobial abiotic agent (El Hadrami et al., 2D&and it also activates
several plant defense mechanisms during host-pathdgteractions.
These combined effects led to reduced diseaseiseder to callose
deposition, lignification, synthesis of abscisiadagphytoalexins, and
pathogenesis related proteins as reported in pis\étudies (Baustista-
Barios et al, 2006; Cavalcanti et al., 2007). Insiudy, no direct effect
of 62.5 mg ' COS-OGA in FytoSave® or FytoSol (concentration
recommended for field application) on timevitro mycelial growth ofA.
solani was observed. This observation supports that ¢adeiction of
disease severity in plants treated with the elisitat 62.5 mg * COS-
OGA is an effect of their interaction with planthrar than a biocide
activity. However, at the highest tested conceioima{625 mg L),
FytoSave® and FytoSol reducéd vitro mycelial growth ofA. solani
with a higherin vitro direct toxicity for FytoSol than FytoSave®.

The protective effect of COS-OGA elicitors can belained by the
activation of plant defense mechanisms Analyze efenke related
enzyme activity like PPO, POD and GLU shown thatitation with the
both elicitors conduct to higher activities of taemnzymes and thus the
activation of plant defense mechanisms. These ipmtare often
implicated in the induced resistance of plantsraggathogen (Baysal et
al., 2003; Li and Steffens, 2002; Nagy et al., 20804a and Errea, 2008;
Trotel et al., 2006; Song et al., 2011). In oradedétermine more exactly
the plant defense metabolic pathway induced bytésted elicitors,
analytical methods were combined to molecular n@ghdhe relative
expression of several genes known to be markedefanse signaling
pathways in tomato plants depending on the elicitas quantified in
order to understand the defense response in teemre ofA. solani
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FytoSave® increased the expression of PR-protkéRR-1, basic
or acidic p-1,3-glucanase RR-2, subtilisin-like protease PG9Db).
Expression ofPR-1 and PR-2 is generally linked to the SA pathway
(Caarls et al., 2015) arféb9b gene was shown to be induced following
SA application (Tornero et al.,, 1996a; Jorda et H99). However,
transcripts specific to ISR and linked to JA andIk& LoxD, PI-1 and
PR-3 (Finiti et al., 2014; Fujimoto et al., 2001) wenet regulated.
Furthermore, the treatment with FytoSave® inducednarease of the
SA level in tomato leaves. The comparison of tlieotfof FytoSave® of
the NahGtomato lines an@®efl mutant, respectively deleted of SA and
JA pathway, demonstrated clearly that SA is invdlirethe FytoSave®-
mediated protection of tomato agaiAstsolani The results of this study
corroborate results reported in previous studiethermode of action of
FytoSave® on tomato plants (van Aubel et al., 20a@#4)againstP.
infestanson potato plants (Clinckemaillie et al., 2017).

The mode of action of FytoSol was investigated Bame approach
in this study to understand the plant responsethenpresence of the
necrotrophic pathogeA. solanion tomato plants. The accumulation of
PR proteins like PR-1 or PR-2 related to the SA pathvand the
accumulation of endogenous SA in tomato leavesndutine first 24
hours after the elicitation highlight that the Séfehse pathway plays
also a role in the defense induced by this elicitdowever, like
FytoSave®, transcripts to JA and ET likexD, PI-1 andPR-3(Finiti et
al., 2014; Fujimoto et al., 2001) were not regudatEurthermore, the
significant protection obtained ddahG and Defl mutants showed that
SA and JA pathways don't explain by its own theuicttbn of resistance.
The activation of SA and JA pathways was previousported for other
elicitors such as Rhamnolipids, for example in tbefense of
Arabidopsisagainst the necrotrophic fungBstrytis cinereag(Sanchez et
al., 2012). The mode of action of FytoSol seems ttitferent from one
of FytoSave® which can explain why Fytosol has ghbr efficacy
against the necrotrophic pathog@n solani. Nevertheless, we cannot
exclude the participation of others hormones like & ABA on this
induced resistance in tomato agaimst solani Indeed, action and
interplay with JA and SA signaling have been alyeagported after
ABA application (Flors et al., 2008) and Song et @011) have
suggested that ABA may be an important signal i aletivation of
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defenses against the necrotrophic pathodersolani After analysis of
transcripts of the ABA pathway, an accumulatiortto§ hormone was
indeed found after elicitation of potato leaves BytoSol without
pathogen (van Aubel et al., 2017). In this stutg, IA pathway was also
activated with accumulation of transcripts relythe oxylipins synthesis
and an important activation of the ET pathway. $#hway was lower
affected by FytoSol in this study where the timenpased (72hpi)
differs from those used in this study (0 and 24Hpis important to keep
in mind that the defense response induced is andignprocess which
involved many gene expressions and vary rapidlyr ciime The
implication of ET, JA and ABA was previously demtased against
potato late blight after elicitation witframinobutyric acid and chitosan
in other studies (Atia et al., 2005; BengtssonlgtZ914; Malerba &
Cerana, 2016).

6. Conclusion

The aim of this study was to investigate the effettrepeated
treatments of leaves of tomato with FytoSave® aytd$ol against the
necrotic fungusA. solani Our results demonstrate that the application of
these elicitors conferred a protection on tomatairesy early blight
severity. This effect was demonstrated to be dukda@ctivation of plant
defense. The level of protection largely dependshefcomposition of
the tested elicitor, the pathogen and its pathagestiategy. Gene
expression and enzyme activity analysis showedelictation by COS-
OGA or BTH induced increased expression of PR prstike PR-1and
GLU (or PR-2. This activation seems to be clearly modulatedsBy
dependent pathway for FytoSave®. The higher priatectdue to the
application of FytoSol can be explained by the ed#hce of gene
expression and enzymatic activities linked to didti metabolic
pathways. Our results showed that FytoSol activai&spathway. The
protective effect of this elicitor against solaniis not associated to the
activation of the SA-signaling pathway, as showrih®yprotective effect
on tomato mutants. The JA pathway was reportedetaeguired for
resistance against necrotrophic pathogens (Rahrah,e2012). Our
results corroborate partly results reported by Aabel (2017) indicating
that FytoSol could trigger a completely differenarglel pathway
connected or not to the accumulation of SA or thevation of PR
genes. Further investigations are required to deber the precise roles
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and signaling pathways activated by the treatmentplants with
FytoSol. Our study suggests that the use of etiboay be a promising
strategy in integrated pest management in sustai@agiculture.
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General discussion

The use of elicitors of plant resistance in cropt@ction and pest
management is still in the early stage of the medaut, as suggested
before by Stout et al. (2002), this strategy maweses an important
component of a multifaceted, ecologically-basedt pemnagement
program. Recent studies have shown that the uséciibrs can reduce
disease or damage severity caused by insects,, foesfis or herbivores
on various plant varieties (Thakur & Sohal, 2018Blicitors offer
interesting advantages as they reduce environmeatakds and they are
not toxic to pathogens. Furthermore, the proteatimmierred by elicitors
is not specific and can potentially act against tiplel pathogens
(Michelmore et al., 2013). On the other hand, pldafense can be
costly, requiring energy and resources that wotilérvise be used for
growth and development (Walters et al., 2013) am@ting a dilemma
for the plant: to grow or defend. However, indugdants seem able to
compensate for diversion of energy and resourcesrtts defense by
increasing photosynthetic rates (Murray & Waltet892) and growth
rates (Dietrich et al., 2005). Some elicitors aiffecently and enhance
the capacity of the plant to activate immune respenThis sensitization
process, which is called priming, can be triggdrge@licitors but also by
pathogens, beneficial microorganisms or woundingnf@th, 2006;
Beckers & Conrath, 2007; Goellner & Conrath, 2008Bhis defense
priming is postulated to be an adaptive, low-costedsive measure
because defense responses are not, or only s|iglatiyated by a given
priming stimulus (Martinez-Medina et al., 2016).stead, defense
responses are deployed in a faster, stronger, @nafore sustained
manner following the perception of a challengingnsil (the triggering
stimulus). There is thus a potential for the useeléitors of plant
resistance in the management programs of diseamkpests but in
depth knowledge on their effectiveness, requirechditmns of
effectiveness and modes of action of elicitorsargreat importance to
evaluate their potential to stimulate plant defenaed help the plants
against pathogen infection or pest infection.
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The main question treated in this thesis concethedotential use
of the elicitor COS-OGA, a PTI inducer, to prot&ulanaceaeagainst
disease caused by fungal and oomycete pathogeperifrents were
performed in order to evaluate the efficacy of teigitor againstP.
infestansandA. solanj to understand the modes of action of two COS-
OGA based-products and highlight the conditiong tten affect the
plant defense response. In this part of the thessyill discuss whether
the three hypotheses formulated in the beginningthig work are
validated on not.

COS-0GA reduces diseases caused by P. infestans and A. solani
but the protection depends on the elicitor composition, the
pathogen and its type of parasitism

Firstly, we assumed that the efficacy of COS-OGAnfkienced by
the composition of the product, the pathogen amdyjpe of parasitism.
To answer this question, bioassays were conductetrucontrolled
conditions using two formulations of COS-OGA (Fya8® and
FytoSol) which contain different chitosan oligomé@0S) and pectin-
derived oligogalacturonides (OGA) fractions. Pregicstudies revealed
that the degree of polymerization of OGA, the degref OGA
methylation, as well as the degree of acetylatiod the pattern of
acetylation of COS strongly modified the way howgosaccharides
stimulates PTI (Cabrera et al., 2006, Madhupralasd., 2015; Ridley
et al., 2001). The protective effect of FytoSavet® &ytoSol were tested
in planta under controlled conditions on the pathosyst8mlanum
lycopersicum(tomato}Alternaria solanito compare the effect of COS-
OGA composition On this pathosystem, both compositions lead to the
reduction of the disease severity. However, thizaffy of FytoSave®
was lower than those obtained with FytoS@le have not strictly
compared the two COS-OGA elicitors in our assayshenpathosystem
S. tuberosum-Phytophthora infestdmg results obtained by Van Aubel
(2017) show that FytoSol is more efficient (proi@ctnearby 100%)
than FytoSave® (protection around 50%). These tesiémonstrated
that the efficacy of COS-OGA is influenced by themposition of the
product.
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This efficacy can also vary according to the pagmsgand thus its
type of parasitism. Our results obtained with Fae$® and FytoSol
showed that treatments of tomato leaves using fey&® reduced 30%
of the disease severity caused Ay solani whereas the protection
conferred by FytoSol reached 80%. The protectiorairesy the
hemibiotrophic pathogenP. infestans,was estimated t050% for
FytoSave® (Clinckemaillie et al., 2017) and neatif% for FytoSol
(van Aubel, 2017). Previous studies reported tl2aB5% protection for
FytoSave® on cucumbers agaifgthaerotheca fuligineand from 76 to
96% protection on grapevines againkincinula necato These
protection rates depend on the measurement tinee fatment and
disease pressure (low to moderate) in vineyardsgaednhouses (van
Aubel et al.,, 2014). These two latter pathogens kaogrophic; their
feeding and infection strategies differ thus frohe tplant pathogen
interaction that involves hemibiotrophs or necrptre. All these results
suggest that FytoSave® has a strong protectivectefia biotrophic
pathogens while FytoSol is more efficient againsinibiotrophic and
necrotrophic pathogens. These results confirmed tha elicitor
composition, the pathogen and its type of parasitisfluence COS-
OGA efficacy. Some chemical inducers of diseasast@se have
already been tested for controlling the severitylisEases with varying
efficiency. Examples include benzothiadiazol (BTamdp-aminobutyric
acid (BABA) against potato late blight. No protecti againstP.
infestanshas been reported for BTH (Si-Ammour et al., 2008} 15—
100% protection has been reported for BABA, depapdin the potato
cultivar andP. infestansstrain used (Sharma et al., 2010).

Metabolic pathways induced by COS-OGA elicitors

The second hypothesis formulated in this work comeeghe plant
defense response. We assumed that the plant defesisenses differ
according to the composition of COS-OGA based prodnd its mode
of action. Since plant defenses are part of mei@lpaithways involved
in plant-pathogen interaction, we also assumed tihat defense
responses differ according to the pathogen artgipsof parasitism.

Elicitors induced plant resistance though activatiof different
defense pathways but the molecular mechanisms lyimdgmactivation
of plant defense responses are complex (KunkeBaadks, 2002). This
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resistance is also associated with the activatiocomplex signaling
networks where plant hormones play a crucial lelant hormones such
as SA, JA and ET are considered as the backbotiesaietwork. In this
context, our researches on the modes of action@B-OGA elicitors
focused on two main defense pathways, SA and JAdEfed to SAR
and ISR, respectively. Other hormones like absa@sid (ABA), auxins
and gibberellins (GA) were reported to be involwedlefense signaling
networks (Novakova et al., 2014; Pieterse et 8lL22 but they were not
taken into account in our experiments. In the pfathogen interaction,
plant pathogens interact with distinct metabolithpays depending on
their modes of parasitism. Owing to their defensecfions, plant
hormones are major targets of pathogens attack raadipulation
(Mobius and Hertweck, 2009). Information about thede of action of
COS-OGA compositions can help to improve the edficy or the
strategy of use of FytoSave® and FytoSol. In theeaat biotrophs that
derive their nutriments from living host tissuedg&brook et al., 2005),
it is easy to imagine that activation of SA signglieads to HR which
could result in resistance. The HR response woulgride such
pathogens of a food source. On the other hand, tetmaphs and
necrotrophs could accommodate increase in SA-tkigeéme expression
and endogenous SA accumulation to promote infect® has been
shown to promote disease development caused byneleotrophic
pathogenBotrytis cinereathrough NPR1 and the transcription factor
TGAl.a, by suppressing the expression of two JAeddpnt defense
genes, proteinase inhibitors | and Il. These daighlight how
necrotrophs manipulate the SA-signaling pathwayptomote their
disease infection (Rahman et al., 2012).

To determine if SA and/or JA/ET- defense pathwagsiavolved in
the defense induced by COS-OGA, a comparative stofdyboth
oligosaccharide elicitors on potato and tomato mefeinduction was
performed. The treatments of leaves with FytoSave@ulted in an
increased expression of PR-protein sucliPRsl, basic or acidi§-1,3-
glucanaseRR-2 and subtilisin-like proteas€ 690 on the pathosystem
S. lycopersicum-A. solaniThese results corroborate those obtained in
the pathosystem S. tuberosum-P. infestanswith FytoSave®
Furthermore, the treatment with the elicitor indii@® increase level of
SA in tomato leaves and a higher defense relategnem activity like
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PPO or GLU. The comparison of the effect of Fyta$awof theNahG
tomato lines andDefl mutant, respectively deleted of SA and JA
pathway, demonstrated clearly that SA is involvethie mode of cation
of FytoSave®. These results could explain why FsteE® is
particularly efficient against biotrophic pathogeB#\ pathway leads to
the induction of the hypersensitive response (HRjiciv confines
biotrophs by abolishing nutrient supplies thereloyiting pathogen
growth.

Regarding FytoSol, the accumulation in the pathesyssS.
lycopersicum — A. solarif PR proteins like PR-1 or PR-2 related to the
SA pathway and the accumulation of endogenous S#nmato leaves
during the first 24 hours after the elicitation Hlight that the SA-
defense pathway also plays a role in the deferdaced by FytoSol.
Furthermore, the significant protection obtained NahG and Defl
mutants, did not show that either SA pathway ompaéhway are solely
responsible for the induction of resistance. Botitants exhibited lower
protection than wild type tomato but non-zero prtta, suggesting the
contribution of another signaling pathway in thduation of the defense
response by FytoSol in tomato agaidstsolani Previous studies on
tomato againsA. solanireported action and interplay with JA and SA
signaling after ABA application (Flors et al., 2008d Song et al.
(2011) suggest that ABA may be an important sigmahe activation of
defenses against the necrotrophic pathodersolani After analysis of
transcripts of ABA pathway, an accumulation of tiiermone was
indeed highlighted after elicitation by FytoSol @otato againstP.
infestang(van Aubel, 2017). In this previous study, JA pely was also
activated with accumulation of transcripts whiclyren the oxylipins
synthesis. An important activation of the ET patiwseas also observed.
SA pathway was less affected by FytoSol in thiglgtumplication of
ET, JA and ABA was previously demonstrated aggiosato late blight
after elicitation withf-aminobutyric acid and chitosan (Atia et al., 2005;
Bengtsson et al., 2014; Malerba & Cerana, 2016¢ Uibe of mutant
plants delated on ET and ABA could confirm this licgtion.

The mode of action of FytoSol seems therefore wiffe from the
one of FytoSave®, with several pathways probablyolwved. This
characteristic could explain why FytoSol is morefeetive than
FytoSave® against hemibiotrophic and necrotrophi¢hpgens. Our
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results combined with the results obtained by vanbel (2017)

demonstrated that the effectiveness of COS-OGA mpeon the
formulation which can affect the molecular interact between plant
and—pathogen. In the context of plant protectioms very important to
address the right composition against the righhgen according to its
type of parasitism.

Factors affecting the efficacy of COS-0GA

The impact of factors, like climatic conditions,ngtype of the host
plant and strain of the pathogens, on the intevactietween plant
pathogen and elicitor was our third hypothesis Tdea here can be
illustrated by the disease triangle, where thenisitg of the disease (the
size of the triangle) could vary depending on tieatiment or not with
the elicitor (two previous hypotheses) but alsoemigling on the other
components of the triangle: genotypes of host, quehs and the
environment.

To demonstrate this assumption, a first challengais thesis was to
design standardized bioassays to allow the evaluafi protective effect
of FytoSave® and FytoSol. In these bioassays pmddr under
phytotrons or greenhouses conditions, we have tiied control
parameters such as the relative humidity, the dgplamts, the host
genotype, the temperature, the strain used, andcdheentration of
inoculum to obtain a rapid infection. Bioassayseveerformed by using
optimal conditions recommended by the team of Pidfan Cutsem
(UNamur) to enhance plant defense response tdithia@on with COS-
OGA. Despite these precautions for a right infetgtisome parameters
are difficult to monitor and vary during the expeent. For example, in
greenhouses, it is more difficult to control théatwe humidity than in
phytotrons. The rate of infection on cv. ‘Bintje’itiv P. infestanscan
easily reach 73 % in phytotrons or in some greesésu(small
compartments) while this rate can be reduced dawanty 1 or 2 %
when the humidity is low or not strictly controlleficcording to this, the
elicitor can have different efficiencies. All thefgetors can also explain
why elicitors used in field conditions often showreduced efficacy
when compared to results obtained under laboratonditions. It is
mainly because interactions with the environmefdcafthe outcome of
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General discussion

the induced resistance mechanisms (Aljabal et 2015). Defense
pathways are a complex metabolic network of cralis#4nd feedback
mechanisms and therefore affected by many biotic adiotic
environmental factors (Wielsel et al., 2014). Amwthimportant
parameter modulating plant defense response ikdbkegenotype. Our
experiment on potato cultivars but also on tomataamts revealed that
different host genotypes which determine the inrmapacity to resist,
can show significant differences in the expressibinduced resistance
to FytoSol. Another factor which can affect theundd resistance is the
strain used and the density of pathogen inoculumthis thesis, the
density of inoculum was determined from the literatto obtain a good
infection. However, this inoculum density was nelfated to the natural
inoculum present in field and can explain why thetgction obtained
using elicitors in the field under high infectiorepsure differ from those
obtained in laboratory under lower infection.

As mentioned above, to have a successful use oftogd in
agriculture, it is important to understand thefieefs on plant defense. It
is also important to identify plant and environmeelated factors that
can affect the defense responses. Despite all nbestigations about
induced resistance in plants using elicitors, the& in crop protection is
not a common practice, and only a few compoundg leen tested or
used in agriculture. The protection obtained usfigitors in the field
under high infection pressure was often reportedbéoincomplete
(Llorens et al., 2017) For example, although mastiss of acibenzolar-
S-methyl (ASM) under field conditions report diseaontrol, the level
of control ranges from 4-99% (Walters et al., 2009)e efficacy of an
elicitor in crop protection relies on the inductiohplant resistance and
thus on a plant response. It contrasts with conmeal pesticides that
have a direct toxic effect on the target organismd therefore a more
predictable effect. The use of elicitor in agricuét requires a change in
the disease management approach by farmers ahd gxpectations of
a treatment. To promote broader utilization of iicin agriculture, it
will also be important to specify the required citiotis to reach
efficacy. Promising results were obtained when i#veesistance
inducers were applied together or with chemicalttreents. For instance,
in citrus, the application of BABA with ASM resuttein a high and
stable reduction ofCandidatus Liberibacter asiaticugLi et al., 2016).
The synergistic effect of resistance inducers, gseaentive compound
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or in combination with classical pesticides, cafeio& valuable tool for

reducing the residues of chemical pesticides. Areotrschedule of
treatments with alternation between these compoandsclassical ones
could be useful for both reduction of pest damaaged reduction of

chemical residues. Moreover, the use of resistammcers in

combination with nutritional compounds like BfHor the colonization

with arbuscular mycorrhiza could be an interestialgernative to

preventive and curative treatments. By using tistisgegies, plants can
achieve an enhanced basal resistance that perranpridtects

themselves against possible biotic but also abstt&sses (Llorens et al.,
2017).

With regards to the use of COS-OGA in agricultumesays have
been performed with FytoSave® in field or commdrgeeenhouse
conditions. Results showed that FytoSave® is éffecin preventing
protection under low to moderate pressure agaimstipry mildew (van
Aubel et al., 2014). However, results of severalags conducted in
fields using FytoSol for the control of potato ldtéght (G. van Aubel,
pers. comm.) were not sufficient to promote the afsthis elicitor under
high pressure oP. infestanson susceptible genotypes. These results
highlight the fact that other biotic or abiotic fars can interact in fields
and act on the disease triangle, modifying plargpoese to the
elicitation. This confirms the difficulty to use aglicitor under field
conditions and the importance to study and speeifpired conditions
to reach efficacy. The combination of COS-OGA amnghl doses of
fungicide can be exploited to perform a better gton in field. In the
same way, combination with other resistance indug@an also be
investigated. We have also highlighted the posgiib use COS-OGA
with different plant genotypes to increase thestasice induced. All
these elements demand additional investigatiormrder to integrate at
best COS-OGA into a field treatments scheme.

130



Chapter 6

Conclusion and perspectives

Plant disease control in the 21st century facediphellchallenges
(Walters et al. 2005). Plant pathogens are contisiycevolving, leading
to the selection of strains able to circumvent hreststance genes. The
strains used can also become resistant to fungicideen they are
repeatedly used. In addition, the environmentadaf of widespread use
of chemicals are an increasing concern. In thistecdn alternative
approaches of plant disease control need to beemwited in a
sustainable way. Induced resistance exploiting rahtudefense
machinery of plants could be proposed as a progisid a sustainable
alternative approach for plant protection. Inducedistance can be
defined as an increased expression of natural siefemechanisms of
plants against various types of pathogens. It @aadivated by avirulent
or attenuated pathogenic strains, elicitors of ggenic origin (glucans,
proteins, lipids, etc.), abiotic stress or synthadlicitors such as 2,6-
dichloroisonicotinic acid (INA), B-aminobutyric acid (BABA),
benzothiadiazole (BTH), etc. Induced resistanceb&sed on the
expression of genetic information present in plamtd it is not the result
of genome alterations (mutations, introgression fafeign genetic
material (Edreva, 2004).

In this thesis, the use of COS-OGA elicitors to teoindisease on
Solanaceaewas largely investigated. This elicitor stimulate3| by
imitation  with  chitooligosaccharides, COS (as PAMPand
oligogalacturonides, OGA (as DAMP) of a plant pago interaction
(Van Cutsem & Messiean, 1994; El Gueddari et &023. Before this
thesis, the first data available on COS-OGA weretéid toArabidopsis
thaliana cell suspension cultures, an excellent laboratooglel but far
from the whole plant and the field (Cabrera et2010). First assays in
fields or in greenhouses against powdery mildewehalso been
performed with FytoSave® and have given decisiwelte (Van Aubel
et al., 2014). This present work contributes teeap®r understanding of
the efficacy and the mechanisms involved afteritation with COS-
OGA elicitors to protecSolanaceaeagainst diseases caused by fungi or
oomycetes.
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Conclusion and perspectives

To protect plants against pathogenic agents,important to have a
good understanding of parameters affecting the espiology of a
disease. As presented in chapter 1, the diseaswleiis a conceptual
model that shows the interactions between the emwient, the host and
an infectious agent which lead to a disease. Thectibe of this thesis
was to understand how COS-OGA interacts with thegmain actors of
this triangle (figure 6.1) —plant, pathogen and ¢ém¥ironment- and to
highlight the factors determining plant responses.

CO5-0OGA

FytoSo #Z FytoSave®

J Disease
severity

Pathogens,
its mode of parasitism and
the strainsused

Hosts genotype

Figure 6.1: Interaction between COS-OGA productd #re three main
actors of the disease triangle —plant, pathogen thed environment. The
application of COS-OGA elicitors on plants leadseduction of the disease (in
green). However, the protection conferred deperidhe composition of the
elicitor tested; the pathogen, its type of parasitiand the strain used; the host
genotype and the environmental conditions (in red).
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The application of COS-OGA elicitors on potato omato plants
leads to reduction of early and late blight. Howeudhe conferred
protection largely depends of the composition & dficitor tested, the
pathogen and its pathogenic strategy. FytoSave@perted to have a
strong protective effect on biotrophic pathogensr @ork reveals that
the defenses of plants using this product weresaofficient to protect
them against potato late blight and that the otbenulation of COS-
OGA, FytoSol, was more efficient agaifstinfestansaandA. solani The
hemibiotrophic and necrotrophic character of themghogens has
probably influenced this result. The protection feored by these
elicitors was shown to be correlated with the ation of different
defense pathways. FytoSave® induced the SA-depéepdémvay while
FytoSol induced SA-pathway but also others pathveaymected or not
to the SA pathway. Results on RNAseq realized hy Aabel (2017)
complete these results with an activation of ABA, &d JA pathways
after elicitation with FytoSol.

In this work, we demonstrated that the efficacyG@dS-OGA can
also be affected by the different, biotic and dbjatomponents of the
triangle disease, such as host and pathogen gesptgpncentration of
inoculum, climatic conditions, ... Further researches recommended
to characterize the range of effectiveness of E@5-OGA elicitors,
their mode of action and the requisite conditioasehsure efficient
induction of plant defense to increase their plaagop protection.
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