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Glossary

Arbuscular mycorrhiza fungal stages: pre-stage refer to the stage
before contact with the root and root colonizatiearly stage refer to
the stage o&ppresorium formation and firstyphal root colonization
before arbuscules and vesicles formatemd late stage refer to the
stage ofintense root colonization with arbuscules and esiéormed
(i.e. association successfully established and mutualiskichange
between the two partners effectiy&gllou et al. 2010)

Arbuscular mycorrhiza symbiosis: a unique association between the
mycelium of a soil-borne fungus and more than 8@%igher plants
(Smith and Read 2008)

Biocontrol fungi: are beneficial organisms that reduce the negative
effects of plant pathogens and promote positivparses in the plant
(Soresh et al. 2010)

Induced systemic resistancea colonization of plant roots by PGPR
or PGPF showing a protection of plant tissues agautifferent types

of pathogengVan Loon et al. 1998)

Mycorrhiza induced resistance:a root colonization by AM fungi
improving plant resistance/tolerance to biotic sses(Pozo et al.
2009)



Plant resistance/tolerance:the resistance ishe ability of plant to
reduce the amount of damaged the tolerance the ability of plant
to support damage without a reduction of fithn@ausher 1992)

Priming: a faster and/or stronger activation of various o&r
defence responses that are induced following attgckathogens or
insects or in response to abiotic stré€®nrath et al. 2006)

Systemic acquired resistancea primary infection with a pathogen
rendered non-infected plant tissues more resistantsubsequent
pathogen attackRoss 1961)



Summary

Potato isthe fourth largest food crop cultivated in the wlorThis
crop is susceptible to numerous pests and diseasesh vdoictrol
requires large quantities of pesticides in conwerai agriculture. In
the last decade, several studies have suggestadgs¢hef beneficial
microorganisms as promising alternatives to redapédce chemicals.
Among these microorganisms, the arbuscular mycalti{AM) fungi
and the fungal antagoniskyichodermaspp. are the most frequently
cited in the literature. Early works on biologicabntrol of plant
diseases reported the ability of these microorgasito interact
directly with soil pathogens. More recent findinglso indicated the
ability of these fungi to reprogram plant gene esgion and to induce
a systemic resistance in plant. The objective isftiesis was to study
the biological protection triggered hizophagusp. (syn.Glomus
sp. MUCL 41833) andl. harzianum(MUCL 29707) against two
potato crops pathogen®hizoctonia solani(MUCL 49235) and
Phytophthora infestangMUCL 43257). The study was conducted
under strictin vitro culture conditions allowing to focus directly on
the targeted microorganisms by eliminating confangdactors such
as other microorganisms. In addition, thevitro systems developed
allowed thesynchronization of the AM fungal development in the
roots and facilitated the investigations during finst stages of the
AM fungal establishment. Finallynolecular techniques were used to
visualize the plant defence activated during thadolgiical protection
process. Ouresults demonstrated th&hizophagusp. was able to

decrease the disease severity against the twooppé&hogens. The

Xi



molecular mechanism behind this “protection” seenpeihcipally
dependent of the plant hormone signalling pathwientically, we
demonstrated that. harzianunwas able to decrease the impact of the
disease caused . solaniin potato roots via the jasmonic acid and
salicylic acid signalling pathways. Ours findings supported the
beneficial effects oRhizophagusp. andT. harzianumto control, at
least partially and during the early phases of pg¢h attack, two of
the most damaging potato pathogens. It also higtddy the
complexity of mechanisms involved and the necestty further
studies on the complex interactions involving anplgathogens and

beneficial microorganisms.
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Outline of the thesis
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Within this thesis, different experiments were cactéd to answer

three main objectives:
(1) Demonstrate the role é&thizophagusp. as biocontrol fungi
(BCF) in potato plants against the soil-borne pgémdR. solaniand

the hemibiotrophic pathogéh infestans
(2) Increase our knowledge on the molecular mechasi
involved in the mycorrhiza induced resistance (MiliRpotato plants.
(3) Demonstrate the potential ®f harzianumas BCF in potato

plants againsR. solaniand decipher the molecular base of plant

schematized in the Figure 1.
Chapter I: Validating the Chapter VI: Analyzing
Mycelium Donor Planin vitro the effect ofT.
culture system for genes harzaniumagainstR.
solanij by vital dye
observations and genes
expression analysis

| expression analysis during the
symbiotic establishment

defence involved in this process.
The successive steps of the thesis are presentbdisection and

Chapter Il : Investigating the

transcriptional change,
Chapter V: Studying the

especially the modulation of
defence genes, during the
symbiotic establishment, by )
microarray analysis Chapter 11 : Studying the effgct of .
Rhizophagusp. on potato resistance effect ofRhizophagusp.
againstR. solaniduring the on potato resistance agairs
symbiotic establishment, by diseaggp. P. infestangiuring a well-
established symbiosis, b
d

-

disease assesements an

assesements and defence genes
expression analysis
* defence genes expressioh
analysis

Chapter IV: Studying the systemic
effect ofRhizophagusp. on potato
resistance again&. solaniduring a
well-established symbiosis, by
analyzing the expression of the
GST1 LoxandPR2genes

General Discussion

v

Conclusions

'

Perspectives

Fig. 1 Outline of the thesis
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In the introduction section, the subject and general objective of
the thesis were presented, while in @entext of the Studysection,
the state of the art relative to the study wasewged. This chapter
summarized the most pertinent and recent literatarevo beneficial
microorganisms, the AM fungi andrichoderma spp., in the
biological protection of pathogens, and reviewea tkignalling
pathway potentially involved in this mechanism. aliso gives a
specific attention to two major potato pathogehs:goil-borne fungus
R. solaniand the late blight causal agdhtinfestansan Oomycete.
The Materials and Methods section summarizes the biological
materials and briefly describes the most importaohniques used in

our research.

The major drawback in studying AM symbiosis, esakgifor
molecular approaches, is the difficulty to synclwenthe initial
developmental events leading to the establishménhe symbiosis
(Weidmann et al. 2004). Here, we used the MycelDdamor Plant
(MDP) in vitro culture system (Voets et al. 2009) to answer the
questions addressed in this woiliis system allows tgynchronize
the development of AM fungi in the roots atite fast/homogenous
mycorrhization of seedlings at their early stagaele¥elopment. The
system consists in the plating of plantlets in ativaly growing
mycelium network supported by a donor mycorrhiz&Enp under
rigorous in vitro culture conditions.This system appears therefore
particularly adapted to study the molecular evetisng the AM
fungal root colonization and the molecular mechantd biological

protection in the potato plant. This was demonstrah Chapter |.
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The MDPIn vitro culture system was validated for the expression of
the phosphate transporter 3 gene and six defenues gxpressed in
potato plants. These genes were monitored over hbyneeal-time
QRT-PCR and paralleled with the root colonizatignRhizophagus
sp. Gene expression change was observed in the qe-§te.before
root colonization), early stage (i.e. hyphae roolonization before
arbuscules and vesicles formation) and the latgestee. heavy root
colonization with arbuscules and vesicles formed) ot

colonization.

The results of chapter | were published in Mycareh{Gallou et
al. 2010)

After validation of the MDPin vitro culture system for gene
expression analysis, we studied tjlebal transcriptional change, in
particular the regulation of genes related to théemce mechanism,
during the three stages of root colonization descriabovegChapter
II). For this study, we performed a microarray expent usingthe
Potato Array designed by the Potato Oligo Chipidtite (POCI)
(Kloosterman et al. 2008) associated to the Mapbtdtware for gene

ontology analysis.

The results of chapter Il were accepted for pubiara in
Functional & Integrative Genomics

The objective ofchapter IIl, IV andV was to investigate the

potential of the AM fungus as BCF and to track #h@ression of

XVil



several defence genes involved in different plarirtone pathways,
in order to increase our knowledge on the molecdialogue behind
the MIR process. Irchapter | and I, we have demonstrated an
induction of numerous plant defence genes, in @ddr during the
pre- and late stage of AM root colonization. In seguence in the
first part of this chapterGhapter 1l ), the MDP in vitro culture
system was used to investigate the effectRlukzophagusp. on the
potato plantlets resistance agaiRstsolaniduring the different stages
of root colonization (i.e. (1) the potato plantletere placed in the
ERM network of Rhizophagussp. and were at the same time
inoculated withR. solaniand (2)R. solaniwas inoculated nine days
following the contact of the potato plantlets wikie ERM network of
Rhizophagussp.). In both approaches, the root colonization by
Rhizophagussp. and the disease development Rof solani were
analysed. Moreovethe real-time QRT-PCR was used to assess the
expression of defence genes salicylic acid (SAsmonic acid (JA)-,
JA/ethylene (ET)-dependent and a mitogen-activgedein kinase
(MAPK) gene.

The results of chapter Il were submitted to Euspgournal of
Plant Pathology

In chapter IV, we developed am vitro split root culture system
to investigate the systemic effect®hfizophagusp.againstR. solani
The capacity of thisin vitro culture system was evaluated by
measuring the AM fungus development and root cakdion.

Moreover, the disease assessment thedreal-time QRT-PCR, used

XVili



to assess the expression of SA-dependent and J&zdept genes,

were analyzed.

The chapter IV is a research paper in preparation

Following the studies on biological protection ¢#ged by the
AM fungus against a soil-borne pathogen in potat®,evaluatedhe
impact of the AM fungus against a hemibiotrophic pathogen
inoculated on the leaves of potatn.Chapter V, the MDPin vitro
culture system was used to test the biological gotain effect of
Rhizophagusp. againsP. infestansthe causal agent of late blight in
potato. As in the previous chapters, the diseasesament anthe
real-time QRT-PCR, used to assess the expressi@AqfJA-, ET-
and JA/ET-dependent genes aMAdPK gene, were analyzed.

The results of chapter V were published in Phygickl and
Molecular Plant Pathology (Gallou et al. 2011)

In Chapter VI, the Half-closed Arbuscular Mycorrhizal-Plant
vitro culture system (HAM-P) (Voets et al. 2005) wasdute study
the effect ofT. harzianumagainstR. solaniin potato rootsThe vital
dye (i.e. acridine orange) and the stability oferehce genes (i.e.
GeNorm software) were evaluated to demonstrate biodogical
protection effect of T. harzianum Moreover, the time-course
expression of defence genes of potato plantletfleciyged by the
pathogenR. solaniin the presence/absence ®f harzianumwas

followed during the early stage of the plant-miaslinteraction.
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The results of the chapter VI were published indpean Journal
of Plant Pathology (Gallou et a2009)

In the General Discussiorsection, the major findings of the thesis
were summarized and discussed. In@oaclusionsection, the major

outcomes were given and further commented.

Finally, in the Perspectives section, the possible avenues to
improve our understanding, on the role Rifiizophagussp. and T.
harzianumand on the molecular signalling involved during IR

were presented.
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Introduction






Potato plants are facing numerous pathogens, @aasitonstant
menace to its production worldwide. Among thes&paens, the soil-
borne fungusRhizoctonia solaniand the late blight causal agent
Phytophthora infestanan Oomycete, are among the most damaging.
Over the last 15 years, the pressureRofsolanihas significantly
increased in Europe, where the pathogen causesrtempaliseases
such as black scurf. Yield losses are estimate2Dté6 (Grosch et al.
2006). Potato late bight, caused by the hemibibtiopathogenP.
infestans is the most destructive potato disease in theldwdrhis
microorganism was responsible for the epidemics bsulted in the
European potato famine in 1845. Nowadays, the dnlusses in
Europe (i.e. costs of damage and control) are astithabove 1 billion
€ (Haverkort et al. 2008).

The control of these two diseases by cultural prestis limited.
At the present time, chemicals treatments Rur solani and P.
infestansare the most recommended strategies for theiraom the
recent years, microorganisms suchPaeudomonasAM fungi and
fungal antagonists (e.glonostachys roseand Trichodermaspp.)
(Whipps 2004; Brewer and Larkin 2005; Grosch et28l06) have
been considered as promising alternatives to cbptamt pathogens
and to minimise the impact of chemicals on the mmment by
replacing these molecules or reducing their ratepglication (Chet
and Inbar 1994; Harman and Bjorkman 1998).

The AM fungus, an obligate biotroph belonging t@ tRhylum
Glomeromycota (Sciler et al. 2001), is amongst the most studied
beneficial microorganism. It has been frequentlgoréed that root

colonization by AM fungi improve plant resistancdgrance against a



vast array of root pathogens, and under some cstames on above-
ground diseases. Other fungal beneficial microasmas are
Trichodermaspp., isolated from soil and present in the rhihese.
These fungi are opportunistic plant symbionts, dndction as
parasites and antagonists of many phytopathogenii,f thus
protecting plants from diseases (Harman et al. 2Q@4ito et al
2010).

The protective effects conferred by AM fungi may Ibealized,
i.e. at the site of the host cell containing typideustoria-like
arbuscule structures (Cordier et al. 1998; Azcomikag et al. 2002;
St-Arnaud and Vujanovic 2007) or systemic (Pozoakt 2002;
Khaosaad et al. 2007) with the description of a enydza induced
resistance (MIR) mechanism (Pozo et al. 2010). mleehanisms of
MIR remain largely unknown. The establishment & &M fungus in
the roots is a complex and dynamic process invglvirajor changes
in plant gene expression (Franken et al. 2007; iedt 2007) among
which genes associated with defence mechanism® (&toal. 2010).
It is obvious that an in-deep understanding of mhechanisms of
defence expressed during AM fungal root colonizatigdll help in the
development of control strategies against the mdiseases in crop
plants.

In addition to the well-known mycoparasitism pracé¥inale et
al. 2008), Trichodermaspp. was also reported to decrease disease
caused by different pathogens via the induction aofsystemic
resistance in the plant. The reaction of the planrichodermaspp.
was similar to the induced systemic resistance )IBRgered by

rhizobacteria. However, it has recently been shdvat the defence



regulatory protein NPR1 (Non-expresserRi®1 gene), which plays a
key role in SA-dependent SAR (Dong 2004), was dg&deto the
biological protection triggered by. harzianumin A. thalianaagainst
Pythium ultimum This result underlined the fact th@itichoderma
spp. may also use other mechanisms, as systemiiregqgesistance
(SAR), to induce plant defence (Shoresh et al. 2010

The soil is a complex and interaction-rich envir@mtn Thus
interaction studies between microorganisms undghlyicontrolled
conditions (e.gin vitro) are recommendedhe use ofn vitro culture
systems provide the possibility to focus directly the targeted
interacting microorganisms by elimination of misleay abiotic and
biotic factors. Recently, Voets et al. (2005; 2068ye developed two
in vitro culture systems (i.e. the half-closed Arbusculaictrhizal-
Plant culture system (HAM-P) and the Mycelium DoRtant culture
system (MDP)) adapted for AM fungal studies witholeh plants,
allowing non-destructive microscope observatioms.atldition, the
HAM-P (Voets et al. 2005), was also demonstrated pswerful tool
for studying the dynamics of others plant-fungakractions (i.eT.
harzianumandR. solanj (De Jaeger et al. 2010). In parallel, the MDP
(Voets et al. 2009), represented a powerfull tawl improving our
knowledge on the AM fungal biological protection laflowing
synchronization of the AM fungal development in th@ots and
facilitating the researches during the first stagésthe symbiotic
establishment.

In the present thesis, we used theseitro culture systems for
investigating the potential of an AM fungwRhizophagusp. MUCL

41833, to control two major potato pathogeRs,infestansMUCL



43257 andR. solaniMUCL 49235. Root colonization by the AM
fungus, disease development on roots and leavesit lormone
defence genes and molecular networks changes atesbtd defence
during AM fungal root colonization were considerdd. addition, the
impact of T. harzianunmMUCL 29707 against the soil-borne pathogen,
R. solaniMUCL 49235, was evaluated in order to understéuadrole

of this fungus in biotic stress alleviation in potalants.
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|. Arbuscular Mycorrhiza Fungi

The arbuscular mycorrhiza (AM) symbiosis representsnique
association between the mycelium of a soil-bornegfis and more
than 80% of higher plants (Smith and Read 2008¢. AWl fungus, an
obligate biotroph belonging to the Phylum Glomercotga (Schfjler
et al. 2001), receives carbohydrates from the ptsit required to
complete its life cycle, in exchange of which ibpides the plant with
nutrients (i.e. such as phosphate, nitrogen arghsul and water. The
establishment of this successful mutualistic asgmei develops from
a complex and dynamic process involving major cleanig fungal
and plant gene expression (Franken et al. 2007nHRait 2007).
During this process, phosphate transporter genesefLal. 1998) as
well as transient defence-response genes are @&diwathe host plant
(Liu et al. 2003). As a result of this process, &M fungus is able to
enhance plant growth and production (van der Heigleal. 2008) as
well as increase its resistance/tolerance to bitid abiotic stresses
(Whipps 2004; Pozo et al. 2010).

.1 The AM fungal life cycle

In nature, the AM fungal mycelium extending fromlaozed
roots represents an important source of inoculunthfe colonization
of neighbouring plants, due to the several hyplaaeifying from the
colony (Friese and Allen 1991). However, AM fungirsist in the soil

as spores, isolated vesicles, mycorrhizal rootnfgts, or fungal



mycelium, which identically could serve as propagulfor root

colonization. After the development of the extrdical mycelium

(ERM) network from colonized root or isolated prgpkes (e.g.
spores), the AM fungus enters into contact withrti@ and develops
an appressorium at the surface of the epidermids ceéfore

developing within the root. About 4 to 5 h aftee tthevelopment of an
appressorium, cellular events strictly coordinabgdhe nucleus lead
to the development of a pre-penetration appardtat donsists of a
cytoplasmic column containing microtubules and wfi@ment

bundles, very dense endoplasmic reticulum cisteraad a central
membranous thread. Only after the column has beemed, the
fungus grows across the cell within the newly fodmaembrane
tunnel (Genre et al. 2005).

Within the root cortex, the AM fungus develops daling two
main developmental patterns: theumtype and théaristype (Smith
and Read 2008). In tharum type, the fungal hyphae grow in the
intercellular spaces between root cortical cellg] penetrate cells to
differentiate arbuscules. In tHearis-type, the hyphae grow directly
from cell to cell so that the intercellular phasedevelopment is
highly restricted or completely absent. Fungal pexien of plant cell
walls is therefore much more frequent Paris-type than inArum
type. Complex coils develop within colonized cetis Paris-type,
which may bear arbuscule-like branches (arbuscuats). In the
final step of the root colonization, the memberslbfyenera, with the
exception of theGigasporaceaedevelop vesicles to varying degrees

and in either intercellular or intracellular loaatiin the cortex. The
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vesicles also play a role as reproductive and vesstructure (Smith
and Read 2008)

Following the root colonization, the AM fungus pueeés an ERM
network in the soil. The ERM develop branching absw structures
(BAS), which are supposed to be involved in theakptof minerals
(Bago et al. 1998). In th&igasporaceaethe ERM also support
auxiliary cells which are believed to play a roke raproductive and
reserve structure (Declerck et al. 2004). Finadiyternal spores are
differentiated, acting as reserve and propagatictsires (Fig. 2).

Germinating Appressorium
Spores Formation

Hyphal development

Extra-radical Mycelium formation and Arbuscules and Vesicles
spores productions formation

Fig. 2 Life cycle of an arbuscular mycorrhizal fungugto Glomeraceadamily
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.2 General benefits of AM fungal symbiosis to

plants

The benefits conferred by AM fungi to plants arenewous and
diverse. Past studies have reported that AM furgyiadle to increase
plant nutrition (i.e. growth) and resistance totioidi.e. above- and
below-ground pathogens) and abiotic (i.e. heavyametalinity,
drought and soil compaction) stresses (Smith an@dR2008).
However, it should be mentioned that high levelstéss may turn
the symbiosis between the two partners into a negetlationship, as
unfavourable conditions may adversely influence Afngal
performance (Rillig 2004; Hildebrandt et al. 200fransari 2010).

The first well known benefit of AM fungi to plants the increased
growth resulting from and improved nutrient acquosi (Koide and
Mosse 2004). Several minerals are transportechei@ymbiosis to the
plant in exchange for carbon (Pearson and Jakoh868). Baylis
(1959) was the first to suggest that the benefigiaht growth effect
of AM fungi was mediated by the increased accuntabf P. The
extra nutrition of P in the mycorrhizal roots wasedo the better soll
exploration by the ERM network of AM fungi (Li et.d991). This
ERM is able to take up P and translocate this maintr the plant
(Smith et al. 2000). Additionally, other nutriestsch as N, K, Cu and
Zn are also transported by the AM fungi to the hpkint. The
improved plant nutrition generally resulted in atreased biomass
production as show with cucumber (Trimble and Kresvil995),
coffee (Siquiera et al. 1998) and cereals (Al-Kagedkal. 2004).
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Another beneficial effect of AM fungi is improvirgpil structure
(Ryan and Graham 2002). The AM fungi affect salisture through
(1) binding soil particles on ERM, (2) entanglemeosft micro-
aggregates by hyphae into macro-aggregates, angr@8jding a C
source for plant and microorganisms after AM degtiadh in the soil
(Jastrow et al. 1998; Cardoso and Kuyper 2006)addition, the
production of glycoproteins (i.e. glomalin) by AMyphae has also
been reported to improve soil structure (Rillig &dmmey 2006).

Abiotic stresses have important impacts on croglyctvity. The
AM symbiosis can protect plant under these streghes mitigating
the negative impact on plant productivity. The @sses involved are
numerous. For example under heavy metals stressAM fungi
induce in plants the expression of specific germs;oding for
metallothioneins, antioxidant enzymes and metaisparters, which
induced an increase of tolerance of mycorrhizatiglaMoreover, AM
fungi have developed mechanism called phyto-s&atibn increasing
the tolerance of plants to heavy metal stresses.phiyto-stabilisation
is a mechanism by which the AM fungi increase tlepability to
immobilise heavy metals in the soil via the sequadisin in the hyphae
and consequently decreasing translocation to planaddition, the
beneficial effects of AM fungi have been reportedier salinity and
drought stress conditions by the existence of diffe mechanisms,
such as the increase of osmolytes concentratien ¢arbohydrates
and electrolytes) in plant roots (Ruiz-Lozano et1#196; Daei et al.
2009).

Finally, numerous studies have reported a benéffiact of AM

fungi under biotic stresses, such as the reduatiancidence and/or
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severity caused by below-ground pathogens. In astitfew studies
were conducted on the control of above-ground ppthe by AM
fungi and results were less conclusive (Whipps 20®dzo et al.
2009). The protective effects conferred by AM fumgire principally
attributed to the induction of several defence waifs in the
mycorrhizal plants, via the MIR mechanism (Pozalet2010) (For
more details see paragraph III).

.3 Plant gene expression in AM symbiotic

association

The development of the AM symbiosis involves sigaifnt
morphological changes in both partners (i.e. thentplnd the AM
fungus) that are assumed to be coordinated byiproeal exchange

of signals (Harrison 2005) (See review in Table 1).
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Table 1 Overview of plant genes reported to be transaniatily regulated in a
specific stage of AM symbiosis development

before contact)

Stages Functional category/Genes References
Pre-stage (i.e. cell-wall modification, signal Weidmann et al2004
transduction and translation pathway

expansin-like EXLBY)

Dermatsev et al. 2010

Early stage (i.e.
appressorium and
first hyphal
development)

"~

germin-like, nodulin 26-like and fou
other proteins of unknown function

expansin-like EXLBI)

putativeavr9/Cf-9
Cell wall (PSENOD12A

Signalling (C1p serine protease)

plant defence

rBrechenmacher et.£2004

Siciliano et al2007; Dermatsev €
al. 2010

Siciliano et al. 2007
Albrecht et al. 1998
Roussel et al1200

Kapulnik et.a@l996; Ruiz-Lozand
et al. 1999; Liu et al. 2003

it

Late stage (i.e.
arbuscules and
vesicles formed)

Cellular modifications genes

Cell wall modification

MtCell

osmotin/thaumatin-like

Expansin

Nutrient uptake genes
Phosphate transporters

nitrate transporters

sugar transporters

Defence genes
plant defence

reactive oxygen species

jasmonate pathway

Other plant hormone pathways

Grunwald et al. 2004

Liu et al. 2003; Guether et al.
2009a

Hohnjec et al. 2005

Journet et al. 2001; Liu et al.
2004; Balestrini et al. 2005

Rausch et al. 2001; Hareisal.
2002; Paszkowski et al. 2002;
Karandashov and Bucher 2005,
Grunwald et al. 2009

Hildebrandt et al. 2002; Hebn
et al. 2005; Guether et al. 2009b

Harrison 1996; Liu et al. 2003;|
Hohnjec et al. 2005

Salzer et al. 2000; Brechenma
et al. 2004; Ocon et al. 2007,

2009; Guether et al. 2009a; Lopsg
Raez et al. 2010

Fester and Hause 2005aoa0
et al. 2005

Deguchi et al. 2007; Lopez-Ra
et al. 2010

Riedel et al. 200&;lkiet al.
2009; Grunwald et al. 2009

Requena et al. 2007; Gomez et al.

her
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[.3.1 Pre- and early stages of AM fungal symbiosis

Before contact with the root (i.e. pre-stage),ititiction of genes
involved in cell-wall modification, signal transdian and translation
pathway has been demonstrated (Weidmann @08K). At the early
stage of root colonization, genes encoding a celll vprotein
(PSENOD12A; Albrecht et al. 1998) and a Clp senmetease
(Roussel et al. 2001) were activated in pea roots\g appressorium
formation. Plant genes expressed in the early stafenteraction
between Medicago truncatulaand Funneliformis mosseadSyn.
Glomus mosseae were detected by non-targeted suppression
subtractive hybridization (SSH). Genes encodingngefike, nodulin
26-like and four other proteins of unknown functiware activated at
the appressorium stage (Brechenmacher et2@b4), while other
genes encoding an expansin-like protein and a ipatatvro/Cf-9
protein were activated during development of the-genetration
apparatus inM. truncatula (Siciliano et al 2007). Recently,
Dermatsev et al. (2010) have demonstrated thagxpansin-like gene
(EXLBJ) was involved in the pre- and early stages of Alidus-
tomato association. A number of studies have aported a transient
increased expression of plant defence genes, edigeduring the
early stages of root colonization, followed by &loe in expression
(Kapulnik et al 1996; Ruiz-Lozano et al. 1999; Liu et al. 2003).

It is interesting to note that three gen&\(1l, DMI2, DMI3)
involved in the early stages of signal transducttommon to both
nodulation and AM formation have been identifiedMiadicagosp. by

positional cloning in myc— mutants, and homologsvehaeen
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described in other plants (Parniske 2004; Oldroydle 2005). In
particular, DMI2, a receptor-like kinase, ardMI1, a predicted ion
channel, acting upstream of calcium spiking, weretected.
Interestingly, DMI3, a Ca2+ and calmodulin-deperidgmotein
kinase, acts downstream (Endre et al. 2002; Ara. &004; Lévy et
al. 2004; Oldroyd et al. 2005). Recently, Genrealet(2010) have
found byin vivo confocal microscopy that epidermal cells contacted
by AM fungus show repetitive oscillation (spikingf the nuclear
calcium concentration. However, the process ofrfiate construction
is initiated after the adhesion of the AM fungapegssorium to the
root epidermis showing that the calcium spiking secondary signal.

[.3.2 Late stage of AM fungal symbiosis

In the last years, the use of different techniqueh as the cDNA
arrays (Liu et al. 2003; Grunwald et al. 2004; Heknet al. 2005;
Guimil et al. 2005; Fiorilli et al. 2009) and mett®to search for
differentially expressed transcripts (Wulf et ad03; Brechenmacher
et al. 2004), have helped to demonstrate the coatypleof
transcriptional changes in plants during the AM dain symbiotic
phase (Review Table 1).

I. Cellular modification genes
Intra-cellular colonization by AM fungi dramaticalchanges the

morphological organization of the host cells (Baonéa 2001). In

particular, a new interface compartment is createloich contains
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material similar in composition to the plant cetillv Grunwald et al.
(2004) have identified some Expressed Sequence(E&ds) with
gene products involved in cell wall modificationn® encodes an
extensin-like glycoprotein that belongs to a lang®tein family
characterized by (hydroxy)proline-rich motifs. Meenb of this family
accumulate during both nodule and mycorrhiza deraknt (Journet
et al. 2001; Hohnjec et al. 2005). Using cDNA astdyiu et al. (2003)
observed that theMtCell gene was specifically induced during
symbiosis. This result was confirmed by Guetheale{2009a). The
authors observed the induction of Ljwgs_024744.4. (iI8% identity
to the MtCell gene) inLotus japonicusroots specifically during
symbiosis. The MtCell product shares identity witbmbers of the
E-type Egase subfamily Ill, which have been assediawith
expanding tissues and cellulose synthesis (Brumetall. 1997).

Cell wall modifications in AM symbiosis are alsoggested by the
induction of a gene encoding an osmotin/thaumaitm-Iprotein
(Hohnjec et al. 2005). These proteins are knowtbdoresistant to
proteases and to denaturation, and the corresppngenes are
described as being induced in response to osmot&sss or in
response to fungi. Moreover, expansins (i.e. es@latar proteins)
have been located in cucumber mycorrhizal rootsrevtieey could be
involved in keeping the interfacial material locesed/or in cell wall
loosening and cell enlargement (Balestrini et @0%). The induction
of an expansin gene in mycorrhizal roots has akenlfound inM.
truncatula by in silico analysis of ESTs (Journet et al. 2001) and by

cDNA array experiments (Liu et al. 2004).
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ii. Nutrient uptake genes

During the AM symbiotic phase, the nutrient exchaargtween
the two partners is significantly modified. Investiions performed on
host plants (e.g. potato, rice, akid truncatulg reported the presence
of P transporters exclusively expressed during sgsmb (Rausch et
al. 2001; Harrison et al. 2002; Paszkowski et 802 Karandashov
and Bucher 2005, Grunwald et al. 2009). In paracWtPT4from M.
truncatulawas shown to be located in the peri-arbuscular bnane,
at the interface between arbuscules and the inataginplant cell
membrane, generally assumed as the site of nusatitanges (Bago
et al. 2000; Harrison et al. 2002). Karandashov Bodher (2005)
have shown that the potato phosphate transportee §&PT3 is
expressed in root cells harbouring various mycaaihistructures,
including thick-coiled hyphae. In addition, mycdm&-inducible P
transporters have been describedamnaceouspecies (tomato and
potato) and rice (Guimil et al. 2005; Nagy et @l03).

Moreover, the induction of four genes correspondmthe first AM-
related nitrate transporters identified Mh truncatula was reported
(Hohnjec et al. 2005). Two reports on an AM-induceirate
transporter in tomato (Hildebrandt et al. 2002) amd.. japonicus
(Guether et al. 2009b) suggested the involvementmethanisms
supporting ammonium uptake but also nitrate actioisiduring AM
symbiosis. Recently, the analysis of gene exprassidhe colonized
cortical cell ofM. truncatulaby R. intraradicegSyn.G. intraradiceg
revealed a symbiosis-specific ammonium transpdHhat is likely a

candidate for mediating ammonium transport in thd Aymbiosis
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(Gomez et al. 2009). In AM-colonized roots, enhahcgene
expression of sucrose synthase was also obsenadhgkov et al.
2003; Hohnjec et al. 2003). In the past years, islamr(1996) reported
high levels of expression of a sugar transportaneg@itstl) in
arbuscule-containing cells and in cortical cells@unding colonized
areas. The induction oMtstl was also reported ifr. mosseae
colonized roots by Hohnjec et al. (2005). In addhtitwo other sugar
transporters (TC77798 and AW584546) were identified M.
truncatula colonized by G. versiformé& using macroarray
hybridization (Liu et al. 2003).

iii. Defence genes

Because the AM symbiotic association helps in thprovement
of plant health through increased protection agaistic and abiotic
stresses (Ocon et al. 2007; Requena et al. 200&)expression of
defence genes and genes associated with defendean@ns have
been extensively investigated. In situ experimeetgaled that some
transcripts related to plant defence responses vexdusively
expressed in arbuscule-containing cells (Baleseinal. 1997; Blee
and Anderson 2000), suggesting a very localizegpomrese. For
example, the class Il of chitinase gene family haen shown to be
expressed in cells containing active arbusculelz¢®at al. 2000) and
the glutathione S-transferase transcripts have haklen found to
accumulate in the late stage of mycorrhizal symbi(Brechenmacher

et al. 2004). Moreover, recent microarray studiesealed the

! Specie of uncertain taxonomic position (Sglketiand Walker 2010)
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induction of numerous defence genes related toicbiot abiotic
stresses after symbiosis establishment. Theseestdémonstrated the
induction of PRs chitinase, p-1,3-glucanase or peroxidase genes
during biotic stresses and numerous heat shoclkiprgenes during
abiotic stresses (Gomez et al. 2009; Guether @08Pa; Lopez-Raez
et al. 2010).

Other studies have also demonstrated the induatiorgenes
associated with the defence during the late stdg&M symbiosis.
Fester and Hause (2005) and Lanfranco et al. (20@%cted the
induction of genes involved in the detoxificatiohreactive oxygen
species (ROS) during oxidative stress. An incredsgenes transcript
involved in carotenoid synthesis was associated witycorrhizal
colonization in several plants and suggested thgmlvement in the
efficient protection against ROS generated durimg life cycle of
arbuscules (Walter et al. 2000; Fester et al. 260#)s et al. 2004,
Hohnjec et al. 2005). In addition, a number of hssievealed in roots
of mycorrhizal plants the inductions of numerouseageinvolved in
the different plant hormones. For instance, Degushial. (2007)
demonstrated up-regulation of th@smonic acid 2gene inLotus
japonicusroots after establishment of the symbiosis vitimosseae
andG. margarita Fiorilli et al. (2009) have highlighted the indion
of several genes involved in auxin and abscisicd aGhBA)
metabolism in the roots of tomato plants colonibgdF. mosseae
whereas Lopez-Raez et al. (2010) demonstrated rtlections of
numerous JA genes in the roots of tomato plantenizéd byF.

mossea®r R. irregularis
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[.3.3 Diversity of plant hormones response following AM

symbiotic interaction

Despite the high number of experimental studies, rttolecular
basis and dialogue between the two partners okyhabiosis is still
poorly understood. Recent studies have pointeckélyerole of plant
hormones in the regulation of AM symbiosis (Hauseale 2007).
However their roles and functions remain uncleaed®Bl et al. 2008).
Recently, Lopez-Raez et al. (2010) have shown alaign of the
oxilipin pathway during the AM symbiosis and suggésa key
regulatory role for jasmonates. However, these aatdemonstrated
that only 35 % of the genes were regulated in comnaloring the
interaction betweefr. mosseaer R. irregularis and tomato plants.
The results suggested a difference in plant regptmthe colonization
by the AM fungi. This observation was also suppibtig Riedel et al.
(2008) and Grunwald et al. (2009). Riedel et al0OO@ have
demonstrated that JA levels in mycorrhizal rootsypared with non-
mycorrhizal controls remained unaltered and thaglebe (ET), rather
than JA, signalling played a role in the AM symisobetweenR.
irregularis and Nicotiana attenuateGrunwald et al. (2009) further
revealed, in the AM fungal interaction betwe@igaspora roseand
M. truncatulg only a very small number of genes with a common
pattern of regulation in the root colonised by M fungus in
comparison to roots treated with the two phytoharesp ABA and
JA.

lI. Plant Immune Response
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Within soil, plant roots become quickly colonizeg & diverse
microflora among which soil-borne bacteria and fun@hese
microbes may have either beneficial or detrimemtfécts on the
plant. Beneficial soil-borne microorganisms areedde. The most
commonly reported are the plant growth promotingzabacteria
(PGPR), theRhizobia(i.e. fixing atmospheric nitrogen for plant), and
some fungi such as the AM fungi aiidchoderma These beneficial
microorganisms have been reported to stimulatet pjmowth by,
among others, suppressing plant disease (Van Laoal.e1998;
Spaink 2000; Pozo et al. 2002; Harman et al. 20604)sect herbivory
(Van Oosten et al. 2008). This biological protectaxtivity is exerted
either directly through antagonism of soil-bornethpgens or
indirectly by promoting plant-mediated resistanegponses (Vinale et
al. 2008; Van der Ent et al. 2009; Pozo et al. 2010

II.L1 Systemic acquired resistance

In the 1960s, Ross (1961) demonstrated that resdriprimary
infection with a pathogen rendered non-infectechiplissues more
resistant to subsequent pathogen attack. This lkEstoyg and broad
spectrum induced disease resistance is referrasl $gstemic acquired
resistance (SAR) (Ross 1961; Durrant and Dong 20P4) 3). The
SAR process is associated with increased levelsSAf and is
characterized by the coordinate activation of acifige set of
Pathogenesis-Relatdf?’R) genes, many of which encode PR proteins
with antimicrobial activity (Van Loon et al. 20065tudies with

transgenic and mutant plants that are impairechégroduction or
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perception of SA demonstrated a central role fa pihytohormone in
SAR (Loake and Grant 2007; Vlot et al. 2008). Tégulatory protein
NPR1 (Non-expresser oPR1 gene) emerged as an important
transducer of the SA signal, which upon activatighSA acts as a
transcriptional co-activator ¢fR gene expression (Dong 2004).

Systemic Acquired Induced Systemic
Resistance Resistance

Pathogen infection
and Necrosis

Systemic

ET involved
(Verberne et al. 2003)
JA involved

(Truman et al. 208 A { ‘ |ng for JA/ET

nprl

 J
PRs

Systemic
response

Pathogen infection,
Necrosis and
wounding by insect

nprl required

JA /ET (Pieterse et al. 1998;

lavicoli et al. 2003)

Fig. 3 Systemic Acquired Resistance and Induced Syst&egistance mechanisms
in plants (e.g. potato)
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Other hormones are also involved in SAR signallimgtobacco,
Verberne et al. (2003) demonstrated that ET pei@ed required for
the onset of SA-dependent SAR that is triggerednuipdection by
tobacco mosaic virus. In addition, Truman et aQ0@ showed that
the JA-signalling mutantsgtlb(suppressor of g2 allele of SKP1)1b
opr3 (12-oxo-phytodienoate reductase) &nd jinl (jasmonate
insensitive ) failed to develop SAR upon leaf infiltration witin
avirulent strain of the pathogdPseudomonas syringgev. tomatq
suggesting that JAs play a role in SAR as well. eosv, other JA-
signalling mutants such agrl (jasmonate resistant )1 eds8
(enhanced disease susceptibility 8ndcoil (coronatine insensitive
1) were shown to develop normal levels of SAR (Pstest al. 1998;
Ton et al. 2002; Cui et al. 2005; Attaran et aD20 Hence, the exact
role of JA signalling in SAR needs to be furtheplexed.

1I.2 Induced systemic resistance

Besides pathogens, non-pathogenic microorganisnms alao
increase the level of disease resistance in plans. probable that
beneficial microbes and pathogens are recognizedlangely similar
manner, ultimately resulting in an enhanced defensapacity of the
plant. However, in plant—beneficial microbe intdrags, the microbe
molecular response does not ward off the intergdbieneficial as it
remains accommodated by the plant. This suggebkighadegree of
coordination and a continuous molecular dialogusveen the plant
and the beneficial organism. The first evidencdéS& protection was

shown by an experiment in which colonization ofnpleoots by PGPR
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resulted in increased resistance of plant tissugsinat different
pathogens (Van Loon et al. 1998) (Fig. 3).

[1.2.1 Signalling pathway of ISR

In the past decade, research on the defence smgnahthways
that are activated by beneficial microorganismsatéad that JA and
ET are central players in the regulation of indusgstemic resistance
(ISR). In Arabidopsis ISR elicited byPseudomonas fluorescence
WCS417r was blocked in the JA-signalling mutgatd, jinl, eds8
andcoil (Pieterse et al. 1998; Ton et al. 2002; Pozo.€2@08), and
in ET signalling mutants such asrl (ethylene response Andein2
(ethylene insensitive) APieterse et al. 1998; Knoester et al. 1999).
Identically, for other PGPRP( fluorescenceCHAO (lavicoli et al.
2003); Serattia marcescerandBacillus pumilugRyu et al. 2004)P.
putida LSW17S (Ahn et al. 2007), the role of JA and ETthe
regulation of the ISR response d@frabidopsis was established.
Likewise, ISR promoted by the plant growth promgtfangi (PGPF)
Penicillium sp. GP16-2Trichoderma harzianuni39 andP. indica
was blocked in JA- and ET-signalling mutants Afabidopsis
(Hossain et al. 2008; Korolev et al. 2008; Steinle2008).

In accordance with the role of JA and ET in theutation of the
ISR, transcriptional activity oPR genes was not increased in leaf
tissue of Arabidopsis upon induction of ISR byP. fluorescence
WCS417r (Pieterse et al. 1996). Furthermore, treatraf the roots of
Arabidopsis with the PGPRP. fluorescenceWCS417r was not

associated with an increase in SA levels in systd®R expressing
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leaf tissues (Pieterse et al. 2000). Many exampieSA-independent
ISR have been demonstratedAmabidopsis(Van Wees et al. 1997,
Ryu et al. 2003; Stein et al. 2008; Segarra €2@09) and other plant
species, such as tobacco (Zhang et al. 2002), damu@Rress et al.
1997), tomato (Hase et al. 2008), and rice (De 34ekauwer et al.
2008). The ability to activate an SA-independerthway controlling
systemic disease resistance seems to be commorbefoeficial
microorganisms and occurs in a broad range of @paties against
different types of attackers.

The defence regulatory protein NPR1 plays a ke inl SA-
dependent SAR, but has also been reported in JA#&pENdent ISR
(Pieterse and Van Loon 2004; Dong 2004). For irmgamutant
Arabidopsis nprlplants were shown to be blocked in their abilay t
express ISR upon colonization of the roots by théPR P.
fluorescenceWCS417r (Pieterse et al. 1998), and other PGPR or
PGPF a$. fluorescen€HAO (lavicoli et al. 2003) and. asperellum
T34 (Segarra et al. 2009). In SAR, NPR1 plays apontant role as
transcriptional co-activator of SA-responsifAR genes expression.
However, SA-independent ISR is not accompaniedhieyactivation
of SA-responsivéP’R genes (Pieterse et al. 1996). Hence, the role of
NPR1 in ISR must be different from that in SAR. Séelifferent roles
of NPR1 are not mutually exclusive, because simeltas activation
of SAR and ISR can lead to an additively enhanaddrsive capacity
compared to that of SAR and ISR (Van Wees et a0020This
suggested that NPR1 is important in regulating aodnecting
different hormone-dependent induced defence patbR2gng 2004;

Pieterse and Van Loon 2004, Pieterse et al. 2¢0®)ever, the exact
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molecular mechanisms by which NPR1 exerts its irolbese JA/ET-

dependent ISR remains to be elucidated.

[1.2.2 Local response to beneficial microorganisms

Only few interactions between plants and beneficial
microorganisms leading to enhanced systemic resisthave been
studied for locally induced changes in plant geegpression or
metabolism. In the roots of rice and tomato plaAis] fungi were
shown to induce the accumulation of a number ofisitepts and
proteins, respectively, many of which with a préekc function in
plant defence (Guimil et al. 2005; Pozo and Azcaguifar 2007).
Likewise, a proteome approach of rice roots colediby endophytic
N2-fixing Azoarcusspp. identified an increase in JA-regulated PR-,
salt stress-related- and putative receptor likegins, especially in
less-compatible interactions (Miché et al. 2006)MI. truncatulathe
initial local transcriptional responses to the AMhflusF. mosseae
showed significant overlap to those initiated by tPGPR P.
fluorescensC7R12 (Sanchez et al. 2005). Moreover, both beiaéfi
microorganisms were unable to elicit these sharadstriptional
responses in the symbiosis-defective mutdmi3 (does not make
infections 3, suggesting that the signalling pathways that are
promoted by these different beneficial microorgarssconverge
(Sanchez et al. 2005).

[1.2.3 Priming for enhanced defence
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The role of JA and ET in the regulation of PGPR &@IPF to
promote systemic defence responses has been mestdplished
through the analysis of JA- and ET-signalling mtgarHowever,
colonization of the roots by ISR-inducing PGPR iftelm not
associated with an increase in the production esehhormones
(Pieterse et al. 2000). Hence, ISR seems to bedbaseincreased
sensitivity rather than on increased productionthedse hormones.
Supportive of this notion is the observation thakonization of the
roots by beneficial microorganisms is generally associated with
direct activation of JA/ET-responsive genes. As aiten of fact, the
transcriptional changes that occur in systemiaiésgi.e. tissues in no
direct presence of the beneficial microorganisnpenucolonization of
the roots by beneficial microorganisms is in geheslatively weak,
especially in comparison to the massive transcongti
reprogramming that occurs upon pathogen attack h@gen et al.
2004; Fu et al. 2007; Liu et al. 2007). Howeverpmgpathogen or
insect attack, ISR-expressing plants display arelacated defence
response (Verhagen et al. 2004; Van Wees et aB)20bis PGPR-
mediated sensitization of the tissue for enhanedente expression is
called ‘priming’ and is characterized by a fasterd/ar stronger
activation of various cellular defence responsest thre induced
following attack by pathogens or insects or in cese to abiotic
stress (Conrath et al. 2006). Although priming émhanced JA/ET-
dependent defences is well documented, it shouldndted that
priming for JA/ET-independent defences by PGPR B@&PF has
been reported (Pozo and Azcon-Aguilar 2007; Conralet2008;
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Vinale et al. 2008; Van der Ent et al. 2009). Hoerethe molecular

mechanisms underlying priming are still poorly urstieod.

lll. Mycorrhiza Induced Resistance
(MIR)

Root colonization by AM fungi can improve plant
resistance/tolerance to biotic stresses. The lmteption of AM fungi
has been reported in different plants (Review byippt 2004).
However the mechanisms of bio-protection remaigdbsr unknown.
Several studies have reported that improved nartridind competition
within the rhizosphere are central mechanisms. Ex@atal evidence
also supports the involvement of plant defence rmaeisims in
mycorrhizal plants. During AM fungal root colonigat, modulation
of plant defence responses occurs upon recogrofidthe AM fungi.
The consequence of this modulation is an effeclietevation of the
plant immune responses. This activation promotgsimed state” of
the plant that allows a more efficient and fasivation of defence
mechanisms in response to the attack by a potgrdtabgen: the so-
called mycorrhiza induced resistance (MIR) (Fig. 4)
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(Jung et al. 200 Systemic
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(fungi, bacteria)

Botrytis
Cinerea

J A ET involved
(Riedel et al. 2008)
Pathogen infection

Pathogen infection

) ation of SA
ulation ROS

) or,if"' Rishitin and solavetivone

.

AM fungus

Well-established symbiosis

Fig. 4 Mycorrhiza Induced resistance mechanism in plénts potato)
[11.1 Bio-protective effect of AM fungi

Most studies on bio-protection by AM fungi agairsstil-borne
diseases report reductions in incidence and/orggwaused by fungi
such aRhizoctoniaFusariumor Verticillium and by oomycetes such
as Phytophthora Pythium or Aphanomycegsee Review by Whipps
2004). Similarly, a reduction in detrimental efechused by parasitic
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nematodes, such &atylenchusandMeloidogyne has been shown in
mycorrhizal plants (de la Pefia et al. 2006; Li H¥ale 2006; Elsen et
al. 2008). In most cases, the local or systemiecef€ould not been
ascertained due to the difficulty to precisely loma the pathogens
and AM fungi on the root system. However, splitirexperimental
systems (i.e. allowing physical separation betwééh fungi and
pathogens) have revealed reductions in pathogesctioh and in
disease symptoms in the non colonized parts of Bystems of
mycorrhizal plants. Systemic protection at the rtel has been
demonstrated againBhytophthoraand Ralstoniain tomato (Cordier
et al. 1998; Pozo et al. 20083aeumannomyceas wheat (Khaosaad
et al. 2007) and recently against plant parasgimatodes in bananas
(Elsen et al. 2008). Finally, several studies heeforted a positive
effect of the symbiosis on plant resistance to shmaihogens. In
tomato, AM fungi reduced disease symptoms caused aby
phytoplasma and conferred protection against tleeotr®phic fungus
Alternaria solani(Lingua et al. 2002; Fritz et al. 2006; de la Nogtl
al. 2007). Similarly, Liu and al. (2007) have showan increased
resistance of mycorrhizall. truncatulaplants to the shoot bacterial
pathogerXanthomonas campestris

[11.2 Mechanism of MIR

There is experimental evidence that plant protadip AM fungi
results from a combination of mechanisms actinglitierent levels
(Azcon-Aguilar and Barea 1996). The most widely egqted

mechanisms to explain mycorrhiza-induced resistamece the
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improvement of plant nutrition and the compensakbigrthe symbiosis
of the damage caused by the pathogen. Howeveriestinkcluding
nutrient supplemented controls have shown that mgzal effects
cannot strictly be regarded as a consequence abiragd phosphorus
nutrition (Shaul et al. 1999; Fritz et al. 2006ulet al. 2007). The
protective effects conferred to plants by AM fulagainst pathogens
may be linked with physiological and biochemicakgrdtions of the
host following mycorrhization, e.g. the inductiohhydrolic enzymes
(Pozo et al. 2002), the enhanced level of pathaienelated (PR)
proteins (Harrison and Dixon 1994), the accumulatd SA (Medina
et al. 2003) and reactive oxygen species (Salzel.€1999). Some
studies also attributed the AM fungal protectivéeets to a direct
competition with the pathogen. Cordier et al. (1)988ve suggested a
competition effect at the sites of infection. Othstudies have
mentioned the competition for carbohydrates (AzAguilar et al.
2002) and the direct competition/inhibition in sal changes in
rhizosphere microbial population (Filion et al. 999Barea et al.
2005).

A key factor in the induction of resistance seerosbe the
extension of root colonization by AM fungi (Pozoakt 2009). Studies
comparing different mycorrhizal colonization levelsncluded to the
necessity of a well-established AM symbiosis faraloand systemic
induced resistance (Slezack et al. 2000; Khaostaadl €007). The
presence of AM fungi within the root prior to cocttavith the soil-
borne pathogen has also been suggested as anampaxttor in plant
protection (Azcon-Aguilar et al. 2002; Xavier andy@tchko 2004).

This aspect is probably linked with the level of aagrhizal
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colonization (Vierheilig et al. 2008). These authsuggested that the
mechanism operating in autoregulation of AM fungabot
colonization (i.e. limitation in the root colonizan by the AM fungus
in plants) may identically impact plant colonizatidy pathogenic
fungi. It seems plausible that a mycorrhizal plafgvelops a
mechanism to hinder further colonization by funwt discriminating
between AM fungi and soil-borne pathogenic fungief¥ieilig and
Piché 2002; Vierheilig 2004).

111.3 Signalling pathway in MIR

Plant defence mechanism are tightly regulated titvowan
interconnected network of signalling pathways inickhJA, ET and
SA play major roles (See paragraph Il; Conrath.e2@06; Van Wees
et al. 2008). Roots of mycorrhizal plants are aisged with higher
levels of endogenous JA as compared to non-myaairpiants. The
increase occurs after the establishment of the AMgds, and is
probably related to well-established AM fungus siosls (Hause et
al. 2002). Elevated levels of basal JA productionld be related to
the increased resistance of mycorrhizal plantseiam pathogens.
Moreover, exogenous SA application delays AM fungabnization,
and plant mutants altered in endogenous SA lewlst po a role of
this pathway in the control of the AM symbiosis (Ba-Garrido and
Ocampo 2002). It is plausible that AM fungi patyaiepress SA-
dependent defence responses in the host in ordeachieve a
compatible interaction. A suppression of SA respsnss also

34



necessary for the establishment of Ri@zobium-legume symbiotic
association (Stacey et al. 2006).

Recently, Pozo and Azcon-Aguilar (2007) have prepothat a
functional mycorrhiza implies partial suppressioin SA-dependent
responses in the plant, compensated by an enhanteofieJA-
regulated responses. This would results in the ipgmof JA-
dependent defence mechanisms and could explaeffdetiveness of
MIR. This hypothesis was confirmed by the obseoratf Jung et al.
(2009). The authors showed that a transcript pngfibf leaves of
mycorrhizal and non-mycorrhizal plants 24 h afteatment with JA
revealed a stronger induction in mycorrhizal plaotsJA-regulated
genes, including typical defence-related JA respengenes such as
those coding for proteinase inhibitors (iin II). However, the
importance of each component of the plant resistaasponse in the
protective effect of AM fungi against pathogens ahd signalling
pathways that control these responses remainsyspsttulative.

I\VV. Trichoderma spp.

Trichodermaspp. are amongst the most studied beneficial fungi
isolated from soil and present in the rhizosphdieese fungi are
opportunistic plant symbionts, which function asrgs#tes and
antagonists of many phytopathogenic fungi, thustgatong plants
from diseases (Harman et al. 2004; Vinale et &820Depending on
the strain, the use ofrichodermaspp. in agriculture can provide
numerous advantages: (i) control of pathogens anfl o

competitive/deleterious microflora; (ii) improvemenf plant health;
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(i) increased plant growth, especially of rootsda(iv) improved
nitrogen use efficiency (Harman et al. 2004; Vinale al. 2008;
Harman 2011).

It has always been assumed that the beneficialctsffef
Trichoderma spp. for the plants were limited to the biological
protection of the pathogens causing disease, phkatig in the
rhizosphere. It has also been demonstratedTitettodermais able to
systemically activate resistance mechanisms optaet to pathogen
attack (Harman et al. 2004; Vinale et al. 2008)g(F). Different
monocotyledonous and dicotyledonous crops, inclydBramineae,
Solanaceae and Cucurbitaceae infected with diviersgi (R. solanj
Botrytis cinerea Colletotrichum spp., Magnaporthe grisea
Phytophthoraspp.,Alternaria spp. etc.), bacteriaXnthomonaspp.,

P. syringae etc.) as well as viruses (cucumber mosaic viragre
more resistant to disease development when thesplaere treated
with Trichoderma spp. (Review in Harman et al. 2004). Plant
colonization by certaifrichodermaspp., reduced disease symptoms
caused by one or two different pathogens even wihen BCF
(Trichodermaspp.) was inoculated at a different time (i.e. befor
after infection by the pathogen) and at a diffetentition on the plant

than the pathogen.
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Trichoderma spp. Induced
Resistance

Systemic
response

Alfano et al. 2067 % Pathogen infection
v (fungi, bacteria and
viruses)

nprlrequired
JA/ ET (Segarra et al. 2009)

Pathogen infection

Trichoderma spp.
Fig. 5 Trichodermaspp. Induced Resistance mechanism in plantsgetgto)

These effects on the plant were observed at theacular level
(i.,e. genes). For example, extracts from plants jestid to
Trichodermaroot treatments had more anti-microbial activityarth
extracts derived from untreated plants. This irthilyi effect
corresponded to the induction of different endogsnd®R and
defence-related proteins (chitinases, glucanasespxjglases and
specific phytoalexins) and enzyme activities (HPRL1) in the plant
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(Yedidia et al. 1999; Yedidia et al. 2000). Actyakh relatively large
number of chemical effectors/elicitors releasedhgyfungi are known
(i,e. small proteins, peptides and other metalmlitercluding
volatiles). These effectors/elicitors have beeremdy reviewed, as
signal of transduction in plants (Harman et28l04; Lorito et al2010;
Shoresh et al. 2010). This signalling induced systeeffect in the
plants.

The reaction of the plant térichodermaspp. was similar to the
ISR elicited by the interaction of the plant wittetPGPR (Van Wees
et al. 2000; Yedidia et al. 2003). Lorito et al 1) and Bae et al.
(2011) have demonstrated that both JA and ET diggamay be
involved in the systemic resistance process indumedrichoderma
spp.. However, it has been shown recently that sdnehoderma
species could use the SAR to induce plant defeAtfano et al.
(2007) have demonstrated that transcriptomic arsabfstomato plant
in presence off. hamatumdid not detect induction of ISR markers.
The authors observed only the up-regulation of maeker of SAR
(i.,e.PR5gene). This result was confirmed by a recent ofagien that
showed the absence of protection of tipgl mutant ofA. thaliana
against Pythium ultimum in presence ofT. harzianum while
protection was observed in the wild-type strainso{®8sh et al. 2010).

The systemic resistance mechanism activate@rizypodermaspp.
may play a greater role in plant protection thae thechanisms of
biological protection. Moreover, the systemic resise effect appears
to be strongly dependent on ttiehodermaspp. strain used and also
on the plant species or cultivar. Clearly, the tdaare induced to

operate more efficiently and are more resistartidtic stress if their
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roots are colonized by highly effectiieichodermastrains (Soresh et
al. 2010).

V. Biological control of potato

pathogens

Potato Solanum tuberosums an herbaceous annual plant. 2008
was acclaimed the year of the potato by the Foatl Agriculture
Organization (FAO) for (1) its key role in the wariglobal food
system as it is the world’s fourth most producealdfeaommaodity, (2)
its ability to grow worldwide, (3) its convenient@ farming systems
in developing countries — potato crops harbourgh hiatio of yield
productivity to soil occupation (i.e. 85% of theapt is comestible
compared with only 50% in cereals), and (4) itsritiueé qualities,
with a higher amount of vitamins than grass plafi#80O 2008).
Cultivation of potato is promoted by the United Nas for its high
development potentialities in Asia and Africa anepresents a
possible decisive weapon in the fight against stizon.

Despite these numerous advantages, it should leel tlo&t potato
plants possesses some naturally occurring toxicpoomds called
glycoalkaloids (i.e. solanine and chaconine) ppatly located in the
peripheral 1.5 mm layers of the tuber skin. Thesént are probably
involved as protective compounds in response sudisnvasion by
antimicrobial, insecticidal and fungicidal actieis (Nema et al. 2008).
The glycoalkaloids have also pharmacological anglictdogical

effects in humans. Small quantities160mg.kg*/fresh weight) are
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known to improve flavour, but these compounds canse serious
illness with possible fatal consequence at conagofrs
>280mg.kgY/fresh weight. Glycoalkaloids are not destroyed by
cooking, but cutting away green areas and peelwigtpes before
cooking ensures healthy eating.

Moreover, potato is susceptible to numerous path®der which
control methods are lacking. In addition to thefedi#nt pests (i.e.
insects, nematodes), microbial pathogens are dymesponsible for
the loss of 25 % of worldwide production (FAO 2008pday, the
biological control methods represent a significaamplement to other
control methods, which are based on prophylactiasuees, chemical
treatments, genetic approaches or agriculturaligesat(e.g. mulch,
potato hilling or supression of the foliar phasaiagtP. infestang

The AM fungi are considered as a key functionalugrof soil
biota, which can greatly contribute to crop produtt and ecosystem
sustainability in new plant production strategi€safiinazzi et al.
2010). Moreover, past studies have demonstrateadtbanoculation
by AM fungi under field conditions could have beanefl effects on
potato crops and particularly as beneficial micgamism against two
of the major potato diseasédarkin (2008) has demonstrated a
diminution (i.e. 17-28 %) of the severity of steranker and black
scurf caused bRR. solaniKihn, whereasD’'Herlihy et al. (2003) have
observed a delay in the progression of the latghblilisease caused by
P. infestans

In addition to the AM fungiTrichodermaspp. are among the most
studied BCFs and commercially marketed as biopdst¢

biofertilizers and soil amendments (Harman et @D4 Lorito et al.
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2010). The capacity of this BCF to reduce the disdaggered byr.
solani on potato plant has been recently shown by Wilsorale
(2008). However, to our knowledge no studies hagported a
biological protection of late blight disease on gtot plants or on

others plants in presenceTrichodermaspp..

V.1 Rhizoctonia solani

R. solani Kiihn (telomorph: Thanathephorus cucumeriBrank
Donk) is a soil-borne phytopathogenic fungus, whigs originally
described by Julius Kihn on potato. Black scurf atein canker
caused byR. solaniKiuhn represent economically important diseases.
The Rhizoctoniadisease complex is common and occurs in potato
production areas throughout the world (Banville 3;98owelson et al.
1993; Banville et al. 1996). Like other seed-bopahogens (Slack
1993),R. solaniis transmitted by contaminated seed tubers, proyid
a mechanism for its long-distance dispersal. Ostabéshed in soll,
the mycelium and sclerotia of the pathogen may ideoan additional
source of primary infection.

The Rhizoctoniadisease complex can cause both quantitative and
gualitative damage to potato crops. Quantitativesés occur via
infection of the stems, stolons and roots, whideas$ tuber size and
number (Carling et al. 1989; Platt 1989), whereaalitptive losses
occur mainly through the production of misshapebeta and the
development of sclerotia on the tuber surface (3aamel McKenzie
1972). Disease severity is not always associatdid yield reduction.

However, formation of tuber-borne sclerotia dowdgs tuber
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quality, causing the development of malformed tsband an
alteration in their target size and number (Cark@l. 1989; Jager
et al. 1991; Tsror and Peretz-Alon 2005).

The protective effect conferred to potato plants A fungi
againstR. solanihave been reported by Yao et al. (2002; 2003). In
2002, these authors demonstrated that the micqoageied potato
inoculated with Claroideoglomus etunicatum(Syn. Glomus
etunicatun) exhibited a significant reduction iR. solanj ranging
between 60.2 and 71.2%, on shoots and crowns, ds asea
significant increase in shoot fresh weight, root @weight and number
of tubers produced per plant as compared to themrmgorrhizal
control, in greenhouse experiments. However, withAM fungalR.
intraradices the authors observed only a significant increaiséhe
tubers number as compared to the non-mycorrhizatrao In 2003,
the authors noted that the decrease in the sewrgymptoms caused
by R. solaniin potato plants associated ©. etunicatumwas
attributed to the accumulation of the phytoalexinshitin and
solavetivone in the mycorrhizal plants in presen€eR. solani In
addition, the biological protection &hizoctoniadisease was reported
on potato under field condition with an inoculummtaining eight AM
fungal strain (Larkin 2008).

The beneficial effect of. harzianunto controlR. solanihas also
been reported recently on potato plants (WilsomleR008. These
authors noted a decrease in the severity of syngptoemsed byr.
solaniduring the first 7 days post-inoculation with harzianumand
attributed this observation to a transient antagjanieffect of this

biological control agent at the early stage ofititeraction.
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V.2 Phytophthora infestans

The oomyceteP. infestans(Mont.) de Bary is a hemibiotrophic
pathogen with biotrophic behaviour during early ection and
necrotrophic behaviour in the later stage of caation. Potato late
blight is the most important and most destructiveease of potato
worldwide. Costs attributed to losses and cropqutadns against this
pathogen are estimated to US $3.25 billion per enmorldwide (Fry
and Goodwin 1997). Tuber late blight results inetutotting both in
the field and later during storage either in tubesed for seeds
production or consumption (Kirk et al. 1999; Johmsmd Cummings
2009; Olanya et al. 2009). Seed tubers infectet Ritinfestanswill
either rot during storage, after planting in theldi or survive and
initiate new epidemics of potato late blight (Dowland O’Sullivan
1991; Kirk et al. 2009).

The epidemiology of the foliar phase of the disaas®rrelated to
infection in the tuber phase and vice versa (Baial.e1997). Tubers
are usually infected by inoculum produced on tlenpfoliage that is
subsequently washed down to the soil by water mewemesulting
from rainfall and irrigation (Porter et al. 2005yR2008). Tubers can
become blighted shortly after the disease is astal on the foliage.
P. infestanssurvive in tubers where it rots tubers intended fo
commercial use (Niemira et al. 1999) or acts asimgry source of
inoculum for infection during the following growingeason (Bonde
and Schultz 1943).

The protective effect conferred to potato plants Ay fungi

againstP. infestangemains uncertain. To our knowledge, no studies
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actually have been published showing a clear pesitr negative
effect of AM fungi on this disease. Only one studgorteda delay in
the progression of disease on potato plants cadnizvith a
commercial AM fungus inoculated in the field (O’Hiy et al. 2003).
However, some recent studies suggested a cleaargle of the AM
fungus against above-ground pathogens. Lee et 28I05) have
observed a decrease of the anthracnose diseahaced by the
hemibiotrophic fungusColletotrichum orbicularg on the leaves of
cucumber plant colonized wiRR. intraradices More interesting, Jung
et al. (2009) have demonstrated that the exparedioecrotic lesions
induced byBotrytis cinereawas markedly lower in the leaves of
mycorrhizal plants colonized with. mosseaeln addition, the authors
have related the ISR conferred by the AM funguth&induction of a
JA marker gene, which could underline the existeatea similar
mechanism in mycorrhizal potato plants infectedPbinfestans

In the case offrichodermaspp., no studies are actually available
on the potential of these BCFs to induce a systeesistance against
P. infestanswhatever the plants species. However, a studghasn
that T. hamatuminoculated in compost induced SAR on cucumber,
reducing the severity dPhytophthoraleaf blight (Khan et al. 2004).
Moreover, it is well known thafrichodermaspp. is able to produce a
systemic response in plant during pathogen attdoiale et al. 2008;
Bae et al. 2011). These results underline the dgpaicTrichoderma
spp. to develop an induced resistance ag&nsifestanglisease.
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The role of AM fungi andTrichodermaspp., in the biological
protection of pathogens has been amply describadiffierent plant
systems. In the last decade, a particular attertamnbeen addressed
to the elicitation of plant defence mechanisms. kv, the
biological protection mechanisms during the intdcgcbetween these
two beneficial microorganisms and two of the mostportant
pathogens of potato crops (i.B. solaniand P. infestans)remain
largely unknown. The plant signalling pathways.(B&, JA and ET)
have been proposed to play an important role innteehanisms of
biological protection. In addition, numerous stediehave
demonstrated the complexity of transcriptional gemn in plants
during the AM fungal root colonization and undeelihthat a better
knowledge of these molecular changes would resultai better
comprehension of the biological protection triggerey the AM
fungus.

The main objective of this thesis was to study é#ifects of
Rhizophagusp. MUCL 41833 and. harzianumMUCL 29707 on the
potato resistance againB® solani MUCL 49235 andP. infestans
MUCL 43257, as well as to increase our understandh the

molecular mechanism involved in this increasedstasce.
To answer this objective, four questions were askibre:
1. Is the Mycelium Donor Planin vitro culture system

adequate forplant genes expression analysis during the

AM fungal root colonization?
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2. Which are the transcriptional changes associatethé¢o
biotic stress during the potato root colonizationby
Rhizophagusp. MUCL 41833
3. Is Rhizophagussp. MUCL 41833 able to decrease the
symptoms caused b¥R. solani MUCL 49235 andP.
infestansMUCL 43257 in potato plants? Which are the
defence genes that could be involved in this pisites
A. Following infection of R. solani MUCL 49235 on
mycorrhizal potato roots?

B. Following infection ofR. solaniMUCL 49235 on non-
mycorrhizal roots of mycorrhizal potato plants?

C. Following infection ofP. infestansMUCL 43257 on
the leaves of mycorrhizal potato plants?

4. Is T. harzianumMUCL 29707 able to protect the potato
plants againgR. solaniMUCL 49235 infection? Which are
the defence genes that could be involved in tlosgss?
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Materials and Methods
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This section summarizes the biological materiatsl driefly

describes the most important techniques used imesgarch.

Biological material

For this research, we have selected two beneficial

microorganisms:

Rhizophagus sp MUCL 41833: This obligate biotroph, isolated
from a soil of Canary Islands (Spain), was suppl®d the
Glomeromycota in vitro collection (GINCO -
http://mww.mycorrhiza.be/ginco-bel). This AM fungdsrmerly
named Glomus sp. MUCL 41833 has been recently renamed
Rhizophagusp. MUCL 41833 according to the new classification
of Schipler and Walker (2010)
(http://www.Irz.de/~schuessler/amphylo/ updatedvigich 2011).

In addition, this fungus formerly identified &S. intraradices
(now R. intraradice$ Schenck and Smith was presently re-
classified in a clade that contains the recentbcdbed species.
irregulare (R. irregulari9 Btaszk., Wubet, Renker and Buscot
(Stockinger et alk009).

Rhizophagusp. MUCL 41833 is the most studied AM fungus
under in vitro plant culture conditions. Its life cycle and
development have been amply described under thmsditions
(Voets et al. 2009; De Jaeger et al. 2010).
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Trichoderma harzianum Rifai MUCL 29707: This

opportunistic plant symbiotic fungusas been selected from the
database ahe Mycotheque de I'Université catholique de Louavai
(MUCL - http://bccm.belspo.be/about/mucl.php). Thiangal
strain has been isolated from a soil of Heverlegldiam). Its life
cycle was described under vitro plant culture conditions by De
Jaeger et al. (2010).

Two fungal plant pathogens have also been seleftiedhis

research:

Rhizoctonia solani Kuhn MUCL 49235: This soil-borne
phytopathogenic fungus belongs to the anastomasigd3. This
fungus has beerselected from the MUCL databasad was
originally isolated from a potato field culture (Bmm).

Moreover, the accomplishment of its life cycle vedso confirmed

underin vitro plant culture conditions (De Jaeger et al. 2010).

Phytophthora infestans (Mont.) de Bary MUCL 43257. This
plant pathogen is an Oomycete. It has beelected from the
MUCL databaseand originally isolated from a potato field culture

(Belgium).
The four strains were supplied as purevitro cultures or asn

vitro produced spore inoculum (i.e. details about therst are given

in the respective chapters).
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II. invitro plant culture system

Two in vitro plant culture systems were used in this thesigs&h
in vitro culture systems have been developed to studyusaaspects
of the AM fungi and AM symbiosis (e.g. mycelium hitecture,
anastomoses, healing process. .Recently, these culture systems
were used to study plant-fungi interactions, eittemeficial or
pathogenic (De Jaeger et al. 2010). These systessemq several
advantages, among which are (a) the use of anraphit seedling
representing a carbon source for the fungi, (b) #tsence of
undesirable microorganisms, (c) the possibilityntmn-destructively
monitor the development of the fungal colonies é&fjdhe pure-high-
quality DNA/RNA extraction (Croll et al. 2009).

[I.1 Half-closed Arbuscular Mycorrhizal (H-AMP) system

In thisin vitro culture system (i.e. H-AMP system; Voets et al.
2005), the plant roots were associated to an AMydisnon a gelled
medium under stricin vitro culture conditions, while the shoot
developed under open air conditions (Fig. 6). Busdtrophic culture
system allowed the AM fungus to develop typical ooatation
structures and to produce an abundant extra-radicatelium.
Numerous spores were produced, morphologicallylainio those
observed in the monoxenic culture systems on excisat organs and
in pot cultures (Voets et al. 2005). However withstsystem, the
obtention of a high level of AM fungal colonizatidakes several

weeks and the homogeneity between the plants dtyhalotained.
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d‘ d. ﬁ. ﬁp J. d‘ il. Potato plantlet
[frrrrs

Hole plastered with
In vitro culture of potato plantlets on silicon grease
Murashige and Skoog medium (Box size -
90 > 60 > 50 mm) Newly produced

spores and mycelium

Mycorrized potato
oot

Maodified Strullu-
Romand medium
lacking sucrose
and vitamins

Autotrophic culture system

Fig. 6 Schematic representation of the Half-closed ArblascMycorrhizal (H-
AMP) culture system used for thi@ vitro mycorrhization of potato plantlets
(adapted from Voets et al. 2006)

Briefly, this system consists in making a hole (&& diameter) in
the base and the lid of a Petri plate containingndOof Modified
Strullu Romand (MSR) medium lacking sucrose anamihs, and
solidified with 3 g I* Phytagel. A ten-day-old potato plantlés then
transferred to the Petri plate, with the roots pthon the surface of
the medium and the shoot extending out of the P&tte via the hole.
Finally, the Petri plate is closed and sealed Withafilm and the hole
cautiously plastered with sterilized silicon grease avoid
contaminations. The Petri plate is finally covenedh an opaque

plastic bag and incubated vertically.
1.2 Mycelium Donor Plant (MDP) system

This system (i.e. MDP system; Voets et al. 20093 daveloped
following the same methodology than the H-AMP systand in

contrast to the previous allowed to obtained homoge highly
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colonized plants under a short period (i.e. 9 toda®s). This was
realized by using the symbiotic phase of the fungasinoculum
(Voets et al. 2009) (Fig. 7).

4 [b]
/ "‘! Germination of M. truncanula seeds
NS |

~ [a]

Four-days old M. rrncarula
plantlet

?/

Inoculated

Early mycorrhized plantet /

Fig. 7 Schematic representation of the mycelium donantgliDP) in vitro culture
system developed in bi-compartmental Petri platestiie fast and homogenous
mycorrhization of seedlings (from Voets et al. 2D0RC (root compartment) and
HC (hyphal compartment). Briefly, this system cetsiof a bi-compartment Petri
plate separating a root compartment (RC) from ehalypompartment (HC)). In the
RC, one four-days-oldMedicago truncatulaplantlet is associated with the AM
fungus on the MSR medium, lacking sucrose and vitarfa). After eight weeks, an
important fungal network is developed in the RQeaging in the HC as a profuse
extra-radical mycelium bearing hundreeds of spdi®s Two four-days-oldM.
truncatula plants are inserted in the HC with their rootscptain contact wit the
extra-radical mycelium (c). Finally in the research Voets et al. (2009), the
mycorrhizedM. truncatula plants were transferred in a mono-compartmenti Petr
plate (H-AMP system) to analyse their capacitiesefaroduce the fungal life cycle,
in order to confirm the functional state of the Ayimbiosis (d)
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[ll. Evaluation of root colonization by the AM fungus

The magnified intersections method developed by bdii@e et
al. (1990) was used to assess the AM fungal romncation. This
method is nowaday considered as the most adeqoadssess the
extent of root colonization with arbuscules, vesschnd hyphae.

The experimental procedure consists to align tloesron parallel
to the long axis of the slide which are then obsdrat magnification
10-40x (i.e. generally 2 slides are used for eadisample). The field
of view of the microscope is moved using the stgiggicule to make
ten complete passes across each slide perpendtoults axis (i.e.
number and distance between passes is not critical,should be
constant for a subsample). Except when the codemissing, all
intersections between roots and the vertical egep@&osshair are
considered. The position on the root surface atlwlhe centre of the
eyepiece crosshairs enters through the side ofdibteis taken as the
point of intersection. Rotation of the vertical ssbair ensures each
intersection is at right angles to the axis ofribat (Fig. 8). Where the
centre of the crosshairs enters a root througmdrraher than a side,
the point of exit from the root through its sidetaken as the point of

intersection.
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Fig. 8 Diagram showing how a magnified intersection pedieular to the long axis
of the root is made when the root is aligned withlong axis at an angle to the
vertical crosshair. The stage is moved until thetreeof the crosshairs is contiguous
with the first edge of the root reached. To male perpendicular intersection, the
vertical crosshair is then rotated as shown (frooGdnigle et al. 1990)

At each intersection, a mark is made if the valticrosshair
crosses an arbuscule, vesicle or hyphae. Inteossctre counted in
the following categories: “negative” (i.e. no AMnfgus observed in
root), “hyphae only”, “arbuscules” and “vesicledf. the vertical
crosshair crosses one or more arbuscules or vesitie category is
incremented by one, and similarly for intersectiamgere hyphae only
are observed. When both arbuscules and vesiclegsralized at an
intersection, the total number of intersection®my added by one.
The arbuscular colonization and vesicles colororatire calculated
by dividing the count for the “arbuscules” and “\#ss” categories

respectively by the total number of intersectiomansined. Hyphal
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colonization is calculated as the proportion of -megative
intersections. The vizualisation of 100 to 150 liséetions per
subsample is recommended for this method.

V. Selection of the reference and targed genes

Throughout the experiments, we have used foureater genes in
order to normalize the expression of eight targedeg. The four

reference genes were the following:

The elongation factor 1-alpha EF1-a - AB061263):this gene is
encoding for a protein which is responsible for @EP-dependent
binding of aminoacyl-tRNAs to the ribosomes. Niettal. (2005)
have tested the expression of eight reference genegato plants
exposed to three a/biotic stresses. The authors $taown that the
expression of th&EF1-« gene appeared not influenced during cold,
salt, and late blight stresses.

The beta-tubulin (#-tub - Z33382): this gene is encoding for a
protein which is a major components of microtubifles with the
alpha-tubulin). The expression of this gene apmkact infuenced
during the late blight stress (Nicot et al. 2005).

The ubiquitin conjugating enzyme-like Ubc - DQ241834):this
gene is encoding for an enzyme, which has a fumcio the
ubiquitin-mediated protein degradation pathway.sTdene is one
of the most stable expressed genes in the soybleats punder
different conditions and tissues in different (Jetral. 2008). This
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result was alos observed in others plants sucheside (Jain et
al. 2006).

The glyceraldehyde 3-phosphate dehydrogenasé€sAPDH -
AF527779): this gene is encoding for an enzyme involved
glycolysis and glyconeogenesis. This gene is onghef most
common genes described for the normalization oégepression
analysis in numerous organisms (Sturzenbaum are 20i01).

We decided to select these four genes as refegmmes for the
normalization of our gene expression analyses ly-tmme QRT-
PCR.

For the targed genes, we decided to select ome géme marker
of the AM fungal colonization and seven genes egldb the plant

defence mechanism. The targed genes were:

The phosphatase transporter 3RT3 - AJ318822):this gene is
encoding for a transmembrane protein, which is ifipalty
induced in arbuscule-containing cells. Moreoveis thene has
been shown as a molecular marker to investigatefuhetional
state of the AM symbiosis (Rausch et al. 2001).0s&d this gene
to confirm the establishment of an effective asstomn between
the two partners of the symbiosis.

The ethylene response factor 3HRF 3 - EF091875):this gene
is encoding for a transcription regulator, formeslled ethylene-
responsive element binding proteins (EREBPS), waifbromotor

element essential for ethylene responsiveness. dMerethis
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protein is involved in stress response (Chen e2@G08). We used
this gene as a marker of the ET pathway.

The gluthatione-S-transferase 1 GST1 - J03679) (i.e.
previously called pathogenesis-related protein; prp-1): this
gene is encoding for an auxin-responsive glutadi®riransferase
1, which is involved in the cellular detoxificatioffhis gene is
also reported to be involved in defence responsthr{ and
Strittmatter 1994). Moreover, recent results predidsignificant
insight into the involvement of gluthatione sigiadl in NPR1-
dependent SA-mediated pathway in mitigating biostress
(Ghanta et al. 2011). We used this gene as a mafkdre SA
pathway.

The lipoxygenase l(ox - Y18548):this gene is encoding for the
lipoxygenase 1 enzyme, which exhibited dual pos#io
specificity and produced roughly equimolar amouwit&3- and 9-
hydroperoxides from linoleate (Hughes et al. 200A9reover, the
immediate products of these enzymes (i.e. multiganelies) are
involved in defence mechanisms against pathogemsillg and
Hwang 2010). We used this gene as a marker ofAhmathway.
The mitogen-activated protein kinase MAPK - AB206552):
this gene is encoding for a wound-induced protaimase (i.e.
WIPK). The MAPKs are associated with physiological,
developmental, hormonal, and stress responses. pMoteularly,
some results indicate that WIPK and (SA)-induceatedn kinases
are convergent points in the signalling pathway daffence

responses in plant-pathogen interactions (Yamasetizb. 2006).
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The phenylalanine ammonia lyaseRAL - X63104):this gene is
encoding for the phenylalanine ammonia lyase 2 gJaad
Hahlbrock 1991), which is a key enzyme catalyzihg first
reaction in the biosynthesis from L-phenylalanink a0 wide
variety of natural products based on the phenykpmepskeleton.
Moreover this protein is believed to be activatgdthe JA/ET
signalling pathway in the context of induced pldatences (Kato
et al. 2000). We used this gene as a marker of JWET
pathways.

The pathogenesis related 1RR1 - AJ250136): this gene is
encoding for the PR1-b protein (i.e. basic formpélen et al.
2002). This protein may act as an anti-fungal agewnt was also
shown to be linked to a partial resistance Ro infestansin
Solanumspecies (Vleeshouwer et al. 2000). This gene &ése.
NtPRb-1bgene; basic form) is associated to the ISR (vaonLo
and van Strien 1999). We used this gene as a mafikbe JA/ET
pathways.

The pathogenesis related 2RR2 - AJ009932: this gene is
encoding for an acig-1,3-glucanase protein (Mac et al. 2004).
This enzyme is involved in cell wall degradation digestingp-
1,3-glucans in fungal cell walls (Mauch and Staehel989;
Chang et al. 1992). This gene is a classical maokdéhe SAR
(van Loon and van Strien 1999). We used this geree marker of
the SA pathway.

V. Primer design and assay validation
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We have designed the best possible primer pairsdon reference
and target genes above. A good design is essénttithe sensitivity
and reproducibility of the real-time QRT-PCR anays&or the design
of each primer pairs, we have used the Light CyBlesbe Design
Software 2.0 (Roche, Montreal, QC, Canada) with tbiowing
parameters:

- Primer length: 18-23 base pairs (bp) (i.e. thigtens
long enough for adequate specificity, and shorugho
for primers to bind easily to the template at the
annealing temperature).

- Amplicon length: 90-110 bp.

- Primer melting temperature: 60°C (i.e. Tm above®5°
has a higher potential for secondary annealing).

- GC content: between 40% and 60%

Following the design, all the primer pairs weresbta on thes.
tuberosum(NCBI database) and on the NCBI nr-database. Ehis i
look for similarities between the target sequenoe any closely
related family genes or pseudo genes (i.e. nonHspgcimer pairs
were discarded). Then, the primer pairs were chliedtethe primer-
dimer and hairpins formations.

In the next step we confirmed the specificity o thrimer on a
biological sample (i.e. same material than the erpnt). Melting
curve analysis was performed in order to displajngle peak, which
indicates that a single PCR product has been geakefgloreover, the
confirmation of the size of the amplicon was readizby gel

electrophoresis.
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Finally, the primer efficiency was calculated bytandard curve
using a serial 10-fold dilution. To allow a goodngmarison and
normalisation, primer efficiency should vary betwe&0 and 115 %.
In this thesis, all the primer efficiencies werévieen 86% and 114%.

VI. Analysis of the relative gene expression ratio

Throughout this thesis, the relative expressionosabf each
targed genes were calculated with the relativeesgion software tool
(REST 2009; Pfaffl et al. 2002; http://rerst.geneuatification.info/).
The REST 2009 Software applies a mathematic mda@eltakes into
account the different primer efficiencies and npléireference genes
for normalization. Using multiple reference gerteg, geometric mean
of all reference gene concentrations was usedltulete the relative
expression of individual genes to allow alternatagproximations of

the true expression values, as following:
Concentration = efﬁcienesl/srage CP (controls) — average CP (samples)

Relative expression ratio = Concentration of targed gene
Geometric mean (concentration of reference
gene 1, concentration of reference gene 2, ...)

The traditional relative quantitation allows geng@rmession to be
estimated but can not provide statistical inforomtisuitable for
comparing expression in groups of treated (i.eattnents) and
untreated (i.e. control) samples in a robust manmhke integrated

randomization and bootstrapping methods used in TRE2B09
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Software test the statistical significance of chdted expression
ratios.

In the following paragraph, an example of relatx@ression ratio
measured by randomization methods with the REST92@fbm
REST 2009  Software User  Guide; http://www.gene-
quantification.de/rest-2009.html) (Table 2) is give

Randomizing for a small set (n=10) produces theatirad

expression ratishown in Table 3 (unsorted) and Table 4 (sorted).

Table 2 Example expression data

Index Crer Srer Ceol Scol

1 26.74 26.77 27.57 24.54
2 26.85 26.47 27.61 24 .95
3 26.83 27.03 27.82 24.57
4 26.68 26.92 27.12 24.63
5 27.39 26.97 27.76 24.66
6 27.03 26.97 27.74 2489
7 26.78 26.07 26.91 24.71
8 27.32 26.30 27 .49 249
9 26.14 24.26
10 26.81 24.44
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Table 3 Randomization results

i k Crer Cool Srer Scol Expression
6 10  27.03 27.74 26.81 24 .44 8.625105575
7

8 2678  26.91 26.30 24.90 2.938192778
1 2 2674 2757 26.47  24.95 5.186421266

& 1 2683 27.82 26.77  24.54 9.480147506
6 6 27.03 27.74 26.97  24.89 7.021676066
1 7 2674 2757 2607 2471 4.675718457
6 2 2703 2774 26.47  24.95 4797510275
1 2 2674 2757 2647  24.95 5.186421266
1 2 2674 2757 26.47  24.95 5.186421266

8 6 27.32 2749 26.97  24.89 4.844473339

Crossing point values of control &) and sample (&) for the gene of interest
(i.e. targed) and of control f&0) and sample (&p for the reference gene. i: choice
of the index for Go, and Ger. k: choice of the index forgg, and Qee

These relative expression ratios were sorted. Thies “true”

expression ratio and the standard error range vatcelated.

Table 4 Relative expression ratios sorted
Expression

2.938192778

4.675718457
4.797510275
4.844473339
5.186421266
5.186421266
5.186421266
7.021676066
8.625105575
?.480147506
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The relative expression ratio is calculated at plosition (i.e.
median): relative expression ratio sorted at pasiti0.5 x n” (i.e.
n=number of randomizations). For this example, thsult was

calculated at the fifth position:

Relative expression ratio = 5.186421266

The standard error range, corresponding to the 68Pfidence
interval, is defined as follows (i.e. = 0.32): minimum = relative
expression ratio sorted at position “na¥2)” and maximum = relative
expression ratio sorted at position “n x @2)". For this example the

result was:

Confidence68% or standard error range = [4.67571845
8.625105575]

Finally, the REST 2009 software determines whethsignificant
difference exists between samples and controldewéking issues of
reaction efficiency and reference gene normalipaiicto account.
Because the normalization and efficiency calcufegicvolve ratios
and multiple sources of error, it would be extrenafficult to devise
a traditional statistical test, so randomizatiazhteques are employed.
The software calculates the 95% confidence intetwgberform the
hypothesis testP(H1) represents the probability of the alternate
hypothesis that the difference between the sampudecantrol groups

is due only to chance (i.e. if values in the 95%fid®nce interval
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were greater than 1 with a p-valged.05, then the expression of the

targed gene in the treated sample was up-regulated)
VII. Design of the potato array

In this thesis, we used the potato array designethb Potato
Oligo Chip Initiative (POCI) (Kloosterman et al. @f). A set of
246,182 sequence tag (EST) were used to desigarthg. The ESTs
were extracted from approximately 37 libraries dedi from various
potato tissues, developmental stages, and physalogonditions,
including exposure to common sc&h,infestansas well as salt, cold,
heat, and drought stress. The EST sequences weaataged from the
cultivars Bintje, Kennebec, Kuras, Shepody, Agaiag Solara (Table
5).

Table 5 Sources and numbers of potato EST sequences osdlief array EST

assembly (adapted from Kloosterman et al. 2008)
Raw

Institution Cultivars Reference
ESTs

TIGR® 125927 Ke”gﬁgjic and  pensink et al. (2005a, b)
Canadian Potato Genome Project 98976 Shedopy Flinn et al(.zs)z(%o)S); Lietal.

. . Crookshanks et al. (2001);
Aalborg University 12249 Kuras Nielsen et al. (2005)
University Erlangen-Nuremberg 6833 Solara Unpulelish
Wageningen University 1824 Bintje Unpublished
Agriculture and Agri-Food Canada 370 11379-03 Utlisbed
Total 246182

2The Institute for Genomic Research

The combined contigs and singletons produced & odt46345
unique sequences with an average length of 806Fbpm these
unigenes, 44K Potato Array, using the Agilent's n&&- oligos
SurePrint technology, were designed for 42034 efgbquences. The
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sequences on the POCI array represent a total 46208 ESTs.
Moreover, the POCI array design is based on a IBSE collection
containing genes from a wide variety of tissuesetigpmental stages,
and treatments allowing for a diverse range of gemaascription

studies covering all aspects of potato biology.

VIIl.  Normalization of the microarray data

In order to minimize the errors introduced by difieces in
procedures and dye intensity effects between tferent arrays, a
normalization method was applied. Three algorittooald be used

(See Agilent Feature Extraction Software (v9.5){3eide):

Linear: briefly, “this method multiplies the background-
subtracted signal by a global constant. The globahstant is
determined separately for the red channel and tfeergy channel
using the selected normalization features. It iswated using the
geometric mean of these features as a value of"108gilent
Feature Extraction Software (v9.5) User Guide).

LOWESS: “This method assumes the dye bias is intensity-
dependent, and therefore the background-subtracigaal is
multiplied by a value that is a function of thettea intensity. The
selected normalization features are used to cateula
normalization curve that measures the potential tatjo bias
across the entire range of feature intensities. él-known curve
fitting method called LOWESS a “locally weightedchefar

regression curve fit” is used to fit this curve.v@mn any feature
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and its intensity, this curve determines the paatlye bias that
should be present in the log ratio measurementhef feature.
Features are then corrected by multiplying the i@ad green
channels by an adjustment that will remove the fias the log
ratio” (Agilent Feature Extraction Software (v9.5) Usauide).
Linear and LOWESS: “Dye biases tend to be signal intensity-
dependent. A dye normalization method that usesorsstant
scaling factor can not correct for dye biases asrdbe entire
range of signal intensities. This method does aeadlin
normalization across the entire range of data, theplies a non-
linear normalization (LOWESS) to the linearized adaset
(Agilent Feature Extraction Software (v9.5) Usernda).
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Chapter |

Fast track in vitro mycorrhization of potato
plantlets allows studies on gene expression

dynamics

Adapted fronthe short note published in
Mycorrhiza (2010) 20:201-207

Adrien Gallou, Nathalie De Jaeger, Sylvie Cranenlmo and

Stéphane Declerck
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Preface

In order to evaluate the effects of the AM furnigkizophagusp.
MUCL 41833 on the potato resistance against twoomaptato
pathogens and the molecular changes triggereckeiplémts, we used
the Mycelium Donor Plant (MDHRh vitro culture system (Voets et al.
2009) rather than the half-closed arbuscular myeoat-plant (HAM-
P) in vitro culture system (Voets et al. 2005). Both systemsewe
adequate to study the fungal life cycle. Howevee MDPin vitro
culture system allowed to obtain homogenous AM &lrglonization
of plantlets within short time (i.e. 9 days) an@ gynchronization of
the AM fungal development in the roots, while witte HAM-P in
vitro culture system the completion of the life cyclekoseveral
weeks and the AM colonization was less homogenbes Jaeger et
al. 2010). This difference is related to the deiaythe AM fungal
spore to germinate, grow, form appressorium, caknhe roots and
develop arbuscules and vesicles with the HAMAPvitro culture
system. In addition, the others microorganisms usezur study (i.e.
R. solaniandT. harzianurm completed their life cycles after only one
week (De Jaeger et al. 2010) and consequently ythehsonization
and interaction studies of the microorganisms wgsossible with the

HAM-P in vitro culture system.

2 In this chapter, we took into consideration the AMgal classification of Scifiier
et al. (2001)
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Abstract

Root colonization by AM fungi is a dynamic proceassolving
major changes in plant gene expressidere, the expression of a
phosphate transporter gerf@T@ and several defence genes, already
known to be involved in the various stages of ANhbshment, were
monitored in the Mycelium Donor Plant (MDRj vitro culture
system associating potato plantlets with an AM fisagrhis system
allows fast and homogenous mycorrhization of segdlat their early
stage of development by growing the plantlets itivacmyecelial
networks but has never been validated for geneessmn analysis.
Here, real-time QRT-PCR analyses were conductgxhiallel to pre-

(1 day), early (2 and 3 days) and late stages éd915 days) of root
colonization. We observed the induction of a plgahe marker of
AM root colonization PT3 at the late stage and the induction of
MAPK andPAL genes at the early and late stages of root catoiz
We also demonstrated the inductionPi®1andPR2genes at pre- and
late stages and o6ST1 and Lox genes at a late stage of root
colonization. These results validated the MiDRitro culture system
as an optimal tool to study gene expression arglysiing the AM
fungi establishment. This system further opened tlwor to
investigate gene networks associated with the @lAM fungi

symbiosis.

Keywords: gene expressiogzlomussp.,in vitro system, mycelium

network,Solanum tuberosum
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Introduction

Arbuscular mycorrhizal (AM) symbiosis representsuaique
association between the mycelium of a soil-bornegfis and more
than 80% of higher plants. The fungus, an obliggdé&oph belonging
to the Phylum Glomeromycota (S¢hér et al. 2001), receives
carbohydrates from the host plant required to cetepits life cycle,
in exchange, it provides the plant with nutriersisch as phosphate.
The establishment of this successful mutualistspeisition develops
from a complex and dynamic process involving mabanges in
fungal and plant gene expression (Franken et a7 2®Reinhardt
2007). During this process, phosphate transporéeresg (Liu et al.
1998) as well as transient expression of defentsexdk genes are
activated in the host plant (Liu et al. 2003).

In the last few yearsin vitro cultivation systems associating
excised root organs with AM fungi have been useihtestigate gene
expression Gonzalez-Guerrero et al. 2005; Elfstrand et al.5200
Waschke et al. 2006 These systems present several advantages
among which the absence of undesirable microorganiand the
possibility to monitor non-destructively the devyaieent of the fungal
colony. However, some limitations are also assediato these
systems, materialized by the absence of photosyothissues, a
normal hormonal balance and physiological sourok-stlationships
(Fortin et al. 2002). In addition, the roots usedhese experiments
are most often transformed organs.

Recently,Voets et al. (2005) and Dupré de Boulois et al0g)0
developed twoin vitro autotrophic culture systems associating
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respectively potato anMedicago truncatuladao ROC producedM
fungal spores. Mass production of spores (i.e.y@ppl2,000 in 22
weeks) was obtained with potato (Voets et al. 20858{l the transport
of C from the shoot dil. truncatulato the fungus (Voets et al. 2008)
and of P and Cs from a root-free labelled compantriethe shoot via
the extra-radical mycelium (Dupré de Boulois et 2006) was
demonstrated. However, with both systems, hightl@adonization
took several weeks, and produced nearly full-gromgcorrhizal
plants before trialling. This may hinder experingenbn gene
expression analysis in plantlets during the eatiggess of root
colonization. It is obvious that any system allogvithe fast and
homogenous mycorrhization of seedlings within a tkys is highly
desirable.

In nature, the AM fungal mycelium growing from coiped roots
represents an important source of inoculum for dbnization of
neighbouring plants, due to the several hyphaeegpemifying from
the colony (Friese and Allen 1991). Recently, Vaatal. (2009) have
developed a newn vitro mycorrhization system adapted to seedlings,
by using the symbiotic phase of the fungus as ihmgeufor fast and
homogenous AM colonization. This Mycelium Donor iRIGMDP) in
vitro culture system was successfully appliedvtotruncatulaplants
opening large perspectives to study various aspddise AM fungi
and AM symbiosis.

In this study, we validated the MDiA vitro culture system of
Voets et al. (2009) for gene expression analydie @xpression of a
phosphate transporter gerf@T@ and several defence genes, already

well known to be involved in the various stage®\M establishment,
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were analyzed at six time points, correspondintgh&establishment
of Glomus spMUCL 41833 in roots of potato plantlets, by comhapi
the real-time QRT-PCR technology with the assessnoénroot

colonization.

Materials and methods
Biological material

Propagation and maintenance of stock of potataleksn

Potato plantlets propagatéd vitro (Solanum tuberosurh., var.
Bintje) were supplied by th8tation de Haute Belgiqua Libramont,
Belgium. Plantlets were micro-propagated every fiweeks as
described in Voets et al. (2005).

Culture, propagation and maintenance Glomus sp.MUCL
41833

A root organ culture ofGlomus sp. MUCL 41833, formerly
identified asGlomus intraradicesSchenck and Smith and presently
reclassified into a clade contains the recentlycilesd species
Glomus irregulareBlaszk., Wubet, Renker and Buscot (Stockinger et
al. 2009) was supplied by GINCO (http://www.mycazenbe/ginco-
bel). The spores were extracted by solubilisatibrthe gellan gel
(Doner and Bécard 1991) and approximately 100 yéaeed in the
near vicinity of actively growing transformed car{®aucus carota
L.) roots (approximately 70 mm in length) on Peiates (90 mm in

diameter) containing the Modified Strullu-Romand §R) medium
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(Declerck et al. 1998 modified from Strullu and Romd 1986),
solidified with 3 g I* Phytagel (Sigma-Aldrich, St. Louis, USA)
(Cranenbrouck et al. 2005). The Petri plates wamibated for 3
months in the dark in an inverted position at 27 a0d several

thousand spores were produced during this period.
Medicago truncatulaeed disinfection

Seeds ofMedicago truncatulaGaertn. cv. Jemalong A 17
(SARDI, Australia) were surface-sterilized by imsien in sodium
hypochlorite (8% active chloride) for 12 min, ridsthree time in de-
ionized sterile water and germinated in groups ®foR Petri plates
(90 mm in diameter) filled with 35 ml MSR mediumthout sucrose
or vitamins, and solidified with 3 g*'IPhytagel (Sigma-Aldrich, St.
Louis, USA). Petri plates were incubated at 27°@handark.

Experimental design

Micro-propagated potato plantlets were plated dively growing
extra-radical mycelium networks of AM fungi develog in the
hyphal compartment (HC) of bi-compartmental Petlatgs (for
details, see Voets et al. 2009). The time-coursgeot expression was
analyzed during symbiotic establishment in potatuis.

Eight weeks after association, a dense extra-radicaelium
bearing numerous spores developed in the HC. TingtHe of
mycelium was 6261 cm + 2367 and the number of sp&8385 +
9710 (estimated following the method of Voets e2aD5).
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Two new holes (x 2 mm diameter), separated by sh3rom each
other, were then made in the base and the lideoP#tri plates, at the
side of the HC. One ten-day old potato plantlet wagrted in each
hole following the same methodology described bgtget al. (2009)
with their roots in direct contact with the extadical mycelium (Fig.
9). The Petri plates were then sealed carefully imcdbated in a
growth chamber under controlled conditions, that 246/16°C
(day/night), 70 % relative humidity, photoperiod 16 h d* and an
average photosynthetic photon flux (PPF) of 2&%ol m-2 &
Identically, two micro-propagated potato plantletsre placed in the
HC of the control treatment (i.e. non-inoculatedirfday old M.

truncatula seedlings) and grown under the same conditions as

described above.

Fig. 9 Mycelium Donor Plant (MDP)n vitro culture system, one day after placing
two 10-day-old potato plantlets in the hyphal coripant Root compartment (RC)
containingM. truncatularoots associatedith the AM fungusGlomussp. 41833.
Hyphal compartment (HC) containing the extra-raldimgcelium of the AM fungus
extending from the RC and the root systems ofwltefotato plantlets
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Twenty-four cultural systems were randomly dividiei 6 groups
of four replicatesRoots were harvested 2, 3, 6, 9 and 15 days after
plating (dap) in the extra-radical mycelium netwark Glomus sp.
MUCL 41833. One control plant was also harvestechdane. For
each cultural system, the two potato plantlets friva HC were
pooled to obtain sufficient material for analydtalf of the material
was then used to estimate root colonization winke dther half was

used for gene expression analysis.

Root colonization

The root colonization was estimated under a digsgaticroscope
(Olympus SZ40, Olympus Optical GmbH, Hamburg, Gerymat x10
to x40 magnification, according to McGonigle et @l990). Roots
were cleared in 10% KOH at 50 °C for 90 min, ringath distilled
water and stained with Trypan blue 1% (Phillips &fayman 1970) at
50°C for 60 min. Percentages of root colonizaticgrevsubjected to
one-way ANOVA. Tukey Honest Significant Differen@edSD) was
conducted to identify significant differenceB £ 0.05) between the
groups. Data analysis was performed with the SA®rprise guide
4.1 (SAS Institute Inc., Cary, USA).

RNA extraction
Total RNA was extracted from 50-100 mg frozen matewith

Trizol® reagent (Invitrogen, Carlsbad, USA) with additional

chloroform purification step and then purified wgithe PurelinkM
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Micro-to-midi total RNA purification systenfinvitrogen, Carlsbad,
USA) according to the manufacturer’'s instructiombe total RNA
was subsequently treated witie TURBO DNAfree™ kit (Ambion,
Austin, USA) according to the manufacturer's inetions.
Concentration and purity of total RNA were deteretinin a
NanoDrop®-ND 1000 UV-Vis Spectrophotometer (Nangbro
Technologies, Wilmington, USA), using a 2 ul aligqud the total
RNA solutions. RNA purity was estimated from the 6824280

absorbance ratio.

Reverse Transcription

Following total RNA extraction, Reverse transcioptiRT) of 500
ng of RNA was performed with the Transcriptor Higidelity cDNA
Synthesis Kit (Roche, Montreal, Canada) in a volwh&0 pl with
oligo (dTyg primer at 55°C for 20 min,according to the
manufacturer’s instructiongor each RNA sample, a reaction without

RT was performed as a control for contaminatiogéyomic DNA.

Primer design

Four reference genes: glyceraldehyde phosphateddsignase
(GAPDH), ubiquitin conjugating enzyme-lik&Jpc), elongation factor
l-alpha EFl-w) and beta-tubulin ftub) (Nicot et al. 2005), and
seven genes: Gluthatione-S-transferag8aT(), Lipoxygenasel(0X),
MAP kinase MAPK), Pathogenesis Related PR1), Pathogenesis
Related 2 PR2, Phenylalanine ammonia lyageAL) and Phosphate
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transporter 3RT3 were selected. Potato nucleotidic sequences were
obtained from the GenBank database. Eleven prinars pvere
designed from these sequences (18-23 bp lengthpetature of
annealing at 60°C, GC% between 40% and 60%) with Ltlght
Cycler Probe Design Software 2.0 (Roche, Montr€anada).The
forward and reverse primer sets and melting tentpes (in
bracket$ were as follows: 5SECAAGTAACCTCTTGCTAAATGCG
3" and 5 CTGTCATATTCTCGTTCTCTAGGS3 for MAPK (79°C);
5-GCTTTGCTTACTTATTATTGGCG3’ and 5'-
GGAAGCAGCCTTAGTAGCATT3 for PT3 (82°C); for the nine

other primers sets (see Gallou et al. 2009).

Real-Time quantitative PCR

Real-Time PCR analysis was performed using thetOgtler 2.0
(Roche, Montreal, Canada). A set of standard soigtprepared from
RT products was included in each run. Reactionsewepared in
capillaries using the following concentrations: [7offPCR water, 4l
of 5x LightCycler® FastStart DNA Masfét’> SYBR Green | Mix
(Roche, Montreal, Canada), 2 ul of each forward i@verse primer
(0.5 uM) and 5 pl of 1:10 diluted cDNA or standasdlution as
template (For LightCycler experimental run, seel@akt al. 2009).
In order to check PCR efficiency, standard curveg (©f cDNA
dilution versus §) using serial 10-fold dilution of cDNA were credte
for each pair of selected primers. To obtain goochgarison and
normalisation, PCR efficiency should range betw@@mand 115%. In
this study, all the PCRs displayed efficienciesnvaetn 91 and 104%.
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For the mathematical model it was necessary tam@te the crossing
point (Cp) for each transcript, defined as the pah which the
fluorescence rises appreciably above the backgrdlumtescence.
The Fit point method was performed in the Light@ydoftware 4.1
at which Cp was measured at a constant fluorescened. The
combination of several references genes smoothesarmalisation
error due to the small variation in the expresgiba single reference
gene (Vandesompele et al. 2002)Ve determined the best
combination of reference genes for normalisatiomgerie expression
by using the geNorm software
(http://medgen.ugent.be/~jvdesomp/geNorm). The nsteble genes
expressed in the potato roots during symbiotic bdistament with
Glomus sp. MUCL 41833 weres-tub and EF1w. The pairwise
variation demonstrated that three reference genesp{tub, EFl«a
and GAPDH) were sufficient to normalise gene expression irafaot
plantlets grown in the extra-radical mycelium netkvof Glomussp.
MUCL 41833 (data not show). Normalisation was aebieusing the
geometric means of the three reference geness-tid, EF1-o and
GAPDH The data were analysed statistically with sofev®EST
2008 (relative expression software tool; Pfaffl at. 2002;
http://rerst.gene-quantification.info/). Signifieanvalues were set at P
value < 0.05. P(H1): the probability of alternatgpbthesis that
differentiate between sample and control grouphkiesonly to chance.
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Results

Time course of root colonization of potato plarglggrown in the

extra-radical mycelium network @lomussp. MUCL 41833

The root colonization of potato plantlets was assedl, 2, 3, 6, 9
and 15 dap of the root system in the AM fungal @&xadical
mycelium network (Table 6). No AM root colonizatiaras observed
1 dap with the extra-radical mycelium network. Tingt traces of AM
fungal root colonization were detected 2 dap (1.93 #%) and
increased slightly (9.9 + 7%) 3 dap. However, ngnificant
differences were observed between the values redaati 1, 2 and 3
dap. Neither arbuscules nor vesicles were obseavédd 2 and 3 dap.
Six dap, the AM root colonization increased markd@¥ + 24%) and
the first arbuscules and vesicles were observeeé. gdrcentage of
arbuscules and vesicle observed 6 dap was 3.9 8ncegpectively.
The AM root colonization estimated 9 dap was 48.2486 and
remained almost identical 15 dap (49.9 + 8%). Thaleies of AM root
colonization were significantly higher, 9 and 1 @&s compared to 1,
2 and 3 dap. The 6 dap values recorded were intkatecbetween
those obtained 1, 2, 3 dap and 9, 15 dap. At 9 tth@ppercentages of
arbuscules and vesicles were 13.6 and 3.5, respBctAt 15 dap, the

percentages of arbuscules and vesicles were 8.3.@ndspectively.
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Table 6 Root colonization of potato plated on actively ghogv extra-radical
mycelium networks o6Glomussp. MUCL 41833

Root colonization (%) during the time coutse

1 2 3 6 9 15
1.9 9.9 24ab 48.2b 499D
Hyphae 0 a a a
@3) (7)) (224  (£14) (*8)
Structure Arpuscules 0 0 o 393 136b 82D
*1.9) (+46) (£29)
Vesicles 0 0 0 03a 35b 57b

(+05) (1.8  (x2.4)

For each structure, values (other than 0) in afodlewed by a different letter differ
significantly atP < 0.05 (one-way ANOVA and Tukey’'s HSD). The standarcbr
is shown in brackets (Biological replicates = 4r Hata of root colonization of 0%,
no statistical analyses were done because of thmssibility to calculate the
variance

®Days after planting of potato plantlets in thewak of Glomussp. MUCL 41833

Expression of marker gene of AM root colonizatidipotato plantlets
grown in the extra-radical mycelium network Gfomussp. MUCL
41833

The relative expression ratio &fT3 genes in potato roots was
assessed 1, 2, 3, 6, 9 and 15 dap in the extreatadiycelium
network (Table 7). We observed an inductionPdi3 gene 9 and 15
dap with a maximum of 15 dap [65.30 (19.90 — 19)].08
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Table 7 Relative expression ratio of seven genes (Gluthat®-transferase 1
(GST), Lipoxygenasel(ox), MAP kinase MAPK), Pathogenesis Related RRJ),
Pathogenesis Related PR2, Phenylalanine ammonia lyaseAL) and Phoshate
transporter 3 BT3) in potato roots plated on actively growing extaglical
mycelium networks ofGlomussp. MUCL 41833, normalized by the geometric
mean of the three reference genes fkeib, EF1-« andGAPDH)

Relative expression ratio during the time colirse

Gene name
1 2 3 6 9 15
PT3 1.86 0.24 1.81 0.28 5,51 65.30
(0.44-9.71) (0.08-0.94) (1.05-2.56) (0.0560) (2.58-16.02) (19.90 - 191.08)
GST1 1.40 1.41 0.30 2.72 4.48 5.68
(1.01-2.14) (0.93-2.70) (0.19-0.46) (2.39-3.10) (2.93-7.47) (4.20 - 8.76)
Lox 1.00 0.63 0.62 1.80 3.38 6.12
(0.40-3.71) (0.10-2.08) (0.47-0.84) (1.0258  (1.26 - 7.60) (2.73-10.13)
MAPK 0.64 5.74 0.42 2.64 2.01 8.12
(0.17-2.09) (1.75-16.78) (0.32-0.56) (1.70-4.01)  (1.30-3.95) (3.92 - 16.60)
PAL 1.95 7.82 3.88 12.10 3.06 28.55
(0.83-5.11) (3.22-21.04) (1.52-14.37) (5.32-30.22) (1.26-11.25) (11.40 - 60.85)
PR1 2.50 0.15 1.05 1.21 7.35 105.31
(1.60-4.79) (0.05-0.69) (0.70-1.63) (0.55-2.31) (1.40 - 57.06)  (60.33 - 229.85)
PR2 3.94 1.63 1.80 13.39 10.51 159.94

(1.57-10.30) (0.67-3.47) (0.98-3.27) (6.07-29.52) (1.35-194.15) (85.56 - 330.10)

Data were analysed statistically by the softwareSRE2008 (relative expression
software tool; Pfaffl et al. 2002; http://rerst.gequantification.info/). Up-regulated
(in boldface) and down-regulatedn(italics) genes with significance values were set
at P value < 0.05 (P(H1): the probability of altsen hypothesis that differentiate
between sample and control groups is due only &ma#). The standard error range
(i.e. refer to 68% confidence interval) is showrbrackets (Biological replicates = 4)

% Days after plating of potato plantlets in the axtadical mycelium network of
Glomussp. MUCL 41833

Expression of defence response genes in potattigilgrown in the
extra-radical mycelium network @lomussp. MUCL 41833

The relative expression ratio of the defence respaenessST]1
Lox, MAPK, PAL, PR1landPR2in potato roots was assessed 1, 2, 3,
6, 9 and 15 dap in the extra-radical mycelium nétw@able 7). For
the GST1gene, we observed the repression 3 dap [0.30 {0(1.96)]

and the induction of 6, 9 and 15 dap was deteciddavmaximum of
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15 dap [5.68 (4.20 — 8.76)]. For thex gene the induction of 9 and 15
dap, was detected with a maximum of 15 dap [6.123(2 10.13)].
The MAPK andPAL genes were induced 2 dap and an induction was
noted 6, 9 and 15 dap with a maximum of 15 dap?[83192 — 16.60)]

for MAPK andPAL [28.55 (11.40 — 60.85)]. Moreover, we noted the
repression of th&1APK gene 3 dap [0.42 (0.32 — 0.56)]. For the two
Pathogen Related genes (P&R1andPR2, an induction of 1 dap was
detected, and respectively 9 and 15 dap with a maxi of 15 dap
[105.31 (60.33 — 229.85)] foPR1, and 6, 9 and 15 dap with a
maximum of 15 dap [159.94 (85.56 — 330.10)]Pét2

Discussion

Root organ cultures have been considered as suitaistems to
investigate various aspects of the AM fungi and sywhbiosis (Fortin
et al. 2002). Recently, autotrophic non-transform&hts have been
successfully culture¢h vitro in association with AM fungi (Voets et
al. 2005; Dupré de Bulois et al. 2006) and a faatktin vitro
mycorrhization system (i.e. the MDIR vitro culture system) was
developed (Voets et al. 2009). This system operge lpaerspectives
for molecular studies but should be validated fenay expression
analysis. Here, the expression of a phosphateptoaies gene and six
defence genes were monitored by real-time QRT-P@Rparalleled
with the multi-step process of potato AM fungal ra@mlonization.
Gene expression change could be observed in pye-gbeefore root
colonization — 1 dap), early stage (hyphae roobriahtion before

arbuscules and vesicles formation — 2 and 3 dag}fam late stage of
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root colonization (heavy root colonization with asoules and
vesicles formed — 6, 9 and 15 dap).

During the pre-colonization stage of potatelomussp. MUCL
41833 interaction (1 dap), we observed the indanatibPR1andPR2
genes, while no induction was noted during theofeihg 2 and 3 dap
(early root colonization stage). This change in egeaxpression
between pre- and early stage of AM fungi root cation was
reported earlier by Kapulnik et al. (1996), Ruizzhoo et al. (1999)
and Liu et al. (2003) and associated with a tramidevel of defence-
gene expression.

During the early stage of potatd@slomus sp. MUCL 41833
interaction (2 and 3 dap), we observed the indactb the MAPK
gene (2 dap). This observation is consistent wiin ole of MAP
kinases in the signalling of plant abiotic streed pathogen defence
(Nagakami et al. 2005) and corroborates the firglimigDeguchi et al.
(2007). The early stage of root colonization wa® alharacterized by
the induction oPAL gene as reported by Deguchi et al. (2007).

During the late stage of potatdslomus sp. MUCL 41833
interaction (6, 9 and 15 dap), we observed an imolnof PR1(9 dap)
andPR2 (6 dap), with a build-up in the level of inductjguaralleled
thereafter with increased root colonizati®tR1 gene is a PR protein
with antifungal properties and an unknown microlbfet (Antoniw
et al. 1980). This gene is known to respond to &lingfection in
potato (Gallou et al. 2009PR2 gene is &-1,3-glucanase induced,
among others, iM. truncatularoots colonized b¥. intraradicesand
G. mosseaeluring the late stage of root colonization (Holngt al
2005).
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We noted the induction dfox gene (i.e. the first enzyme in the
biosynthesis pathway of JA gene) after 9 dap. €hisfirmed earlier
result showing that in roots of mycorrhizal plaritse levels of JA
were higher as compared to non-mycorrhizal conffidisixner et al.
2005; Stumpe et al. 2005; Hause et 2007). We also observed a
significant induction ofPAL gene 6, 9 and 15 dap, with increased
percentages of arbuscules and vesicles in rootgisda and Dixon
(1994) have demonstrated that transcripts encoditeymes of the
isoflavone biosynthetic pathway, suchR&L and chalcone synthase
are induced specifically in cells containing arhuss.

Glutathione-S-transferase transcripts have beenndfouo
accumulate in the roots containing arbuscules (Watlfal. 2003;
Brechenmacher et al. 2004). In our study, we olesketkie induction
of GST1gene in the potato roots 6, 9 and 15 dap, in jghraith the
formation of the first arbuscules and vesicleshe potato roots. We
also observed the induction BfAPK gene in the late stages of root
colonization, as reported by Weidmann et al. (200%) Grunwald et
al. (2004) inM. truncatularoot colonized bys. mosseae.

During the late stage of potatdslomus sp. MUCL 41833
interaction (6, 9 and 15 dap), we observed the dtion of the
phosphate transporter gelR@3 (9 dap), with a build-up in the level of
induction, 15 dap, paralleled with an increase aot rcolonization.
Rausch et al. (2001) have identified the phosphatesporter gene
StPT3in potato and localized theT3 gene induction specifically in
arbuscule-containing cells. Moreover, the auth@gehdemonstrated
that this gene could be considered as a molecularken for

investigate the functional state of the AM symlsosi
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During this study on gene expression analysis at dliferent
stages of AM establishment with the MDPvitro culture system, we
observed the induction &fT3gene at the late stage of potaBlemus
sp. MUCL 41833 interaction. Two PR gend®R(l and PR2 were
induced prior to root colonization with a transiexpression at 2, 3
and 6 (forPR1J) dap followed by a continuous build-up in the lleok
induction. We finally demonstrated the induction GST1 Lox,
MAPK and PAL genes at different stages of potatGlomus sp.
MUCL 41833 interaction. The result, obtained RF3 gene (a plant
gene marker of AM root colonization), demonstratieat the potato-
Glomus sp. MUCL 41833 association was successfully eistadxl
and the mutualistic exchange between the two partvas effective.
The induction of defence genes, well know to beoived at different
stages of the AM symbiosis, demonstrated that ttatp-Glomussp.
MUCL 41833 establishment in the MDR vitro culture system was
suitable to study major changes in plant gene aspe and
corroborated previous resultsiofvivo studies. Our study opened new
avenues to investigate the molecular events or geewvorks
associated with the plants-AM fungi symbiosis, bgkimg it possible
to synchronise the development of AM fungi in tle®ts of plants
grown in an established non-perturbed mycelium ogtwunder

rigorousin vitro culture conditions.
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Preface

In chapter I, we have described three stages idélelopment of
the AM fungu$ Rhizophagusp. MUCL 41833 in potato roots. The
pre-stage referred to the AM fungus before contdtit the root and
root colonization, the early stage to the formawdrappresorium and
first hyphal root colonization and the late stage to itliense root
colonization with arbuscules and vesicles formed.atldition, the
results obtained on the expression of several ganes underlined a
change in defence response during the AM fungalbéshment and
principally, an important induction of these gedesing the late stage
of root colonization. Taken together, these resdémonstrated the
suitability of the MDPin vitro culture system to investigate the
molecular events during the symbiotic establishniepbtato roots.

Based on these results, we decided in chapter petdorm a
genome-wide expression profiling experiment to pleer the
regulation of genes associated to biotic stresgiguhe three stages
of AM fungal root colonization and to understand potential of AM

fungi to trigger resistance in potato plants.

% In this chapter, we took into consideration the AMgal classification of Scifiier
et al. (2001)
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Abstract

The establishment of arbuscular mycorrhizal associs. causes
major changes in plant roots and affects signifigaihe host in term
of plant nutrition and resistance against biotid abiotic stresses. As
a consequence, major changes in root transcript@sgecially in
plant genes related to biotic stresses, are exghePt@ato microarray
analysis, followed by Real-Time quantitative PCRyswerformed to
detect the wide transcriptome changes induced gluhia pre-, early
and late stages of potato root colonization Glpmus sp. MUCL
41833.The microarrays analysis revealed 526 up-regulateti 132
down-regulated genes during the pre-stage, 272gplated and 109
down-regulated genes during the early stage andug3d4gulated and
122 down-regulated genes during the late stageaif aolonization.
The most important class of regulated genes wasciated to plant
stress and in particular to the WRKY transcriptifattors genes
during the pre-stage of root colonization. The egpion profiling
clearly demonstrated a wide transcriptional chadgeng the pre-,
early and late stages of root colonization. ItHartsuggested that the
WRKY transcription factor genes could be involved the
mechanisms controlling the arbuscular mycorrhizhleishment by

the regulation of plant defence genes.

Key words: arbuscular mycorrhiza fungus, defence genes, gene

expressionin vitro system, microarraygolanum tuberosum
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Introduction

Arbuscular mycorrhizal (AM) fungi are obligate ophs
belonging to the Phylum Glomeromycota (Sgleii et al. 2001). They
form a unique association with the roots of morant80% of
terrestrial plants, including most agricultural ahdrticultural crop
species (Smith and Read 2008). The AM fungi recearbohydrates
from the host plants required to complete thee &fcle, in exchange
of which they provide the plants with nutrientsg(egphosphorus) and
water.

The establishment of this successful biotrophioession result
from a complex, dynamic and still largely unknowignslling
mechanism involving major changes in fungal andntplgenes
expression (Franken et al. 2007; Fiorilli et al02p Many studies
have described the colonization process, from #r& esignalling in
non-contacting organisms to root surface contadtdevelopment of
a pre-penetration apparatus (Genre et al. 2008pwied by fungal
penetration and proliferation within and betweerlsceFrom a
simplified perspective, the AM fungal root colortiba may be
divided in three main stages, all of which beimgefy modulated by a
signalling dialogue between the two partners ofsyrabiosis: the pre-
stage referring to the stage before contact ofAiefungus with the
root, (2) the early stage referring to the stagehgphopodium
formation at the root surface andoot colonization before
arbuscules/vesicles development and (3) the latgesteferring to the
stage of intense root colonization with arbuscaled vesicles formed
(Gallou et al. 2010).
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To understand the complex transcriptome changesromand
microarray techniques have been used to decipherntblecular
mechanism during the AM root colonization. The tfisfudy was
conducted by Liu et al. (2003) using Mledicago truncatula
macroarray of probes for 2268 genes. A number ofliss also
reported the application of microarrays. These istudemonstrated
some transcriptional changes involved in the méialpathways that
control nutritional exchanges, secondary metabglisprotein
turnover, signal transduction, cell wall modificatiand transcription
(Hohnjec et al. 2005; Liu et al. 2007; Gomez et28l09). Most of
these transcriptional studies were performed witevaplant species,
among whichM. truncatulg Oryza sativa(Guimil et al. 2005) and
Lotus japonicugGuether et al. 2009). Recently, microarray aresdys
were also conducted witBolanum lycopersicuiman important crop
and model species (Dermatsev et al. 2010; Lopez-Biaal. 2010).

Notwithstanding these studies, gene expressionlipgpfduring
the successive stages of AM fungal root coloniratisas only
partially resolved. One major obstacle was the idiffy to
synchronize the initial developmental events legdito the
establishment of the symbiosis (Weidmann et al. 4200This
drawback was recently minimized by Dermatsev e{2810). These
authors used a semi-synchronized system allowinge th
synchronization of the AM fungal development. Thesethors
succeeded to investigate the molecular events wegum tomato
roots during the initial stages (i.e. before AM duis contact with the
roots to the development of the first hyphae inrtbas). In addition,

the study of gene expression profiling was gengridtused on a
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single developmental stage of the symbiosis andicp&arly in
presence of arbuscules in the roots. However, grtent study of
Guether et al. (2009) was the first to compare tila@scriptional
changes irL. japonicusduring the early (i.e. first hyphae in the roots)
and late (i.e. effective symbiosis with arbuscuethe roots) stages of
root colonization.

It is admitted that the changes in plant defenagegeexpression
are essential to the establishment of the AM aasioai and that the
biological protection conferred by AM fungi to ptamagainst a broad
range of pathogens was probably related to theaeges (Pozo and
Azcon-Aguilar 2007; Pozo et al. 2010). A numberstiidies have
reported a transient increased expression of pimfiénce genes,
especially during the early stages of root colaimrg followed by a
decline in expression in the later stages of dereknt (Kapulnik et
al. 1996; Ruiz-Lozano et al. 1999; Liu et al. 2008preover,in situ
experiments have revealed that some transcripetecelto plant
defence responses were exclusively detected irsanbes-containing
cells (Balestrini et al. 1997; Salzer et al. 20B@gchenmacher et al.
2004). These results suggested that the localesgabnse may control
the development of the fungus inside the roots. eMoecent
transcriptional studies have also demonstratedplaait responses to
AM fungi (i.e. obligate biotrophs) present simites with plant
responses to biotrophic pathogens (Sanchez e0@d; Zzuimil et al.
2005). Additionally, numerous studies revealed thatroots of
mycorrhizal plants the levels of jasmonic acid (J#ds increased
(Meixner et al. 2005; Stumpe et al. 2005; Haussd.€2007). Recently,
Lopez-Raez et al. (2010) have shown the regulatiothe oxilipin
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pathway and suggested a key regulatory role of gastes during the
AM symbiosis. Despite these studies, the regulabibdefence genes
during the AM root colonization remained almost nown

Recently, Gallou et al. (2010) investigated theede& genes
expression in potato plant during the pre-, eanly kate stages of root
colonization. They used thycelium Donor Plant NIDP) in vitro
culture system (Voets et al. 2009) which allowedsyachronize the
development of the AM fungus in the roots, and destrated the
efficiency of this system to study the changes éfedce genes
expression during the different stages of AM fungait colonization
in potato plantlets.

In the present studywe investigated the global transcriptional
change in the roots of potato plants during the,pearly and late
stages of potato root colonization Bfomussp. MUCL 41833. The
MapMan software associated with the Potato Arrasighed by the
Potato Oligo Chip Initiative (POCI) (Kloosterman &t 2008) was
used to distinguish the transcriptional change mduthe symbiotic
establishment. In particular, the modulation ofetee genes during
these three stages of AM fungal root colonizaticas vinvestigated
with the MapMan Biotic Stress display (Rotter et207).

Materials and methods

Biological material

In vitro produced potato plantletS@lanum tuberosurh., var.

Bintje) were supplied by th8tation de Haute Belgiqua Libramont,
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Belgium. Plantlets were micro-propagated every fiweeks as
described by Voets et al. (2005).

Seeds ofMedicago truncatulaGaertn. cv. Jemalong A 17
(SARDI, Australia) were surface-disinfected by immsien in sodium
hypochlorite (8% active chloride) for 10 min, ridsthree time in de-
ionized sterilized (121°C for 15 min) water andrgerated in groups
of 20 on Petri plates (90 mm in diam.) filled wil® ml Modified
Strullu-Romand (MSR) medium (Declerck et al. 1998ijthout
sucrose and vitamins, and solidified with 3 Phytagel (Sigma-
Aldrich, St. Louis, USA). The Petri plates wereubated at 27°C in
the dark.

A root organ culture (ROC) olomussp. MUCL 41833 was
supplied by the Glomeromycotan vitro collection (GINCO -
http://mwww.mycorrhiza.be/ginco-bel). The spores evextracted by
solubilisation of the gellan gel (Doner and Bécatf91). An
approximate of 100 spores were then placed in ta micinity of
actively growing transformed carrotDgucus carotal.) roots
(approximately 70 mm long) on Petri plates (90 nmiand) containing
the MSR medium, following the method described rar@nbrouck et
al. (2005). The Petri plates were incubated fordhtins in the dark in
an inverted position at 27 °C. Several thousandespwere produced

during this period.

Experimental design

The Mycorrhizal Donor Plant (MDP)n vitro culture system

(Voets et al. 2009) was used for the microarrayyaisof differential
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gene expression during the potato root colonizabgrGlomussp.
MUCL 41833. Briefly, four-day-oldM. truncatula seedlings were
transferred to the root compartment (RC) of a bipartmented Petri
plate (90 mm diam.), with their roots placed on theface of the
medium and the shoot extending outside the Petteplvia a hole. An
approximate of 100 spores dblomus sp. MUCL 41833 was
inoculated in the vicinity of the roots. The Pebtates were then
sealed with Parafilm (Pechiney, Plastic Packaditgcago, IL 60631,
USA) and the holes plastered with sterilized (12X&€ 15 min)
silicon grease (VWR International, Belgium). ThetrPplates were
covered with an opaque plastic bag to keep the AnMydis and plant
roots in the darkwhile the shoots developed under light conditions.
The Petri plates were subsequently transferred gooeth chamber
set at 20/16°C (day/night), 70 % relative humidityth a photoperiod
of 16 h @ and an average photosynthetic photon flux (PPR25
umol m-2 §'. After eight weeks of culture, the mycelium crabsee
plastic barrier separating the RC form a hyphal gartment (HC). A
profuse extra-radical mycelium (ERM) network begrinumerous
spores was developed in this HC. At that time, tmew holes,
separated by 4.5 cm from each other, were madkeibase and the
lid of the Petri plates, at the side of the HC. @a@day old potato
plantlet was inserted in each hole with the rootdirect contact with
the extra-radical mycelium (for details, see Voetsal. 2009). The
Petri plates were then sealed carefully and in@thhbrizontally in a
growth chamber under the same conditions as albdestically, two

micro-propagated potato plantlets were placederH@ of the control
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treatment (i.e. non-inoculated MDia vitro culture systems) and
grown under the same conditions as described above.

The Petri plates were randomly divided into 3 g two
replicates. Roots were harvested 1, 3, and 12 dfigs plating (dap)
in the extra-radical mycelium network @Glomussp. MUCL 41833.
The same methodology was followed for the contreatment and
two replicates were also harvested at each timee&oh Petri plate,
the roots of the two potato plantlets in the HC evgooled for
analysis. Half of the material was then used tomege the root
colonization while the other half was used for RMRtraction and
stored at - 80°C until use.

Phosphorus and root colonization analysis

The total phosphorus (P) content was analysedderdo assess
the differences in P nutrition between the mycaahiand non-
mycorrhizal potato plantlets. Shoots were rinseth weionized water
and leaves were oven-dried at 60°C forY¥and weighed. Tissue P
content was determined by inductively coupled pkasatomics
emission spectrometry (ICP-AES) (iICAP 6500, Thermlectron
Corporation, Cambridge, UK), after acid (HCIO4) digestion. Four
biological replicates, each consisting of leavesnfrthe two potato
plants of one MDHnN vitro culture system, were analyzed for each
treatment at 12 dap.

The root systems were cleared in 10% KOH at 500t@G0 min.,
rinsed with distilled water and stained with Trypaloe 1% (Phillips
and Hayman 1970) at 50°C for 60 min. The root systevere
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subsequently mounted on microscope slides and wdgsannder a
dissecting microscope (Olympus SZ40, Olympus OptiGanbH,
Hamburg, Germany) at X 10-40 magnification. Thecpatages of
root colonization were estimated according to Mci@len et al.
(1990).

The total P contents and percentages of root cdtion were
subjected to one-way ANOVA. Tukey Honest Signific@nifference
(HSD) was conducted to identify significant diffeces P < 0.05)
between the treatments. Data analysis was perfomiigdthe SAS
enterprise guide 4.1 (SAS Institute Inc., Cary, JSA

RNA extraction

Total RNA was extracted with the RNeasy plant kib{Qiagen,
Valencia, USA) according to the manufacturer’'s mnsions. The
total RNA was treated with the TURBO DNitee™ kit (Ambion,
Austin, USA) according to the manufacturer's instions.
Concentration and purity of total RNA were deteretinin a
NanoDrop®-ND 1000 UV-Vis Spectrophotometer (Nangbro
Technologies, Wilmington, USA) and the total RNAatity was
tested using the Agilent 2100 BioAnalyzer as recemded by the
manufacturer’s protocol (RNA 6000 Nano Assay Prolp¢Agilent
Technologies, Santa Clara, USA).

Microarray hybridization and data analysis
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The microarray analysis was performed using the4¥xRotato
Array (AMADID#015425) designed by the POCI (Kloasten et al.
2008) using the Agilent's 60-mer SurePrint techgplqAgilent
Technologies, Santa Clara, USA). Two independerdlogical
replicates, each consisting of a pool of two potdémts of one MDP
in vitro culture system, were randomly selected at 1, 31&hdap in
the extra-radical mycelium network @Glomussp. MUCL 41833. The
microarrays were hybridized, stained, washed arahrssd at the
Institut of Life Science of the Université cathalgy de Louvain
(Agilent  microarray  platform,  https://www.uclouvdie/en-
276229.html). Synthesis of cDNA and cRNA (i.e. 50§ of total
RNA) was performed with the two-color Quick Amp leding Kit and
without the two-color RNA spike-in kit as describiedthe two-color
microarray-based gene expression analysis protfasision 5.7)
(Agilent Technologies, Santa Clara, USA). Hybridiaa and washing
of slides were conducted according to the manufactu protocols.
The hybridized slides were scanned using the scadwglent
G2505B at high resolution of 5 pm at 532 nm (CyB8) £33 nm
(Cy5) wavelengths (Agilent Technologies, Santa &latJSA).
Microarray images were imported in the Agilent keatExtraction
(FE) software (version 9.1.3.1) and aligned witk #ppropriate array
grid template file (015425 D _F 20061105) (Agilerechnologies,
Santa Clara, USA). Data were normalized using tbhmear and
LOWESS” algorithm. Unreliable data flagged as abseall replicate
samples by the FE software were discarded. Theststat test for
differentially expressed genes was performed uiegFE software.

The t-statistic test was calculated on the featamd background
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signals and their corresponding errors. In ordetat@ account that
only two biological replicates have been used is thicroarray, we
decided to consider the genes as differentiallyledgd if P-values
were< 0.01 and the ratio as compared with the contrals>3.00 or
< -3.00. Under this condition, we obtained a goodetation between
the two biological replicates (i.e. with a ratiotween> 2.00 and<
3.00, we obtained more variability between the twwological
replicates). All relevant data concerning sequecethe POCI array
were accessible on the POCI database (http://paipk3
gatersleben.de/pls/htmldb_pgrc/f?p=194:1:70538283332::NO:::).
Updated of annotation for the differentially redgeth genes was
obtained by blastx against the NCBI nr-database EAralue <10°
was required to take into account the blast resiille data were
imported into the MapMan software
(http://mapman.gabipd.org/web/guest/mapman) for eGé&ntology
(GO) analysis. Updated of GO annotation for thefedéntially
regulated genes was obtained by the web applicalitmmncator
Automated Sequence Annotation Pipeline
(http://mapman.gabipd.org/web/guest/app/mercatol). order to
enable easier data visualization and interpretatibrpotato genes
expression involved in biotic stress (BIN 20.1)edd genes were
manually subdivided into different subBIN as ddsed by Rotter et
al. (2007). The microarray data were submittedh® ArrayExpress
public database (E-MEXP-3144).

Real-Time quantitative PCR
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Reverse transcription of 500 ng of total RNA wasgfqrened with
the Transcriptor High Fidelity cDNA Synthesis KR¢che, Montreal,
Canada) in a volume of 20 pl with oligo (dd primer at 55°C for 20
min, according to the manufacturer’s instructiodsvo independent
biological replicates were analysed per treatmé&ar. each RNA
sample, a reaction without RT was performed as atrab for
contamination by genomic DNA. Real-Time PCR analysias
performed using the LightCycler 2.0, the 5x Lightfey® FastStart
DNA Mastef"YS SYBR Green | Mix and gene-specific primers (Table
8) designed with the Light Cycler Probe Design Bafe 2.0 (Roche,
Montreal, Canada) (For LightCycler 2.0 experimemtal, see Gallou
et al. 2009). Normalisation was achieved usinggeemetric means
of two potato reference genes (i, geta-tubulin and Elongation
Factor-1-alphg, which showed the most stable expression in potat
roots during root colonization byGlomus sp. MUCL 41833,
determined by the geNorm software
(http://medgen.ugent.be/~jvdesomp/geNorm) (Seeo@Gat al. 2010).
The data were analysed statistically with the safewvREST 2009
(relative expression software tool; Pfaffl et @02; http://rerst.gene-
guantification.info/). Significance values were s¢P-value < 0.05.
P(H1): the probability of alternate hypothesis thdifferentiate

between sample and control groups is due only am@é
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Table 8 Primer sequences and amplification length of #eeg used in the Real-Time quantitative PCR arsalysi

Gene Name or Annotation Accession number or Probe IDPrimer sequence 5'-3ofward ~ Primer sequence 5'-Refersy L(e&%th
Reference genes

beta-tubulin [S.tuberosum] 733382 ATGTTCAGGCGCAAGGCTT TCTGCAACCGGGTCATTCAT 101
Elongation factor 1-alpha [S.tuberosum] AB061263 ATTGGAAACGGATATGCTCCA TCCTTACCTGAACGCCTGTCA 101
Marker genes of AM fungi

pathogenesis related protein (PR-1) [S.tuberosum] AJ250136 GGTGCAGGAGAGAACCTT GGTACCATAGTTGTAGTTTGGCT 99
phosphate transporter 3 [S.tuberosum] AJ318822 GCTTTGCTTACTTATTATTGGCG GGAAGCAGCCTTAGTAGCATT 90
putative DXS-2 [L. hirsutum] MICRO.13123.C1 CATTATTGGGAAGGCCACAAG TTCCTCTCGGATGAAGCAG 98
WRKY genes

WRKY27 [Glycine max] MICRO.189.C1 ATTGAAGAAGCATCACCAAAGAG  CCACTGAGGTTTGATCGGAG 94
WRKY transcription factor 16 [P. tomentosa x P.|éaha] MICRO.11686.C1 GAGTTGGAGGTGTTGGATGA ATCCTCCACTTGAACATTTGTAG 106
WRKY transcription factor 20 [A. thaliana] MICRO.16616.C1 GGCTGCTGCATTCTTATTGAC CCACCGGCATATTTGTACT 93
WRKY transcription factor (WRKY3) [S. lycopersicdm MICRO.16727.C1 GCTCTTCTTCTTGAAGGTGGA AAAACTTCACTCTTGGGACTAAT 110
putative WRKY transcription factor [N. tabacum] STMIS76TV CACCAACACATGTACACATGAAT  GGTCTCAAGTTGTGTCTTTGTTC 110
putative WRKY transcription factor [R. communis] STMITO1TV ATGAGCTTGTTTGGACATGC AATCGCATGATTTGAAATCACG 91
similar to WRKY transcription factor 6 [S.tuberospm MICRO.2876.C1 CTCACGTAAAGTACCATTGCAC GCCTAATAACTCAAACCAAGCC 91
WRKY transcription factor 6 [S. tuberosum] MICRO.2876.C2 ATGTTATGTCATCTGGGGTTTAC ~ ATCAAAATTCCAAAGACCCTCC 98
similar to WRKY transcription factor 6 [S. tuberasp bf_suspxxxx_0048910.t7m.SCfGTATGCAGGCACTACTTTAGG CTTGTGGATGGTCTTGGATT 92
WRKY transcription factor-30 [C. annuum] MICRO.13165.C1 ACTAAGACGGATCTGTCCTTC CAAGGGCCCATCTAGCTT 90




Results

Confirmation of the three stages Gfomussp. MUCL 41833 potato

root colonization

The potato plantlets were placed in the MDPvitro culture
system and the root colonization was assessedatid 32 dap of the
roots in the AM fungal extra-radical mycelium netw@Table 9). As
previously described by Gallou et al. (2010), thetages of root
colonization (i.e. referring to the pre-, early andte stages,
respectively) wereobservedand further confirmed by molecular
analysis (Table 9). In addition, the potato basithBgenesis Related 1
(PRD) gene (i.e. a marker gene used to identify theetlstages of root
colonization, Gallou et al. 2010) was up-reguladedng the pre- and
late stages of root colonization as well as thesphate transporter
gene StPT3 (i.e. a marker gene induced specifically in arbilesc
containing cells, Rausch et al. 2001) at the la#ges of root
colonization. However, the absence of these tweegen the array,
constructed using expressed sequence tag librali@siot allow to
confirm their patterns of expression during the Afvhgal root

colonization by microarrays analysis (Kloostermaale2008).
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Table 9 Root colonization and expression analysis of tlegkers gene®T3 and
PR1of potato roots plated on actively growing extaalical mycelium networks of
Glomussp. MUCL 41833

Root colonization (%)

Pre-stage early stage late stage
Hyphae 0 54 a 339b
(2.4) (+2.3)
Arbuscules 0 0 11.3
(£ 2.6)
Vesicles 0 0 1.3
(*1.2)

Relative expression ratio

Pre-stage early stage late stage
PT3 0.59 0.83 11.36
(0.32-0.74) (0.50 - 1.25) (7.54 - 16.86)
PR1 201.66 0.76 295.68
(59.62 — 555.40) (0.48 — 1.21) (161.28 — 535.41)

For each AM fungal structure, values (other tham@ row followed by a different
letter differ significantly at P< 0.05 (one-way ANOVA and Tukey’'s HSD). The
standard error is shown in brackets. For data ot mplonization of 0%, no
statistical analyses were done because of the sitplity to calculate the variance
Relative expression ratio T3 andPR1 genes obtained by real-time quantitative
PCR was significantly up-regulated (boldface baokgd) with P value < 0.05
(P(H1): the probability of alternate hypothesistttdference between sample and
control groups is due only to chance). The stan@ardr range (i.e. refer to 68%
confidence interval) is shown in brackets

Global changes in plant genes expression duringatpotoot
colonization byGlomussp. MUCL 41833

The genome-wide expression profiling of the potedots was
assessed at the three stages of AM fungal roonization and the
transcriptional responses were interpreted withMlapMan software.
The absence of statistical difference in P corbeveen the leaves of
non-mycorrhizal and mycorrhizal potato plants ssgge that the

transcriptional changes was not related to diffeesnin P nutrition
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(Table 10). This result was further confirmed by thbsence of
differences in the expression of P nutrition maudgemes present in the
array such as the potato phosphate transporter$&id,. purple and
acid phosphatases genes, and other marker genetheasron
deficiency-specific-4 IDS4) and the tomato P starvation-induced
(TPSI)) genes (Fiorilli et al. 2009; Lopez-Raez et all@D

Table 10 Root colonization and total phosphorus contenthef leaves of potato
plantlets grown 12 days in presence (i.e. +AMF)absence (i.e. -AMF) of an
actively growing extra-radical mycelium networks@bmussp. MUCL 41833

Roots colonization Leaves P
Treatments - o
Hyphal (%) Arbuscules (%) Vesicles (%) content (%)
AM- 0 0 0 0.23 a
(£ 0.02)
AM+ 40.5 15.4 3.6 0.20 a
(£6.3) (t4.7) (£2.0) (+0.01)

Values of total phosphorus content, followed byifeerent letter differ significantly
at P< 0.05 (one-way ANOVA and Tukey’s HSD). The standartbr is shown in
brackets (n = 4)

The microarray analysis revealed 526 up-regulateti132 down-
regulated genes during the pre-stage (Supportifagnration Table
S1), 272 up-regulated and 109 down-regulated gduesg the early
stage (Supporting informatiomable S2) and 743 up-regulated and
122 down-regulated genes during the late stage p@tipg
informationTable S3) of potato root colonization. The totainer of
genes involved in the three stages was shown isrm\iagram (Fig.
10). As shown in this Figure, few genes were regdlan the different
stages of AM root colonization. During the pre- asatly stages of
AM fungal root colonization, 28 genes were regudasenong which
four were up-regulated at these two stages (Tal)e Quring the

early and late stage of AM fungal root colonizati@® genes were
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regulated, among which 19 were up-regulated (T&B)e During the
pre- and late stages of AM fungal root colonizati@8 genes were
regulated among which 16 were up-regulated (Talde Einally,

during the three stage of AM fungal root coloniaatonly two genes
were regulated (Table 11, 12 and 13). The genedemgdor an allyl

alcohol dehydrogenase was up-regulated in the Stegges, while the
gene encoding for a glucan endo-1,3-beta-D-gluessidwas up-
regulated in the pre- and late stages and downatglin the early

stage of root colonization.

Early stage
versus contr

Pre-stage versus
contro

331
Up-regulated: 244
Down-regulated: 87

60¢
Up-regulated: 483
Down-regulated: 126

824

Up-regulated: 703
Down-regulated: 121

Late stage versus control

Fig. 10Venn diagram showing the relationships between gsignificantly up- or
down-regulated during the three stages (i.e. prarly and late) of potato root
colonization byGlomussp. MUCL 41833
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Table 11 Genes regulated during the pre- and early stagegotdito root
colonization byGlomussp. MUCL 41833 as compared with the controls tnesits,
and their changes in expression

Fold Fold
Probe ID ID and Annotation e-values change change
Pre- Early

Metabolism
MICRO.17922.C1 AAD30613: glucose-1-phosphate

adenylyltransferase, putative / ADP- ~

glucose pyrophosphorylase, putative 8E-19 11.98 3.01

(APS2) [Arabidopsis thaliana]
cSTB33G21TH AAM12777: putative auxin-induced

SAUR-like protein [Capsicum annuum] 2E-20 7.72 0.05
MICRO.10760.C1 NP_188515: At3g18850 [Arabidopsis

thaliana] dbj_BAB03094.1_ acyl-CoA:1- ~

acylglycerol-3-phosphate acyltransferase 3E-45 4.58 18.83

[Arabidopsis thaliana]
bf_arrayxxx_0043h04.t3m.scf ABE73758: 3-hydroxy-8thylglutaryl

CoA synthase [Medicago truncatula] 1E-62 341 0.12
Cell wall
MICRO.2255.C3 BAC98298: LEXYL1 [Lycopersicon ~

esculentum] 6E-126 14.17 0.12
MICRO.967.C1 P93218: Polygalacturonase non-catalytic

subunit AroGP3 precursor [Lycopersicon

esculentum] 0.0 0.29 5.55
Stress
MICRO.7372.C1 AAB30525: small heat-shock protein

homolog [Solanum tuberosum] 0.0 0.08 4.56
Enzyme misc
cPRO29E1TH NP_175103: aminoacylase/ ~

metallopeptidase [Arabidopsis thaliana] SE-11 4.60 0.14
MICRO.1061.C2 NP_001031672: similar to AT4G19880:

similar to unknown protein [Arabidopsis 2E-110 3.16 0.17

thaliana]
MICRO.4306.C1 BAD19595: putative lipase [Oryza gati ~

(japonica cultivar-group)] 4E-12 0.11 7.81
MICRO.6187.C1 X74906: glucan endo-1,3-beta-D-

glucosidase [Lycopersicon esculentum)] 0.0 16.22 0.20
MICRO.11037.C3 BAAB9423: allyl alcohol dehydrogenase

[Nicotiana tabacum] 0.0 14.32 5.69
RNA
MICRO.5773.C1

NP_565684: zinc finger (C2H2 type) 8E-11 3.06 0.07

family protein [Arabidopsis thaliana]
MICRO.3896.C2 NP_001062425: putative RNA-binding

protein [Oryza sativa (japonica cultivar- ~ 1E-13 0.28 491

group)]
DNA
MICRO.16224.C1 EAY72443: hypothetical protein [Cayz ~

sativa (japonica cultivar-group)] SE-11 3.41 0.11
Protein
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071B10AF.esd AAD20677: putative poly(ADP-ribose)  4E-81 8.86 0.16
polymerase [Arabidopsis thaliana]

STMGQ65TV NP_051121: Similar to ATCG01280 |
Symbols: YCF2.2 | Identical to Protein 4E-11 7.04 0.11
ycf2 (ycf2-B) [Arabidopsis Thaliana]
MICRO.13355.C1 YP_033364: 50S ribosomal protein 19 ~
[Bartonella henselae str. Houston-1] 8E-16 4.99 0.15
MICRO.5553.C3 AB002695 : aspartic endopeptidase

[Cucurbita pepo] 3E-142 3.88 0.20

Not assigned

BF_TUBSXXXX_0041C04_T3 No Hits Found

M.SCF 12.50 7.08
MICRO.4268.C2 NM_126867: adenylate cyclase ~

[Arabidopsis thaliana] 5E-39 7.81 0.32
BF_TUBSXXXX_0022E02_T3 No Hits Found
M.SCF 5.76 0.13
MICRO.1142.C1 NP_568340.1: aminoacyl-tRNA ~

hydrolase [Arabidopsis thaliana] 6E-14 5.24 0.16
bf_cswbxxxx_0007b10.t3m.scf  No Hits Found 5.09 0.16
bf_mxIfxxxx_0065a05.t3m.scf No Hits Found 4.85 0.09
MICRO.15691.C1 No Hits Found 4.62 0.14
SDBNO006L17u.scf No Hits Found 3.84 0.25
BF_LBCHXXXX_0024D04_T3 No Hits Found
M.SCF 3.34 3.30
MICRO.6822.C2 DQ267207 : CA-responsive protein ~

[Brassica oleracea] 4E-70 3.12 0.17
STDBO005NO03u.scf No Hits Found 3.07 0.10

Genes significantly up-ir{ boldface) or down-regulatedirf italics) during the pre-
and early stages of AM fungal root colonizationseer the controls are ordered
according to the gene ontology assignment and xpeession fold change during
the pre-stage of root colonization. Genes wereidensd as differentially regulated
if P-values< 0.01 and the values of fold change compared \k¢hcontrols was
3.00r<0.33

Table 12 Genes regulated during the early and late stag®tafto root colonization
by Glomussp. MUCL 41833 as compared with the controls ineatts, and their
changes in expression

Fold Fold
Probe ID ID and Annotation e-values change change
Early Late

Stress
MICRO.13036.C2 NM_121447: similar to AT5G14430:

dehydration-responsive protein-related 4E-11 3.94 3.08
MICRO.1610.C1 CAB50786: Rx protein [Solanum B

tuberosum] 6E-14 3.00 5.36
Enzyme misc
MICRO.16359.C1 ABD28410: Exostosin-like [Medicago R

truncatula] 7E-11 8.11 11.10
MICRO.6187.C1 X74906: glucan endo-1,3-beta-D-

glucosidase [Lycopersicon esculentum] 0.0 0.20 6.12
MICRO.11037.C3 BAA89423: allyl alcohol dehydrogenase 0.0 5.69 4.63

[Nicotiana tabacum]
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RNA

MICRO.16550.C1

DNA

MICRO.2888.C1

Protein

188Al1l.esd

Signalling
MICRO.6103.C1

MICRO.1716.C1

Cell

cSTD12A19TH

Transport

MICRO.9579.C2

Not assigned

POCDCO04TV
STMGAOQ5TV

MICRO.12934.C1
MICRO.9975.C1
MICRO.3621.C1

POCAA56TP

MICRO.398.C1
MICRO.1798.C1
SSBN002C03u.scf

bf_Ibchxxxx_0058b06.t3m.scf

AAX53089: anthocyanin 1 [Solanum
tuberosum]

NM_100970: putative endomembrane
protein 70 [Arabidopsis thaliana]

NM_179025: similar to AT4G10570:
ubiquitin carboxyl-terminal hydrolase
family protein

AAT38797: putative Polyprotein
[Solanum demissum]

BAA24382: CLB1 protein - tomato
dbj_BAA24382.1_ CLBL1 [Lycopersicon
esculentum]

NP_197443: Ran GTPase binding /
chromatin binding / zinc ion binding
[Arabidopsis thaliana]

XM_002516757: Putative cobalt ion
transporter [Ricinus communis]

No Hits Found

NP_001053463: OSJNBb0038F03.12
[Oryza sativa (japonica cultivar-group)]
No Hits Found

No Hits Found

ABI34375: hypothetical protein
SDM1_53t00013 [Solanum demissum]
AAUB9759: hypothetical protein
[Solanum tuberosum]

No Hits Found

No Hits Found

No Hits Found

No Hits Found

0.0

9E-45

1E-16

8E-18

0.0

6E-102

4E-107

3E-12

8E-17
3E-13

3.08

3.77

5.33

5.29

4.01

5.79

4.78

9.91
6.71

6.33
5.13

491

4.50

3.51
3.16
3.06
0.24

5.98

18.38

5.90

6.58

12.20

21.26

5.87

58.46
37.25

83.95
4.51

8.88

6.35

13.46
9.58
4.38
6.37

Genes significantly up-r{ boldface) or down-regulatedir italics) during the early
and late stage of AM fungal root colonization vardghe controls are ordered
according to the gene ontology assignment and xpeession fold change during
the early stage of root colonization Genes weraidaened as differentially regulated
if P-values< 0.01 and the values of fold change compared \highcontrols wag

3.00r<0.33
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Table 13Genes regulated during the pre- and late stagpstafo root colonization
by Glomussp. MUCL 41833 as compared with the controls ineatts, and their

changes in expression

Fold Fold
Probe ID ID and Annotation e-values change change
Pre- Late

Photosystem
MICRO.1238.C4 P26320: Oxygen-evolving enhancer

protein 1, chloroplast precursor (OEE1)

(33 kDa subunit of oxygen evolving 0.0 3.65 0.12

system of photosystem II) [Solanum

tuberosum]
Metabolism
MICRO.13027.C1 AAD18029: lipid transfer protein LTP B

precursor [Capsicum annuum] 6E-169 3.08 7.09
Stress
MICRO.12664.C1 AAU95244: putative thaumatin-like

protein [Solanum tuberosum] 0.0 14.41 13.01
Enzyme misc
MICRO.2286.C17 CAE53273: 1,3-beta-glucan 0.0 36.71 5.24

glucanohydrolase [Solanum tuberosum]
MICRO.2286.C42 AAN78310: beta-1,3-glucanase (PR2) 0.0 3.43 3.99

[Solanum tuberosum] ' ’ ’
MICRO.11082.C1 ABEB81443: E-class P450, group | )

[Medicago truncatula] BE-64 14.59 12.08
MICRO.6187.C2 CAA52872: glucan endo-1,3-beta-D-

glucosidase [Lycopersicon esculentum] 0.0 9.36 5.05
bf_mxIfxxxx_0010b10.t3m.scf  CAI62049: UDP-xylosegpiolic

glycosyltransferase [Solanum 1E-62 6.00 9.42

lycopersicum]
MICRO.10579.C1 XM_002512090 : putative cytochrome B

P450 [Ricinus communis] 2E-16 0.25 10.86
MICRO.6187.C1 X74906: glucan endo-1,3-beta-D-

glucosidase [Lycopersicon esculentum] 0.0 16.22 6.12
MICRO.11037.C3 BAA89423: allyl alcohol dehydrogenase

[Nicotiana tabacum] 0.0 14.32 4.63
RNA
MICRO.14058.C1 Q5NE24: Nodulation-signaling pathvgay

protein [Ricinus communis] 0.0 10.28 27.91
Signalling
bf_mxflxxxx_0008b10.t3m.scf  NP_190646: calcium linding R

[Arabidopsis thaliana] SE-11 10.70 3.91
Transport
MICRO.8332.C1 NM_129684: similar to AT2G41190:

amino acid transporter family protein 3e-25 5.65 3.35
Not assigned
bf_mxflxxxx_0017c01.t3m.scf ~ No Hits Found 29.11 10.63
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PPCBF91TH No Hits Found 8.59 3.05

bf_arrayxxx_0059h11.t7m.scf No Hits Found 4.10 8.55
STMIB81TV NP_001041912: unknown protein [Oryza B

sativa (japonica cultivar-group)] 8E-13 3.89 18.67
bf_suspxxxx_0045g12.t7m.scf  No Hits Found 3.39 5.95
POCCHI15TV No Hits Found 3.23 4.96
SDBNO002E08u.scf No Hits Found 0.30 9.46

Genes significantly up-ir{ boldface) or down-regulatedir italics) during the pre-
and late stages of AM fungal root colonization wsrghe controls are ordered
according to the gene ontology assignment and xpeession fold change during
the pre-stage of root colonization. Genes wereidensd as differentially regulated
if P-values< 0.01 and the values of fold change compared \k¢hcontrols was
3.00r<0.33

The Gene ontology classification obtained with thi@apman
software in the three stages of root colonizaticas vpresented in
Figure 11. During the three stages of root coldiona the most
regulated functional assignment was observed in #igess
assignment. Following this assignment, we also ch@te important
regulation of the enzyme miscellaneous (misc), @ydtem,
development, transport and metabolism assignmeatgekier, these
results did not reflect the global change in plgehe expression
during the three stages of root colonization. Bameple, only four of
the genes involved in the stress assignment wegelated in two
different stages. This example emphasized the sitget® take a
deeper look at the different processes regulatedingluroot
colonization. More patrticularly, we have decideddous our analysis
on the genes involved or putatively involved in thetic stress and
also in the plant hormone genes which are assdci&te this

assignment.
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Fig. 11 Comparative analysis of transcription profiles.n&lional assignment,

determined by the MapMan software, of genes sicgnifily up- or down-regulated

during the potato root colonization Blomussp. MUCL 41833 (i.e. pre-stage, early
stage and late stage). The percentage of reguigeees represents the ratio:
(number of genes regulated in a functional assigm)me (total number of genes
present in the array for this functional assigniytd&fi0

Overview of plant marker genes expressed duringptiee early and
late stages of potato root colonization@pmussp. MUCL 41833

As previously described by Dermatsev et al. (200@),0bserved
the induction of theeEXBL1 gene (i.e. encoding for an expansin-like
protein) during the pre-stage of AM fungal interaet (Supporting
information Table S1). During the late stage, the genes preljiou

described as markers of AM symbiosis were up-régdlapatatin

117



(bf_ivrootxx_0024904.t3m.scf), chitinase (MICRO.B63C1 and
MICRO.11336.C2), gluthatione S-transferase (MICRIQ.&89) and
B-1,3-glucanase (MICRO.2286.C42) (Supporting infarora Table
S3) (Hohnjec et al. 2005; Liu et al. 2007; Sicibaet al. 2007).
Among these genes, the MICRO.2286.C42 gene, whashahhigh
homology withPR2 (AJ009932 — 98%), was also induced during the
pre-stage (Gallou et al. 2010). In addition to thene, it was also
interesting to note that some others genes condirthe earlier gene
expression analysis conducted during the AM fursgalg@lishment in
potato roots (Gallou et al. 2010). As example, myithe late stage we
observed the induction of the lipoxygenase gdP®@TLX-3, which
shared 76% of homology with tHeox gene (Y18548). At the late
stage, we also noted the induction of the MICRO.692gene,
encoding for a probable glutathione S-transferasie showed 86% of
homology with theGST1gene (J03679) (ratio = 2.89 afevalue <
0.01; data not show). In contrast, the inductiontlod PAL gene
(X63104) was not confirmed by the MICRO.2219.C8eaéire. 98%
of homology withPAL2). Unfortunately for the other genes (iIRR1
— AJ250136 MAPK — AB206552 andPT3 — AJ318822), it was not
possible to verify their induction with the microay analysis (i.e.
these genes were not present in the array desigy @xpressed
sequence tag libraries (Kloosterman et al. 200Bwever, the
inductions of two of these genes have been confirmeReal-Time
quantitative PCR (Table 9). Finally, the marker geh-deoxy-d-
xylulose 5-phosphate synthase DXS-2 (MICRO.13123.C1),
encoding for an enzyme of the mevalonate-indepdnpathway of

carotenoid biosynthesis, was also induced at tihe $iage (i.e.
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confirmed by Real-Time quantitative PCR; Table Walter et al.
2007). In addition to this enzyme, others genestedl to this
biosynthesis pathway were induced at the late stagdeoxy-d-
xylulose 5-phosphate reductoisomera$@XR) (MICRO.5323.C2),
phytoene desaturageDS (MICRO.11694.C2 and MICRO.5233.C2),
zeta-carotene desatura$gDS (MICRO.4706.C1) and carotenoid
isomerase (CRTISQ (MICRO.11731.C1) (Fig. 12; Supporting

informationTable S3).
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Table 14 Expression analyses of the marker gbixs-2for AM symbiosis andVRKYgenes by real-time quantitative PCR (qPCR) in
potato roots plated on an actively growing extrdigal mycelium network olomussp. MUCL 41833

0cT

Probe ID Annotation Microarray GPeR
Pre- Early Late Pre- Early Late

MICRO.13123.C1 putative DXS-2 [Lycopersicon hirsutum] 1,00 0,65 4.8% 1,55 0,95 16.88
MICRO.2876.C1 similar to WRKY transcription factor 6 [Solanum &rsum] 489 058 154 4.19 0,46 1,13
MICRO.2876.C2 WRKY transcription factor 6 [Solanum tuberosum] 35F 0,75 1,23 510F 0,46 1,00
bf_suspxxxx_0048g10.t7m.scf similar to WRKY transcription factor 6 [Solanum &rosum] 474 065 1,43 493 0,41 0,94
MICRO.11686.C1 WRKY transcription factor 16 [Populus tomentosa. olleana] 3.00 0,72 1,34 392 044 1,67
MICRO.16727.C1 WRKY transcription factor (WRKY3) [Solanum lycopgzum] 16.2F% 0,78 0,93 10.96 0,64 0,97
MICRO.189.C1 WRKY27 [Glycine max] 10.18 1,39 1,13 54.3¢ 1,78 6.46
STMIS76TV putative WRKY transcription factor [Nicotiana talaa] 13.1% 0,43 1,33 9.07 0.3® 0,95
MICRO.16616.C1 WRKY transcription factor 20 [Arabidopsis thaliana] 12.34 1,33 0,99 8.70 0,94 1,06
MICRO.13165.C1 WRKY transcription factor-30 [Capsicum annuum] 1,47 1,01 4.48 0,94 0,91 2.02
STMITI1TV putative WRKY transcription factor [Ricinus commshi 7.4¢ 1,00 1,00 26.62 0,69 1,52

@ Genes expression obtained by microarray analysis significantly regulated with P-valug®.01
® Genes expression obtained by qPCR analysis ofnttependent biological replicates were significanéigulated with P value < 0.05
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Fig. 12The MapMan Metabolism Overview display created gshe 865 regulated
genes identified from the late stage versus thérabcomparison. This figure shows
the impact ofGlomus sp. MUCL 41833 during the late stage of potatotsoo
colonization on the genes involved in metabolisnocpss. In particular, the
induction of the genes related to the biosynthesisycorradicin(i.e. 1-deoxy-d-
xylulose 5-phosphate synthase2X§-2 (MICR0O.13123.C1), 1-deoxy-d-xylulose
5-phosphate reductoisomerag®XR) (MICRO.5323.C2), phytoene desaturase
(PDS (MICRO.11694.C2 and MICRO0.5233.C2), zeta-carotdesaturas¢ZDS
(MICRO.4706.C1) and carotenoid isomerag€RTISQ) in the secondary
metabolism process of terpenes (represented igréen frame). The fold change is
displayed as illustrated in the fold change colar in the upper right of each panel
(blue is repressed and red is induced)
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Overview of plant genes pathways commonly reguiateng the pre,
early and late stages of potato root colonizatip&Glmmussp. MUCL
41833

Among the numerous pathways reported in the AM d&ling
association, the calcium signalling was considezsskential for the
AM root colonization (Navazio et al. 2007; Kosuta a. 2008;
Chabaud et al. 2011). During the three stagesaifaolonization, we
observed the regulation of genes involved in theiwa signalling. In
particular, we noted the induction of the MICRO.&2LC1 and the
MICRO.14938.C2 genes encoding for a calmodulin-pketein and a
calmodulin-binding protein, respectively (Suppagtinnformation
Table S1). During root colonization, a large numiskegenes involved
in cell functions, lipid metabolism and proteinrtaver were regulated
(Guether et al. 2009). In our microarray experimeaf genes
involved in cellular process and lipid metabolismrevregulated at the
pre-stage and 13 genes at the early stage amonch wihe gene
encoding for aB-d-xylosidase (EXYLZ MICRO.2255.C3). During
the late stage, we observed 31 genes regulated ganvbich the
putative UDP-glucuronate decarboxylase 3 (MICRO512?2).
Moreover, we showed a major protein turnover wité tegulation of
54, 30 and 69 genes involved in this protein preaising the pre-,
early and late stages, respectively. This change characterized by
the strong induction (i.e. 218-fold) of the geneading for a putative
calcium/calmodulin-dependent protein kinase (MICRI334.C1)
during the late stage (Supporting informatibable S3). In addition,
the microarray analysis revealed the regulatiomwierous genes
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involved in transport processes. For instance,ekgression of the
specific family of ABC transporters and multidrugsistance systems
genes was detected during the three stages. RgcZhthng et al.
(2010) have observed that the activities of tMo truncatula half-
ABC transporters were required for arbuscules dgpreknt. In
addition, we also observed a change in the exmressi 16 others
transporter genes, among which two metal transpgeres. Finally,
we observed the up- or down-regulation of trangsrtgenes
involved in nutrient transport during the late gtax root colonization
(Supporting informationTable S3). These included the strong
induction  (i.e. 35-fold) of sulphate transporter nege
(bf_mxlIfxxxx_0068c01.t3m.scf), as well as the doregulation of
one putative sulfate transporter gene (MICRO.75Ty.@nd one
putative potassium transporter gene (cSTA29C13TrHaddition, we
observed the induction of two putative amino acahsporter genes
(MICRO.8332.C1 and POAD969TP) and two peptide taner
genes (bf_suspxxxx_0017G02.t3m.scf and MICRO.8650.C

Importance of the genes involved in biotic stregsrd the pre, early
and late stages of potato root colonization Gipmus sp. MUCL
41833

The overview of the biotic stress pathway with thiapman
software was performed during the three stages & Foot
colonization (Fig. 13). The results showed the la&gon of an
important number of genes involved in biotic stessPDuring the pre-

stage, we observed a regulation of 124 genes iadalv this pathway
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and 133 genes during the late stage. Moreover, sdntigese genes
were among the most strongly up-regulated durimgdhtwo stages,
among which the genes encoding for a putative aimger family
protein (STMHL53TV) and a 1,3-beta-glucan glucardriojase
(MICRO.2286.C17) during the pre-stage of root caation. A
different situation was observed during the eartgge of root
colonization with a decrease of the number of geagalated (i.e. 58
genes) and a weak expression of these genes camjmtée two
other stages. At this stage, we also noted the degulation of some
of these genes, as the genes encoding for gluteth®transferase
(MICRO.10085.C1), peroxidase (MICRO.8485.C3) anacgh endo-
1,3-beta-D-glucosidase (MICRO.6187.C1). A more itkda

description of theses genes is given in the follmyparagraphs.
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Putative imnvolvment in biotic stress

Putative imvolvment in biotic stress
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Fig. 13 Impact during the potato root colonization 8lomussp. MUCL 41833 on

the genes involved in biotic stress. (A) The MapMgatic Stress display created
using the 658 regulated genes identified from tleegpage of the root colonization
versus the control. (B) The MapMan Biotic Stresspliiy created using the 381
genes regulated identified from the early stageramit colonization versus the
control. (C) The MapMan Biotic Stress display ceshtusing the 865 genes
regulated identified from the late stage of rodboization versus the control. The
fold change is displayed as illustrated in the ftdnge color bar in the upper left of
each panel (blue is repressed and red is induced)
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The microarray analysis revealed a change in dgelation of
genes involved in the hormones signalling during thM root
colonization (Table 15). During the pre-stage, ¢femes involved in
auxins, brassinosteroid, abscisic a(dBA), ethylene (ET) and acid
salicylic (SA) signalling were regulated. The twajor genes up-
regulated were involved in the process of ethylesyathesis-
degradation (MICRO.14687.C1 and POAC667TV). Durihg early
stage, we only showed the regulation of four gemeslved in auxins
or ET signalling. However, one of theses genes dngofor a
putative auxin-induced SAUR-like protein (cSTB33G2l) was the
most down-regulated gene during the early stagavésely, in the
late stage, the genes involved in the differenmipfeormone signalling
showed an important regulation. Particularly, weseslbed a strong
induction of seven ET signalling genes. Moreoverthis stage, we
observed the induction of two jasmonic acid (JAnsiling genes
encoding for a lipoxygenase (MICRO.13176.C1) and 13-
oxophytodienoate reductase (bf _mxflxxxx_0006c08.&81f), and the

induction of three SA signalling genes.

Table 15 Overview of the markers genes or genes involveetliylene (ET), acid
salicylic (SA) and jasmonic acid (JA) signallingrithg the pre-, early and late stages
of potato root colonization byslomussp. MUCL 41833 as compared with the
controls treatments, and their changes in expnessio

Fold Fold Fold

. e-
Probe ID ID and Annotation | change change change
ValueS  pre.  Early Late
ET signalling
MICRO.14687.C1 NM_112126.1: oxidoreductase,
20G-Fe(ll) oxygenase family 5E-108 26,50 0,78 1,26
protein [Arabidopsis thaliana]
POAC667TV AAT40509: putative hyoscyamine 6
beta-hydroxylase [Solanum 0.0 18,54 0,68 1,36

demissum]

bf_mxflxxxx_0040h11.t NM_129381: oxidoreductase, 20G-

3m.scf Fe(ll) oxygenase family protein 9E-32 1,67 0,81 13,28
[Arabidopsis thaliana]
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MICRO.17000.C1

XM_002525784: putative

leucoanthocyanidin dioxygenase 9E-73 1,55 0,76 4,28
[Ricinus communis]
MICRO.2856.C3 XM_002511521: putative Flavonol
synthase/flavanone 3-hydroxylase ~ 8E-55 1,00 1,12 7,55
[Ricinus communis]
MICRO.6939.C1 NM_001035598: universal stress
protein (USP) family protein 8E-12 1,00 1,00 17,17
[Arabidopsis thaliana]
bf_mxflxxxx_0025b06.t BAD16875: putative 1-
3m.scf aminocyclopropane-1-carboxylate R
deaminase [Oryza sativa (japonica 2E-12 1,00 1,00 10,51
cultivar-group)]
TBSKO03984FD12.t3m.s AF348575: putative
cf aminotransferase [Arabidopsis 3E-11 0,73 1,12 11,20
thaliana]
MICRO.13890.C1 NP_194926: putative protein B
[Arabidopsis thaliana] 6E-11 0,52 152 38,93
MICRO.8269.C1 EU003995: gibberellin 2-oxidase 1
[Nicotiana tabacum] 0.0 0,45 7,37 0,56
ET marker
MICRO.2219.C8 X63104: Phenylalanine ammonia-
lyase 2 [Solanum tuberosum] 0.0 4,91 0,98 0,60
SA signalling
SDBNO001C16u.scf NM_123239: S-adenosyl-L-
methionine:carboxyl
methyltransferase family protein SE-11 9.23 1,00 1,00
[Arabidopsis thaliana]
MICRO.4827.C2 GU299532: S-adenosyl-L-
methionine: salicylic acid carboxyl
methyltransferase [Solanum 0.0 184 112 7,05
lycopersicum]
bf_cswbxxxx_0011d10.t NM_105474: putative S-adenosyl-
3m.scf L-methionine:salicylic acid
carboxyl methyltransferase 6E-11 142 153 3,03
[Arabidopsis thaliana]
MICRO.5928.C1 NM_127124: pentatricopeptide
(PPR) repeat-containing protein 1E-19 0,86 1,00 9,00
[Arabidopsis thaliana]
SA marker
MICRO.2286.C17 AJ586738: 1,3-beta-glucan
glucanohydrolase [Solanum 0.0 36,71 1,21 5,24
tuberosum]
MICRO.6187.C1 X74906: glucan endo-1,3-beta-D-
glucosidase [Lycopersicon 0.0 16,22 0,20 6,12
esculentum]
MICRO.12664.C1 AY737315: putative thaumatin-like
protein [Solanum tuberosum] 0.0 1441 1,60 13,01
MICRO.6187.C2 AM231409: glucan endo-1,3-beta-
D-glucosidase [Lycopersicon 0.0 9,36 0,59 5,05
esculentum]
MICRO.12659.C1 AY170827: acidic class Il 1,3-beta-
glucanase precursor (GIuA2) 2E-107 5,61 0,55 1,96
[Solanum tuberosum]
MICRO.11279.C1 X67693: chitinase; endochitinase
[Solanum tuberosum] 0.0 534 0,57 149
MICRO.5426.C4 AJ493450: pathogenesis related
protein isoform b1 [Solanum 0.0 5,18 1,03 1,65
phureja]

127



MICRO.10439.C1

AF024537: class Il chitinase

[Solanum tuberosum] 0.0 4,39 1,00 0,74
MICRO.11595.C1 AY737317: putative thaumatin-like
protein (PR-5/321c) [Solanum 1E-81 4,32 0,54 0,73
tuberosum]
MICRO.2286.C42 AJ009932: beta-1,3-glucanase
(PR2) [Solanum tuberosum] 0.0 3,43 119 3,99
BPLI14P23TH PR-1a gene for pathogenesis-related -, —
protein 1a [Nicotiana tabacum] 7E-75 14 1,07 6,08
MICRO.11332.C1 NM_001084733: Light Sensitive
Hypocotyls 4 (LSH4) [Arabidopsis 1E-58 0,82 0,76 0,16
thaliana]
MICRO.1528.C1 ABE81419: Thaumatin,
pathogenesis-related [Medicago 5E-15 0,78 1,61 12,00
truncatula]
MICRO.1592.C2 AK229483: putative beta-1,3- )
glucanase [Arabidopsis thaliana] 1E-93 0,68 4.86 1,92
MICRO.1430.C1 X66826: Waxy locus DNA
encoding pseudogene similar to
beta-1,3-glucanases and beta-1,3- 0.0 0,66 6,03 1,00
1,4-glucanases [Solanum
tuberosum]
JA signalling
MICRO.13176.C1 U60202: lipoxygenase (POTLX-3)
[Solanum tuberosum] 0.0 1,00 132 3,90
bf_mxflxxxx_0006c08.t  AJ242551: 12-oxophytodienoate
3m.scf reductase [Lycopersicon 1E-125 1,00 1,00 15,99
esculentum]
JA marker
MICRO.2033.C6 DQ168326:
metallocarboxypeptidase inhibitor ~ 6E-107 11,44 1,00 0,83
[Solanum tuberosum]
cSTD10O5THB AF459079: putative Kunitz-type
tuber invertase inhibitor precursor 0.0 3,36 1,11 1,82
[Solanum tuberosum]
BF_CSCHXXXX_0042  U59272: Cysteine protease inhibitor
C07.T3M.SCF 10 precursor (PCPI-10) (Pcpil0) 0.0 3,27 0.83 0,61
MICRO.839.C6 AY089961: putative cysteine
proteinase inhibitor precursor 1423  8E-15 1,91 5,59 1,40
[Solanum tuberosum]
TBSKO02550FE06.t3m.sc  X13181: putative trypsin inhibitor
f from Potato mRNA for tuber 0.0 1,67 1,19 3,89
protein p340/p34021
MICRO.6809.C6 DQ168323: proteinase inhibitor 11
[Solanum tuberosum] 0.0 142 0.18 0,53
TBSK02874FH06.t3m.s  L37519: proteinase inhibitor |1 3E-169 1,39 0,56 4,82
cf [Solanum tuberosum]
MICRO.5302.C3 DQ168314: proteinase inhibitor | R
precursor [Solanum tuberosum] 2E-107 122 113 13,80
MICRO.4288.C8 U59276: cysteine proteinase
inhibitor 5 precursor [Solanum 0.0 1,00 1,55 4,11

tuberosum]

Genes significantly up4r{ boldface) or down-regulatedirf italics) during the pre-,
early and late stages of AM fungal root colonizatieersus the controls are ordered
according to the plant hormone signalling and tkgression fold change during the
pre-stage of root colonization. Genes were consilers differentially regulated if
P-values< 0.01 and the values of fold change compared \ighcbntrols waz 3.0
or<0.33
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The secondary metabolism associated with the bistiess
showed also a drastic evolution during the AM rgotonization.
During the pre-stage, 19 genes of the secondarghoktm process
were regulated. More precisely, four genes involvethe isoprenoids
process and eleven genes in the phenylpropanoa=®$s (e.g. the
gene encoding for the Phenylalanine ammonia-lyas¢PAL2;
MICRO.2219.C8) involved in the lignin biosynthesend other
processes as the tyrosine and nitrogen metabolgeng regulated.
During the early stage, only six genes of the sdapn metabolism
were regulated. In particular, we observed a dosguation of two
genes involved in the iIsoprenoids process
(bf_arrayxxx_0043h04.t3m.scf and MICRO.8755.C4)ribgi the late
stage, we also observed an important regulatiorthef secondary
metabolism process (i.e. 17 genes), with a predance of the genes
involved in the isoprenoids process (i.e. 9 gersms two genes
involved in the phenylpropanoids process. We oleskrthe same
profile of response in different processes assediatith biotic stress.
The proteolysis process showed a strong regulaifothese genes
during the pre- and late stages of AM root colotiizaand a low-
level of regulation at the early stage. The mogtdartant part of genes
in the proteolysis process was involved in the esscof ubiquitin
degradation. The results also showed an identicdilg of regulation
for the genes involved in the cell wall, beta-ghase, heat shock
protein and signalling pathways.

Another important change in plant genes regulatssociated
with the biotic stress was the regulation of thenscription factors

(i.e. TFs) genes during the three stages of AM ombbnization. At
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the pre-stage, we observed the up-regulation off B¢ genes (two
ERF TFs genes encoding for two ethylene-resporgdement binding
proteins, two bZIP TFs genes, nine WRKY TFs gemes@e MYB
TF genes). During the early stage, only 4 MYB Trna&s were
regulated. Finally at the late stage, a regulatibl TFs genes (two
ERF TFs genes, two bZIP TFs genes, one WRKY TF geksix
MYB TFs genes) were noted. The WRKY TFs genes wereipally
up-regulated during the pre-stage. We observed amlyp-regulation
of one WRKY TF gene at the late stage (MICRO.13C&%. These
results suggested a possible involvement of the WRKs genes
during the pre-stage. We decided to confirm theletmpn of these ten
WRKY TFs genes during the root colonization ®ypmussp. MUCL
41833 using Real-Time quantitative PCR (Table 14). Tlesults
showed a good correlation between the data obtalnedhe two
methods. This confirmed the regulation of the WRKKs genes at
the three stages, and particularly, the strongegpHation of the
WRKY TFs genes: MICRO.16727.C1, STMIS76TV,
MICRO.16616.C1 and MICRO.189.C1 at the pre-stagee ©nly
difference observed was the up-regulation of theKWWRTF gene
(MICRO.189.C1) detected by Real-Time quantitativeRPat the late

stage.
Discussion
Numerous studies have demonstrated that root @aton by

AM fungi regulates transcriptional changes in thsttplant (Liu et al.
2007; Guether et al. 2009; Fiorilli et al. 2009)efénce genes
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involved in the control and regulation of the AMn®yiosis were
particularly important (Lopez-Raez et al. 2010; ®#at al. 2010).
Here we have performed a microarray analysis teakesignificant
changes in genes expression, especially of defgeces, during the
pre, early and late stages of potato root colomaaby Glomussp.
MUCL 41833. Microarrays analysis associated to tWlepman
software, with a Real-Time quantitative PCR valolatstep, revealed
an important global change in plant gene expresdiomg the three
stages of root colonization. In addition, we obsdnan increase of
defence genes at the pre- and late stages. Irtydartian induction of
nine TFs WRKY genes was noted at the pre-stagalliinthe similar
P content in the leaves of mycorrhizal and non myxipal potato
plants and the non-regulation of P nutrition maskgenes suggested
that the transcriptional changes were not assattatéifferences in P
nutrition.

During the AM fungal potato root colonization, gnh few
numbers of genes were differentially regulatedhat pre, early and
late stages. We observed a maximum of 28 genesatedubetween
the pre- and early stages, and only 2 genes betweenthree
developmental stages. These results supporteditieetranscriptional
changes occurring during the potato root coloniratiThese results
were corroborated by Dermatsev et al. (2010). Traghors only
observed a few genes differentially expressed s AM fungal-
tomato interaction during the initial recognitiondacontact. Guether
et al. (2009) also demonstrated a low overlap piessed genes (i.e.
only 7 genes) at the early and late stageslL.oflaponicus root

colonization by Gigaspora margarita These results suggested a
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dynamic process in AM fungal-potato interaction idgrthe root
colonization.

Interestingly, we noted the induction of the meyoof the AM
symbiosis markers genes during the late stageatfa@onization. In
particular, the induction of five genes (iBXS-2 DXR, PDS ZDS
andCRTISQ directly related to the biosynthesis of mycorcadiwas
observed. This carotenoid pathway is responsiblethef yellow
coloration of some mycorrhizal roots (Walter et 2007) and was
considered as a marker of the AM fungal presencelamts roots
(Lopez-Raez et al. 2010). In addition, we obserthex induction of
one expansin-like proteireKBL1) specifically at the pre-stage of root
colonization. This gene was reported as an inhi@dt marker of a
successful mycorrhizal establishment (Siciliano at 2007,
Dermatsev et al. 2010). Finally, Dermatsev et &010) have
suggested the involvement of the expansin-like gangt in the
symbiotic signalling taking place between host A fungus during
the pre-stage of root colonization.

In this study, we observed the regulation of sayeees earlier
reported in plant roots in presence of different Aivhgi. For
example, during the pre-stage of root colonizatiwe,observed some
similarity with the pattern of genes expressiore(.genes encoding
for lipid transfer protein, chloride ion channel matatin) obtained by
Dermatsev et al. (2010). Similarly, the regulat@nnumerous TFs
genes in the three stages of root colonization. (kv MYB and
GRAS TFs genes) were also reported by Fiorillile{2009), Gomez
et al. (2009) and Guether et al. (2009). GRAS arargportant family
of proteins which play diverse roles in regulatiasf plant
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development. In particular, the Scarecrow and SRt proteins
play a central role in the root development (B&g94). In addition,
two GRAS domain proteins, Nodulation signallinghpedy 1 (NSP1)
and NSP2 have been shown indispensable for Nodtfagnalling
and nodule morphogenesis (Smit et al. 2005; Hecknedral. 2006).
MYB proteins are key factors in regulatory networgsntrolling
development, metabolism and responses to bioticabiatic stresses
(Dubos et al. 2010). Moreover, the MYB proteins didaeen shown
up-regulated during nodule development (Colebatal.2004). As a
result of their roles in root development and sysls, the members
of these two families could be good candidatesttier regulation of
genes expression during the AM fungal root colaimza Finally,
during the root colonization, we observed a lamgg#uction of genes
involved in cell functions, lipid metabolism, proteturnover and
transport process, as already reported in theatitez (Fiorilli et al.
2009; Gomez et al. 2009; Guether et al. 2009; Ldpmez et al.
2010).

Deciphering how the expression of defence genenadulated
during AM fungal root colonization is essential t@ better
understanding of the mechanisms controlling the Bgtic
establishment and the function of AM fungus in thlants. The
overview of the biotic stress pathway performedun study revealed
an increased induction of plant defence genes béefontact between
the AM fungus and the potato roots (i.e. pre-stagedl following the
establishment of a functional symbiosis (i.e. Istage). In contrast,
the early stage of root colonization was charaoteriby a lower

induction of these defence genes. Moreover, it wisesting to note
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that some of these genes are amongst the most cimuiated genes
at the early stage. One of the most important cayegf defence
genes are the plant genes hormones for which nwsdumctions in
mycorrhiza formation have been proposed (Hause |et2@07;
Herrera-Medina et al. 2008; Riedel et al. 2008; enRaez et al.
2010). During the pre-stage, we clearly demonddrate induction of
more than ten genes SA-dependent. Among thes®Rkgenes were
represented by the induction of some beta-1,3-gasa PR2),
chitinase PR3 or thaumatin PR5 genes. Few of these genes were
induced in the early stage of root colonization. Uy observed the
induction of two putative beta-1,3-glucanase anc qmoteinase
inhibitor Il classified here in thER genes (i.e. this gene was reported
as a marker of the jasmonic acid (i.e. JA) path{¥&gsternack et al.
2006)). These results suggested the transient sipre of defence
genes before contact between the AM fungus anchdsg, and in
particular of the SA dependent genes. Moreovers tibservation
supported the hypothesis that AMF are able to ssp8A dependent
defence responses in the plant to favour a compatitieraction
(Pozo and Azcon-Aguilar 2007).

Recently, Lopez-Raez et al. (2010) have demomestrahe
regulation of the oxylipin pathway in tomato roatslonized by two
AM fungi (Glomus mosseaand Glomus intraradices In contrast to
this study, which showed the induction of numergeses involved in
the oxylipin pathway, we only observed the inductaf two genes
involved in this pathway and four markers geneghefJA signalling
pathway (i.e. four proteinase inhibitors genes)jrduthe late stage of

root colonization. We showed the induction of oipexygenase gene
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(POTLX-3, which shared high similarity with théapsicum annuum
LOX1 gene encoding for a protein involved in the 9-LOMnch of
the oxylipin pathway (Hwang and Hwang 2010), ane th2-
oxophytodienoate reductase gene which encode footain involved
in the 13-LOX branch of the oxylipin pathway (Wastck et al.
2006). Otherwise, the inductions of the other geingslved in the
oxylipin pathway, such as the allene oxide synth@sdivinyl ether
synthase, were not observed. Consequently, thidt i@sy indicate a
lower importance of the oxylipin pathway during tlsgmbiotic
interaction. In addition to this pathway, recenblozations have also
described the role of other plant hormones in tbatrol of AM
symbiotic establishment, such as ABA and ET (HerMedina et al.
2007; Riedel et al. 2008; Fiorilli et al. 2009; MarRodriguez et al.
2011). For example, Riedel et al. (2008) have shthahJA levels in
mycorrhizal roots compared with non-mycorrhizal ttols remained
unaltered and that ET, rather than JA, signallitaygd a role in the
AM symbiosis betweeltG. intraradicesand Nicotiana attenuateln
our study, during the late stage of root colon@atiwe observed the
induction of numerous genes involved in the hornsaignalling, and
particularly, the high induction of eight genestloé ET signalling. In
addition to the important induction of ET signafjigenes, we also
noted a down-regulation of the POCC418TP gene, lwkitared a
high homology with theNicotiana tabacumethylene-responsive
transcription factor 3 (NtERF5). This gene has bseggested as a
regulator of gene expression during stress and raespecially, this

gene could acts as a transcriptional repressorsel hesults suggested
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that the ET plays an important function in the iattion between
Glomussp. MUCL 41833 and the potato roots.

It was also interesting to note the induction okéhgenes of the
SA signalling, including two salicylic acid carbdxy
methyltransferase. This result suggested that thep&hway could
also be involved in the symbiotic interaction, asvously proposed
by Medina et al. (2003), Liu et al. (2007) and Pamnd Azcon-Aguilar
(2007). In addition to these three plant genes lra in the SA
signalling, we observed the regulation of severnet markers genes
of the SA signalling during the late stage of rootonization. For
examples, we showed the induction of four betaagiase and some
chitinase and thaumatin genes. These genes haasglbeen located
or induced specifically in the root cells contagpiarbuscules, such as
the class Il chitinase gene family (Salzer et28l00). Moreover, the
beta-1,3-glucanase gene was involved in cell waljrddation by
digesting f-1,3-glucans in fungal cell walls (Mauch and Stdiehe
1989; Chang et al. 1992) and the chitinase clegvedungal elicitors
(Kasprzewska 2003). As a consequence, these geukksplay a role
during arbuscules formation or senescence.

In addition to the plant genes hormones, we alstechdhe
regulation of numerous other defence genes dutiegdte stage of
root colonization, among which genes involved iatein degradation
(i.e. proteolysis) (Liu et al. 2003; Hohnjec et 2005; Guether et al.
2009; Fiorilli et al. 2009; Takeda et al. 2009). dar study, we
observed the regulation of 30 genes and partiguldré ubiquitin
proteolysis genes. The proteolysis process was rshovioe involved

in the defence responses in a number of plant spétakizawa et al.
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2005) and allowed cells to fine-tune their respsng® changing
environments (Kurepa and Smalle 2008). The progeplgenes could
play a role in the development of the AM fungustla level of
arbuscule-containing cells.

A remarkable finding, in our research, was theugtwn of nine
TFs WRKY genes during the pre-stage of root colaimn. The
WRKY TFs are among the largest families of transernal
regulators in plants and form integral parts ofnaling webs that
modulate many plant processes (Rushton et al. 20b@) majority of
reports concerning the WRKY TFs have indicated thamerous
members of this multigene family play central roles the
transcriptional reprogramming associated with tHantp immune
response (Pandey and Somssich 2009). Three of tREKYWVTFs
genes regulated (i.e. MICRO.2876.C1, MICRO.2876.@hd
bf suspxxxx_0048910.t7m.scf) showed a homology wotie of
ArabidopsisWRKY TF gene (i.e AIWRKY 7). AtWRKY70has been
shown to act at a convergence point determiningotiience between
SA and JA dependent pathways (Li et al. 2006; Krethl. 2007). In
relation with the regulation of the SA dependenfedee responses
during the pre- and early stages of root colomatwe hypothesized
that the proteins encoded by these three WRKY Té&seg may
control the expression of SA dependent gene dusgmbiotic
establishment. Moreover, two of these WRKY TFs gene
(MICRO.11686.C1 and STMIS76TV) were homologue witie
AtWRKY51 for which the promoter has been identified aargdt by
thetrans-Activating TGA (i.e. including glutathion8+ransferase and
PR genes) in a SA dependent response (Thibaud-Nestsah 2006).
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This observation may indicated that the proteiroded by these two
WRKY TFs genes could control the regulation of saieéence genes
and suggested also the importance of WRKY TFs genesg the
pre-stage of root colonization. During the late gstaof root
colonization, the results of Real-Time quantitatR€R showed an
induction of two WRKY TFs genes, including tMiCR0O.13165.C1
which shared homology witAtWRKY53 Wang et al. (2006) have
demonstrated that thAatWRKY53modulate positively the systemic
acquired resistance. This observation may inditlade the proteins
encoded by these WRKY TFs genes could be involtkercontrol of
defence genes during the late stage of root catiniz and also play a
role in the control of plant pathogens by AM fungi.

In conclusion, the genome-wide expression prdafilperformed
during the pre-, early and late stages of potatd cmlonization by
Glomus sp. MUCL 41833 provided evidence of a global
transcriptional change in the potato roots. Paarity; we noticed the
importance of the plant defence genes modulatiothi® mechanisms
controlling AM establishment in plant roots. Moreoyan important
up-regulation of the WRKY TFs genes during the Ajhbiosis was
demonstrated for the first time. Different obseiwas suggested that
the WRKY TFs proteins could regulate the plant deéegenes during
the AM establishment, especially at the pre-stage ljefore contact)
of the symbiotic interaction, and allowed the cotiipa interaction.
In addition, Real-Time quantitative PCR analysighhighted their
regulation during the effective symbiosis, whichymmderline their

involvement in the control of biotic stresses. Rart studies are
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required to confirm the impacts and functions of KMRTFs proteins

during the AM fungal root colonization.
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Preface

The studies conducted in chapters | and Il reveaestrong
induction of several genes putatively involved ihe tdefence
mechanism and pathways of plants during the pré-laie stages of
AM fungal® colonization of potato roots bithizophagusp. MUCL
41833. Such observation was already reported ititdrature during
the late stage and was usually related to an iseteaesistance of
mycorrhizal plants against pathogens infection (&&vPozo et al.
2010). However, the strong induction of defenceegesturing the pre-
stage was not expected. This could be relateddartethod of AM
fungal inoculation. In our study, the MDiR vitro culture system
allowed the plant to be colonized in a dense/add®M network of
AM fungus which produces multiple and numerous AMhdal
contacts with the roots in comparison to the ctadsi‘spores”
inoculation technique. Thus, the strong inductidndefence genes
obtained at the pre-stage of root colonization nesy/,for the late
stage, support the potential of the AM fungus tgger an increased
resistance of plant during this developmental stafjewever,
previous studies have concluded that a well-estaél AM symbiosis
was necessary to induce resistance in colonizat(&lezack et al.
2000; Khaosaad et al. 2007) and consequently, stgzpthe fact that
our hypothesis needed to be confirmed.

In chapter Il , we decided to compare the effectfRtiizophagus
sp. MUCL 41833 on the disease developmenRofolaniin potato

roots when theplantlets were challenged by both microorganisms at

“In this chapter, we took into consideration the AMgal classification of Scifiler
et al. (2001)
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the same time (i.e. before roots colonization aodtact) or first
colonized byRhizophagusp. MUCL 41833prior to contact withR.

solani (i.e. after the AM symbiotic establishment). Wecdissed the
hormonal signalling pathways involved in the biotad protection
process triggered ighizophagusp. MUCL 41833n both stages.

144



Abstract

The bio-control of soil-borne pathogens in plantsing a well-
established arbuscular mycorrhizal (AM) symbiosisis hbeen
demonstrated in different studies, while this bamitol before contact
and during the AM symbiosis establishment remaiostroversial.
Here, we used the Mycelium Donor Plantvitro culture system to
investigate he effects ofGlomussp. MUCL 41833 on the control of
R. solani MUCL 49235 in potato roots before the symbiotic
establishment and during a well-established synwiokhe disease
analysis showed a decrease in necrosis causdd. Bplaniin the
potato roots during the predrly (i.e. beforeAM fungi contact and
first hyphae colonizing roots, respectively) and latee. (well-
established AM symbiosisstages of AM symbiosis. Moreover, we
observed thaR. solanihad an impact on the AM fungus only when
both microorganisms were challenging the root atgame time (i.e.
before the symbiotic establishment). In additiohe Real-Time
Quantitative PCR analysis of defence genes sugtdestethe first
time that the bio-protection of AM fungi during tipee-/early stages
of symbiotic establishment may be associated taimipg of the
MAPK gene and salicylic acid (SA)-dependent genes. Méeshowed
that the bio-protection during the late stage afisiptic establishment
could be associated to a priming of SA-dependen¢geThese results
underlined the necessity for further research ucidate the regulation
of the hormone-dependent defence genes during khdudgal bio-

protection.

145



Keywords arbuscular mycorrhiza fungus, bio-protection, Dete
gene expressionjn vitro system, Rhizoctonia solani Solanum

tuberosum

146



Introduction

Potato Solanum tuberosurh.) is the fourth most important crop
worldwide (FAO 2008) and a precious source of pnatevitamins,
minerals, polyphenols and starch (Morris et al. £08ndre et al.
2007). This crop present a high ratio of yield pradity to soil
occupation (85 % of the plant is comestible; FAO 020
Unfortunately, potato is susceptible to numerousiggens for which
control methods areot always efficien{Diallo et al. 2011). One of
the most common soil-borne plant pathogen affectiugato is
Rhizoctonia solaniFiers et al. 2010). Thanfected plants develop
crown rot, root rot or stem canker, which oftende#o wilting and to
plant death in the most severe cases. At predenibst widely used
method to control this pathogen is via chemicalsictv may induce
resistances and cause harmful side-effects onrthieoement (Tsror
2010). In the recent years, beneficial microorgagissuch as
Pseudomonas sp., arbuscular mycorrhizal (AM) fuagd fungal
antagonists (Whipps 2004; Grosch et al. 2006) h&esn acclaimed as
promising alternatives to control plant pathogensolag whichR.
solani and to minimise the impact of chemicals on theirenment
by replacing these molecules or reducing their @teapplication
(Harman and Bjorkman 1998).

One of the most common mutualistic associationdture is the
AM symbiosis which is formed between soil fungidigjing to the
Phylum Glomeromycota (Scpiér et al. 2001) and more than 80% of
higher plants including the vast majority of aghatal crops (Smith
and Read 2008). The AM fungus, an obligate biotroggteives
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carbohydrates from the host plant required to cetepits life cycle,

in exchange of which it provides the plant with merits (e.g.
phosphate, nitrogen and sulphur) and water. Trabkshment of this
symbiosis involves major change in the physiolo§yhe host plant
causing a global reprogramming of plant functiond enodulating its
responses to biotic and abiotic stresses (Liu .eR@03; Pozo et al.
2010). Numerous studies have reported the reductiomcidence
and/or severity caused by soil-borne pathogensrésegmce of AM
fungi (Whipps 2004; Pozo et al. 2010). Among thesap et al.
(2002; 2003) reported a protective effect conferbgd AM fungi
againstR. solaniin potato plants. These authors noted a decrease i
the severity of symptoms caused by this pathogeprésence of
Glomus etunicatumand attributed this effect to an increased
accumulation of the phytoalexins rishitin and selaxone in the
mycorrhizal potato plants challenged Rysolaniin comparison to the
non-mycorrhizal plants challenged by this pathogen.

The protective effects conferred to plants by AMigumay be
localized, i.e. at the site of the host cell camitag arbuscules (Cordier
et al. 1998; Azcon-Aguilar et al. 2002) or systerfRozo et al. 2002;
Khaosaad et al. 2007) via a mycorrhiza inducedstasce (MIR)
mechanism (Pozo et al. 2009). Plant defence mesimanare tightly
regulated through an interconnected network ofalogny pathways in
which jasmonic acid (JA), ethylene (ET) and salcycid (SA) play
major roles (Conrath et al. 2006; Van Wees et @082. Recently,
Pozo and Azcon-Aguilar (2007) have suggested thétinational
mycorrhiza is linked with a partial suppression ®A-dependent

responses in the plant, compensated by an enhanteohelA-
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regulated responses. This would result in the pignaf JA-dependent
defence mechanisms and could explain the effeas®rof MIR.
However, the importance of each component of tlaatpltesistance
response in the protective effect of AM fungi agirsoil-borne
pathogens and the signalling pathways that corntre$e responses
remains poorly understood.

The presence of AM fungi within the roots priordontact with
the soil-borne pathogen seems an important fant@fant protection
(Azcon-Aguilar et al. 2002). Recently, Chandanie at (2009)
confirmed the importance of AM fungal root coloripa prior to
pathogen infection for the reduction of diseaseculcumber plants
infected with R. solani These authors demonstrated that the AM
fungus was effective in the reduction of dampinfjwwhen it was
inoculated prior to the pathogen, but not when #swnoculated
simultaneously with the pathogen. Moreover, a kagtdr in the
induction of resistance seems also to be the lefvedot colonization
by AM fungi (Pozo et al. 2009). With few exceptiofGaron et al.
1986; Garcia-Garrido and Acampo 1988; St-Arnaual.et997), most
studies concluded to the necessity of a well-eistiadtl AM symbiosis
for local and systemic induced resistance (Slezatkal. 2000;
Khaosaad et al. 2007).

Recently, Voets et al. (2009) have developednanitro culture
system allowing for the fast and homogenous cohdiion of
seedlings. This system based on the plating oftlplsnwithin an
actively growing extra-radical mycelium network fmad Mycelium
Donor Plant KIDP) in vitro culture system), was shown adequate to

study the expression of plant defence genes irsrobpotato during
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the symbiotic establishment of AM fungi (Gallou &t 2010). An
induction of several defence genes during the peeblefore contact
of AM fungi with the roots and root colonization), early (ifeom
appresorium formation to the firstyphae colonizing roots, before
arbuscules and vesicles formation) and late (iedl-@stablished root
colonization with arbuscules and vesicles formetfiges of AM
symbiotic establishment was reported. This systpamed the door to
tripartite interactions studies, including the plémg. potato), the AM
fungus and the root pathogen (érg.solan).

In the present study, we used the MDRvitro culture system to
investigate the effects of the AM funguSlomussp. MUCL 41833,
on the disease caused By SolaniMUCL 49235. We compared the
effect of introducing R. solani at two different stages of the
colonization of the plantlets by the AM fungus: anfirst assay, we
challenged the plantlets by both microorganismbi@tsame time, i.e.
as from the pre-/early stage of the colonizationthe plantlets by
Glomussp., while in a second assay, we only introduRedsolani
after the symbiosis was well established, i.e.h@ late stage of the
colonization byGlomussp..

In both approaches, we analyzed the root colomaaty the AM
fungus and the disease developmerRR o$olani In addition,the real-
time QRT-PCR was used to assess the expressiopfefiat genes
SA-, JA- and ET-dependent, a mitogen-activated gmotkinase
(MAPK) gene encoding for a wound-induced protein kinalsieh is a
convergent point in the signalling pathway of defenmesponses in
plant-pathogen interactions (Yamamizo et al. 2G0®) thePT3 gene,
a plant gene marker of functional symbiosis.
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Materials and methods
Biological material

In vitro potato plantletsSolanum tuberosuii., var. Bintje) were
supplied by the Station de Haute Belgique in Libwam Belgium.
Plantlets were micro-propagated every five weeksdescribed in
Voets et al. (2005).

Seeds ofMedicago truncatulaGaertn. cv. Jemalong A 17
(SARDI, Australia) were surface-disinfected by immsien in sodium
hypochlorite (8% active chloride) for 12 min, ridsthree time in de-
ionized sterilized (121°C for 15 min) water andrgerated in groups
of 25 on Petri plates (90 mm in diameter) filledttwB5 ml MSR
medium without sucrose and vitamins, and solidifieith 3 g I*
Phytagel (Sigma-Aldrich, St. Louis, USA). The Peptates were
incubated at 27°C in the dark.

A root organ culture (ROC) oBlomussp. MUCL 41833 was
supplied by the Glomeromycotan vitro collection (GINCO -
http://www.mycorrhiza.be/ginco-bel). The spores evextracted by
solubilisation of the gellan gel. An approximate 1df0 spores were
then placed in the near vicinity of actively grogitransformed carrot
(Daucus carotd..) roots (approximately 70 mm long) on Petri ptate
(90 mm diam.) containing the Modified Strullu-RomarfMSR)
medium (Declerck et al. 1998), solidified with 3 1g Phytagel
(Sigma-Aldrich, St. Louis, USA), following the meith described in
Cranenbrouck et al. (2005). The Petri plates wareibated for 3
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months in the dark in an inverted position at 273€veral thousand
spores were produced during this period.

A culture of R. solaniKuhn MUCL 49235 was supplied by the
Mycothéque de [I'Université catholiqgue de Louvain UNL -
http://bccm.belspo.be/about/mucl.php). A plug ofl g®ntaining
several bulbils and mycelium was placed on 50 nthf@oDextrose
Agar (PDA) (Scharlau Chemie S.A, Barcelona, Spainpetri plates
(90 mm diam.). The Petri plates were incubatedba&€Can the dark for

seven days.

Experimental design

Mycorrhizal donor plant (MDPin vitro culture systems were set
up as described in Voets et al. (2009). Briefflly,truncatulaplantlets
were inoculated with the AM fungus in the root cartment (RC) of
bi-compartmented Petri plates (90 mm diam.). Agmght weeks of
culture, the mycelium crossed the plastic barregpasating the RC
form a hyphal compartment (HC) and a profuse evddical
mycelium (ERM) network bearing numerous spores lbpesl (for
details, see Voets et &009). At that time, two holes (£ 2 mm diam.),
separated by 4.5 cm from each other, were madeeirbdse and the
lid of the Petri plates, at the side of the HC. @a@day old potato
plantlet was inserted in each hole following thmeamethodology as
described in Voets et al. (2009) with their rogtdirect contact with
the ERM. The Petri plates were then sealed cayeéuid incubated
horizontally (i.e.with the AM fungus, potato anll. truncatularoots
in the dark)in a growth chamber set at 20/16°C (day/night),%0
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relative humidity with a photoperiod of 16 h'dand an average
photosynthetic photon flux (PPF) of 3afhol m? s*. In parallel, two

micro-propagated potato plantlets were placed enHIC of a control

treatment (i.e. non-mycorrhizall. truncatula seedlings) and grown
under the same conditions as described above.

In a first experiment, the potato plantlets weracpt in the ERM
network of the AM fungus and were at the same fimoeulated with
R. solani(i.e. in order to evaluate the effect on the plawats as from
the pre-/early stages of AM symbiosis), while isezzond experiment,
R. solaniwas inoculated nine days following the contacthef potato
plantlets with the ERM network of the AM funguse(i.in order to
evaluate the effect on the plant roots as fromlate stage of AM
symbiosis).The inoculation withR. solaniwas performed using a 3
mm diam. plug from a seven day-old cultureRofsolanicontaining
abundant mycelium and sclerotia. The plug was planethe close
vicinity of the potato roots in the HG=or the two experiments, the
same experimental design was used, only the tinreoctilation ofR.
solanibeing different.

For the two experiments, four treatments were ctamed: (1) a
control treatment with potato plantlets plated e HC without the
presence of both fungi (termed Control-1 and Cd+#trofor
experiment 1 and 2, respectively); (2) a treatmétit potato plantlets
plated in the ERM network of the HC without the g@ece ofR.
solani(termed AM-1 and AM-2 for experiment 1 and 2, edpvely);
(3) a treatment with potato plantlets plated in H@ without ERM
and inoculated withR. solani (termed Rsol-1 and Rsol-2 for

experiment 1 and 2, respectively); (4) a treatmetit potato plantlets
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plated in the ERM of the HC in presence Rf solani(termed
AM+Rsol-1 and AM+Rsol-2 for experiment 1 and 2, pestively).
Roots of the four treatments were harveste@, 6 and 9 days after
plating (dap) of the potato plantlets in the HG, tfee first experiment,
and 10, 11, 12 and 16 dap of the potato planttethe HC, for the
second experimenEor each Petri plate, the two potato plantlets from
the HC were pooled to obtain sufficient material &oalysis. Half of
the root systems were used to estimate the roonhwation while the
other half was used for gene expression analysisdiSease severity
assessment, the roots were observed before hawydsiur biological
replicates were used to assesst colonization and disease severity
and three biological replicates (based on the tyualhd purity of

ARN) for gene expression analysis.

Root colonization and disease severity assessment

Half of the root systems in the treatmenmtdM-1, AM-2,
AM+Rsol-1 and AM+Rsol-2vas used to estimate the AM fungal root
colonization. Roots were cleared in 10% KOH at 80f6r 90 min.,
rinsed with distilled water and stained with Trypalne 1% at 50°C
for 60 min. Roots were observed under a dissectmgroscope
(Olympus Sz40, Olympus Optical GmbH, Hamburg, Geryat 10-
40x magnification, according to McGonigle et al990) with an
average number of intersections observed of at 1&#}

The root systems in the treatments Rsol-1, Rs@\+Rsol-1
and AM+Rsol-2 were used @ssess the disease severity. Roots were

rated visually using a 0—4 scale in which 0 = neides, 1 = small
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lesions, between 1-3 mm length, 2 = more extenigs®ns, up to 5
mm length, 3 = lesions longer than 5 mm and wittrotc areas, 4 =
lesions over 50% of the root area with necrosisi (ahd Sinclair
1991). A Disease Index (DIl) was calculated using fbllowing
equation: % DI = (n x Sn) x 100 / (4N), where n = number of plants
with a given disease rating, Sn = disease ratinghu= total number
of plants rated (Liu and Sinclair 1991).

Disease development was also assessed by therateadisease
progress curves (AUDPC). The AUDPC was calculatamb@ling to

n-1
the equation of Campbell and Madden (1990): AUDPQ:((y +

y+1)/2) X (t1- t), were n = number of evaluations, y = the diseiadex

and t = the day post inoculation wih solaniof each evaluation.
RNA extraction

Total RNA was extracted from 50-100 mg frozen rowterial
with Trizol® reagent (Invitrogen, Carlsbad, USA)tlwian additional
chloroform purification step and then purified wgithe Purelink™
Micro-to-midi total RNA purification systenfinvitrogen, Carlsbad,
USA) according to the manufacturer’s instructioiibe total RNA
was subsequently treated witie TURBO DNA-free ™kit (Ambion,
Austin, USA) according to the manufacturer's instions.
Concentration and purity of total RNA were deteretinin a
NanoDrop®-ND 1000 UV-Vis Spectrophotometer (Nangbro
Technologies, Wilmington, USA), using a 2 ul aligud the total
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RNA solutions. RNA purity was estimated from the 6824280

absorbance ratio.
Real-Time quantitative PCR

Following total RNA extraction, reverse transaopt (RT) of 500
ng of total RNA for the first experiment and 1 pgr the second
experiment was performed with the Transcriptor Higghelity cDNA
Synthesis Kit (Roche, Montreal, Canada) in a volwh&0 ul with
oligo (dTyg primer at 55°C for 20 min,according to the
manufacturer’s instructiongor each RNA sample, a reaction without
RT was performed as a control for contaminationgbgomic DNA.
Real-Time PCR analysis was performed using thetOgtler 2.0, the
5X LightCycler® FastStart DNA Mastér’> SYBR Green | Mix and
gene-specific primers (For LightCycler 2.0 expenmad run, see
Gallou et al. 2010). Seven targeted genes wereiestudi.e.
abbreviations and accession numbers, respectiv@iythatione-S-
transferase 1GST1- J03679, Lipoxygenasel(ox - Y18548, MAP
kinase MAPK - AB206552), Phenylalanine ammonia lyas&l -
X63104), basic Pathogenesis Related AR( - AJ250136, acidic
Pathogenesis Related 2PR2 - AJ009932 and Phosphatase
Transporter 3RT3- AJ318822) (For primers sequences see Gallou et
al. 2010). Normalisation was achieved using thenggdc means of
three potato reference genes (fieta-tubulin (233382, Elongation
Factor-1-alpha (AB061263 and Glyceraldehyde 3-phosphate
dehydrogenas€AF527779), which showed the most stable genes

expression in the potato roots during symbioticald&ghment of

156



Glomus sp. MUCL 41833 determined by the geNorm software
(http://medgen.ugent.be/~jvdesomp/geNorm) (Seeo@Gat al. 2010).
In order to visualize the up-regulated or down-tatpd genes, the
data were analysed statistically with the softnREST 2009 (relative
expression software tool; Pfaffl et al. 2002; Httprst.gene-
guantification.info/). Significance values were s¢P-value < 0.05.
P(H1): the probability of alternate hypothesis thdifferentiate
between sample and control groups is due only &amoé In order to
visualize the difference across the treatmentseémh gene and time
point, the data were analysed by th&"2 method (Pfaffl 2001) and
were subjected to ANOVA.

Statistical analysis

Percentages of root colonization, disease ind&DRC and gene
expression data (i.e. relative expression ratiojeveibjected to one-
way ANOVA. Tukey Honest Significant Difference (H¥Dwas
conducted to identify significant differenceB € 0.05) between the
treatments. Data analysis was performed with thé&S SAterprise
guide 4.1 (SAS Institute Inc., Cary, USA).

Results
Impact of R. solanion the AM root colonization in potato roots (1)

challenged by the two microorganisms at the same tr (2) first

colonized by the AM fungus.
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The root colonization of potato plantlets was asseéd, 2, 6 and 9
dap of the potato plantlets in the ERM network loé tAM fungus
developing in the HC in absence (AM-1 treatment)narculated at
the same time witlR. solani(AM+Rsol-1 treatment) (Table 16). In
the AM-1 treatment, the first traces of hyphal catation were
detected 2 dap with few hyphae developing in thiéego Six dap, the
percentage of hyphae increased significantly aspeoed to 2 dap.
The hyphal colonization calculated 9 dap increagetb 32.6 = 3.1%
and significantly differed from 2 and 6 dap. No wsbules were
observed at 1 and 2 dap. The first abuscules wesereed 6 dap and
significantly increased 9 dap. No vesicles wereeole=d 1 and 2 dap
and only few 6 and 9 dap. The percentage of vesidie not differ
between 6 and 9 dap. In the AM+Rsol-1 treatmém first traces of
hyphal colonization were detected 6 dap and inectaggnificantly 9
dap. Neither arbuscules nor vesicles were obsedueithg the time
course of the experiment. The values of hyphal rae&dion were
significantly lower in the AM+Rsol-1 treatment atahid 9 dap as
compared to the values recorded in the AM-1 treatr(ieable 16).

Table 16 Root colonization of potato plated on an activetgvgng extra-radical
mycelium network of the AM fungu&lomussp. MUCL 41833 and inoculated
(AM+Rsol-1) or not (AM-1) withR. solaniMUCL 49235, at the same time

Root colonization (%) during the time

coursé
Treatment Structure 1 5 6 9

Hyphae 0 7.]A 22.9aB 32.6a/C

(+2.3) (*2.6) (+3.1)

AM-1 Arbuscules 0 0 1.3 6.1B

(*1.9) (*1.6)

Vesicles 0.3 1.1A

0 0 (*1.0) (£0.8)
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Hyphae 3.®/A 13.3b/B

0 0 (+3.2) (+3.8)
AM+Rsol-1  Arbuscules 0 0 0 0
Vesicles 0 0 0 0

For each structure and time of observation, valigtser than 0) in a column
followed by different small capitals differed si§ioantly at P < 0.05. For each
structure, values in a row (other than 0) followey different capitals differed
significantly atP < 0.05. Both analyses were conducted as a one-way\ANand
Tukey’'s HSD. The standard error is shown in bragKBiological replicates = 4).
For data of root colonization of 0%, no statistiaahlyses were done because of the
impossibility to calculate the variance

% Days after plating (dap) of the potato plantletsthe hyphal compartment
supporting the ERM network of the AM fungus

The root colonization of potato plantlets was ased 10, 11, 12
and 16 dap of the potato plantlets in the ERM néetwaf the AM
fungus developing in the HC in absence (AM-2 tresith or
inoculated withR. solaninine days following plating in the ERM
(AM+Rsol-2 treatment) (Table 17). In the two treatits (AM-2 and
AM+Rsol-2), the percentage of hyphae in the potatis was high at
the time of R. solani inoculation and did not differ within the
treatments during the time course of experimeat {0, 11, 12 and 16
dap). An identical observation was made for thecgmtiage of
arbuscules and vesicles colonization. For each Abt colonization
parameter (i.e. hyphae, arbuscules and vesicles),significant
differences were observed between the AM-2 treatnaerd the

AM+Rsol-2 treatment during the time course of tkpegiment.
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Table 17 Root colonization of potato plated on an activgtpwing extra-radical
mycelium network of the AM fungu&lomussp. MUCL 41833and inoculated
(AM+Rsol-2) or not (AM-2) withR. solaniMUCL 49235, 9 days thereafter

Root colonization (%) during the time

cours@
Treatment  Structure 10 11 12 16

Hyphae 39.3a/A 38.1a/A 41.1a/A 40.7a/A

(+0.4) *7.1) (+1.6) *7.1)
AM-2 Arbuscules 11.5a/A 12.5a/A 19.7a/A 12.0a/A

(+2.9) (+5.5) (+1.3) (+1.4)

Vesicles 1.2a/A 1.9a/AB 4.1a/AB 6.6a/B

(£1.2) (£0.8) *2.7) (£4.1)

Hyphae 44.3a/A 41.4a/A 38.5a/A 46.4a/A

*1.2) (+9.9) (£ 4.4) (+9.9)
AM+Rsol-2 Arbuscules 14.8a/A 14.8a/A 8.8a/A 10.8a/A
(+7.8) 7.1 (+3.2) (£5.2)

Vesicles 5.7a/A 5.4a/A 4.2a/A 8.5a/A

(4.1) (+3.5) (£ 3.6) (+4.1)

For each structure and time of observation, vailu@scolumn followed by different
small capitals differed significantly &< 0.05. For each structure, values in a row
followed by different capitals differed significéyiat P < 0.05. Both analyses were
conducted as a one-way ANOVA and Tukey’'s HSD. Tthaedard error is shown in

brackets (Biological replicates = 4)
% Days after plating (dap) of the potato plantletsthe hyphal compartment
supporting the ERM network of the AM fungus

Dynamics of disease development in potato rootscfBllenged by
the two microorganisms at the same time or (2) éadonized by the

AM fungus prior to contact witR. solani

The disease severity recorded on the roots of thatq plantlets
was rated visually 1, 2, 6 and 9 dap of the pgbédatlets in the HC in
absence of ERM network of the AM fungus and inomdawith R.
solani (Rsol-1 treatment) or in the presence of the ERMvagk of

the AM fungus and inoculated at the same time viRth solani
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(AM+Rsol-1 treatment) (Table 18). In the Rsol-latraent, the first
lesions on the roots were observed 2 dap in the$idCand 9 dap in
the HC, the DI increased significantly (stat. nebwn) with values of
575 £ 6.4% and 62.2 £ 9.2%, respectively. In th+Rsol-1

treatment, the first lesions were also observedRid the HC. The DI
increased significantly (stat. not shown) at 6 &dap in the HC
containing the ERM (i.e. 40.7 £ 8.7% and 46.9 + & 1respectively)
but never exceeded 50%. At 2, 6 and 9 dap, the &l significantly
lower in the AM-Rsol-1 treatment as compared to tRsol-1

treatment. In addition, the AUDPC value for the ARBol-1

treatment was significantly reduced by 29.9% as pared to the
Rsol-1 treatment (Table 18).

Table 18 Disease index (DI) and area under disease proguasgs (AUDPC)
values of potato roots plated (AM+Rsol-1) or nots¢R1) in the extra-radical
mycelium of the AM fungu$lomussp. MUCL 41833 and inoculated at the same
time withR. solaniMUCL 49235

e :
Treatment DI (%)during the time courSe AUDPCE
1 2 6
Rsol-1 0 9.0a 575a 62.2 a 317.0a
*3.1) (* 6.4) *9.2) (* 18.1)
AM+Rsol-1 0 3.7b 40.7 b 46.9b 222.1b
*2.7) *8.7) (*8.1) (*41.1)

Values of DI (other than 0) and AUDPC in the sanmdumn, followed by a
different letter differed significantly at R 0.05 (one-way ANOVA and Tukey's
HSD). The standard error is shown in brackets @).=or data of DI of 0%, no
statistical analyses were done because of the wilplity to calculate the variance

? Disease index was calculated according to thetmguaf Liu and Sinclair (1991)

® Days after plating (dap) of the potato plantletsthe hyphal compartment
supporting the ERM network of the AM fungus

¢ Area under disease progress curves (AUDPC) waslleséd according to the
equation of Campbell and Madden (1990)
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The disease severity recorded on the roots of thatq plantlets
was rated visually 10, 11, 12 and 16 dap of thatpgplantlets in the
HC in absence of the ERM network of the AM funguas &noculated
with R. solani (Rsol-2 treatment) or in the presence of the ERM
network of the AM fungus and inoculated nine ddyeréafter withR.
Solani(AM+Rsol-2 treatment) (Table 19). In the Rsol-2ament, the
first lesions on the roots were observed 11 dagelfevand 16 dap in
the HC, the DI increased significantly (stat. nbbwn) to 26.6 +
9.5%, and 64.3 £ 1.4%, respectively. In the AM+Radteatment, the
first lesions were also observed 11 dap in the H& value of DI
increased significantly (stat. not shown) thereat@ dap (16 + 7.4%)
and 16 dap (55.2 + 1.5%). At 11 dap, no significdifferences were
observed in the DI between the two treatments, evhil 12 and 16
dap, this value was significantly lower in the AMsd®-2 treatment as
compared to the Rsol-2 treatment. In addition, ARDPC value for
the AM+Rsol-2 treatment was reduced by 26.9% aspeoed to the
Rsol-2 treatment (Table 19).

Table 19 Disease index (DI) and area under disease proguases (AUDPC)
values of potato roots plated (AM+Rsol-2) or nots¢R2) in the extra-radical
mycelium of the AM fungusGlomussp. MUCL 41833 and inoculated 9 days
thereafter wittR. solaniMUCL 49235

e .
Treatment DI (%)during the time courSe AUDPCE
10 11 12
RsoI-2 0 12.1a 26.6 a 64.3 a 207.4 a
(* 2.4) ( 9.5) (* 1.4) ( 25.3)
AM+RSOI-2 0 9.6 a 16.0b 55.2b 1515b
*2.7) (*7.4) ( 1.5) (+9.4)

Values of disease index (other than 0) and AUDP&é@same column, followed
by a different letter differed significantly at £ 0.05 (one-way ANOVA and
Tukey's HSD). The standard error is shown in brecke = 4). For data of DI of
0%, no statistical analyses were done becauseeoifrthossibility to calculate the
variance
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® Disease index was calculated according to theteguaf Liu and Sinclair (1991)

® Days after plating (dap) of the potato plantletsthe hyphal compartment
supporting the ERM network of the AM fungus

¢ Area under disease progress curves (AUDPC) waslleséd according to the
equation of Campbell and Madden (1990)

Plant defence genes expression in potato root$edlgald by the AM

fungus andR. solaniat the same time.

The relative expression ratio of defence respoerses (i.eGST]
Lox, MAPK, PAL, PR1andPR2 and thePT3gene in potato roots was
assessed 1, 2, 6 and 9 dap of the potato plamiléie ERM network
of the AM fungus developing in the HC in absenc®/{A treatment)
or inoculated at the same time whh solani(AM+Rsol-1 treatment)
or in absence of the ERM network of the AM fungusl anoculated
with R. solani(Rsol-1 treatment) (Fig. 14). In the AM-1 treatrheme
observed that the expression profile of defence egemwas
characterized by an induction BR1and PR2genes 1 dap, dMIAPK
andPAL genes 2 dap, and by the induction of the majarfitgiefence
genes as well as ti&T3gene 9 dap (Fig. 14). In the Rsol-1 treatment,
no induction of the marker gene of AM root coloniaa (PT3 was
observed during the time course of the experimbidreover, we
observed the induction of tl@ST1 MAPK, PAL, PR1andPR2genes
in the potato roots at different time of the expemt, with a
maximum 2 dap in the HC without ERM. Finally, wesebved a
down-regulation of theox gene 6 and 9 dap (Fig. 14).
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Fig. 14 Relative expression ratio of seven genes (Gluthati®-transferase 1
(GST2, Lipoxygenasel(0X), MAP kinase MAPK), Phenylalanine ammonia lyase
(PALD), Pathogenesis Related RR1), Pathogenesis Related RR2 and Phosphate
transporter 3KT3J) in potato roots plated in the ERM network o tAM fungus
Glomussp. MUCL 41833 developing in the HC in absence (AMor inoculated at
the same time witR. solaniMUCL 49235 (AM+Rsol-1) or in absence of the ERM
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network of the AM fungus and inoculated wig solani(Rsol-1). The monitoring
of the relative gene expression ratio was done dégl-Rime Quantitative PCR at 1,
2, 6 and 9 days after plating the potato plantietsthe hyphal compartment
supporting the extra-radical mycelium network of tAM fungus. The data points
represent the relative expression ratio of threéobical replicates and the standard
error range (i.e. refer to 68% confidence intervalp-regulated genes or down-
regulated genes ) with significance values were set at P value G5QP(H1): the
probability of alternate hypothesis that differensetween sample and control
groups is due only to chance) (Software REST 2009). each time and gene,
values of relative expression ratio followed byiffedent letter differed significantly
at P<0.05 (Tukey's HSD)

In the AM+Rsol-1 treatment, no induction of the k®argene of
AM root colonization PT3) was observed during the time course of
the experiment. To the contrary, different inductiof defence
response genes were observed. ForlLibvegene, a down-regulation
was detected 6 and 9 dap (0.17 (0.14 — 0.22) &l (0.01 — 0.25),
respectively). These values of down-expression wagatical to the
values of down-expression obtained in the Rsokatiment at 6 and 9
dap. The induction o06ST1gene was detected 2, 6 and 9 dap in the
ERM. Moreover, this gene was observed significaatigr-expressed
in the AM+Rsol-1 treatment (15.85 (6.27 — 30.049)campared with
the AM-1 (1.81 (1.44 - 2.20)) and Rsol-1 (4.84 {32 7.25))
treatments, 2 dap in the ERM. In the case of MAPK and PAL
genes, we noted their inductions at 2 dap. Howewasy, the MAPK
gene was significantly over-expressed in the AM+#Rsdreatment
(30.58 (10.05 — 58.25)) as compared with the AMZRT (2.16 —
5.25)) and Rsol-1 (4.92 (3.06 — 11.47)) treatmeifitse induction
observed in théAL gene was identical to the induction observed in
the Rsol-1 treatment. Finally at each time of obsgon, we detected
the induction ofPR1andPR2genes, with a maximum 2 dap. For the
PR2 gene, the values in the AM+Rsol-1 treatment ain@d & dap
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(75.74 (11.72 — 623.44) and 29.5 (10.83 — 75.X}pectively) were
significantly over-expressed as compared with thkies obtained in
the AM-1 (1.77 (0.77 — 6.18) and 4.99 (1.82 — 8.7&pectively) and
Rsol-1 (21.22 (8.34 — 58.54) and 4.97 (1.96 — 12.BZkpectively)
treatments. For thPR1gene at 2 dap, we showed a higher value in
the AM+Rsol-1 treatment (426.79 (122.88 — 989.83)campared
with the AM-1 (0.92 (0.36 — 2.95)) and Rsol-1 (9128.72 — 485.94))
treatments. However, this value was not statidyiagdifferent to the

value obtained in the Rsol-1 treatment.

Plant defence genes expression in potato rootsduienized by the

AM fungus prior to contact witR. solani

The relative expression ratio of the defence respagenes (i.e.
GST1 Lox, MAPK, PAL, PR1andPR2 andPT3gene in potato roots
was assessed 10, 11, 12 and 16 dap of the potattigs in the ERM
network of the AM fungus developing in the HC insabce (AM-2
treatment) or inoculated after 9 days wih solani (AM+Rsol-2
treatment) or in absence of the ERM network of Al fungus and
inoculated withR. solani(Rsol-2 treatment) (Fig. 15). For the AM-2
treatment, we observed that the expression prafilehe defence
genes, as well a®T3 gene, was characterized by an important
induction of each gene during the time course efakperiment. We
only noted an absence of inductionlafx gene 10 dap (Fig. 15). In
the Rsol-2 treatment, no induction of the markenegef AM root
colonization PT3 was observed during the time course of the

experiment. In addition, we observed the inductadnthe GST1
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MAPK, PAL, PR1 and PR2 genes in the potato roots, beginning
generally 11 dap (i.e. 2 days post inoculation vidthsolan), with a
more or less constant expression 12 and 16 dpi {5ig
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Fig. 15 Relative expression ratio of seven genes (GluwhatiS-transferase 1
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(GST), Lipoxygenasel(0X), MAP kinase MAPK), Phenylalanine ammonia lyase
(PAL), Pathogenesis Related RR1), Pathogenesis Related RR2 and Phosphate
transporter 3RFT3J) in potato roots plated in the ERM network of ##l fungus
Glomussp. MUCL 41833 developing in the HC in absence (AMor inoculated
after 9 days withR. solaniMUCL 49235 (AM+Rsol-2) or in absence of the ERM
network of the AM fungus and inoculated with solani(Rsol-2). The monitoring
of the relative gene expression ratio was done dégl-Rime Quantitative PCR at 10,
11, 12 and 16 days after plating the potato plestie the hyphal compartment
supporting the extra-radical mycelium network of thM fungus. The data points
represent the relative expression ratio of threéobical replicates and the standard
error range (i.e. refer to 68% confidence intervalp-regulated genes or down-
regulated genes ) with significance values were set at P value G5QP(H1): the
probability of alternate hypothesis that differenicetween sample and control
groups is due only to chance) (Software REST 2069). each time and gene,
values of relative expression followed by a diffdérketter differed significantly at P
< 0.05 (Tukey's HSD)

For the AM+Rsol-2 treatment, the induction of tharker gene of
AM root colonization PT3) was observed at each time of observation
(i.e. between 22.41 (3.22 — 261.46) 11 dap andl4(B38 — 450.50)
16 dap) and these levels of induction were sta#ilyi similar to the
levels of induction obtained in the AM-2 treatmeNbD induction of
Lox gene was detected during the time course of thgerement.
Moreover, these relative expression ratio valuesewsgnificantly
lower as compared with the relative expressiororasilues obtained
in the AM-2 treatment. The five other defence resgogenes were
induced at each time of observation. For @&T1gene, we noted the
maximum of induction 11 and 12 dap. Additionalihese values
(14.18 (8.38 — 23.65) and 15.22 (9.71 — 27.26)peetvely) were
significantly over-expressed as compared with thkeies obtained in
the AM-2 (2.65 (1.48 — 4.23) and 2.64 (1.04 — 5.4&3pectively) and
Rsol-2 (5.22 (3.40 — 9.06) and 4.57 (2.79 — 8.X@jpectively)
treatments. In the case of tiMAPK and PAL genes, no statistical

difference was observed between the AM+Rsol-2 rireat and the
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AM-2 or Rsol-2 treatments. For theR1 gene, we also did not
observed significant difference between the AM+R&tieatment and
the AM-2 or Rsol-2 treatments. However as in the +#Rdol-1

treatment, we noted a higher value in the AM+Rsdkeatment
(553.59 (95.63 — 7564.75)) as compared with the 2ANR16.54

(27.52 — 2000.58)) and Rsol-2 (70.69 (14.29 — 993 .Beatments, 11
dap (i.e. 2 day post inoculation wigh solan). Finally, we showed a
statistical over-expression of thBR2 gene in the AM+Rsol-2
treatment (276.64 (80.71 — 1019.13)) as compardd thie AM-2

(30.54 (6.38 — 257.76)) and Rsol-2 (95.70 (18.98227.76))

treatments, 11 dap.

Discussion

Numerous studies have reported the role of AM fumgithe
control of soil-borne plant pathogens (see revigWiPbzo et al. 2010).
Most suggested that a pre-colonization with AM fuagd a high
level of AM fungal root colonization are requiremlihduce resistance
as confirmed withR. solaniin cucumber plants (Chandanie et al.
2009). However, in a recent study, Gallou et al1(®) demonstrated
the induction of twdPR genes in the pre-stage (i.e. before conbéct
AM fungi with roots) of symbiotic establishment, suggestiag
potential protective effect prior to root colonimat Here we used the
Mycelium Donor Plantn vitro culture system developed by Voets et
al. (2009) to compare the effects®lomussp. MUCL 41833on the
potato resistance againRt solaniMUCL 49235. We compared the
results when both microorganisms challenged thé¢ sgstem at the
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same timg(i.e. in order to evaluate the effects as from pghe/early
stages of AM symbiosis) or when the pathogen wasulated nine
days following the contact of the roots with theNERetwork of the
AM fungus (i.e. in order to evaluate the effectdrasn the late stage
of AM symbiosis). The AM fungal root colonizatiordisease
assessment antthe expression of SA-depender@ST1(Hahn and
Strittmatter 1994) and acidieR2 (Mac et al. 2004)), JA-dependent
(Lox (Hughes et al. 2001)), JA/ET-dependemAL (Joos and
Hahlbrock 1991) and basi®R1 (Hoegen et al. 2002))MAPK
(Yamamizo et al. 2006) andT3 (Rausch et al. 2001genes, were
analyzed.

Potato plantlets grown in the ERM network of the Alvigus and
challenged at the same time By solanihad lower AM fungal root
colonization levels as compared to plantlets grownthe ERM
network in the absence B solani Root colonization started 6 dap in
the ERM, but neither arbuscules nor vesicles wbsekwed during the
9 days of the experiment. In contrast, in the abs@iR. solanj root
colonization by the AM fungus started 2 dap in tBRM and
arbuscules and vesicles were observed 6 and 9rd#pei ERM as
earlier reported by Gallou et al. (2010). Interaggiy, the disease
induced byR. solanj evaluated by the AUDPC was reduced by 29.9%
in presence othe AM fungus inoculated at the same time to the
pathogen as compared to the potato plants gronwabsence of the
AM fungus The impact ofR. solani on the AM fungal root
colonization was earlier reported by Kasiamdaale{2002) in mung
bean inoculated witlislomus coronatunand binucleatdrhizoctonia

sp. These authors observed a decrease in rootizatiom by G.
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coronatumwhen the plants were inoculated at the same tiitie Ry
solani The reduced level of lesions By solaniwas more unexpected
since most studies concluded that a high level Mf @lonization is
required for resistance (Khaosaad et al. 2007; Qdnaie et al. 2009).
However, in the MDRn vitro culture system, the plantlets were
plated on a dense actively-growing hyphal netwagéring thousands
of spores. Such dense hyphal network was shownavouf the
extensive (> 50%) AM fungus root colonization (et al. 2009)
within short time (< 3 days). In our experiment tloot colonization
by the AM fungus never reached such value withpeaod of 3 days.
Therefore, the reduced root colonization/infectipnthe AM fungus
andR. solanirespectivelyclearly suggested either a direct interaction
for space and nutrients within the roots, furthempporting a
competition for colonization/infection sites, or antirect interaction
within the rhizosphere via the massive ERM develgpn the vicinity
of the roots. This ERM may have impacted the pathogutside the
root as was shown by Filion et al. (1999). Suclerattion could
possibly explain the reduction of lesions on thetrsystem, even
without an early intense AM colonization of the regstem. Filion et
al. (1999) suggested that the ERM of the AM funguesy directly
interact with soil microorganisms, further leaditogchanges in the
microbial equilibrium detrimental to pathogens.our experimentR.
solanihad a rapid development, covering the Petri ptatecouple of
days, with a slight decrease in colony diametepiiesence of an
established ERM, as compared to the treatmentsoutitthe AM
fungus (data not shown). Therefore, it was notctyripossible to

evaluate whether interaction (via for instance ducion in the
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diameter of the pathogen fungal colony) occurredhwhe AM
fungus, without firmly excluding such hypothesis.

When the potato plantlets were grown in the ERMwvoek nine
days prior to the contact witR. solanj the root colonization levels
were similar to the plantlets grown in the abseat®. solaniand
numerous arbuscules and vesicles were observed.etYab (2002)
also mentioned thab. intraradicescolonization in potato roots was
not significantly affected by the presenceRofsolanj when the AM
fungus was inoculated prior to contact with thetnoathogen. To the
contrary, the AUDPC value due R solaniwas reduced by 26.9% in
presence ofhe AM fungus This result corroborates numerous studies
demonstrating a clear protective effect of a higivel of AM
colonization on the control of soil-borne fungathmyens (Khaosaad
et al. 2007; Chandanie et al. 2009). In our coodgj the reduction of
lesions may be explained by several factors amorngchw the
competition between both microorganisms for colaton sites as
earlier proposed by Cordier et al. (1998). The cetitipn outside the
roots may also be an important factor, as mentiaeve, presumed
to impact the pathogen outside the root as sugdjdste-ilion et al.
(1999), although we could not firmly ascertain tlaist hypothesis.

Defence genes induced in plants by AM fungi (Pozale2010)
may also play a key role in the control®f solani In particular, the
SA-, JA-, ET-dependent genes, which are involvednany plant-
pathogen and plant-insect interactions (De Vod.&005; Van Wees
2008), may be promoted in presence of the AM fungbe real-time
QRT-PCR was used to assess the expression of G&FXand acidic
PR2, JA- (Lox) and JA/ET- PAL and basi®®R1) dependent genes as

172



well as MAPK and PT3 genes in the pre, early and late stages of
symbiotic establishment in potato plants challengeR. solani

During the course oGlomusMUCL 41833 association to potato
roots in absence dR. solani(i.e. from 1 dap to 9 dap in the first
experiment and from 10 dap to 16 dap in the seexperiment), we
observed an induction of the tMiRR genes before root colonization by
the AM fungus (i.e. 1 dap), of thdAPK and PAL genes during the
early hyphal root colonization (i.e. 2 dap) and ithguction of all the
defence genes after the establishment of an aefeeétM association
(i.e. after 9 dap), characterized by the inductbRT3 gene (i.e. plant
gene marker of functional symbiosis). This pattesh genes
expression during symbiotic development of AM fuingpotato roots
was earlier described by Gallou et al. (2010).ddi#@on, in the roots
inoculated byR. solanj we observed an induction &ST1 MAPK,
PAL, PR1andPR2genes at 2 days post inoculation of the pathogen i
both experiment. This response of plant roots Yalhg an attack by
R. solaniwas also reported in previous study (Gao et &620

The potato plantlets plated in the ERM networkhef AM fungus
and challenged bfR. solaniat the same time showed a priming of
defence genes;STlandMAPK, 2 dap, andPR2 2 and 6 dap. This
mechanism of priming was also observed in the pgikntlets grown
9 days in the ERM network and subsequently chafldrigyR. solani
More specifically, we demonstrated a priming of thwo SA-
dependent geng$sST1land PR2 genes at 11 and 12 dap and at 11
dap, respectively). Priming has been defined asigque physiological
status of plant materialized by an increased i@%i&t to pathogens

which is due to certain beneficial microbes or rafaynthetic

173



compounds (Conrath et al. 2006). Primed plantslalysfaster and/or
stronger activation of various cellular defencepoeses that are
induced following attack by pathogens or insectsnoresponse to
abiotic stress (Conrath et al. 2006). The most lesine finding was
the suggestion that the AM fungus in the pre-/estges was able to
induce a priming of th&1APK gene and the two SA-dependent genes
in the potato roots inoculated with the pathoget especially before
contact of AM fungi with the potato root (i.e. 2 pddhe potato
plantlets in the ERM network). This result proposedthe first time
that the bio-protection of AM fungi during the plesarly stages of
symbiotic association was not only associated ¢odihect interaction
of the ERM of the AM fungus with soil microorganisr{Filion et al.
1999), but also to a priming of defence genesénpilant roots.

In this study, we also observed the priming of the SA-
dependent genes during the late stage of symhbestablishment in
the potato roots inoculated wifR. solani The evidence of defence
genes primed in well-colonized roots against pathoigpfection, has
been reported in numerous studies (See review zd Bbal. 2010). In
addition, the jasmonates, which seems to havea@atmole in the AM
symbiosis (Hause et al. 2007), have been repootpthy an important
role in the bio-protection in the late stage of sigembiosis (Pozo et al.
2010). In our experiment, no priming of the JAe(Lox) and JA/ET-
(PAL and basid®R1) dependent genes were observed. However, we
observed the repression of thex gene in the AM+Rsol-2 treatment
as compared to the AM-2 treatment and the more cumced
induction of the basi®R1 gene in the AM+Rsol-1 and AM+Rsol-2
treatments (i.e. 2 dpi witR. solaniwithout statistical significance).
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These results could anyway suggest a potentialafoteese genes in
the bio-protection triggered glomussp. MUCL 41833. In fact, both
synergistic and antagonistic crosstalk have beeserobd between
SA- and JA-dependent defences in which MiRR1gene and several
WRKY transcription factors play important rolestime fine tune of
defence genes regulations (Bari and Jones 2008ydition, it is also
interesting to note that recents researches onsabacid (ABA) plant
mutants have shown a role of the ABA in the esshibhent of a
functional AM symbiosis (Herrera-Medina et al. 200Martin-
Rodriguez et al. 2011). Moreover, ET and ABA mutuahtagonistic
are able to modulate some functions in the planth sas the disease
resistance (Anderson et al. 2004).Taken togetheset observations
suggested that the defence responses triggereueb&M fungus are
more complex and need further research to deciffteefunction of
SA-, JA-, ET- and ABA-dependent pathways in thegulations.

In conclusion, the analysis of disease demonstritatGlomus
sp. MUCL 41833 promoted a decrease of necrosisedaogR. solani
MUCL 49235 in the potato roots, as from a well-bkthed
symbiosis, but also as from the pre-/early stagéssymmbiotic
establishment and despite the negative effe®.adolanion the AM
root colonization. Moreover, our study demonstratteel priming of
the MAPK gene and the two SA-dependent genes during thiearky
stages of symbiotic establishment in the potatdsraafected byR.
solani 2 dap the potato plantlets in the ERM networktled AM
fungus. This result suggested for the first timat tihe AM fungus is
able to prime plant defence genes against a sailebpathogen during

the pre-/early stages of symbiotic establishmerttis Tstudy also
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revealed the priming of the two SA-dependent genethe potato
roots infected byR. solani in a well-established AM fungal
association. Ours findings and the recent researcheéhe AM fungal
symbiosis underlined the necessity for further aese to elucidate the
regulation of the hormone-dependent defence genasdved in the

AM fungal bio-protection.
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Preface

The study conducted in chapter Ill suggested thatAM fungus$
Rhizophagusp. MUCL 41833 was able to mitigate the diseassa
by R. solaniMUCL 49235 by decreasing the level of necrosishie
potato roots. However, the interaction betweenAtliefungus and the
pathogen was evaluated with the two microorganigrog/n in direct
contact. As a consequence, the biological proteatluserved may be
attributed to a local mechanism. In addition, thBRMn vitro culture
system did not allow the inoculation of the two romrganisms at two
different locations. Thus, the study of a potensigstemic effect of
Rhizophagusp. MUCL 41833 to contrdR. solaniin the potato roots
was not possible with this system.

In chapter IV, we developed a neim vitro culture system
allowing the fast/homogenous AM fungal colonizatwfrthe half of a
potato plant roots system to study the systemitogical protection
mechanism. It should be note that this research avédg the first
approach in this thesis to study the systemic efféthe AM fungus
underin vitro condition. Further experiments and adaptationhef t
system are required to conclude on the potentisth@fAM fungus to
induce a systemic biological protection. For thisrky we evaluated
the development of the AM fungus in this culturestsyn and also
attempted to measure the disease index in presehdhe two
microorganisms. Unfortunately, we did not observisible lesions in
presence of the root pathogen. In consequence,esieat] to focus

our gene expression analysis on the three defemoesgwhich have

® In this chapter, took into consideration the AMhdal classification of Scifiler et
al. (2001)
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displayed the most interesting results in the mnevistudy (Chapter
[lI). We chose the two SA-dependent gen@§T1land PR2 which
are significantly primed during the interactionweén the AM fungus
and the pathogen, and also the JA-dependent deme:which is
significantly repressed during the late stage of faligal colonization

in presence of the pathogen.
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Abstract

The protective effects conferred to plants by AM furagainst
soil-borne pathogens have been reported in diffestundies and
attributed to local or systemic mechanisms. If lopaotection
conferred by AM fungi againdR. solanihas been demonstrated, no
data reported yet the systemic resistance agdiissinajor potato root
pathogen. Here, we developedMycelium Donor Plant (MDP)n
vitro split-root culture system tetudy the existence of a systemic bio-
protection effect of Glomussp. MUCL 41833 colonization of potato
roots againsR. solani Potato plants were grown vitro with half of
their root system in contact with the AM fungus a@mdR. solani Root
colonization and disease severity as wellttzes expression of SA-
dependent GST1 and PR2 and JA-dependentL{x) genes were
assessedVe demonstrated the adequacy of the MbBRiitro split-
root culture system to produce a dense extra-radigaelium (ERM)
network of AM fungi with high level of root coloration. Ten and 11
days after plating the potato plantlet in the ERBtwork of AM
fungus,an important colonization level was obtain&d the contrary,
no lesions were observed wiik. solanj probably due to the short
duration of the experiment. Finally, gene exprassianalysis
suggested the existence of mechanisms of primingd an
counterbalancing during the systemic interactiotwben the AM
fungus andR. solaniin the potato plants.

Keywords: AM fungus,in vitro split root systemiMycelium network

Rhizoctonia solaniSolanum tuberosun®ystemic resistance
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Introduction

Potato Solanum tuberosumis the fourth largest food crop
cultivated in the world (FAO, 2008). This crop iéeated by a cohort
of soil-borne pathogens among whiBlhizoctonia solanis the most
important (Banville et al. 1996). The disease cdud®y this
microorganism is a problem occurring throughout wwld and its
control is at present mainly based on cultural ficas and on the use
of chemicals. In the last years, alternative cdnstoategies via the
utilization of beneficial microorganisms such aseulri¥omonas,
arbuscular mycorrhizal (AM) fungi and fungal antampts (Brewer
and Larkin 2005; Grosch et al. 2006; St-Arnaud "oghnovic 2007)
have received increased attention. These mico@wgnirepresent
environmental-friendly options to chemical pestegdand promising
routes for plant protection against soil-borne asss (Harman and
Bjorkman 1998).

Arbuscular mycorrhizal (AM) fungi are obligate biaphs
belonging to the Phylum Glomeromycota (Sgleii et al. 2001). They
colonize the roots of more than 80% of terrestpiants, including
most agricultural and horticultural crop speciesntf and Read
2008). The host plants and AM fungi live in a syatia relationship
where both partners benefits from the associafitte AM fungus
receives carbohydrates from the plant in exchanfenudrients,
principally phosphorus. In parallel to the improvadtrition, the AM
symbiosis protects the plant against a broad rasfgsoil borne
microbes (St-Arnaud and Vujanovic 2007) via sevarathanisms as

reviewed by Vierheilig et al. (2008).
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Recently, Pozo and Azcon-Aguilar (2007) disentathgline
mechanism of mycorrhiza induced resistance (MIR)ese authors
explained that the increased resistance of myaatiplants resulted
from a combination of local and systemic mechanismslving
salicylic acid (SA) and jasmonate acid (JA) dependsgnalling
pathways. Although the local protective effectsfeared to plants by
AM fungi againstR. solaniwas evidenced by Kasiamdari et al.
(2002), Yao et al. (2002) and Gallou et &hépter Ill ), no study yet
reported the systemic protection conferred by AMgiuagainst this
root pathogens.

Systemic resistance was reported agdigttophthora parasitica
(Pozo et al. 2002) an@aeumannomyces graminjghaosaad et al.
2007) on tomato and barley grown in split root egst (i.e. divided
parts of a root system, allowing physical sepamati@tween AM
fungi and pathogens). In tomato, Pozo et al. (2@@2)onstrated that
the root colonization byGlomus mosseaeeduced the disease
symptoms caused byP. parasitica in non-colonized root of
mycorrhizal plants via an increased lytic activitythese roots, while
in barley, Khaosaad et al. (2007) noted tl{at mosseaeroot
colonization reduced systemically the infectionthg root pathogen
G. graminis They further suggested that this systemic primiectias
dependent of the degree of root colonization ansl ned mediated by
the salicylic acid pathway.

Recently, Voets et al. (2009) developedraritro mycorrhization
system allowing for the fast and homogenous cobldion of
seedlings via actively growing extra-radical hyplea¢éending form a

colonized donor plant. This Mycelium Donor Plant@M) in vitro
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culture system was developed wiih truncatulaand used to colonize
economically-important plants such as potato (Gakd al. 2010),
opening large perspectives to study various aspdise AM fungi
and AM symbiosis. ThisMDP in vitro culture system was recently
validated to study gene expression during the AMhgls
establishmentGallou et al. 2010) and to investigate the effedtthe
AM fungus on the potato resistance agaiRstsolani(Gallou et al.
Chapter Il ). These authors have demonstrated that root @aton
by Glomussp. MUCL 41833 induced a local protection agaiRst
solani further opening the door to the applicationro¥itro split root
systems to decipher the systemic resistance ceafdoy AM fungi
against this root pathogen.

In the present study, we developed a MDPvitro split root
culture system adapted from tREOP in vitro culturesystem of Voets
et al. (2009), to study theystemic resistance in potato plants
colonized byGlomussp. MUCL 41833against the root pathogéh
solani We analyzed the disease developmem.aolaniandused the
real-time QRT-PCR technology to assess the exmpmessi three
defence response genes dependent on salicylic A9 (i.e.
Gluthatione-S-transferase 1G$T) and Pathogenesis Related 2
(PR2) and on jasmonic acid (JA) (i.e. Lipoxygenatex)). These
genes are among the most frequently described is ttipartite
interaction (Pozo et al. 2002; Pozo and Azcon-Aagu2i007; Gallou et
al. 2010).
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Materials and methods
Biological material
Propagation and maintenance of potato plantletksto

In vitro produced potato plantletS¢lanum tuberosurh., var.
Bintje) were supplied by th8tation de Haute Belgiqua Libramont,
Belgium. Plantlets were micro-propagated every fiweeks as
described in Voets et al. (2005).

Seed disinfection dfledicago truncatula

Seeds ofMedicago truncatulaGaertn. cv. Jemalong A 17
(SARDI, Australia) were surface-disinfected by immsien in sodium
hypochlorite (8% active chloride) for 12 min, ridsiiaree times in de-
ionized sterilized (121°C for 15 min) water andrgerated in groups
of 25 on Petri plates (90 mm diam.) filled with 88 MSR medium
(Declerck et al. 1998) without sucrose and vitamensd solidified
with 3 g I' Phytagel (Sigma-Aldrich, St. Louis, USA) (terme®’).

The Petri plates were incubated at 27°C in the.dark

Culture, propagation and maintenance @bmus sp. MUCL
41833andR. solaniMUCL 49235

A root organ culture (ROC) oBlomussp. MUCL 41833 was
supplied by the Glomeromycotan vitro collection (GINCO -
http://www.mycorrhiza.be/ginco-bel). Spores weré&rasted from the

culture medium by solubilization of the gelling aggDoner and
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Bécard 1991). An approximate of 100 spores was #Hedected and
placed in the near vicinity of actively growing riefiormed carrot
(Daucus carotal.) roots (approximately 70 mm length) on Petri
plates (90 mm diam.) containing the MSR mediumdgad with 3 g
I* Phytagel (Sigma-Aldrich, St. Louis, USA), followgrthe method
described in Cranenbrouck et al. (2005). The Pplates were
incubated for 3 months in the dark in an invertegifion at 27 °C.
Several thousand spores were produced during éhnisdo

A culture of R. solaniKuhn MUCL 49235 was supplied by the
Mycothéque de [I'Université catholique de Louvain UL —
http://bccm.belspo.be/about/mucl.php). A plug ofl gmntaining
several bulbils and mycelium was placed on 50 nthf@oDextrose
Agar (PDA) (Scharlau Chemie S.A, Barcelona, Spairetri plates
(90 mm diam.). The Petri plates were incubated5at@ in the dark

for seven days.
Experimental design

A Mycelium Donor Plant (MDPin vitro split-root culture system
was adapted from the MDI vitro culture system developed by
Voets et al. 2009. Briefly, tri-compartmented Petri plates (90 mm
diam.) were used to physically separate a root eotment (RC)
containingM. truncatula plants inoculated wittGlomussp. MUCL
41833 from a hyphal compartment (HC) exclusively contagnithe
extra-radical mycelium of the AM fungus crossing hlastic barrier
separating the RC from the HC, and a mycelium-frempartment
(MFC) devoid of AM fungal mycelium (Fig. 16A). A st opening

(= 2 mm diam.) was made in the base and the lith@fPetri plates at
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the side of the RC using the tip of a heated facépe RC and HC of
the Petri plates were filled with 20 ml of M&Riedium solidified
with 3 g ' Phytagel (Sigma-Aldrich, St. Louis, USA)
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Fig. 16 (A) General view ofthe Mycelium Donor Plant (MDPn vitro split-root
culture system 8 weeks following the associatioradfledicago truncatulaplant
with the AM fungusGlomussp. 41833. The system consisted of a root comgattm
(RC) containing the roots dfl. truncatula associated withGlomus sp. MUCL
41833, a hyphal compartment (HC) containing theaesadical mycelium of the
AM fungus and a mycelium-free compartment (MFC) aldvof AM fungal
mycelium. Note the strip of MSR medium (5 mm widti@moved from the HC
alongside the plastic barrier separating the H@nftbe MFC (white arrows) and
dense extra-radical mycelium front (white dottedve) developing in the HC and
extending from the RC. (B) scaling-up on the mygalifront (white dotted curve),
scale bar = 1 cm. The three squares are scaledh Uigi 1C, 1D and 1E. (C)
Numerous hyphae crossing the partition wall sepsgahe RC from the HC and
extending in the HC, scale bar = 100. (D) Close up of the hyphal front showing
numerous hyphae extending on the surface of the $d@le bar = 10Qm. (E)
Spores production in the HC, scale bare = 100 um

Four-day-oldM. truncatulaseedlings were transferred to the RC,
with the roots placed on the surface of the M®Redium and the
shoot extending outside the Petri plate. Approxalyal00 spores of
the AM fungus were inoculated in the vicinity oethoots. The Petri
plates were then sealed with Parafilm (Pechinegstiel Packaging,
Chicago, IL 60631, USA) and the openings carefpligstered with
sterilized (121°C for 15 min) silicon grease (VWRtdrnational,
Belgium) to avoid contaminations. Petri plates wertdsequently
wrapped with opaque plastic bags to keep the AMgdisnandM.
truncatularoots in the dark, while the shoots developed urigét
conditions. The Petri plates were transferred tgr@avth chamber
under controlled conditions (22/18°C (day/night)0% relative
humidity, photoperiod of 16 h ddyand an average photosynthetic
photon flux of 22&mol m? s%). Starting from week 3, 10 ml MSR
cooled to 40°C in a water bath, was added weeklthéoRC. This
medium was added to provide the plants with nutsieand to

maintain the medium at the top of the partition Iwécilitating
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hyphae to cross from the RC to the HC. Roots thas@d the partition
wall were trimmed.

After a period of 8 weeks, the hyphal length anel tumber of
spores produced in the HC were estimated under saeding
microscope (Olympus SzZ40, Olympus Optical GmbH,n@ery) at X
10-40 magnifications following the method detailadVoets et al.
(2005. At that time, the MFC of the Petri plates weitked with 20
ml of MSR" medium

A small opening (x2 mm diam.), was made in the lzas®the lid
of the Petri plates, at the intersection (i.e.hat kevel of the plastic
barrier separating the HC from the MFC) of the H@ MFC (Fig.
16A). To avoid the development of the AM fungughie MFC, a strip
of MSR! medium (5 mm width) was removed from the HC aldghgjs
the plastic barrier separating the HC from the MF(g. 16A). A 10-
day-old potato plantlet was placed on the plasticier and half of its
root system plated on the HC and the other hatherMFC. The Petri
plates were then sealed carefully andubated in a growth chamber
set at 20/16°C (day/night), 70 % relative humidityh a photoperiod
of 16 h @ and an average photosynthetic photon flux (PPF306f
umol m? s*. A control treatment was included, consisting afca-
mycorrhizalM. truncatulaseedling plated in the RC and.@-day-old
potato plantlet placed on the plastic barrier whialf of the root
system plated on the HC and the other half on th&CMThe Petri
plateswere placed under the same conditions as descail@ee.

The inoculation withR. solanistrain was performed using a 3 mm
diam. plug from a seven day-old culture Bf solani containing

abundant mycelium and sclerotia. The plug was planethe close
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vicinity of the potato roots in the HC or MFC. Theoculation ofR.
solaniwas performed nine days after insertion of thexfwoplantlets
on the plastic barrier separating the HC from tHeO\Fig. 17)

Fig. 17 Mycelium Donor Plant (MDP)n vitro split-root culture system, nine days
after placing a 10-day-old potato plantlet on thesic barrier with half of its root
system plated on the HC and the other half on tReCNnd inoculated with a plug
of R. solani (black arrow) in the HCRoot compartment (RC¥ontaining M.
truncatula roots associatedvith the AM fungus Glomus sp. 41833. Hyphal
compartment (HC) containing the extra-radical myoel of the AM fungus
extending from the RC and half of the root systdrpaiato plantlet. Note the plug
of R. solani(black arrow). To avoid the extension of the exadical mycelium
from the HC to the MFC, a strip of MSR medium (5 muidth) was removed from
the HC alongside the plastic barrier separating H@ from the MFC (white
arrows). Mycelium free compartment (MFC) devoid AW fungal mycelium and
containing the other half of the potato root system

Five treatments were considered: (1) a controltrimeat with
potato roots plated in the HC and MFC without théd Auingus andR.
solani(termed Control); (2) a treatment with potato soplated in the
HC and MFC withGlomussp. MUCL 41833 inoculated in the RC and
developing exclusively in the HC and withoR solani (termed
AM™©): (3) a treatment with potato roots plated in H@ and MFC
without the presence of tH@omussp. MUCL 41833 in the HC and
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inoculated withR. solaniin the HC (termed Rs&f); (4) a treatment
with potato plantlets plated in the HC and MFC wiitle presence of
the Glomussp. MUCL 41833 inoculated in the RC and developing
exclusively in the HC and inoculated wigh solaniin the HC (termed
(AM+Rsol)"); (5) a treatment with potato plantlets platedtis HC
and MFC with the presence of th@&lomus sp. MUCL 41833
inoculated in the RC and developing in the HC amatulated withR.
solaniin the MFC (termed AMC+Rsol™).

For each analysis, the HC and MFC of the five imemits were
considered separately. Theot systemsn the HC and MFC of the
five treatments were harvestédand 2 days post inoculation (dpi) of
the potato plantlets witR. solani(i.e. 10 and 11 days, respectively
after plating of the potato plants in the HC and@JFSix replicates
were considered for each treatmenree replicates were randomly
selected to assess thmot colonization and disease severdayd the
three other were usddr gene expression analysis.

Root colonization and disease severity assessment

Root systems in the HC of thaM"® (AM+Rsol*® and
AMHC+Rsol"F treatments were used to estimate the AM fungal roo
colonization. The root systems were cleared in K4 at 50 °C for
90 min., rinsed with de-ionized water and stainath Wwrypan blue
1% (Phillips and Hayman 1970) at 50°C for 60 miheToot systems
were subsequently mounted on microscopic slidesohsdrved under

a dissecting microscope (Olympus SZ40, Olympus captGmbH,
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Hamburg, Germany) at X 10-40 magnification. Thecpatage of root
colonization was estimated according to McGoniglal (1990).

Root systems in the HC of the R¥oland (AM+Rsoly¢
treatmentsand in the MFC of theAM"“+Rsol"™® treatmentwere
harvested anthe disease severity rated using a 0—4 scale iohahF
no lesions, 1 = small lesions, between 1-3 mm lengt = more
extensive lesions, up to 5 mm length, 3 = lesi@mgér than 5 mm
and with necrotic areas, 4 = lesions over 50% efrtot area with
necrosis (Liu and Sinclair, 1991). A Disease In(i@R was calculated
using the following equation: % DI x (n x Sn) x 100 / (4N), where
n = number of plants with a given disease rating=Slisease rating

and N = total number of plants rated (Liu and Sair¢cl1991).
RNA extraction and Reverse Transcription

Total RNA was extracted from 50 mg frozen root enal with
Trizol® reagent (Invitrogen, Carlsbad, USA) with additional
chloroform purification step and then purified wgithe Purelink
Micro-to-midi total RNA purification systenfinvitrogen, Carlsbad,
USA) according to the manufacturer’'s instructiombe total RNA
was subsequently treated witie TURBO DNA-free™kit (Ambion,
Austin, USA) according to the manufacturer's inetions.
Concentration and purity of total RNA were deteretinin a
NanoDrop®-ND 1000 UV-Vis Spectrophotometer (Nangbro
Technologies, Wilmington, USA), using a 2 ul alitud the total
RNA solutions. RNA purity was estimated from the 682A280

absorbance ratio. Reverse transcription of 250 fngptal RNA was
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performed with the Transcriptor High Fidelity cDN3ynthesis Kit
(Roche, Montreal, Canada) in a volume of 20 pl vatigo (dT)s
primer at 55°C for 20 min,according to the manufacturer’s
instructions For each RNA sample, a reaction without RT was

performed as a control for contamination by genoDNA.

Real-Time quantitative PCR

Real-Time PCR analysis was performed using thétOygcler
2.0, the 5X LightCycler® FastStart DNA Mastet® SYBR Green |
Mix and gene-specific primers (For LightCycler 2%perimental run
and primer design, see Gallou et al. 2010). Nosatbn was
achieved using the geometric means of three po&derence genes
(i.e. peta-tubulin Elongation Factor-1-alphaand Glyceraldehyde 3-
phosphate dehydrogengsewhich showed the most stable genes
expression in the potato roots during symbioticald&ghment of
Glomus sp. MUCL 41833 determined by the geNorm software
(http://medgen.ugent.be/~jvdesomp/geNorm) (Seeoc@Gat al. 2010).
In order to visualize the up-regulated or down-tatpd genes, the
data were analysed statistically with software REX®ID9 (relative
expression software tool; Pfaffl et al. 2002; Hhitprst.gene-
quantification.info/). Significance values were s¢P-value < 0.05.
P(H1): the probability of alternate hypothesis thdifferentiate
between sample and control groups is due only émok In order to
visualize the difference across the treatmentsefmh gene and time
point, the data were analysed by tht* method (Pfaffl 2001) and
were subjected to ANOVA.
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Statistical analysis

Root colonization and gene expression data (i.éative
expression ratio) were subjected to one-way ANOVAkey Honest
Significant Difference (HSD) was conducted to idignsignificant
differences P < 0.05) between the groups. Data analysis was
performed with the SAS enterprise guide 4.1 (SASitine Inc., Cary,
USA).

Results

Extra-radical mycelium development Glomussp. MUCL 41833 in

the HC of the MDRn vitro split root culture system

The AM fungus associated . truncatulain the RC started to
cross the plastic barrier separating the RC fraanHE after six weeks
(Fig. 16B and 16C) and developed profusely on tivease of the HC
within seven weeks (Fig. 16B and 16D). Eight weedkfter
associationthe hyphal length produced in the HC was 5818 +7238
cm and the number of spores 4695 + 2625 (Fig. 18&that time, the
Petri plates were randomly separated in three group. AM™
(AM+Rsol)"© and AM'™“+Rsol™®, each containing 12 Petri plates.

Colonization of the potato root systems plated e HC containing

the extra-radical mycelium @lomussp. MUCL 41833
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The potato plantlets were grown nine days in M2P in vitro
split-root culture system with half of the root s&gra developing in the
HC in contact with the extra-radical mycelium (ERMf) the AM
fungus. The root colonization of the potato plants subsequently
assessed in absenceRafsolani(AM "¢ treatment) or 1 and 2 dpi with
the root pathogen ((AM+Rs6fj and AM"“+Rsol'© treatments)
(Table 20). In the HC of the ARt treatment, the percentage of root
colonization was 27.5% at day 10 (1 dpi wRhsolanj and 22.5% at
day 11 (2 dpi witlR. solan). Identically, the percentage of arbuscules
was 5.9% 3.4% at day 10 and 11, respectively. Bsicles were
observed at day 10, while the first traces wereedetl at day 11
(0.6%).

Table 20Root colonization of potato plantlets grown for&yd in the extra-radical
mycelium of the AM fungus MUCL 41833 in absenc&M"® treatment) or
subsequently inoculated for 1 and 2 days with tw pathogerR. solaniMUCL
49235 ((AM+Rsol}f© andAM "“+Rsol" ¢ treatments)

Root colonization (%)

Treatment Structure
1 2
27.5 a/lA 22.5 a/lA
Hyphae
(x1.5) (+13.0)
AMHC Arbuscules 5.9 alA 3.4 alA
(£ 0.8) (+3.2)
Vesicles 0 0.6a
(1)
25.2 a/lA 25.4 a/A
Hyphae
(+8.5) (*4.2)
(AM+Rsol)™® Arbuscules 7-1alA 4.0 /A
(+4.9) (+4.1)
. 0.2 a/A 1.2 a/A
Vesicles
(£ 0.4) (*2.4)
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22.3 a/A 23.4 alA

Hyphae
(+11.2) (+10.3)
AM"C+RsoMFC 4.1 alA 6.2 a/lA
Arbuscules
(+3.9) (5.6)
Vesicles 1.2A 1.2 a/A
(*1.0) (+0.9)

For each structure and time of observation, val{steer than 0) in a column
followed by different small capitals differed sifjoantly at P < 0.05. For each
structure, values in a row (other than 0) followey different capitals differed
significantly atP < 0.05. Both analyses were conducted as a one-way\ANand
Tukey’'s HSD. The standard error is shown in braxKBiological replicates = 3).
For data of root colonization of 0%, no statistiaahlyses were done because of the
impossibility to calculate the variance

" Days post inoculation of potato plantlets withquagen:R. solani

In the HC of the (AM+Rsof}° treatment, the percentage of root
colonization was 25.2% at day 10 (1 dpi wkhsolan) and 25.4% at
day 11 (2 dpi withR. solan). The percentage of arbuscules was 7.1%
at 1 dpi with the root pathogen and decreasedG% 4t 2 dpi. The
percentage of vesicles was 0.2% at 1 dpi and iseck#o 1.2% at 2
dpi.

Finally, in the HC of th\M "“+Rsol"" treatment, the percentage
of root colonization was 22.3% at day 10 (1 dpihv®. solanj and
increased to 23.4% at day 11 (2 dpi wihsolan). The percentage of
arbuscules was 4.1% at 1 dpi with the root path@gehincreased to
6.2% at 2 dpi. The percentage of vesicles was hR¥%and 2 dpi.

For each structure (i.e. hyphae, arbuscules arsiclgs), no
significant differences were observed betweenrdaiments and time
of observation.

Disease index of potato plantlets grown in the gmes ofR. solani
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The potato plantlets were grown nine days in M2P in vitro
split-root culture system with half of the root &3 developing in the
HC and the other half in the MFCThe disease severity was
subsequently rated visually 1 and 2 dpi of the foopdantlets withR.
solani in the HC, in presence ((AM+RsB8f treatment) or absence
(Rsol*® treatment) of the ERM network of the AM fungusdan the
MFC in presence of the ERM network of the AM fungnghe HC
(AM"C+RsolM™ treatment). The disease index was calculated using
the equation of Liu and Sinclair (1991) (Data nodw). Whatever the
treatment, no visible lesions were observed atdLZadpi of the root
pathogen. In addition, the radial growthR®f solaniwas measured in
the three treatments (i.e. data not shown). Noifsignt difference
was noted between the treatments. At 1 dpi Wittsolani,the radial
growth was 1.1 + 0.2 cm and doubled (i.e. 2.3 +d} at 2 dpi with
this pathogen.

Expression of defence response genes in potattigiam presence/

absence of the AM fungi ariRl. solani

The relative expression ratio of the defence resp@ene§&ST1
LoxandPR2was assessed on the root system of the potatdgitamt
presence of the ERM of the AM fungus and absendg. @olani(in
the HC and MFC of th&M ") or 1 and 2 dpi of the root pathogen in
presence (in the HC and MFC of thaM"“+RsolM™ and
(AM+Rsol)" treatments) or absence (in the HC and MFC of the
Rsol™©) of the ERM network of the AM fungus (Fig. 18).
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Fig. 18 Relative expression ratio of three defence geBaslfatione-S-transferase 1
(GST1), Lipoxygenase (Lox) and Pathogenesis Relat€BR2)) assessed on the
root system of potato plantlets plated in the H@ &FC with the extra-radical
mycelium ofthe AM fungusGlomussp. MUCL 41833 developing exclusively in
the HC and in absence (Af) or inoculatedin the HC ((AM+Rsol}f®) or MFC
(AM"“+Rsol*™©) with R. solaniMUCL 49235, and in absence of the extra-radical
mycelium of the AM fungusleveloping in the H@nd inoculated withR. solaniin
the HC (RsdI“). The monitoring of the relative gene expressioioraias done by
Real-Time Quantitative PCR at 1 and 2 days postutadion (dpi)of the potato
plantlets with the root pathogeR: solani Data were normalized by the geometric
mean of the three reference genes &Elw, GAPDHandpg-tub). The data points
represent the relative expression ratio of threéobical replicates and the standard
error range (i.e. refer to 68% confidence intervalJp-regulated or down-regulated
gene with significance values were set at P val@e05 (P(H1): the probability of
alternate hypothesis that difference between sawmpdiecontrol groups is due only
to chance) (REST 2009). For each gene, values lative expression ratio,
calculated at 1 and 2 dpi wifR. solanifollowed by a different small/capital letter
differed significantly at & 0.05 (Tukey's HSD)

Whatever the treatments considered, no inductiorstatistical
differences was observed in the relative expressito of GST1gene
at day 10 (i.e. 1 dpi witR. solan). To the contrary, at day 11 (i.e. 2
dpi with R. solan), we showed an induction @&ST1gene in the
compartments containing the AM fungus and/or pathogAt that
time, we noted a statistical higher inductionG$T1gene in the HC
of the (AM+Rsolj'® treatment as compared with the HC of the Fsol
and MFC of theAM"“+Rsol""© treatments. In presence of the AM
fungus alone (i.e. HC of thaM"® and HC of theAM"“+Rsol"*©
treatments) no statistical difference was noted¢ampared with the
presence of both microorganisms together. At dgyndlinduction of
GST1gene was observed in absence of the two microagenand
their relative expression ratios were significarldywer as compared
with the presence of both microorganisms together.

Whatever the treatments considered, no inductiahabserved in
the relative expression ratio of thex gene, at day 10. Conversely, at
day 11, we observed an inductionL@ix gene in the HC of tham "¢
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and HC of theAM "“+Rsol"" treatments. Interestingly, this gene was
not induced in the HC containing both microorgargs(hlC of the
(AM+Rsol)"© treatment) and this relative expression ratio was
significantly lower as compared with the relativgression ratio of
the HC of theAM"® and HC of theAM"“+Rsol™ treatments. For
the HC of the Rs8f treatment and the MFC of thev " treatment,

no induction of Lox gene was observed, whatever the time of
observation. Interestingly we noted the inductidrLox gene in the
HC in presence dR. solaniwhile the compartment was colonized by
the AM fungus (i.e. MFC of thaM"“+Rsol*™ treatment). Moreover
this relative expression ratio was significantlgtrer compared with
the relative expression ratio of the HC of the Rsaleatment.

At day 10, we observed the induction PiR2 gene in the HC of
the (AM+Rsol}"® and HC of theAM"“+Rsol"" treatments, whereas
at day 11, we clearly showed the induction RiR2 gene in both
compartments in presence of the AM fungus (i.e. ?1Ghe AM™,

HC of the (AM+Rsol)® and HC of theAM"“+Rsol"™ treatments),
with a higher induction in the HC of tiM"“. The induction of this
gene was not observe in the MFC of &id " treatment and MFC of
the (AM+Rsol}'® treatment. In presence B solani(i.e. HC of the
Rsol™® treatment), we observed the induction of BiR2 gene at day
11. We did not observe the induction of this ganéhe compartment
in presence oR. solanieven with the other compartment colonized by
the AM fungus (i.e. MFC of thAM "“+Rsol"F treatment) at day 11.
Moreover, this relative expression ratio was sigaiitly lower
compared with the relative expression ratio of ith@ of the RsdI®

treatment.
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Discussion

The role of AM fungi in the control of root pathegs, among
which R. solani(Kasiamdari et al. 2002; Yao et al. 2002; Gallbale
Chapter 1l ), has been mentioned in different studies andrakve
mechanisms have been proposed (see review by Ruk®Azcon-
Aguilar 2007). In the last decade, Pozo et al. P@hd Khaosaad et
al. (2007) reported on the systemic resistanceecoed by AM fungi
to mycorrhizal tomato and barley plants attackedPbparasiticaand
G. graminis respectively. Systemic protection was evidencgtytic
activity noted in the non-mycorrhizal roots of mydozal tomato
plants (Pozo et al. 2002) and was dependent ordegece of root
colonization (Khaosaad et al. 2007). Both studiesevwconducted with
split root compartment systems undewivo culture conditions. In the
recent yearsin vitro cultures associating an AM fungus and a root
organ (Gonzalez-Guerreo et al. 2005; Waschke €086) or a whole
plant (Voets el al. 2009; Gallou et al. 2010) wehewn adequate to
investigate gene expression and to monitor, notraws/ely the
development of the AM fungal colony. Ithe present study, the
Mycelium Donor Plant (MDP)n vitro culture system, developed by
Voets et al. (2009) for the fast and homogenousriphtion of
autotrophic plantsvas extended to an MDIR vitro split root culture
systemto investigate the systemic resistagcaferred byGlomussp.
MUCL 41833in potato roots challenged IR solani

Mycelium and spore productioof Glomussp. MUCL 41833 in
the HC of the MDHn vitro split root culture systems was extensive.

Above 5800 cm hyphae and 4700 spores were obtamddn a
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period of 8 weeks, supporting earlier observatibgsVoets et al.
(2009) and Gallou et al. (2010) over the same gdeobtime in bi-
compartmented Petri plates. The ERM extending erH@ surface of
the MSR medium further contacted the potato rooid, avithin a
period of 10 and 11 days, nearly a quarter of thet system was
colonized by the AM fungus with arbuscules and & feesicles
formed.This suggested that tih&DP in vitro split root culture system
was adequate for the development of the extra-ahditycelium
(including spore production) and for root coloniaat

Root colonization in presence Bf solaniinoculated (for 1 and 2
days) nine days following plating of the plantl@isthe ERM of the
AM fungus, wassimilar to the control (i.e. without the root pagfem).
These results corroborated the observations obGait al. Chapter
[ll'). These authors demonstrated tRatsolanj inoculated nine days
after plating potato plantlets in the ERM network Glomus sp.
MUCL 41833 in the MDHn vitro culture systemhad not effect on
the level of AM fungal root colonization. Identibal in their study
conductedn vivo, Pozo et al. (2002), showed that root colonizatibn
tomato was not affected by the presenc®.gbarasitica However, it
Is to be noted that no lesions were observed isgmee as well as in
absence of the AM fungus. Therefore, it is doubtfialt any impact of
the pathogen upon the symbiont would have beemadxbevithin this
period of time. The absence of root lesions wadisagreement with
the observations of Gallou et alCHapter Ill). These authors
observed the first lesions Bf. solaniin the potato roots 2 dpi with the
pathogen (i.e. disease index value of 12.1 + 2.4Within this period,
the root pathogen covered the surface of the eatimepartment (HC
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or MFC) and the experiment had to be stopped tadadevelopment
in the adjacent compartments. However, some systevese
maintained 3 dpi with the pathogen (data not shoamg the first
lesions were recorded on the potato roots withesglciose to those
reported by Gallou et al. (2010) after two dayssHuggested that the
root pathogen had started the process of roottiofeprobably at day
2 without visible lesions on the root surface. Etteough the absence
of lesions, a number of studies have comfortedrdie of early root
colonization by AM fungi on the control of root pagens via a
mechanism of competition for colonization sites @er et al. 1998).
Such hypothesis could not be confirmed in our erpent.

From the recent literature (Pozo et al. 2009)a& been reported
that bio-protection may be evidenced by the exprvasef defence
genes induced in plants by AM fungi. In particuldre SA- and JA-
dependent genes, which are involved in many platitggen and
plant-insect interactions (De Vos et al. 2005), nbaypromoted in
presence of the AM fungu#n addition, it is generally admitted that
the lack of lesions caused by a root pathogen doésesult in the
absence of molecular defence response. For thecaddsystemic
resistance (ISR), Van Wees et al. (1999) have dstraird that JA-
responsive genes displayed a maximum of expressionSR-
expressing plants one day after inoculation by phéhogen. This
result was confirmed by Cartieaux et al. (2008)owdemonstrated
that defence genes were elicited while no diseasep®ms or
difference in pathogen population were observedointrol and ISR-
expressing plants. Recently, Gallou et aChdpter 1l ) have

suggested the protective effect conferred by the fAMyus to potato
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plants challenged bR. solanicould be associated with a priming of
SA-dependent genes. The highest values of prirafrigA-dependent
genes were observed 2 dpi with solani Therefore, the real-time
QRT-PCR technology was considered adequate to sasHes
expression of SAGST1andPR2 and JA-dependent.¢x) genes in
the AM fungal colonized potato plants, 1 and 2 dafger inoculation
with the root pathogen even in absence of lesions.

In absence oR. solanj the root system of potato plants, grown 10
and 11 daysin contact with the ERM of théM fungus @AM "C
treatment), showed an induction GST1 Lox and PR2 genes as
earlier reported by Gallou et al. (2010) and Gal&tual. Chapter
[l1'). To the contrary, in the mycorrhizal-free roats.(in the MFC of
the AM" treatment), no induction of thesgenes was observed.
These observations were consistent with the resiltBozo et al.
(2002). These authors demonstrated that chitingsle3-glucanase
and superoxide dismutase activity in the non myupat roots of
mycorrhizal plants had the same activity than messin the roots of
non-mycorrhizal plantsin presence ofR. solaniin the HC and
absence of the AM funguf¢ol’® treatment) an induction of the two
SA-dependent genesGET1 and PR2 was noted 2 dpi of the
pathogen. These observations were confirmed byoGai al. (2010)
who demonstrated that potato defence responsR.tgolani was
dependent on the signal molecules SA and ET bufAotdentically
to the AM"C treatment, no induction dBST1 Lox and PR2 genes
were observed in the MFC of the R€otreatment at 1 and 2 dpf R.
solani This confirmed previous results reported by Petzal. (2002).
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When both organisms were present (i.e. the rodesy®f potato
plantlets grown nine days the HC in contact with the ERM of the
AM fungus and inoculated in the HC wifR. solani((AM+Rsol)™
treatment), we observed a slight primingG$T1gene. However, this
mechanism was not significant as compared wittHBeof theAM"™©
treatment. In addition in the HC of (AM+Rs0df) treatment, we also
showed the absence of induction lodx gene 2 dpi of the root
pathogen as compared to half root system colontzgdhe AM
fungus alone. These observations showed some ©gigita those
reported by Gallou et alChapter Il ). These authors observed the
priming of SA-dependent genes and a repressiomeLdx gene in
the roots of a mycorrhizal potafgdantin presence oR. solaniand
have suggested that the bio-protection triggerethbyAM fungus in
the potato roots againB. solanicould be attributed to the priming of
SA-dependent genes. It is plausible that such nmsima was
expressed in our experiment. Conversely, in the M®&IC the
(AM+Rsol)" treatment, no induction dST1 Lox and PR2 genes
were observed. These results were consistent athesults obtained
in the MFC of theAM "™ and RsdI® treatments, where no induction
of GST1 LoxandPR2genes were observed.

In presence of both organisms (the AM fungus in @ andR.
solaniin the MFC AM "“+Rsol""® treatment)), we observed the same
pattern of genes induction in the HC as in the @M " treatment.
These observations were consistent with the faat th the root
system developing in the HC, only the AM fungus wassent, and
with the results obtained in the MFC of R&otreatments, in which

no effect ofR. solanion the expression @&3ST1 Lox andPR2genes
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in the non-infected half root system was obseredhe MFC of the
AM"C+Rsol"F¢ treatment, we observed a priminglafx gene 2 dpi
with R. solaniin the non-mycorrhizal roots of the mycorrhizal gtot
plantlets. Priming has been defined as a uniqusiplogical status of
plant materialized by an increased resistance tbhogans which is
due to certain beneficial microbes or natural/sgtithcompounds.
Primed plants display faster and/or stronger atttmaof various
cellular defence responses that are induced fatigwattack by
pathogens or insects or in response to abiotisst(€onrath et al.
2006). Moreover, some studies explained that tloteptive effect
conferred by the AM fungus should be associated Wie¢ priming of
JA-dependent defence mechanisms (Khaosaad etQd; P@zo et al.
2009). In addition, we observed the counterbalapohPR2 gene 2
dpi with R. solaniin the non-mycorrhizal root system of mycorrhizal
potato plantlets. This mechanism of counterbalandimas already
been described in plant-fungi interaction (Cartieatial. 2008). The
authors have shown that among the 707 genes drfilianscription
changes following pathogen attack (iRseudomonas syringgav.
tomato DC3000) in the leaf ofArabidopsis thalianaplants, 684
recovered a level of expression similar to thatha control plants
when the plants were protected Bsadyrhizobiunsp. strain ORS278
colonization prior to pathogen challenge. The arghexplained that
the mechanism of counterbalancing is almost cdytdire indication
of a successful protection and could operate thropgming of
defence genes.

In this study,we developed a new MDIiR vitro split root culture

system adapted from tiMDP in vitro culturesystem of Voets et al.
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(2009) to studythe systemic resistance in mycorrhizal potato
challenged by the root pathogBnsolani This system allowed for the
fast and homogenous colonization of potato plantsvg in a dense
ERM containing thousand of spores anddene expression analysis.
Even though no lesions were noted on the rootsechbgR. solanj
gene expression analysis showed mechanisms of nginand
counterbalancing during the interaction betweenAM fungus and
the root pathogen. Despite these observationshdurtesearches
allowing the clear quantification of the pathogee gequired to relate
these mechanisms to a systemic controlRofsolani by the AM
fungus. Moreover, a large scale analysis of defeyjezee expression
should be performed to confirm the presence ofettve mechanisms

during the AM fungugR. solaniinteraction in the potato roots.
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Chapter V

Mycorrhiza-induced resistance in potato
plantlets challenged by Phytophthora
infestans

Adapted fronthe article published in

Physiological and Molecular Plant Pathology (2011)n press,
doi:10.1016/j.pmpp.2011.06.005

Adrien Gallou, Hernan Patricio Lucero Mosquera, 8§l

Cranenbrouck, Juan Pablo Suarez and Stéphane Décler

209



210



Preface

As in chapters Ill, numerous studies have repotiedbiological
protection conferred by AM fungi to plants againsbil-borne
pathogens (Review by Whipps 2004; Pozo et al. 201®)both
chapters, the results supported that the AM fuh&iszophagusp.
MUCL 41833 was able to confer resistance to pgbédats againsk.
solani In contrast, few studies were conducted on thaodgical
protection of above-ground pathogens by AM fungil d@ne results
were less conclusive.

In chapter 11I.C, we decided to use the MD# vitro culture
system to study the biological protection Rtizophagusp. MUCL
41833 against the late blight disease caused byhéneibiotrophic
pathogerP. infestansThe biological protection effect &hizophagus
sp. MUCL 41833 was evaluated by measuring theitdattion index
and the expression of defence genes in the ledvidbge anycorrhizal

potato plants inoculated with. infestans

® In this chapter, we took into consideration the AMgal classification of Scifiier
et al. (2001)
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Abstract

Biological control of soil-borne pathogens by ardar
mycorrhizal (AM) fungi has been repeatedly dematstt. However,
their role in the control of above-ground hemilopinic pathogens is
less conclusive. Here, we investigaiadvitro the impact of an AM
fungus onPhytophthora infestans potato plants. The leaf infection
index was decreased in mycorrhizal potato plantgalRime
Quantitative PCR revealed the induction of two pgtnesis related
genes PR1andPR32 in the leaves of mycorrhizal plants shortly after
infection with P. infestans These results suggested a systemic
resistance in mycorrhizal plants, related to thenjmig of the twoPR

genes in potato.
Keywords: arbuscular mycorrhiza fungus, defence genes, myste

resistance, in vitro system, Phytophthora infestans Solanum

tuberosum

213



Introduction

Phytophthora infestangMont.) de Bary is a hemibiotrophic
pathogen with biotrophic behaviour during early ection and
necrotrophic behaviour in the later stage of cdation. This
pathogen induces late blight and is considered oheéhe most
devastating microbes that cause disease in potafts ¢Erwin and
Ribeiro 1996; Kamoun 2003). Annual losses in Eur@ipe costs of
control and damage) are estimated above 1 billigHaerkort et al.
2008). Late blight is mainly controlled by repeatgesticide
applications, which is time-consuming, costly ararnhful for the
environment (Bradshaw et al. 1999; Song et al. 20DBe control of
this disease is also conducted via integrated nesameagt practices
including sanitation, utilization of certified seedoreeding programs
for resistant cultivars (Bradshaw et al. 1999; glemiwers et al.
2008) and fertilization management (Ros et al. 2008 the recent
years, natural compounds such as plant extractswels as
microorganisms have been tested in the contextrgénic potato
production (Dorn et al. 2007). Beneficial microangans such as
Pseudomonaspecies, fungal antagonists and arbuscular myaairhi
(AM) fungi (O’Herlihy et al. 2003; Andreote et €2009; Bae et al.
2010)] have been used agaitytophthoradisease. For example
under greenhouse conditions, Andreote et al. (208&pined a
diminution of 45 % of the lesion after 5 days ofertion by P.
infestanan potato plants inoculated with putidastrain P9.

AM fungi are soil microorganisms developing oblgaymbiotic

associations with the roots of more than 80% ofhéigplants

214



including the vast majority of agricultural cropSngith and Read
2008). The fungal symbiont receives carbohydratem fthe plant,
required to complete its life cycle, in exchangerfatrients (i.e. such
as phosphate) and water transferred to the plamiti{Sand Read
2008). This bi-directional exchange results in éased growth of the
plant and profuse development of the AM funguspérallel, AM
fungi have been widely reported to confer bio-pcbta to plants, in
particular against soil-borne pathogens. Numerdusdies reported
reduction in incidence and/or severity caused bggifusuch as
Rhizoctonia solaniFusarium oxysporunor Verticillium Wilt and by
fungal-like Oomycetes such d3hytophthorasp., Pythium sp. or
AphanomycesuteichegWhipps 2004; Pozo et al. 2009).

In contrast, few studies were conducted on the edgpgund
control of pathogens by AM fungi and results wegssl conclusive
(Whipps 2004). Improved tolerance was observed ycamhizal
plants against biotrophic pathogens such as powdarldew
(Blumeria sp.) and rust fungi Qidium, Uromyces resulting in
increased plant mass and yield in comparison to-mygeorrhizal
plants (Gernns et al. 2001; Whipps 2004). The peaseffect of AM
fungi on plant resistance has also been reportathstgnecrotrophic
pathogens such @dternaria solaniin tomato (Fritz et al. 2006; De La
Noval et al. 2007) an®otrytis cinereain roses (Moller et al. 2009)
and tomato (Jung et al. 2009). With hemibiotroplimgi and
particularly Colletotrichum orbiculare the impact of AM fungi was
more controversial. Lee et al. (2005) observed eredse of the
anthracnose disease on the leaves of cucumber géoriized with

Glomus intraradices whereas, no significant effect on disease
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development was observed in cucumber plants intellavith G.
mossea€éChandanie et al. 2006). Finally, in the cas® oinfestansa
delay in the progression of disease (i.e. durimgri&crotrophic phase)
was observed on potato plants colonized with a ceroi@ AM
fungus inoculated in the field (O’Herlihy et al.@%).

The modulation of plant defence by AM fungi hasm@roposed
as one of the principal mechanism responsible @ ¢ontrol of
above-ground pathogens (Pozo et al. 2009). In quéati the
signalling pathways of jasmonic acid (JA), ethyl¢B&) and salicylic
acid (SA) which play major roles in the regulatiohplant defence
seems to be involved (Van Wees et al. 2008). If iticuction of
defence mechanism has been clearly observed inukigial colonized
areas of the roots, and also on the whole rooesysince long time
(Benhamou et al. 1994; Cordier et al. 1998; PozaleR002), the
induction of plant defence has only been recengiyorted in the
leaves of mycorrhizal plants (Liu et al. 2007; Pe&tal. 2009). In a
recent study, Jung et al. (2009) demonstrated that induced
systemic resistance conferred By mosseaeagainstB. cinereain
tomato leaves was associated with a marked inducifi@ JA marker
gene Pin 1) in the mycorrhizal plants. They argued that the
mycorrhiza induced resistance (MIR) agaifsst cinereacould be
associated to a priming of JA-dependent defences.

In the present study, the effect of the AM fungBkmus sp.
MUCL 41833 on the increased resistance of potadatplagainst the
hemibiotrophic pathogef®. infestansMUCL 43257 was evaluated.
Analyses on leaf infection index and AM fungal ramilonization

were coupled to the Real-Time Quantitative PCR retdgy to
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estimate the impact of the AM fungus on the eadyalopment of the
late blight disease. In particular, the expressodndefence genes
dependent on the SA pathway: Gluthatione-S-traaséerl GST)
and acidic Pathogenesis Related PR®; dependent on the JA
pathway: Lipoxygenase L¢x); dependent on the ET pathway:
Ethylene Response Factor BRF 3; dependent on JA/ET pathways:
Phenylalanine Ammonia LyasPAL) and basic Pathogenesis Related
1 (PR) and a Mitogen-Activated Protein KinasAPK) gene
encoding for a wound-induced protein kinase whilaiconvergent
point in the signalling pathway of defence respeneglant-pathogen
interactions (Yamamizo et al. 2006) were visualisEhis study was
conducted unddn vitro culture conditions using the Mycelium Donor
Plant MDP) in vitro culture system (Voets et al. 2009), which
allowed to synchronize the development of the AMigus in the

potato roots.
Material and methods
Biological Material

A root organ culture (ROC) o&lomussp. MUCL 41833 was
supplied by the Glomeromycotan vitro collection (GINCO -
http://www.mycorrhiza.be/ginco-bel). The strain wagown in
association with Ri T-DNA transformed carrddgucus carotal.)
roots clone DC1 on Petri plates (90 mm diam.) dairig the
Modified Strullu Romand (MSR) medium (Declerck dt &998)
solidified with 3 g 1* Phytagel (Sigma-Aldrich, St. Louis, USA),
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following the method detailed in Cranenbrouck e{2005). The Petri
plates were incubated in the dark in an inverteditipm at 27 °C
during several months until thousands of sporeg wbtained.

A culture of Phytophthora infestangMont.) de Bary MUCL
43257 was provided by the Mycotheque de I'Univérsitholique de
Louvain (MUCL - http://bccm.belspo.be/about/mucpphThe strain
was cultured on Petri plates (90 mm diam.) cont@nhe V8 medium
(Erwin and Ribeiro 1996) and incubated for 7 day2°C under an
average photosynthetic photon flux of 2@Mol m? s*. After this
period, the cultures were incubated in the darRGC. After four
weeks of cultivation, 100% of the surfaces of thetriPplates were
covered by the fungus and an average of 76.5xsp6rangia was
enumerated in each Petri plate (estimated by randoumting of
several fields of 0.1mfrunder microscope at magnification X 4.5 and
multiplication by the surface of the Petri plat§porangia ofP.
infestanswere harvested by spraying 5 ml of deionized Istevater
over the surfaces of the cultures in the PetrieBlahaintained in a
slope at 40°. The sporangia accumulated at theornotf the Petri
plates were harvested with a micropipette and placea small Petri
plate (45 mm diam.). The solution was then adjustdtth sterile
deionized water in order to obtain 250 sporangrgube

In vitro produced potato plantletS¢lanum tuberosurh., var.
Bintje) were provided by the “Station de Haute Bglg” in
Libramont, Belgium. The plantlets were sub-culturesh the
Murashige & Skoog (MS) medium. Briefly, nodal cogs were
placed in sterile culture boxes [90 x 60 x 50 m@&0 €uttings per
box)], filled with 50 ml of 4.412 g1 MS medium, supplemented with
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20 g I' sucrose, 3 g1 Phytagel (Sigma-Aldrich, St. Louis, USA) and
adjusted to pH 5.9 before sterilization (121°C 8 min). The
plantlets were kept in a growth chamber at a comgtanperature of
22 °C and illuminated for 16 h'dunder a photosynthetic photon flux
of 225 umol M s (Voets et al. 2005).

Seeds ofMedicago truncatulaGaertn. cv. Jemalong A 17
(SARDI, Australia) were surface-disinfected by immsien in sodium
hypochlorite (8% active chloride) for 12 min ancenhrinsed three
times in deionized sterile water. The seeds wermigated in groups
of 25 per Petri plate (90 mm in diam.) on the MSBdiam, without
sucrose and vitamins, solidified with 3 gPhytagel (i.e. MSH. The

Petri plates were then incubated at 27°C in thik.dar

Experimental set-up

Mycelium Donor Plant (MDPin vitro culture systems were set up
with M. truncatula seedlings (see Voets et al. 2009 for details).
Briefly, bi-compartmented Petri plates (90 mm digmere used to
physically separate a root compartment (RC) fromhyphal
compartment (HC). Four days oldl. truncatula seedlings were
transferred to the RC, with the roots placed ondingace of 20 ml
MSR! medium and the shoot extending outside the Pkite pvia a
hole. Forty-eight Petri plates were set up and le&lthem were
inoculated with an approximate of 100 sporesstdmussp. MUCL
41833 placed in the close vicinity of the rootseTPetri plates were
sealed with Parafilm (Pechiney, Plastic Packagi@fjicago, IL
60631) and the holes carefully plastered with kted (121°C for 15
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min.) silicon grease (VWR International, Belgiump tavoid
contaminations. The Petri plates were subsequemthpped with
opaque plastic bags to keep the AM fungus ntruncatularoots in
the dark, while the shoots developed under liginddmns. The Petri
plates were incubated in a growth chamber se24182C (day/night),
70% relative humidity, photoperiod of 16 ifd and an average
photosynthetic photon flux of 228nol m?s ™,

After 6 weeks of incubation, the AM fungus startedcross the
partition wall separating the RC from the HC andadeped profusely
in the HC containing 20 ml MSRmedium. After two additional
weeks, two new holes were practiced in the HC efRletri plates to
facilitate the emplacement of two (10 days @&dYuberosunplantlets.
The roots of the potato plantlets were placed aselcontact with the
extra-radical mycelium (ERM) of the AM fungus demgihg on the
MSR! medium. The Petri plates were sealed following $aene
procedure as above. The Petri plates were thereglat a growth
chamber set at 20/16 °C (day/night), a RH of 9@%hotoperiod of
16 h d* and a photosynthetic photon flux of 225 pmof st. Two
potato plantlets were also introduced in the corfetri plates (i.e.
without the AM fungus associated kb. truncatulgd. The Petri plates
were grown under the same conditions as above.

After 12 days, the mycorrhizal and non-mycorrhig@atments
were randomly separated in two groups and the @opdantlets
subsequently inoculated or not wif. infestans The inoculated
plantlets received 2 ul of the solution &% infestans(i.e. 500
sporangia) placed on the central nerve of the third fourth leaves

starting from the base of each potato plantlet e@®mmended by
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Eucablight (2009). In summary, four treatments weomsidered
consisting of Petri plates containing each two foofalantlets (i.e.
considered as one single replicate) plated on thiedy growing
ERM of Glomus sp. MUCL 41833 in the HC and inoculated
(+Myc+Pi) or not (+Myc-Pi) withP. infestangr grown in absence of
the AM fungus and inoculated (-Myc+Pi) or not (-Mg with P.
infestans Twelve replicates were considered per treatntemir Petri
plates per treatment were harvested 1, 2 and 4 piagtsinoculation
(dpi) with P. infestans(corresponding to 13, 14 and 16 days post
development of the potato plants in the HC in cointet not with the
ERM of the AM fungus) and used to assess the ptagenof leaf
damage and gene expression analysis. The roonsyd$tem the two
potato plants of each replicate were used to estintae root

colonization.

Evaluation of root colonization by the AM fungusida leaf

infection index byP. infestans

The root systems of the two potato plants of eagtiqate in the
treatments +Myc-Pi and +Myc+Pi were harvested, édiland used to
evaluate the root colonization by the AM fungus.oRowere first
cleared with 10% KOH at 50 °C for 60 minutes arehtltained with
1% Trypan blue at 50 °C. The roots were then rirtkege times with
deionized water and immersed in 50 % Glycerol dud8 h. Roots
were observed under a compound microscope (OlympHZ,
Olympus Optical, GmbH, Germany) at 20-40x magniiass,
following the method of McGonigle et al. (1990). d®®aolonization
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was assessed by evaluating the total root colaaizapercentage of
arbuscules (%A), vesicles (%V), and hyphae (%oHhveih average
number of intersections observed of at least 120.

In each replicate of the four treatments (-Myc-Rlyc+Pi, +Myc-
Pi and +Myc+Pi), two of the inoculated leaves (dmoen each potato
plant) was used to assess the surface of leaf daosgg Assess 2.0
software (APS 2002-2008). The leaves were placed warite filter
paper in a Petri plate and photographed using @IC&D5 with an
18-55 mm f 3.5-5.6 objective. The pictures wereoapked to the
Assess 2.0 software and the “leaf infection indealculated as the
ratio between the surface of the leaves presemgxgosis to the
surface of the leaves without visible damage.

Disease development of the —Myc+Pi and +Myc+Pattrents
was also assessed by the area under disease progueges
(AUDPC). The AUDPC was calculated according to #gpation

n-1
(Campbell and Madden 1990): AUDPC ((y + Y+1)/2) X (ta- 1),

were n = number of observations, y = the leaf indecindex and t =

the day post inoculation with. infestan®f each observation.
RNA extraction

In each replicate of the four treatments (-Myc-Riyc+Pi, +Myc-
Pi and +Myc+Pi), the two other inoculated leavese(drom each
potato plant) were placed in RNAse-free cartridgd anmersed in
liquid Nitrogen before storage at -80°C until RNRtraction. Total
extraction of RNA was conducted with the Trizol® agent
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(Invitrogen, Carlsbad, USA). An additional chlorofo purification
step was conducted under chemical flow bench. Tdrerthe open
bench, the “Purelink™ Micro-to-Midi total RNA purification system
from Invitrogen, (Carlsbad, USA), was applied fellag the
instructions of the manufacturer. Total RNA wasréadter treated
with TURBO DNA-fred™ kit (Ambiont, Austin, USA) according to
the manufacturer’s instructions. Concentrations auodty of total
RNA were determined in a NanoDrop®-ND 1000 UV-Vis
Spectrophotometer (NanoDrop Technologies, WilmingtdJSA)
using a 2l aliquot of the total RNA solutions. RNA purity wa
estimated from the A260/A280 absorbance ratio.

Real-Time Quantitative PCR

Following total RNA extraction, reverse transcroti(RT) of
1 ng of total RNA was performed with the Transcripktigh Fidelity
cDNA Synthesis Kit (Roche, Montreal, Canada) inotumne of 20 ul
with oligo (dT)g primer at 55°C for 20 min, according to the
manufacturer’s instructions. For each RNA sampleaation without
RT was performed as a control for contaminationgbgomic DNA.
Real-Time PCR analysis was performed using thetOgtler 2.0, the
5X LightCycler® FastStart DNA Mastér’> SYBR Green | Mix and
gene-specific primers (For LightCycler 2.0 expenmad run, see
Gallou et al. 2009). Four reference genes werectagle (i.e.
abbreviations and GenBank ID, respectivelglyceraldehyde 3-
phosphate dehydrogenaseGAPDH - AF527779, ubiquitin
conjugating enzyme-likddbc - DQ241834, elongation factor 1-alpha
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(EF1w - AB061263 and beta-tubulinfttub - 233382, and seven
targeted genes were studied (abbreviations and accession numbers,
respectively) Ethylene Response Factor BRF 3 - EF091875),
Gluthatione-S-transferase G$T1- J03679, Lipoxygenase L(OX -
Y18548, MAP kinase MAPK - AB206552), Phenylalanine ammonia
lyase PAL - X63104, basic Pathogenesis Related BR{ -
AJ250136¢ and acidic Pathogenesis RelatedPR2- AJ009932. The
primer pair ofERF3was designed with the LightCycler Probe Design
Software 2.0 (Roche, Montreal, QC, Canadahe forward and
reverse primer set, sequence length and meltingpeeature (in
brackets) were as follows!-BGGAGGAAGATCTGAAATTCCC-3
and 3AACCATAACCGGACTCGAG3 (92bp, 81°C); for the ten
other primer sets, see Gallou et al. (2010). Normalisatiwas
achieved using the geometric means of three po&derence genes
(i.e. EF1lw, GAPDH andUbc), which showed the most stable genes
expression in the potato leaves during the fowattnents determined
by the geNorm software (http://medgen.ugent.befgaothp/geNorm)
(Vandesompele et al. 2002). In order to visualiee wp-regulated or
down-regulated genes, the data were analysed tst@tis with the
software REST 2009 (relative expression softwand; tBfaffl et al.
2002; http://rerst.gene-quantification.info/). Sigrance values were
set atP-value < 0.05. P(H1): the probability of alterndgpothesis
that differentiate between sample and control gsoispdue only to
chance. In order to visualize the difference actbsstreatments for
each gene and time point, the data were analyseoeb**“* method
(Pfaffl 2001) and were subjected to ANOVA.
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Statistical analysis

Percentages of root colonization, leaf infectiotex, AUDPC and
gene expression data (i.e. relative expression)ratere subjected to
one-way ANOVA. Tukey Honest Significant Differen@dSD) was
conducted to identify significant differenceB £ 0.05) between the
treatments. Data analysis was performed with thé&S SAterprise
guide 4.1 (SAS Institute Inc., Cary, USA).

Results

Impact of P. infestandMUCL 43257 on the potato root colonization
by Glomussp. MUCL 41833

The potato plantlets were grown twelve days inNH2P in vitro
culture system with theirs roots developing in eahtwith the ERM
of the AM fungus. The root colonization was subsatly assessed 1,
2 and 4 dpi withP. infestang+Myc+Pi) or in absence of the pathogen
(+Myc-Pi) (Table 21). Whatever the presence/absefée infestans
the hyphal colonization of the potato roots washhagthe time of the
pathogen inoculation and did not significantly difatmong treatments
during the time course of experiment (i.e. at day2land 4). An
identical observation was made for the percentafyerbuscules
colonization. No significant difference was noteetvizeen the
treatments whatever the time of observation (Téidg For the
percentage of vesicles, we observed an increagelpitin the +Myc-

Pi treatment (Table 21). This difference was sigaiit with more

225



vesicles produced in the +Myc-Pi treatment in congpa to the

+Myc+Pi treatment (Table 21).

Table 21 Root colonization of potato plantlets plated 1%/sdan an actively
growing extra-radical mycelium network of the AMnfyus Glomussp. MUCL
41833, and subsequently inoculated withinfestandMUCL 43257 (+Myc+Pi) or
grown in absence of the pathogen (+Myc-Pi)

Treatment Structure

Root colonization (96)

1 2 4

Hyphae 40. /A 37.6a/A 43.2alA

(+11.2) (+ 14.5) (x2.4)

+Myc-Pi  Arbuscules 11.9A 16.5a/A 12.0a/A
(+2.8) (£9.7) (+1.8)

Vesicles 3.avA 6.2a/AB 8.1la/B

(+2.0) (£ 3.3) (£0.7)

Hyphae 35.%vA 45.1a/A 39.1a/A

(x2.8) (£ 9.4) (3.3)

+Myc+Pi  Arbuscules 14.5/A 21.2alA 15.5a/A
(+ 4.6) (+ 8.0) (£2.2)

Vesicles 2. A/A 6.0a/A 5.1b/A

(+0.9) (£ 2.3) (£ 1.6)

For each structure and time of observation, vailmescolumn followed by different
small capitals differed significantly & < 0.05. For each structure, values in a row
followed by different capitals differed significdytat P < 0.05. Both analyses were
conducted as a one-way ANOVA and Tukey’'s HSD. Ttaadard error is shown in
brackets (Biological replicates = 4)

? Days post inoculation of the potato leaves Withinfestans

Impact ofGlomussp. MUCL 41833 on the potato leaf infection index
induced byP. infestansgVlUCL 43257

The leaf infection index of the four treatments yavPi, -Myc+Pi,
+Myc-Pi and +Myc+Pi) was recorded on potato plastlegrown
twelve days in the MDHMn vitro culture system and rated with the
Assess 2.0 software at 1, 2 and 4 dpi WithnfestangTable 22 — data
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not shown for the -Myc-Pi, +Myc-Pi treatments). dadition, the
AUDPC values for the -Myc+Pi and +Myc+Pi treatmemzre
calculated using the equation of Campbell & Mad@E®00) (Table
22). In absence d?. infestang-Myc-Pi and +Myc-Pi), no traces of
necrosis were observed whatever the time of observdédata not
shown). In both treatments inoculated with the pgém, the first trace
of necrosis on the potato leaves were observed dpilwith the
pathogen. The leaf infection index was 4.3 + 0.28d 3.2 = 0.3 %
for the -Myc+Pi and +Myc+Pi treatments, respeciivelhe leaf
infection index remained mostly unchanged at 2 apd slightly
increased at 4 dpi with values of 6.8 + 0.2 % add#60.1 % for the -
Myc+Pi and +Myc+Pi treatments, respectively. Whatethe time of
observation, the leaf infection index was signifita lower in
presence of the AM fungus (Table 22). This washierrisupported by
the AUDPC value which was significantly lower inetirMyc+Pi
treatment as compared to the -Myc+Pi treatment|€T2D).

Table 22 Leaf infection index and area under disease pregras/es (AUDPC) of
potato plantlets plated 12 days in the ERM netwafrkhe AM fungusGlomussp.
MUCL 41833 (+Myc+Pi) or grown in absence of the Aivhgus (-Myc+Pi) and
subsequently inoculated with infestandMUCL 43257

Leaf infection index (%dluring the time

Treatment coursé AUDPC
1 2 4
MVC4Pi 43 a 4.3 a 6.8 a 155a
-MyeTFl (+0.3) (+ 0.4) (+0.2) (+0.7)
) 3.2b 29b 6.4b 12.3b
*+Myc+Pi (0.3) (0.5) (+0.1) (£0.7)

Values of leaf infection index and AUDPC in a colynfollowed by a different
letter differed significantly at B 0.05 (one-way ANOVA and Tukey's HSD). The
standard error is shown in brackets (n = 4)

? Days post inoculation of the potato leaves Withinfestans
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Effect of Glomus sp. MUCL 41833 on the plant defence genes
expression in the leaves of potato plantlets ireted with P.
infestandVIUCL 43257

The relative expression ratio of the plant defegeaesERF3
GST1 Lox, MAPK, PAL, PR1landPR2were assessed in the leaves of
potato plantlets, grown twelve days in the MDP vitro culture
system, at 1, 2 and 4 dpi with. infestansor in absence of the
pathogen (Fig.19). The Real-Time Quantitative P@RIysis did not
reveal any statistical variation in the relativgpeession ratio of the
MAPK gene whatever the treatments and time of obsenafior the
PAL gene, we noted a down-regulation in the +Myc-Patiment at 4
dpi, whereas no statistical difference in the reéaexpression ratio
was observed between the treatments whatevemtieeoti observation
(Fig. 19).

In the two treatments in presenceRofinfestanswe observed an
up-regulation of th&ERF3andGST1lgenes. Th&RF3 gene was up-
regulated in the -Myc+Pi and +Myc+Pi treatmentd alpi, while the
GST1lgene was up-regulated in the -Myc+Pi and +Myc+&atments
at 4 dpi (Fig. 19). In presence of the AM fungug @bserved an up-
regulation of theLox gene at 1 dpi. Moreover, we observed a down-
regulation of the_Lox gene at 4 dpi in the +Myc-Pi treatment, at 2 dpi
in the —Myc+Pi treatment, and, at 2 and 4 dpi ie tAMyc+Pi
treatment (Fig.19). For thHERF3 GSTlandLox genes, the +Myc+Pi
treatment did not show statistical difference ia thlative expression

ratio with the +Myc-Pi or —-Myc+Pi treatments.

228



. . . Relative expression ratio
Relative expression ratio

Relative expression ratio

0O +Myc-Pi 0 +Myc-Pi
ERF3 o yorp GST1 5 Mo
10 b* 0O +Myc+Pi _ w0 ] +Myc+z’i
b b g b b* b
a s ab
apfl a2l Lo @l 2
1 T —FF [ —t £ ’{_‘ E —F + —F .
S S R 1
a é a a
01 ® o4
1 2 4 1 2 4
Days postinoculation Days postinoculation
O +Myc-Pi O +Myc-Pi
Lox O -Myc+Pi MAPK 0O -Myc+Pi
10 b b* O +Myc+Pi 10 O +Myc+Pi
| fe 8 b b
1 T T . T § ab a a5 a ab
Ty R A
a 3
a* ar 5
” ar ar 2
ke
0,01 = 0,1
1 2 4 1 2 4
Days postinoculation Days post inoculation
0O +Myc-Pi 0O +Myc-Pi
PAL O -Myc+Pi PR1 . O -Myc+Pi
10 O +Myc+Pi 10 a* b [} +Myc:P|
% a* a* I
ke T LT hn_2 ‘ ‘
T b
2
a2 a ¢ a
0,1 0,1
1 2 4 1 2 4
Days postinoculation Days post inoculation
O +Myc-Pi
PR2 O -Myc+Pi
. 100 O +Myc+Pi
g ar .
c * * *
2 10 a a* b b b
3
: 12l] aaff
o 1 w —Ft
&
0,1

Days postinoculation

229

Fig. 19Relative expression ratio of seven genes (EthylResponse Factor ERF3

- EF091875), Gluthatione-S-transferase@S{1- J03679), Lipoxygenasd ¢x -
Y18548), MAP kinaseMIAPK - AB206552), Phenylalanine ammonia lyaB&L -
X63104), basic Pathogenesis Related®R1- AJ250136) and acidic Pathogenesis
Related 2 PR2- AJ009932)) in the leaves of potato plantletdqulal? days in the
ERM network of the AM fungus&lomussp. MUCL 41833 or grown in absence of
the fungus, and subsequently inoculated or not RitimfestansVilUCL 43257. The
monitoring of the relative gene expression rati@ wane by Real-Time Quantitative



PCR at 1, 2 and 4 days post inoculation of thetpdeaves withP. infestansData
were compared to the level of expression in thatpatontrol leaves (-Myc-Pi) and
normalized by the geometric mean of the three eefeer genes (i.&£F1-«, GAPDH
and Ubc). The data points represent the relative exprassitio of three biological
replicates and the standard error range (i.e. teféB% confidence interval). Up-
regulated or down-regulated gene with significaveleies were set at P value < 0.05
(P(H1): the probability of alternate hypothesistttdference between sample and
control groups is due only to chance) (REST 2088).each time and gene, values
of relative expression ratio level followed by dfelient letter differed significantly
at P<0.05 (Tukey's HSD)

For the two Pathogenesis Related genes, we notaredip-
regulation in the three treatments (Fig. 19). HiR1 gene was up-
regulated at 1 dpi in the +Myc-Pi and —Myc+Pi treants. ThePR2
gene was up-regulated at 1 and 2 dpi in the +Myt-ditment (i.e.
with a maximum value at 1 dpi) and at 1 dpi in thelyc+Pi
treatment. In comparison for the +Myc+Pi treatmeve, observed an
up-regulation of thd®’R1andPR2 genes at each time of observation
with a maximum of induction for the two genes ad@. The relative
expression ratio of these tweRs genes showed a significantly up-
regulation in the +Myc+Pi treatment in comparisonttie +Myc-Pi
and —Myc+Pi treatments at 4 dpi fBR], and at 2 and 4 dpi f&?R2
(Fig. 19).

Discussion

Numerous studies have reported the reduction @fadis caused
by soil-borne pathogens in plants colonized by AMdi (Whipps et
al. 2004; Pozo et al. 2009). In contrast, the bmtgxtion conferred by
AM fungi against above-ground pathogens is far tessumented and
results so far seem less conclusive in particuter lemibiotrophs

pathogens such aB. infestans In this study, we paralleled leaf
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infection index measures with the expression amabsSA-, JA- and
ET-dependent genes to determine the effect&lomussp MUCL
41833 on the disease expression in potato plardtetBenged byP.
infestansMUCL 43257. The leaf infection index and AUDPC \esu
showed a decrease of the late blight symptoms enntlycorrhizal
plantlets. The Real-Time Quantitative PCR analysialed that this
reduction of symptoms may be related to a highdudtion of PR1
(i.,e. JA/IET-dependent pathway) afmR2 genes (i.e. SA-dependent
pathway) in the AM fungal potato plantlets.

With the exception of a decrease in the percentdgessicles at
day 4 post inoculation with the pathogen, the AMhdal root
colonization parameters (i.e. hyphae and arbuscufghe potato
plantlets were similar in presence or absence.ahfestansFrom an
earlier experiment (Voets et al. 2009) measurimgdymnamics of root
colonization of potato plantlets plated in an asgvgrowing ERM
produced in the MDIn vitro culture system, it was shown that root
colonization reached a plateau within 12 days. TAd root
colonization, initiated 12 days prior t®. infestansinoculation,
combined with the short-duration of contact betwtenplant and the
pathogen (max. 4 days) and limited impact notedeat infection
index may therefore explain the absence of notieeaffects of the
saprotroph on root colonization parameters obsenned our
experiment.

In contrast, the symptoms of disease observeti®pdtato leaves
were clearly decreased in the mycorrhizal potaamibdts. This impact
was particularly marked 1 and 2 dpi By infestanswith a 30 %

decrease of the leaf infection index measured énpibtato leaves in
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presence oGlomussp. MUCL 41833. Although still significant, this
decrease was less important at 4 dpi (i.e. 6 %)addition, the
AUDPC values showed a reduction of the late blgjhease of 20 %
in the leaves of AM potato plants during the foays of experiment.
These observations, obtained under a short periadfection and
under highly controlled conditions, confirmed piaw results of
O’Herlihy et al. (2003) under field conditions wifire-mycorrhized
(i.e. during three weeks) potato plantlets. Thesth@as observed a
delay in the progression of the late blight symmawer a period of 5
weeks observation. From our results it appearettbeadecrease in
symptoms was initiated early in the infection psxend may be
maintained over a long period of time as observe®terlihy et al.
(2003).

The decrease in symptoms observed in our studybaaglated to
a systemic resistance expressed in the leaves ofpatdto plants
during the early developmental stages Rof infestansas recently
reported by Jung et al. (2009) on tomato planteciefd withB.
cinerea To confirm this hypothesis, we have performedealRime
Quantitative PCR analysis in order to visualizeekpression of plant
defence genes dependent of SA, JA and ET pathwayhermpotato
leaves.

The first interesting result of this analysis wvilas induction of the
Lox, PR1andPR2genes in the leaves of mycorrhizal potato plamts i
absence oP. infestangi.e. +Myc-Pi treatment), and particularly at 13
days post development of the plant in the HC inactrwith the ERM
of the AM fungus (corresponding to 1 dpi in theatreents inoculated

with P. infestang This result demonstrated a regulation of SA- JA
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and JA/ET-dependent genes in presendglomussp. MUCL 41833,
and confirmed the few previous studies (Liu et28l07; Pozo et al.
2009) on the plants leaves transcriptional analydising AM
symbiotic association. Liu et al. (2007) were tlivstfto report the
induction of plant defence genes in the shoots gtarrhizal M.
truncatulaplants and to correlate the induction of deferemeg in the
shoot with an increase in resistance against tfebkcterial pathogen,
Xanthomonas campestriMore recently, two studies have presented
transcriptional analysis on leaves of tomato plawibnized by AM
fungi. Pozo et al. (2009) confirmed the inductidrdefence genes in
particular of JA-dependent genes, whereas Fioatlial. (2009)
reported a down-regulation of many defence genetherleaves of
mycorrhizal tomato plants.

In our study, we also observed the induction efERF3 GST1
PR1 and PR2 genes in the potato leaves in presenc®.oinfestans
(i.e. -Myc+Pi treatment). The induction of SA-, E&nd JA/ET-
dependent genes during the early stages of diskeastopment in the
leaves was confirmed by previous studies (Beyeralet 2001;
Lindqvist-Kreuse et al. 2010). These authors havearky
demonstrated the implication of numerd@R genes, Gluthatione-S-
transferase genes and Ethylene Response Factos getiee potato
leaves in response f infestangnfection. However, in their studies,
they also mentioned the induction of thex gene (i.e. JA-dependent).
This difference could be explained by the fact tihalLox gene (i.e.
Y18548) selected in our study was different to tlex gene (i.e.
U60202) induced in the study of Beyer et al. (2001)
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The most conclusive finding of our Real-Time Qiutative PCR
analysis was the up-regulation of the Rl genes (i.ePR1andPR2
in the leaves of AM potato plantlets at 2 and 4 wjph P. infestans
This result suggested a “priming” of these tWRR genes in
mycorrhizal potato plants infected B infestans The priming was
defined as a unique physiological status of plamdterialized by an
increased resistance to pathogens which is duertaic beneficial
microbes or natural/synthetic compounds. Primedtpldisplay faster
and/or stronger activation of various cellular aheke responses that
are induced following attack by pathogens or irsectin response to
abiotic stress (Conrath et al. 2006). In additPR,, which encode for
the basic PR1 protein (i.e. JA/ET-dependent), wal known to be
link to partial resistance toP. infestansin Solanum species
(Vleeshouwers et al. 2000). Whereas RiR2 which encode for the
acidicp-1,3-glucanase protein (i.e. SA-dependent), Hatial.g2007)
have demonstrated with the useNazhG potato plants that SA was an
important compound required for basal defence ¢ftpoagainst the
late blight disease. Taken together, these resuiggested that the
systemic resistance induced Blomussp. MUCL 41833 in the potato
plants againsP. infestanswas presumably related to the priming of
these twd”R genes.

Interestingly, it was reported that plants acedatistinct defence
responses depending on the life-style of the pah®gconsidered
(Spoel et al. 2007). The SA plant defences wemaamily involved in
the resistance to biotrophic pathogens, whereagAhglant defences
were mostly involved against necrotrophic pathogamsl insect

infestation (Beckers and Spoel 2006). In earligpegxnents it was
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reported thatP. infestansmay shift from biotrophic to necrotrophic
stage in a short period of time (3 days) (An ef8ll0). Moreover, it
has been recently shown that the AM fun@usmosseagvas able to
induce an induced systemic resistance againstateinophic fungus

B. cinereaassociated with a priming of JA plant defence ¢Jahal.
2009). In consequence, it seems interesting toystudnore details
the effects ofGlomussp. MUCL 41833 on the JA plant defence genes,
despite that the induction of JA defence pathwayrsewithout effect
on the resistance level to the pathodeninfestangFauconnier et al.
2008).

In conclusion, the analysis of leaf infection irdmuggested that
Glomussp. MUCL 41833 triggered a systemic resistancéénleéaves
of potato plantlets, especially, during the firige of infection with
the hemibiotrophic pathogeR. infestans Conversely, the pathogen
had no effect on the AM fungal roots colonizatiorithim this short
period of time. Moreover, we have highlighted thduction ofPR1
andPR2genes in the leaves of AM potato plants inoculatétl the
foliar pathogen, which may indicated that the AMhdal systemic
resistance to this pathogen was associated torttmeng of these two
PRgenes. However, different observations suggebidiie systemic
resistance induced b$lomussp. MUCL 41833 was more effective
on the first stage of late blight disease (i.e.trojghic). Further
researches are required to elucidate the effe@lomussp. MUCL
41833 on the late stage Bf infestanglevelopment (i.e. necrotrophic),
especially by the expression analysis of a largeoEdA-dependent
defence genes and theirs putative effects/functiolising the

necrotrophic stage of late blight disease.

235



Acknowledgements

This research was supported by the Universidadigtadérarticular
de Loja (UTPL) Ecuador, the European Community'sveSth
Framework Programm&P7/2007-2013under grant agreement N°
227522 (Valorizing Andean microbial diversity through saisable
intensification of potato-based farming systems) by the Direction

RS naturelles et

générale opérationnelle de I'Agriculture, des Re
de I'Environnement du service public de Walloniedem contract
number D31-1149 (Valorisation de la microflore biémé des sols
pour le contréle de la flore pathogéne des prodaostde pomme de
terre comme alternative a l'utilisation des pedtsi). S.C. gratefully
acknowledges the financial contribution of the Bahg Federal
Science Policy Office (contract BCCM C4/00/001).

236



Chapter VI

Trichoderma harzianum elicits defence response
genes in roots of potato plantlets challenged by

Rhizoctonia solani

Adapted fronthe article published in
European Journal of Plant Pathology (2009) 124:21230

Adrien Gallou, Sylvie Cranenbrouck and Stéphandddek

237



238



Preface

In the previous chapters, we focused our attendiorthe role of
AM fungi as BCF againdR. solaniandP. infestanstwo major potato
pathogens. However, the most widely used BCF inicaljural
systems is the fungal antagoni3tiichodermaspp. (Lorito et al.
2010).Trichodermaspp. may not produce a significant yield increase
of crops, but instead, may protect plants and raairttigh yields by
buffering the effect of abiotic and biotic stressdfecting the crop.
Moreover, Trichodermaspp. have been extensively studied using a
variety of research approaches, including genontres,scriptomics,
proteomics, metabolomics, etc. As a consequeneeTtikchoderma
spp. appeared to be a promising alternative tocedhe pesticide
application in potato crop.

In chapter VI, we evaluated the impactlofharzianumagainstR.
solani. Here, the effects of. harzianumon the disease caused Ry
solani in potato roots, was investigated by a vital dgepted to an
analysis of the expression stability of referenceneg and the
expression of several defence genes.

It should be note that this chapter was the firstkwperformed
during this thesis and that we know the limits loktresearch. For
example, no informations were available about #neetbpment ofT.
harzianumor R. solaniin the potato roots in order to conclude to a
clear biological protection effect. Moreover, atenesting perspective
to this reseach would be to evaluate the impadt dfarzianunon the
potato resistance whéh solaniis inoculated after the development of

T. harzianum During my thesis, we have attempted to performa th
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experiment. Unfortunately, some problems with tlewedlopment of

both fungi did not allow to conduct this research.
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Abstract

Biological control of Rhizoctonia solaniwith Trichoderma
harzianumhas been demonstrated in several studies. Howruag
have reported the dynamics of expression of defeesgonse genes.
Here we investigated the expression of these gengmtato roots
challenged byR. solaniin the presence/absenceTofharzianunmRifai
MUCL 29707. Analysis of gene expression revealednauction of
PR1at 168 h post-inoculation (hpi) aAL at 96 hpi in the plants
inoculated withT. harzianumRifai MUCL 29707 an induction of
PR1 PR2andPAL at 48 hpi in the plants inoculated wih solani
and an induction ofox at 24 hpi andPR1 PR2 PAL andGST1lat 72
hpi in the plants inoculated with both organismise3e results suggest
that in the presence of. harzianumRifai MUCL 29707, the
expression ofLox and GST1genes are primed in potato plantlets

infected withR. solaniat an early stage of infection.

Keywords: biological control agent, plant defence genes,taive

RT-PCR, reference gendshizoctoniaTrichoderma
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Introduction

Rhizoctonia solaniis an important soil-borne plant pathogen
affecting potato $olanum tuberosum (Banville et al. 1996).
Rhizoctonia solaninfected plants may develop crown rot, root rat, o
stem canker, which often leads to wilting and tanpldeath in severe
cases. TheRhizoctoniadisease of potato is a problem occurring
throughout the world. Control of thdisease has commonly relied on
cultural practices and on the use of chemicals. él@w cultural
practices only are not always efficient and, at pinesent time, no
effective fungicides are available, although sonteenaicals are
recommended. In recent years, efforts have coratediron the
biological control of this pathogen using bacte@ad fungal
antagonists (Howell 2003; Grosch et al. 2006). €héslogical
control agents (BCA'’s) represent promising altauest to minimise
the impact of chemicals on the environment by m@pta these
chemicals or reducing their rate of application dontrol plant
pathogens (Chet and Inbar 1994; Harman and Bjorki888) such as
Rhizoctonia solani

Trichodermaspp. are amongst the most studied fungal BCAs,
isolated from soil and present in the rhizosphdieese fungi are
opportunistic, avirulent plant symbionts, and fumctas parasites and
antagonists of many phytopathogenic fungi, thustgmtong plants
from diseases (Harman et al. 2004; Vinale et2808). Depending
upon the strain, the use dfichodermain agriculture can provide
numerous advantages: (i) control of pathogens anfli o

competitive/deleterious microflora; (ii) improvenmeof plant health
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and (iii) stimulation of root growth (Harman et aD04; Vinale et al.
2008). In addition, plant-cell wall-degrading enasnproduced by
Trichoderma such as xylanases and cellulases, are able ¢aotlglr
induce ethylene biosynthesis in plants, a well-kmaesponse to the
presence of pathogens (Harman and Bjorkman 1998).

The beneficial effects ofrichoderma harzianuntio control R.
solani have been reported in different studies (Brewed aarkin
2005; Vinale et al2006). Recently, Wilson et al. (2008) investigated
the dynamics ofR. solanion potato plants in the presence Tof
harzianum These authors noted a decrease in the severity of
symptoms caused bRR. solani during the first seven days post-
inoculation and attributed this observation to ansient antagonistic
effect of T. harzianumat the early stage of the interaction. However,
the molecular basis behind this protective effeemains to be
elucidated. Indeed, there is extensive evidenceTthehodermaspp.
are able to elicit the defence systems of a nurobg@tants (Harman
and Bjorkman 1998; Hanson and Howell 2004; Vindlale 2008).
This evidence was consolidated by studies on thiectefof
Trichodermaspp. inoculations in plant proteome/gene expresbip
2d electrophoresis as well as high-density oligoradrrays (Marra et
al. 2006; Alfano et al. 2007; Segarra et al. 200Vherefore,
determining howT. harzianumaffects the expression of defence
response genes in potato plantlets challenged. splaniis crucial to
understand the mechanism of biological protectigairsst this major
pathogen.

In the recent decade, the development of thetireal-quantitative

reverse transcription-polymerase chain reactionT<PRR) technique
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has allowed the accurate expression profiling ofARMNinscripts, and
has become the most useful method for charactgrg@ne expression
in human research (Bustin 2002). This technique wsedl in plant-
microbe interactions by McMaugh and Lyon (2003)atmlyse the
expression of class Il chitinase in Bermudagradisvitng infection
with the root pathoger®phiosphaerella narmariln this study of
plant-microbe interactions, we decided to use tREF ®CR technique
with different SA and JA-dependent genes, amongrtbst frequently
described in this tripartite interaction (Yedidiaad 2003; Shoresh et
al. 2005; Gao et al. 2006; Vinale et al. 2008).

In the present study, the time-course expressibrdejence
response genes of potato plantlets challenged eyptthogenR.
solaniin the presence/absence of the BCAarzianumRifai MUCL
29707 was followed during the early stage of thanpmicrobe(s)
interaction. The real-time QRT-PCR technology wasdiuto assess
the expression of defence response genes depemdesaticylic acid
(SA): Gluthatione-S-transferase G$T) and acidic Pathogenesis
Related 2 PR2; dependent on jasmonic acid (JA): Lipoxygenase
(Lox); and dependent on JA/ethylene (ET): Phenylalaaimenonia
lyase PAL), basic Pathogenesis Related AR({). The study was
conducted undein vitro conditions using a micropropagated potato

(S. tuberosuinplantlet inoculated witlR. solaniand/orT. harzianum

Materials and methods

Biological material

Propagation and maintenance of potato plantletslsto
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In vitro propagated potato plantletS.(tuberosumvar. Bintje)
were supplied by the Station de Haute Belgique ihrdmont,
Belgium. Plantlets were micro-propagated every fiweeks as
described in Voets et al. (2005). Plantlets wergtkim boxes
(90x60x50 mm) on the Murashige-Skoog (MS) medium,
supplemented with 20 ¢ Isucrose, 3 gl Phytagel (Sigma-Aldrich,
St. Louis, USA) and adjusted to pH 5.9. Boxes waneibated in a
growth chamber set at 20/16 °C (day/night) witthatpperiod of 16 h
day™* and a photosynthetic photon flux (PPF) of 3@fol m?s™.

Culture, propagation and maintenance of T. harzianand R.

solani

A culture ofT. harzianunRifai MUCL 29707 was supplied by the
Mycothéque de [I'Université catholigue de Louvain WEIL)
(http://bcecm.belspo.be/about/mucl.php). A plug ol gcontaining
several conidia and mycelium was placed into alstér5 ml glass
tube filled with 0.4 ml of 1% Sterile Distilled WatPeptone (SDWP)
(Duchefa, The Netherlands). The plug was swirlethexSDWP with
a vortex mixer (8000 rpm) for 15 s and the susmensias serially
diluted to 1¢%. From the 1 dilution, 50ul was spread in Petri plates
(90 mm diam.) on 50 ml Potato Dextrose Agar (PDAgharlau
Chemie S.A, Barcelona, Spain). The Petri platesewsubated at 25
°C in the dark for seven days.

A culture of R. solaniKuhn MUCL 49235 was supplied by
MUCL. A plug of gel containing several bulbils angycelium was
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placed on 50 ml PDA in Petri plates. The Petrigdatvere incubated

at 25 °C in the dark for seven days.
Experimental set-up

Three treatments were considered: potato plantietailated with
T. harzianum(T-treatment) or witlR. solani(R-treatment) alone and
plants inoculated withR. solaniand T. harzianumat the same time
(T+R-treatment). In addition, a control treatmeire. (potato plantlets
grown in the absence of both fungi) was included.

For each treatment, ten day-old potato plantletsewnserted in
Petri plates containing 50 ml of the Modified SilwuRomand (MSR)
medium (Declerck et al. 1998) without sucrose aitahvins, with the
roots placed on the surface of the medium and tlo®tsextending
outside through a hole made at the base and thef lide Petri plate
(for details, see Voets et @005).

The inoculation withT. harzianunmstrain was performed using a 3
mm diam plug from a seven day-old culturelfoharzianumThe plug
containing abundant mycelium and conidia was plaocethe close
vicinity of the potato roots. The Petri plates weénen sealed with
parafilm™ (Pechiney, Plastic Packaging, Chicago, USA, IL 306
and the hole filled with sterilised (121 °C for @#n) silicon grease
(VWR International, Belgium) to avoid contaminatsofVoets et al.
2005).

The inoculation witiR. solanistrain followed the same procedure

as above. A 3 mm diam plug from a seven day-oltlicellofR. solani
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containing abundant mycelium and sclerotia wasqulao the close
vicinity of potato roots and the Petri plates weealed as before.

The inoculation withTl. harzianumandR. solanistrains followed
the same procedure as above. A 3 mm diam plug &seven day-old
culture of T. harzianumcontaining abundant mycelium and conidia
was placed in the close vicinity of the potato sodn parallel, a three-
mm-diameter plug from a seven-day old culture Rf solani
containing abundant mycelium and sclerotia wasqulao the close
vicinity of the T. harzianumplug and potato roots. The Petri plates
were sealed as before.

The control treatment consisted of potato plastggown in the
absence of both fungi.

In all treatments, the Petri plates were coveréith @n opaque
plastic bag and incubated horizontally in a growttamber set at
20/16 °C (day/night) with 70% relative humidity, 85 h day*
photoperiod and a PPF of 30Mmol m?s™ All the procedures
described above were conducted in sterile conditiemder a
horizontal laminar hood. Each Petri plate was asred as an
experimental unit in two experimenigerformed in parallel. One
experiment was conducted for the analysisredl-time QRT-PCR
(stability of reference genesd expression of defence response genes
in potato roots challenged . solaniin the presence/absenceTof
harzianun). The other experiment was conductadacridine orange
observations to detect the presence of DNA and RNAesh samples
of potato roots challengdaly R. solaniin the presence/absenceTof

harzianum Three biological replicates were used for eactegrgent.
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RNA extraction

Three treatments (R-Treatment, T-treatment, T-eRtnent) plus
a non-inoculated control were set-up as descrilbedea Roots were
harvested a2, 4, 8, 24, 48, 96 and 168 h post-inoculation)(fgi the
R-treatment and T-treatment, and 24, 48, 72, 961&&lhpi for the
R+T-treatment. Three samples per treatment wereatetl at each
time. One control plantlet was also harvested el ¢ine, i.e. 2, 4, 8,
24,48, 72, 96, 168 hpi.

Total RNA was extracted from 50-100 mg of frozertenal with
Trizol® reagent Invitrogen, Carlsbad, CA, USA) witkxtra
chloroform purification step, and then purified ngithe Purelink*
Micro-to-midi total RNA purification systenfinvitrogen; Carlsbad,
CA, USA) according to the manufacturer’s instrueto The total
RNA was subsequently treated withe TURBO DNAfree™ Kkit
(Ambion; Austin, USA) according to the manufactisenstructions.
Concentration and purity of total RNA were deteretinin a
NanoDrop®-ND 1000 UV-Vis Spectrophotometer (Nangbro
Technologies, New Zealand), using a 2 pl aliquothef total RNA
solutions. RNA purity was estimated from the A2622Q absorbance
ratio, which is an estimation of contamination ntaioy proteins and

phenol

Reverse transcription

Following total RNA extraction, reverse transadopt (RT) was

carried out in a final volume of 20 ul, and wagtsih by mixing 1 pug
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of total RNA and 0.5 ug of oligo (d12)1s (Invitrogen; Carlsbad, CA,
USA) at 65°C for 15 min. After 5 min incubation at 4°€ul of 5X
RT buffer (250 mM TRIS-HCL, pH 8.3, 250 mM KCI, 2/5M
spermidine, 50 mM MgG] 50 mM DTT), 200 mM of dNTPs, 25
units of RNase inhibitorhgvitrogen; Carlsbad, CA, USAand 200
units of M-MLV reverse transcriptase (Promega; Madi WI, USA)
were added. RT was incubated at 37°C for 1 h aactivated at 75°C
for 15 min. For each RNA sample, a reaction with&UE was

performed as a control for contamination by genoDNA.

Primer design

Four reference genes: glyceraldehyde phosphatgddaienase
(GAPDH), ubiquitin conjugating enzyme-lik&Jpc), elongation factor
l-alpha EF1-) and beta-tubulingttub) (Nicot et al. 2005), and five
defence response genes: Gluthatione-S-transferasgG3T),
Lipoxygenase L(0Xx), Phenylalanine ammonia lyas&AL), basic
Pathogenesis Related PR1) and acidic Pathogenesis Related 2
(PR2 were selected. Potato nucleotidic sequences aleened from
GenBank database (Table 23). Nine primer pairs wesigned from
these sequences (90-110 bp sequence length, oplimaht 60°C,
GC% between 40% and 60%) with the Light Cycler Br@esign
Software 2.0 (Roche, Montreal, QC, Canada) (Tal8& 2n the
calibration step, an experimental control withouDNA was
performed to test for primer-dimer formation, prisiéorming dimers

being excluded.
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Table 23 Primer sequences of four reference genes andiéfence response genes, the amplification lengihttas melting temperature of
the amplified product

Name Accession number Primer sequence 5'-3' (Forward) Primer sequence 5'-3' (Reverse) Length (bp)Tm (°C)
B-tub 733382 ATGTTCAGGCGCAAGGCTT TCTGCAACCGGGTCATTCAT 101 84
EFlo AB061263 ATTGGAAACGGATATGCTCCA TCCTTACCTGAACGCCTGTCA 101 84
GAPDH AF527779 GGACATTGTCTCCAACGC ATGAGACCCTCCACAATGC 93 84
Ubc DQ241834 TGATGGTTACCCATTTGAGCC ACTGGTCCTTCAGGATGTC 110 82
GST1 J03679 TTCTAGCCACCAGATTTGACC ACATATTCCCTATATTTTTGGAGTGAGTA 97 81
Lox Y18548 GAGTTCTCCTCATGGTGTTCGTTTA AGTAGTCTGACACCCAACTT 101 81
PAL X63104 GGATATGCCATCGAACTTTGAGA ACAAATAATGGCATGGATGAGG 110 81
PR1 AJ250136 GGTGCAGGAGAGAACCTT GGTACCATAGTTGTAGTTTGGCT 99 85

PR2 AJ009932 TATCATCAGCAGGGTTGCAAA TCGCGAAAAATGCTATTTCTAGG 100 81




Real-Time quantitative PCR

Real-Time PCR analysis was performed using thatOgcler 2.0
(Roche, Montreal, QC, Canada). A set of standalatieas prepared
from RT products was included in each run. Reastiware prepared
in capillaries using the following concentrationsul of PCR water,
4pL of 5x LightCycler® FastStart DNA Master® SYBR Green |
Mix, 2 pL of each forward and reverse primer (OM)pand 5 pl of
1:10 diluted cDNA or standard solution as templ&apillaries were
closed, centrifuged and placed into the LightCyctetor. The
following LightCycler experimental run protocol wasised:
denaturation programme (95°C for 10 min), amplifma and
quantification programme repeated 40 times (959Clfbs, 60°C for
20 s and 72°C for 8 s with a single fluorescenceasugeement),
melting curve programme (60-95°C with a heating &ft0.1°C sec
and a continuous fluorescence measurement) antyfiaacooling
step to 40°C. In order to check PCR efficiencyndtad curves (log of
cDNA dilution versus ) using serial 10-fold dilution of cDNA were
created for each pair of selected primers. A 100@R Refficiency
corresponds to a slope of - 3.3. To allow a gooohgarison and
normalisation, PCR efficiency should be betweeraB8 115 %. In
this study, all the PCRs displayed efficienciesweein 86% and
114%. For the mathematical model it was necessadetermine the
crossing point (Cp) for each transcript, definedrses point at which
the fluorescence rises appreciably above the baakgrfluorescence.
The fit point method must be performed in the L&ytler software
4.1 at which Cp will be measured at a constantréiscence level. The
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data were analysed by th&“?' method (Pfaffl 2001) (for details see
technical note Roche: No. LC 16/2002). In ordervisualize the
difference across the treatments for each gendimedpoint, the data
were subjected to one-way ANOVA. Tukey Honest Sigant
Difference (HSD) was conducted to identify sigrafit differencesR

< 0.05) between the treatments. Data analysis wdsrpeed with the
SAS enterprise guide 4.1 (SAS Institute Inc., CAISA).

Stability of reference genes

To evaluate the effect of T-treatment, R-treatmand T+R-
treatment on gene expression in roots of potatotlels, all samples
were normalised to allow comparison by the samereeice genes.
Normalisation was achieved using four referenceegene. GAPDH
S-tub, EF1-« andUbc. The combination of several references genes
smoothes normalisation error due to the small tianan expression
of a single reference gene (Vandesompele et al2)20lhe gene
expression stabilityM) was calculated using the geNorm programme
(http://medgen.ugent.be/~jvdesomp/geNorm): gendh wie lowest
M-Value are the most stably expressed (Vandesongtes. 2002).
Furthermore, to estimate the optimal number ofrirdkecontrol genes
required for reliable normalisation, normalisati@ctors (Nf) were
calculated by stepwise inclusion of the most stabkpressed
reference genes. Subsequently, pairwise variatid®gn+l) were
calculated for every series of NAnd Nm+1 to determine the effect
of adding a 1i+1)" gene. A great variation indicated that the newly

added gene had a significant effect on normalisagiod thus should
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preferably be included for the calculation of aaiele normalisation
factor (Vandesompele et al. 2002). We therefored ube relative
expression values for each cDNA sample as inputtier geNorm
algorithm, from which an M-value was calculated &arch reference
gene. This M-value reflected the expression stgbiif the gene
compared to the other reference genes; a lower INev@eans more
stable gene expression and is the basis for thengof the genes in

order of their expression stability.

Acridine orange observations

Three treatments (R-Treatment, T-treatment, T-€Rtiment) plus
a control were set-up as described above. PresdriaBA and RNA
in fresh samples of potato roots was confirmedgisicridine orange
(Merck, Whitehouse Station, NJ, USA) stainiRpots were harvested
48, 96 and 168 hpi for the R-treatment, T-treatmé&nR-treatment
and control. Three samples per treatment and donte considered
at each time. Root systemgere harvested and washed in 1% acetic
acid (v/v) for 30 s, rinsed with 40 and incubated successively for 2
min in 0.1 M phosphate buffer (pH 6) and 3 min 0186 acridine
orange in phosphate buffer (v/v). Samples were tivgsed once in
11% CaC} (w/v) and twice in 0.1 M phosphate buffer. Rootsrev
mounted in phosphate buffer and observed usindigital camera
(model Leica DFC320; Leica Microsystems Ltd) codpl® an
epifluorescence microscope (Nikon type 114) equippeith a
mercury lamp (HB-10101 AF) and displayed on a I&iihp pavilion
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ze4500 screen using the image manager softwarea 50, version

4.0 Leica Microsystems Imaging solutions Ltd, Caiatdpe, UK.

Results

Stability of reference genes in the potato plantsculated withR.

solaniand/orT. harzianum

GeNorm analysis

In order to determine the best combination ofrexfee genes for
normalisation of gene expression, geNorm analysas wsed. The
geNorm algorithm also determines the M-value and plairwise
variation (Vn/n + 1), which measures the effecttloé addition of
reference genes on the normalisation factor (etpughe geometric
mean of the expression values of the selectedemtergenes). It is
advisable to add additional reference genes tmdinalisation factor
until the added gene has no significant effect (\owalue). We used
the cut-off value 0.15 proposed by Vandensompets. ¢2002) below
which the addition of reference genes is not regliifhe analyses of
M-value and pairwise variation with the geNorm waite for the
reference genes were performed ftre three treatments (R-
Treatment, T-treatment, T+R treatment)4& 96 and 168 hpiFig.
20).
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Fig. 20 Average expression stability values of referenceegeand the optimal
number of reference genes for normalisation by gaNanalysis: (a) and (c) Potato
roots inoculated withl. harzianum (b) and (d) Potato roots inoculated wigh
solani (a), (b), (c) and (d): relative non-unit datg.\M;) = n reference genes were
sufficient for normalisation (Mn.1) < 0.15) or addition of one reference gene was
necessary (Mn+1> 0.15)

The most stable genes (genes with the lowest Mevalre the
most stably expressed, Fig. 20) wé&iel-« andGAPDH (M = 0.521)
andEF1« andUbc (M = 0.422) for the T-treatment and R-treatment,
respectively. For the T+R-treatment the two moablst genes were
EFl« and GAPDH (M = 0.164). When considering the three
treatmentsEF1-« andGAPDH were the most stable reference genes,
followed byUbc.

The V graph (Fig. 20), for the T-treatment, den@aied that
three reference genes were sufficient for normabisa(as Vs <
0.15). Similar to the T-treatment, the T+R-treatinlkad a pairwise
variation below the cut-off, so that only three genvere necessary as

the internal control. For the R-treatment, the\pisie variation \ss) >
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0.15 (0.175). But we observed for this treatmenit tine Ct values

obtained for all the four reference genes decreas&@8 hpi.

Acridine orange observations

The acridine orange staining allowed the visuatcen of DNA
and RNA in fresh samples of potato rodthe complete root systems
were analysed at 48, 96 and 168 hpi for the thhemtrhents and the
control (Fig. 21). At 48 hpi, no visual differeneeas detected in the
level of DNA and RNA staining between the threatmeents and the
control treatment. No differences were again okeiat 96 hpi in the
level of DNA and RNA staining, between the T-treatiy the T+R-
treatment and the control treatment. However a gaimpling time,
the potato roots in the R-treatment had a visisitjlar level of DNA
staining, while for RNA it appeared lower. At 16®ihonly a few
nuclei (DNA) were detected, while no RNA was vissed in the R-
treatment. To the contrary, no difference was olegkin the level of
DNA and RNA staining, between the T-treatment ahe ¢ontrol
treatment at this sampling time, while for the TtRRatment,the
presence of DNA and RNA was visually greater thanthe R-

treatment, but lower than in the control treatment.
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Fig. 21 Observation with the vital dye acridine orangehaf potato roots in different
treatments. (A), (B), (C) and (D): control. (E),)(KG) and (H): Potato roots
inoculated withT. harzianum (1), (J), (K) and (L): Potato roots inoculatedtiwiR.
solani (M), (N), (O) and (P): Potato roots inoculatedthwi. harzianumand R.
solani (A), (B), (E), (F), (), (3), (M) and (N): Timeeaurse 96 hpi. (C), (D), (G),
(H), (K), (L), (O) and (P): Time-course 168 hpi.a8x bar is 5Qum. Micrographs
were taken at x160 magnification

Following the geNorm analysis and acridine orangeovations,
we considered that the V-value (0.175) for the datment was
adequate for the normalisation with three referegeses EF1,
GAPDH andUbc) for the analysis of defence response genes ai@ot
roots. However, for the R-treatment and the timerse 168 hpi, we
decided to discard the relative expression vallesimed, because the

Ct values obtained for the four reference genesedsed.

Expression of defence response genes in potatdlgigmnoculated

with R. solanior T. harzianum
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To assess the expression of defence response gene®ts
inoculated withR. solanior T. harzianum10 day-old potato plantlets
were inoculated with both organisms separately.tRaere harvested
at 2, 4, 8, 24, 48, 96 and 168 hpi and the relaikmession 0GST]1
Lox, PR1, PR2andPAL genes was measured (Table 24).

Table 24 Expression level of the five defence response ganestato roots during

the inoculation withT. harzianum(Th) or R. solani(Rs), normalised to the three
reference genes in the control roots (three bicklgieplicates)

Gene Relative expression during the time-colitse
Treatment
Name

2 4 8 24 48 96 168

Th 0.81(0.22) 0.80(0.19) 0.80(0.21) 0.83(0.22) 0.93(0.27) 1.25(0.11)  1.55(0.23)

GST1
Rs 0.570.22) 0.76(0.21) 0.79(0.18) 0.74(0.16) 1.66(0.93) 1.26(0.16) 7.5(4.67)°
L Th 0.56(0.14) 0.74(0.21) 0.44(0.08) 0.65(0.19) 0.6(0.26) 0.76(0.14) 0.72(0.12)
OX
Rs 0.550.23) 0.59(0.18) 0.86(0.21) 0.69(00.17) 1.09(0.37) 1.11(0.11) 1.21(0.38)°
PAL Th 1.36(0.5) 1.65(0.38) 0.89(0.26) 0.86(0.17) 0.37(0.11) 2.42(0.18) 0.99(0.39)
Rs 1.49063) 1.31(052) 1.21(0.39) 3.66(1.38) 6.63(387) 2.72(1.02) 16.09(11.24)°
PRI Th 1.150.57) 0.76(0.30) 0.26(0.03) 1.62(0.93) 0.83(0.29) 2.16(0.33) 22.25(13.45)
Rs 0.410.45) 0.48(0.18) 0.42(0.33) 0.25(0.11) 37.653.60) 0.19(0.17) 5.16(7.18)°
PR2 Th 1.2200.37) 1.63(0.61) 0.79(0.21) 1.63(0.74) 2.07(0.62) 1.98(0.45) 1.74(0.04)

Rs 1.49062) 1.85(055) 1.010.22) 1.07(0.24) 13.26(12.30) 3.19(0.66) 24.85(17.91)°

The standard error is shown in brackets. Statissigmificance: relative expression
>2

2 Time after inoculation (hf Relative expression values obtained with Ct vahfes
reference genes not considered because they warevaoiable for good
normalisation

For the T-treatment, no variation in relative egsien was
observed for theGST1 Lox and PR2 genes whatever the time of

observation. For the relative expressionP#L gene, we noticed a
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slight up-regulation at 96 hpi with a relative valof 2.42 + 0.18. The
relative expression dPR1gene increased in roots of potato plantlets
at 96 hpi, with the maximum expression observed6® hpi (22.25
+13.45).

For the R-treatment, no variation in relative egsion was
observed for theGST1 and Lox genes whatever the time of
observation. For the relative expressionP&t1 and PR2 genes, we
noticed an up-regulation at 48 hpi with a relathadue of 37.65 £3.60
and 13.26 +£12.3, respectively. The relative expoessf PAL gene
increased in roots of potato plantlets at 24 hyh & maximum at 48
hpi (6.63 £ 3.87), and decreased at 96 hpi.

We observed for the time-course 168 hpi, an irsgeaf GST1
PAL, PR1andPR2gene expression. The relative expression of these
genes was probably induced by the decrease oferefer gene

expression.

Expression of defence response genes in potatdlgigimnoculated

concomitantly withR. solaniand T harzianum

To assess the expression of defence response iggn&sito roots
challenged byR. solaniin the presence of. harzianum 10 day-old
potato plantlets were inoculated with both orgamissoncomitantly.
Roots were harvested at 24, 48, 72, 96 and 16&impithe relative
expression of GST1, Lox, PR1, PR2 and PAL genes measured
(Fig. 22).
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Fig. 22 Time-course of the induction ddST1 Lox, PAL, PR1 and PR2 genes.
Expression was measured in potato roots inoculatigk T. harzianumand R.
solani The data points represent the means of thre@daal replicates and the
standard error

The results differed between the genes. The esioresf PAL,
GST1 PRlandPR2genes, increased after 48 hpi, with a maximum at
72 hpi, and subsequently (i.e. starting from 96) lg@creased. The
maximum values obtained were 15.03 + 5.73, 27.2%.¥8, 62.83 £
36.35 and 79.14 + 39.75 fdPAL, GST1 PR1 and PR2 genes,
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respectively. The expression b&bx gene was characterised by an
induction at 24 hpi with a value of 6.03 = 1.19.

Moreover, the comparison of the expression leveheffive genes
during the three treatments demonstrated thaG®i€landLox genes
were up-regulated in the T+R treatment as compacedhe T-
treatment and R-treatment, with statistical sigaifice at 24 and 48
hpi for GST1and 24 hpi foL.ox (Fig. 23).
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Fig. 23 Expression level of the five defence response geft@uthatione-S-
transferase 1GST2), Lipoxygenase L(0X), Phenylalanine ammonia lyasBAL),
basic Pathogenesis Related AR() and acidic Pathogenesis RelatedPR3) in
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potato roots during the inoculation with harzianum(Th), R. solani(Rs) and both
(Th+Rs). The monitoring of the relative gene expi@s level was done by Real-
Time Quantitative PCR at 24, 48 and 96 hours afteculation. The data points
represent the means of three biological replicates the standard error. For each
time and gene, values of relative expression |dolbwed by a different letter
differed significantly at K 0.05 (Tukey's HSD)

Discussion

Biological control (e.g. withT. harzianum of the soil-borne
fungal plant pathogeR. solanion potato has been reported in many
studies over the last few years (Brewer and La#Zkif@5; Vinale et al.
2006). Decrease in the severity of symptoms wasrgbd in the early
stages of infection (i.e. during the first severysdaost-inoculation)
and attributed to a transient antagonistic effettTo harzianum
(Wilson et al. 2008). However, no studies have stigated the early
(i.e. within one week) temporal dynamics of expi@sf defence
gene responses in potato roots challenged Roysolani in the
presence/absence ®f harzianum This is crucial to understand the
mechanism of biological protection conferredhyharzianumand to
develop innovative strategies to contiRolsolani In the present study,
we used the QRT-PCR to analyse and compare theessipn of
defence response genes in rootsirolvitro produced potato plants
inoculated withR. solaniand/or the BCAT. harzianum The effect
conferred byT. harzianunmversusR. solaniwas demonstrated by the
induction of theLox gene expression at 24 hpi afST1 gene
expression at 72 hpi in the roots of potato plastleoculated with
both organisms at the same time. These results eoaf@med by the

acridine orange observation. Potato plantlets ehgid byR. solani
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had visually greater root DNA and RNA contentshia presence oF.
harzianumthan the plantlets inoculated wigh solanialone.

Reliable quantification of gene expression reles trustworthy
normalisation of QRT-PCR data. The best normabsats obtained
using internal reference genes because it takes dahsideration
variation introduced by RNA sample quality, RNA utmuantity and
enzymatic efficiency in reverse transcription (Vasdmpele et al.
2002). The ideal reference genes have stable esiprelevels that do
not differ in the organs or tissues studied, arad #re not influenced
by the treatments. Since variation always exists doy reference
gene, normalisation of gene expression based angte seference
gene can bias the results. Normalisation with rpldtreference genes
has become the standard, but reports that idesuifhr genes in plant
research are limited, even though algorithms agelae to test the
expression stability of reference gene candidatesdesompele et al.
2002; Pfaffl et al. 2004). FdB. tuberosumNicot et al (2005) tested
seven candidate genes. Tlfgub and EFl-a appeared the best
reference genes for normalisation under biotic afbtic stress
conditions. ForSolanumlycopersicum Yan and Liou (2006) tested
eighteen candidate genes. TBAPDH and Ubc appeared the most
adequate for normalisation with a plant pathogemer&fore, these
four reference genes (i.¢-tub, EF1l«, GAPDH and Ubc) were
selected for geNorm software analysis and the espe stability was
evaluated in potato roots inoculated witR. solani and/or T.
harzianum Whatever the treatmerEF1-«, GAPDH, andUbc were
identified as the best candidates for normalisataith multiple

reference genes.
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The expression stability of the four referenceagewas lower in
the R-treatment than in the T-treatment and T+Rttnent. In the
presence ofl. harzianumalone, the expression stability of reference
genes in potato roots was not affected, while gspnce oR. solani
alone, this stability was markedly affected more tean in the
presence of both organisms at the same time. IndeedCt values
obtained for all the four reference genes decreas&@8 hpi in the R-
treatment, while it remained stable for the T+Ratmeent. These
observations suggested that harzianumcould confer a protective
effect on potato plantlets infected By solanj at least at the early
stage of infection (i.e. within 168 h), confirmitige results previously
obtained by Wilson et al(2008) within a similar experimental
duration. These results were supported with thal \diye acridine
orange. Both single-stranded nucleic acids andbldestranded
nucleic acids were detected in root tissues stgionange and green,
respectively (Darzynkiewicz 1990). The amount of DEnd RNA
was visibly decreased in the root tissues challégydR. solanialone,
while only slightly decreased when both organisrhems present, and
remained unchanged in the presenceTofharzianumalone. The
reference geneEFl-n also supported the increased protection
conferred byT. harzianumin roots challenged bR. solani TheEF1-

a gene used as a positive control of the vitalityarfVAarle et al.
2007), had decreased expression in the R-treatat @8 hpi, while it
was not affected in the T+R-treatment. The gremigract on gene
expression in the roots of plants inoculated viRthsolanicould be
attributed to damage caused to the root tissud®. Isplanj verified at

6 days post-inoculation under the scanning eleatramoscopesising
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the same autotrophic culture systefde la Providencia et al.
unpublished).

The induction of plant defence responses mediatsd
rhizosphere-colonisingTrichoderma has been well documented
(Hanson and Howell 2004; Harman et al. 2004; Stostsal. 2005;
Vinale et al. 2008). However, in our experiment, axserved only the
induction ofPR1at 168 hpi and a slight induction BAL at 96 hpi, in
the plants inoculated by. harzianumalone. This was in apparent
contradiction with earlier studies in which a matrkeduction ofPAL
and hydroxyperoxide lyas€Yedidia et al. 2003), and,ox, PAL,
ethylene receptor ,1ethylene-inducible CTR1-like protein kinase
(Shoresh et al. 2005) were observed after a simoet 24 or 48 hpi).
We hypothesise such differences to be attributedg¢@bsence of root
cell penetration and colonization by tfie harzianumstrain used in
our experiment, verified at 6 days following contaader scanning
electron microscopedé la Providencia et al. unpublisheduch
invasion was observed in the studiesYadidia et al. (2003) and
Shoresh et al2005) However, in both these studies, the fungus was
the strainT. asperellumr203 (a well-known inducer of plant defence
response), considered a&s harzianumpreviously. Different studies
have shown that the addition Dfichodermaspp. metabolites may act
as elicitors of plant resistance, or that theirregpion in transgenic
plants may act also as elicitors and induce thethggs of
phytoalexins, pathogenesis-related (PR) proteidsoéimer compounds
(Elad et al.2000; Dana et al. 2001This suggested that the induction
of PR1at 168 hpi in the potato roots inoculated withharzianum

alone, could be due to the production of metab®ligT. harzianum
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Plants require a broad range of defence mecharseitectively
fight invasion by microbial pathogens or attack hgrbivorous
insects. The signal molecules salicylic acid (SA3monic acid (JA),
and ethylene (ET) are involved in many plant-padmognd plant-
insect interactions (De Vos et al. 2005; Van Lo602). In our study,

R. solaniinfection caused an increase in the expressidPAdf gene

in the roots of potato plantlets. THAL gene is activated by the
JA/ET signalling pathways in the context of indugadnt defences
and was shown to be a key regulatory enzyme irsyhéhesis of SA
(Sticher et al. 1997; Kato et al. 2000). In addifi?ve demonstrated
that PR1andPR2genes were induced at 48 hBR1is encoding for
the PR1-b protein (i.e. basic form) (Hoegen e2@02) andPR2is an
acidic f-1,3-glucanase (Mac et al. 2004). This PR1-b pnoteay act

as an anti-fungal agent (Vleeshouwer et al. 2000)reover this
protein is associated to the ISR (van Loon and Stien 1999). The
acid -1,3-glucanase, involved in fungal cell wall degroin (Mauch
and Staehelin 1989; Chang et al. 1992), is inducaithly bysystemic
acquired resistancdgSAR) and SAR inducers, such as SA (Van Wees
et al. 1999; Newman et.&2002). To the contrary, we did not observe
the induction ofLox gene (i.e. the first enzyme in the biosynthesis
pathway of JA is lipoxygenase) in the same rootsllehged byR.
solani These results were confirmed by Gao et al. (2G066)the
induction of PR1 one glucanase and different chitinases genes, in
tomato roots inoculated Y. solani But, the authors did not observe
the induction ofPAL as in our study. This suggested that potato
defence response tR. solaniattack was dependent on the signal
molecules SA and JA/ET.
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In the presence of. harzianumandR. solanj we observed the
up-regulation of thd.ox gene expression at 24 hpi a@GbT1lgene
expression at 24 and 48 hpi as compared to thertesds in presence
of the two microorganisms alone. This suggestetithharzianumin
the presence dR. solaniinduced the_ox andGST1genes in roots of
potato plantlets. A similar observation was madeYagidia et al.
(2003) with the hydroperoxyde lyase gene in cucumiih co-
inoculation of T. asperellumT-203 andPseudomonas syringgav.
lachrymans A similar response was described with ttgspgene in
rhizobacteria-inducedsystemic resistance (RISRih Arabidopsis
plants and termed potentiation (Van Wees et al.9l99aken
together, our results confirm that the induction pddint resistance
during theTrichodermaplant-pathogen interaction is similar to that
elicited by rhizobacteria, which enhances the defesystem but does
not involve the production of PR-proteins. Durihgstmechanism, the
defensive capacity of the plant is enhanced througlrobial
stimulation or similar stresses and the defencporeses primed by
the BCA in the presence of the pathogen (Harmaal.e2004; Van
Loon 2007; Vinale et al. 2008). Moreover, theseeolations suggest
that, in the presence df. harzianum potato defence responseRo
solaniattack is dependent on the signal molecules JAS#nd

In conclusion, we demonstrated that harzianumRifai MUCL
29707 in the presence Bf. solaniinduced defence response genes in
potato plants grown in an autotrophit vitro culture system. We
demonstrated that thkox gene, encoding the first enzyme in the
biosynthesis pathway of JA, and t&&ST1gene encoding an auxin-

responsive glutathione-S-transferase 1 (Hahn antn&itter 1994),
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were primed byTl. harzianumRifai MUCL 29707 in the presence of
R. solani We demonstrated thdt. harzianumRifai MUCL 29707
challengedR. solaniin potato roots by decreasing the damage caused
to DNA and RNA in infected roots. Both observatiGuggest that the
signal molecules dependent on JA and SA were aetiven potato
plantlets infected witlR. solaniin the presence . harzianunRifai
MUCL 29707, at early stage of infection. Furthards¢s designed to
demonstrate whether the activation of these gemsesequired to
protect the potato plantlets at the early stagih@finteraction need to

be carried out.
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Potato occupies a prominent position in the waldbal food
chain, representing a valuable cash crop for mdlicof farmers
around the world (See, FAO 2008). Unfortunatelyis thulture is
susceptible to numerous pathogens. Conventionatudimire mostly
relies on the application of chemical pesticidekjclv are often only
partially effective against soil-borne diseases.atidition, repeated
applications of pesticides may be detrimental tméan health and to
the environment. Facing an increased societal predsr a healthier
environment, the European Commission regulation plased an
increased number of molecules on the list to ofipees to be banned
in the coming years. Within this context, altermator complementary
approaches to fight potato diseases, includingobio&l control
strategies, are timely and encouraged in modelioudtyre.

A number of fungi are known to colonize plant roetghout
causing disease. These include AM fungi, binucl®teoctoniaspp.,
Piriformospora indica various plant growth promoting rhizobacteria
(PGPR) andTrichodermaspp. (Shoresh et al. 2010). In the last
decades, these organisms have been classified asfidm
microorganisms against a wide class of plant deseas numerous
mechanisms have been reported on the direct impéacthese
microorganisms against soil borne pathogens (eyroparasitism
caused byTrichodermaspp.onR. solan), an increasing number of
findings nowadays indicate that a primary pathwagdntrol diseases
occurs through the ability of these organisms fwagram plant gene
expression.

The ability of beneficial fungi to control plantsdiases probably

involves the activation of a limited number of gaielant pathways.
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The hormones signalling pathways, which are cemi@yers in the
regulation of defence mechanism, are probably tbstractivated. As
demonstrated fofrichodermaspp. and PGPR, the JA/ET signalling
pathways are essential in the control of pathodpnglants. For AM
fungi, experimental evidences suggest a centra¢ @i the JA
signalling pathway, but the precise function andutation of this
signalling pathway awaits elucidation. Increasing &nowledge on
the modifications of plant physiology during theteraction with
beneficial microorganisms, as well as in the reyuma of plant
hormones signalling during infection with pathogenessential to
develop efficient strategies to control pathogemsciops such as

potato.

I.  Understanding the AM root colonization

In the first step of our research project, the mmgita@al donor
plant (MDP)in vitro culture system developed by Voets et al. (2009)
was used to investigate gene expression during AMe root
colonization in potatoGhapter ). This system is based on the plating
of young seedlings in an actively growing extraicatl mycelium
(ERM) network extending from a donor plani.( truncatulg.
Colonization of plants via the ERM is a mechanismadpminant in
nature (Friese and Allen 1991).

In this study, we described three developmentgestaf the AM
fungal root colonization of potato: (1) the preg&aeferring to the
stage before contact of the AM fungus with the ra@mid root

colonization, (2) the early stage referring to sh@ge of appresorium
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formation and firstiyphal root colonization before arbuscules/vesicle
formations and (3) the late stage referring tostage of intense root
colonization with arbuscules and vesicles formedesk three
colonization stages were paralleled with a spedaifiliction of several
defence genes with maximum induction observed at the late stage of
AM fungus association. This suggested that healgneed roots are
the most optimal condition for biological protectioy AM fungi. In
addition, at the pre-colonization stage, we obsrae induction of
two PR genes, which suggested a possible protective teffiedM
fungi against pathogen attack at this stage. Ttvesdypotheses were
tested irchapter 11l .

Interestingly, our results on root colonization argknes
expression confirmed the homogenous AM colonizatibrained with
the MDP in vitro culture system. In the four biological replicates
analyzed inChapter I, we observed almost the same pattern of root
colonization and genes induction during the AM faingoot
colonization. It was also interesting to note thaimilar colonization
patterns was observed in two other independentrienpets Chapter
[I andChapter IIl'), supporting the suitability of the system to r&pe
experiments. The synchronization was often repaated problem to
investigate genes expression or genes networksegBmi and
Lanfranco 2006). This drawback was resolved with MDP in vitro
culture system, offering new opportunities to irtigege the molecular
events or gene networks associated with the plaktsfungi

symbiosis.
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In a second step, a genome-wide expression preéteperformed
on potato roots at the pre-, early and late stdgahd fungal root
colonization. Our results highlighted the importamvdulation of the
plant defence genes during the different stagesMffungal root
colonization ¢hapter 11). The data were validated by Real-Time
guantitative PCR and by the observation of “geneskers” of the
AM fungal symbiosis frequently reported in the rgwire. It is to be
noted that the confirmation by the plant genes erarkwvas only
possible at the pre- and late stages of root cpéioin since no
markers genes have ever been reported at the stagg (i.e. during
the first hyphae development) of root colonizatitmpur knowledge.
In Chapter II, we have shown the induction of one expansin-like
protein EXBLIJ), which is a host marker of successful mycorrhirat
(Siciliano et al. 2007; Dermastev et al. 2010) cH#pmlly expressed at
the pre-stage of root colonization. The late stajdM fungal root
colonization was also confirmed by different margenes (i.e. as the
DXS-2 encoding for an enzyme which catalyses the bibefitt
pathway of mycorradicin).

The microarray analysis further showed the inductd a large
number of plant genes associated to biotic strehsesg the pre- and
late stage of AM fungal root colonization. Thesamyes of defence
genes expression in the host plant could contribbaitan increased
resistance against pathogens infections and irdited potential of
AM fungi to trigger the plant defences during thég® stages. A
similar observation was reported by Liu et al. (200rhese authors
have correlated the induction of defence geneshén shoot ofM.

truncatulacolonized byR. intraradiceswith an increase in resistance

274



against the leaf bacterial pathogeiXanthomonas campestris
Consequently as iohapter I, the inductions of numerous plant genes
associated to biotic stresses during the pre- atel dtages of root
colonization supported our choice to investigate rible of AM fungi

to controlR. solaniduring these two stages of root colonization.

ll. Specifics remarks on the AM root colonization

In Chapter 1, it was interesting to note that the level of iation,
of the PT3 gene (i.e. plant gene marker of AM root colonizali
could not be paralleled with the level of hyphaoation. This was
also confirmed in the experiments conductedGhapter 1l and
Chapter 11l . To the contrary, it seemed that the level of expion of
PT3gene increased with the quantity of arbusculesgnmtein the roots
(i.e. absolute arbuscule abundance). In other ward,increased
density of arbuscules resulted in a higher indacbb thePT3 gene.
Although, sometimes the expression was slightlyhéigin a
biological replicates with lower arbuscules abura#ai\n explanation
of this difference could be the experimental desigh these
researches. In fact, the experiments were not dedign order to
demonstrate a putative “correlation” between thebuscules
abundance and thRT3 expression. In consequence, an experiment,
containing enough biological replicates of planbtreystems with
different percentages of arbuscules -colonizatian, required to
confirm whether a correlation could be expectedwbet both
parameters. If such, this experiment could dematestthe ability of
PT3 gene as molecular marker for estimating the axdasc

abundance, in addition to the establishment offfetteve symbiosis
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(Rausch et al. 2001). These results were integedtiecause the
quantification of AM fungus in roots by moleculachnique (i.e.
quantitative PCR) remains still difficult. Gampdr &. (2008) have
clearly shown that the wunique biological organizati of

Glomeromycota (i.e. heterogeneity of the nucleatritiution in the
AM fungi) imposes restrictions on the applicability quantitative
PCR for the quantification of AM fungus.

Moreover inChapter Il , when the potato plantlets were plated in
the ERM network of the AM fungus and challengedhat same time
with R. solanj we showed a priming of two SA-dependgehes (i.e.
GST1 and PR2 concomitant to an important decrease of AM
colonization level in the potato roots. Recently Roman et al.
(2011) have also linked a decrease of the AM fung@ai colonization
in soybean with the induction of tiRR1-agene (acidic form and SA-
dependent). They have deduced that the activatid®Aedependent
defence signalling resulted in an inhibition of ARingal root
colonization. Similarly, we could hypothesize thihe induction of
GSTlandPR2(two gene markers of SA signalling) during interaat
with the soil-borne pathogen (i.B. solanj could have resulted in a
decrease of AM fungal root colonization. Moreovehe SA-
dependent defence pathway, effective against lgbicopathogens
(Glazebrook 2005), seems also to impact AM fungiclWwhshare
similarities with biotrophic pathogens (Guimil dt 2005; Paszkowki
2006). In addition, we also showed, by the mic@aranalysis
(chapter II; Table 15), a marked increase in the SA markeregen
induction at the pre-stage followed by a repressibthe early stage.

This observation suggested the transient expressioSBA marker
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genes before contact between the AM fungus andhtst. Taken
together, these results tend to support the hypsthibat the AM
fungal root colonization requires the inhibition &A-dependent
defence in the host in order to achieve a comgatitieraction (Pozo
and Azcon-Aguilar 2007).

lll. Understanding the AM fungal and Trichoderma
spp. induced resistance in potato plants

In chapters 1ll, IV andV (Fig. 24), we demonstrated, under
vitro culture conditions, the capacity of the AM fungasiecrease the
disease caused by two major potato pathog&isSplaniand P.
infestan$ in short-term experiments. This was materializgd a
reduced level of necrosis on the roots and shobtthe plants.
Moreover, the gene expression analysis demonstithigdthe AM
fungus was able to induce changes in the expresdi@?-, JA- and
ET-dependent genes during this process. Thesesesaly therefore
support the ability oRhizophagusp. MUCL 418333 to develop a
MIR process in the potato plantlets. The resultsioled inchapter
VI also suggested the ability ®f harzianumto develop an induced
resistance againd®. solaniin the potato roots. In addition to the
previous observations of Wilson et al. (2008) whiwve attributed
the biological protection abilities of. harzianumto a transient
antagonistic effect, the analysis of defence gedesing this
interaction showed that this biological protectisas associated with
a priming of two genes dependent of the SA &&8TJ and JA (i.e.
Lox) pathways.
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summarized the results obtained during this thesigerin vitro condition. Chapter Il: hormongependent genes regulated in the pi
roots during the pre-, early and late stage of mmdonization. Chapter Ill: Hormone-dependgenes regulated in the potato roots .
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after inoculation byR. solanion the non-mycorrhizal root part of a myduzal potato plantlet at the late stage of rodbeization. Chapte
V: Hormonedependent genes requlated in the leaves of pdtatoigoculation byP. infestan at the late stage of root colonizati



1.1 Local interaction

In chapter Il (Fig. 24), the results supported that the local
protection triggered biRhizophagusp. MUCL 41833 in potato roots
was related with the priming of two SA signallingtipway genes
(GSTland PR2. Both genes were primed in presenceRofsolani
inoculated either at the pre- or late stage of Alhdal root
colonization. This result is consistent with the\pous observation of
Cordier et al. (1998). These authors have showmmytorrhizal
tomato plant a more significant accumulation of RRproteins (i.e.
acid form; SA-dependent) than in non-mycorrhizah&bo plants upon
Phytophthorainfection. In contrast, no priming of the JA- (ileox)
and JA/ET- PAL and basicPR1) dependent genes were observed
during this interaction, which is surprising in aed to the recent
review of Hause et al. (2007) and Pozo et al. (20Ifese authors
explained that the biological protection inducedA fungi may be
related to a central role of the JA-dependent defgrathway. Taken
together, these results suggested that the lochlced resistance
observed in our experiment displayed some dissiityilavith the
biological protection process described previously.

In addition, the microarray did not reveal a stramguction of the
oxilipin pathway during the late stage of root coation, in
comparison to the observations of Lopez-Raez e{28l10). These
authors have demonstrated the strong induction hef axylipin
pathway in the root of tomato plants colonized Wy different AM
fungi and explained that this expression changehe host could

contribute to the biological protection ability ¢ie AM fungi. In
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contrast, our microarray experiment revealed angtinduction of the
SA signalling pathway during the process of AM fahgoot
colonization. Therefore, we provided some evidertbat the
resistance in potato roots triggeredRlyizophagusp. MUCL 41833
againstR. solaniis not only related to a central role of the JA
signalling pathway but may also involve the SA sifing pathway.
However, the importance of the SA signalling pathwaring the
AM fungal protection needs to be considered witlkec#n fact, the
experiment, based on the analysis of a very limie@chber of defence
genes, did not allow to clearly conclude to the liogtion of the SA
pathway rather than the JA or ET pathways in thislogical
protection. Moreover, it should be kept in mindttipégnt hormone
signalling pathways are not isolated but ratheercdannected with a
complex regulatory network involving various defensignalling
pathways (Singh et al. 2011). Recent studies itgliteat ABA, auxin,
gibberellic acid, cytokinin, brassinosteroids amgiode hormones are
also implicated in plant defence signalling pathsvéigeview by Bari
and Jones 2009). As such, it is interesting to tiwde the microarray
analysis ¢hapter Il) also revealed an important induction of some
genes related to the ET pathway during the latgestd AM fungal
root colonization. In addition, recent researche®\BA plant mutants
have shown a role of the ABA in the establishmena dunctional
AM symbiosis (Herrera-Medina et al. 2007; MartineRguez et al.
2011). The ET and ABA, mutually antagonistic, abdeado modulate
some functions in the plant, such as the diseasstaace (Anderson
et al. 2004). Taken together, these observatioggested that the
defence responses triggered by the AM fungi areencomplex and
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underlined the necessity of further researches riderstand the
regulations of the plant hormones signalling patyswduring the MIR
process.

A possible explanation, for such dissimilarity oforimone
signalling pathways during our AM fungal protectionay be the fact
that the plant responses to stresses vary depemdintpe type of
interactions/pathosystem studied (Review by Badi dones 2009). In
previous researches dissimilarities were alreadsened depending
on the AM fungus strains or plants cultivars coastd. For example,
Yao et al. (2002) have demonstrated @attunicatumsignificantly
reduced the disease &. solaniin potato, whereas no effect was
observed withR. intraradices Moreover, the authors also observed
that the potato cultivar Goldrush was more inflileh¢e.g. increase of
shoot fresh weight, root dry weight and numbembktrs produced per
plant) by the AM fungus than the potato cultivar 80R21. In
addition, Steinkellner et al. (In press) have rélgeabserved some
differences inF. mosseaeolonization between tomato cultivars and
more interesting, some differences in biologicaitgction triggered
by the AM fungus againsfFusarium oxysporundepending on the
tomato cultivars. These two researches clearly ciupp the
functional specificity of the AM fungi-plants intetion. Moreover,
Lopez-Raez et al. (2010) confirmed also this speGif These
authors observed a significant difference of respoaf the tomato
plant with two different AM fungi. They showed onin overlap of
35% of the regulated genes between the interactotn R.
irregularis-tomato andF. mosseag¢omato. A similar overlap (30%)
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was also found in the response Mf truncatulato the same fungi
(Hohnjec et al. 2005). As a consequence, it mightthat these
differences in plant response contribute also & dlfference in the
signalling pathway triggered during the biologipabtection.

Finally, recent results confirmed that some bermsdfic
microorganisms were able to induce a systemic respby different
signalling pathways according to the plant/micr@migms strains
combination. For example, it was shown that thelitgbiof
Trichodermaspp. to induce resistance varied among straineréSh
et al. 2010). It has been shown that sohiehodermaspp. strains
could develop an induced resistance following amoffathway than
the JA/ET signalling pathways. Alfano et al. (200have
demonstrated that tomato plant in presencé&.diamatumacked to
detect induction of ISR markers, but they obseredup-regulation
of one marker of SAR (i.ePR5gene). More recently, Shoresh et al.
(2010) showed the absence of protection in ripel mutant ofA.
thaliana againstPythium ultimumin presenceTl. harzianumwhile
protection was observed in the wild-type strairsede two researches
suggested that the biological protection of sommehodermaspp.
may be dependent of the SA signalling pathway.

1.2  Systemic interaction

In contrast to the study conducted chapter IIl, the studies
conducted inchapter IV andV showed the priming of one SA-

dependent gene (i.PR2 and JA- or JA/ET-dependent genes (L@x
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or basicPR1) (Fig. 24). These results suggested that the @icdd
protection triggered by the AM fungus in the nonewmryhizal root
part and in the leaves of a mycorrhizal potato pleould also be
related to the JA signalling pathway. As a consagegthe induced
resistance observed in these two experiments sisarad similarities
with the MIR process described by Hause et al. 72@@d Pozo et al.
(2010) in which the JA signalling pathway may pkycentral role.
Moreover, this mechanism also shared some sindariwvith the
mechanism observed thapter VI. In this chapter, we demonstrated
thatT. harzianunMUCL 29707 in the presence Bf solaniinduced a
priming of one JA- and one SA-dependent gene iratpotoots,
confirming previous observations (Soresh et al. 0201t was
interesting to note that in these experiments, ititeractions took
place at the same level (i.e. in the roots withditdct interaction with
the beneficial microorganisms). Indeed, no root pehetration and
colonization were observed @y harzianunMUCL 29707, verified at
6 days following contact under scanning electrorcrascope De
Jaeger et al. 2010). As a consequence, the priotisgrved withT.
harzianumMUCL 29707 was a systemic effect as in tdhapter 1V.
Taken together, these results may suggest a sipatéern of defence
genes expressiaturing the systemic biological protection of the AM
fungus andr. harzianunin potato plantlets undan vitro conditions.
Curiously, the hormone defence pathway by whichARkefungus
could protect the potato plantlets shared someindiissity in the
different experimentschapter I, IV and V). Moreover, as already
explained above, the plant responses to stressgsl®@pending on the

type of interactions/pathosystem studied (ReviewBlyi and Jones
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2009). Therefore, our results suggested that tet plefence response
triggered by the AM fungus could differ followinglacal or systemic
infection. However, as in the previous paragraphs thypothesis
needs to be considered with care. The use of alweitged number of
markers genes did not allow to demonstrate a mrajerof a specific
hormone pathway rather than another hormone pattduayng this
biological process. As example, it is well knowattthe higher plants
contains more than one lipoxygenase gene in themomes. The
model plantA. thaliana contains 6 lipoxygenase genes and some
plants even contain more than 15 different lipoxyape sequences
(lvanov et al. 2010). Thus, it might be possiblatthnother copy of
this gene follows a “priming” pattern during thepeximent conducted

in chapter Ill .

However, the plant hormone interacts together &fence signal
networking to fine tune defence (Singh et al. 20143 example,
several studies indicate that JA- and ET-signallingeract
synergistically to induce the expression of defegemes against
pathogen infection (Glazebrook 2005). More intengstit is well
known that SA- and JA-mediated defences displayagamtistic
interactions. The recent literature suggested thHa WRKY
transcription factors may play an important rolethis antagonistic
interaction (Review by Bari and Jones 2009). AsAMYRKY70the
protein encoded by this gene had been suggestack {@s a positive
regulator of the SA-dependent defence and a negediyulator of JA-
dependent defence. In consequence this proteindcdd a

convergence point for determining the balance betw®A and JA
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pathways (Li et al. 2006; Knoth et al. 2007). Oth&RKY
transcription factors have also been suggestedaty @ role in the
mediation of the cross-talk between the SA- anddépendent
defences (i.eAtWRKY62AtWRKY53...) (Review by Bari and Jones
2009).

In chapter I, we observed the induction of sevelIRKY
transcription factor genes during the pre- and $tages of AM fungal
root colonization. More interesting, some of thge@es shared high
homologies with theAtWRKY 70and AtWRKY53transcription factors
genes. This result may suggest that the WRKY trgotgan factors
could regulate the SA- and JA-dependent defendbarhost during
the symbiotic interaction. By extrapolation, we ktbalso suggest that
these WRKY transcription factors could be involved the plant
resistance promoted Rhizophagusp. MUCL 41833. Consequently,
these WRKY transcription factors could explained thssimilarities
of responses observed in the different experiménttact, during the
AM fungal interaction, the WRKY transcription facsocould promote
one plant hormone pathway rather than another plarmone
pathway, following the interactions encounterddowever, this
suggestion is highly speculative and needs to béromed. Moreover,
the results obtained in this thesis did not allovdémonstrate that the
plant hormone signalling pathways observed in tred interactions

were different.

In this research, we have demonstrated the potertdia

Rhizophagusp. MUCL 41833 to decrease the symptoms caus&d by
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solaniMUCL 49235 andP. infestandMIlUCL 43257 in potato plants.
We have also suggested the abibfyT. harzianumMUCL 29707 to
decrease the symptoms caused Ry solaniin the potato roots.
Therefore, our results supported the potentiahek¢ two beneficial
microorganisms for the control of potato pathogeHswever, it
should be kept in mind that these results have loétmined with an
“artificial” in vitro culture system. Despite the powerful tool
represented by this system, the results need tooh&rmed under
more “natural” conditions (e.g. in pot culture gyss).

In addition, the results of gene expression anslgapported the
activation of the plant hormone dependent defereceg in the potato
plant during the interactions between the bendfiaiad harmful
microorganisms used in our experiments. These teesafl gene
expression provided a large amount of additionfdrimation about
the biological protection triggered Whizophagusp. MUCL 41833
on the potato plant, which allowed to make progréssthe
understanding of the mycorrhiza induced resistarigrally, this
analysis supported that the plant hormone respgrsasoted by AM
fungi are complex. Further researches are requreshderstand their
regulations during the MIR process, as the usetloéroAM fungal

strains or plant hormone quantifications.
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Potato crop faces numerous pathogens, which meprasconstant
menace to the production worldwide. Large quarstiné pesticides
are used to control/suppress diseases, but makesé chemicals are
harmful to the environment. Therefore there is agent need to
develop alternatives to control pests and diseds$esAM fungus and
Trichodermaspp. are nowadays considered as promising berleficia
microorganisms. However, the mechanisms by whidy timprove
plant resistance/tolerance to pathogens are yetfuilyt resolved.
Increased knowledge on the defence mechanism iedgols thus

fundamental to develop/improve strategies for ppantection.

Here, we investigated the effects Bhizophagussp. MUCL
41833 andrl. harzianumMUCL 29707 on the potato plants protection
againstR. solaniMUCL 49235 andP. infestansMUCL 43257. A
particular attention was dedicated to the molecsilgmalling pathway
regulated during these processes. Four central tignes were

addressed:

1. Is the Mycelium Donor Plant in vitro culture system
adequate for plant genes expression analysis durirtge

AM fungal root colonization?

The MDPin vitro culture system developed by Voets et al.
(2009) allows the synchronization of the AM fungal
development in the roots by plating the seedlimgsn actively
growing mycelium network extending from a mycordiiz

donor plant. Here, the analysis of defence genesGiST1
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Lox, MAPK, PAL, PR1andPR2, as well as the marker gene
of a functional symbiosis (i.&2TJ), revealed that the MDa
vitro culture system was an adequate system to studygeba
in plant gene expression in potato at the predyeard late
stage of root colonization biRhizophagusp. MUCL 41833
(chapter 1). This study opened new avenues to investigate the
molecular events or gene networks associated ipldrg-AM
symbiosis, especially during the relative inacddssifirst
stages of the interaction (i.e. pre- and earlyesgggas well as
the molecular signalling involved during biologigaiotection
by AM fungi.

2. Which are the transcriptional changes associated tthe
biotic stress during the potato root colonization g
Rhizophagus sp. MUCL 41833?

The microarray analysis coupled to the MapMan saxféwv
showed an important global change in plant geneessppn
during the pre, early and late stages of root agpéiion and
especially of the genes associated to biotic stseghapter
II). This analysis also suggested the possible involnerog
WRKY TF genes in the process of AM fungal root
colonization. Interestingly, some of the WRKY THsluced
during the pre- and late stages of root coloniratshared
homology withArabidopsisWRKY TF genes (i.eAtWRKY51
AtWRKY53and AtWRKY7D These genes are encoding for
proteins which play major functions in the mechanf plant
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immune response. This observation would suggest the
potential of the AM fungus to promote a plant-méetia
resistance response through the WRKY TF proteiosvéyer,
further researches are required to confirm the otgpa@nd
functions of WRKY TFs proteins during the AM fungalot

colonization.

In these two studiexlfapter | and chapter I1), an induction of
numerous genes related to plant defence was deratatsturing the
pre- and late stage of AM fungal root colonizatinrpotato roots. In
contrast, only few inductions of defence genes vedrgerved during
the early stage. These results may suggest a @teftthe AM
fungus during the pre- and late stages of rootripétion to induce a

resistance against pathogen infections.

3. Is Rhizophagus sp. MUCL 41833 able to decrease the
symptoms caused byR. solani MUCL 49235 and P.
infestans MUCL 43257 in potato plants? Which are the
defence genes that could be involved in this procss

The first part of this studychapter 111) confirmed the
capacity of the AM fungus to protect the potatonplagainst
infection byR. solaniat the late stage of root colonization. In
addition, we also observed a decrease of necrogiseare-
stage of root colonization suggesting that the AMgus may
either interact with the pathogen in the rhizosphar induce

defence genes expression in the plants prior tonction. In
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the second partchapter 1V), the experiment with MDRn
vitro split root culture system did not allow to cleaglyaluate
the systemic resistance induced by the AM fungughim
potato roots. However, despite that no lesions exhus/ R.
solaniwere noted on the potato roots, gene expressialysas
showed a mechanism of priming and counterbalandurgg
the systemic interaction between the AM fungus t@droot
pathogen. Finally, irchapter V, we suggested that the AM
fungus triggered a systemic resistance in the kavgotato
plantlets during the first stage of infection witthe
hemibiotrophic pathogerP. infestans Moreover, we have
highlighted the priming of the tw&R genes (i.ePR1 and
PR2 in the leaves of AM potato plants inoculated wikie
pathogen.

In consequence, these researches supported they abfl
Rhizophagusp. MUCL 41833 to protect the potato plantlets agfai
two major potato pathogens. In addition, the gergression analyses
underlined the activation of the hormone dependksience genes
during this process but, as they stand, thesetsedid not allow to
associate the MIR process with a hormone signajpaiipway rather
than another hormone signalling pathway. Furtheseaeches are
required to understand theirs regulations/functionthe plant during
the AM fungal protection.

4. 1s T. harzianum MUCL 29707 able to protect the potato
plants againstR. solani MUCL 49235 infection? Which
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are the defence genes that could be involved in i

process?

The vital dye (i.e. acridine orange) analysis ahe t
stability of reference genes (i.e. GeNorm softwaajgested
the capacity ofT. harzianumMUCL 29707 to protect the
potato plantlets againdR. solani MUCL 49235 infection
(chapter 1V). In addition, the analysis of defence genes durin
this interaction suggested that this biologicalt@ction could
be associated with the priming of JA- and SA-depend
genes. Finally, the absence of root cell penetatand
colonization, verified at 6 days following contacnder
scanning electron microscope (De Jaeger et al.)2@t6ved

that the defence process involved was systemic.

In conclusion, the results produced by this thesipported (under
strict. in vitro culture conditions and in short time disease nooimig)

that the two beneficial microorganisms are potdgtiamportant

microorganisms for the control of potato pathogeHswever as
previously explained, their roles needs to be cordd undein vivo

conditions and, it should also be interesting targily the pathogen
within the root tissues in order to distinguish the beneficial
microorganisms interact on the plant resistancetaberance. In
addition, the results of gene expression, whichvige some
evidences on the importance of plant hormone degrendefence in

this process, open the way to different researamnéke field of the
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AM fungal symbiosis or plant bio-protection. As aexale, it could be
interesting to study in detail the importance ot b the WRKY
transcription factors during the AM fungal symb®snd, if these
transcription factors are important for the symtspso explore their

regulations/functions during the MIR process.
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Our research supported the role of the plant haemgignalling
pathways in the mycorrhiza induced resistance goddowever, our
microarray analysis also demonstrated the complexat the
interactions at the level of the plant/AM funguss@sation.
Microarray may represent a key technique for thedeap
comprehension of the mechanisms underlining plasistance in
presence of beneficial microorganisms. This teamifpas already
been used in different studies to discover the oubée changes
during the mechanism of ISR. For example, Ahn e{28i07) and
Cartieaux et al. (2008), respectively with the PGPR putida
LSW17S andBradyrhizobiumsp. strain ORS278, have shown a large
number of JA/ET-regulated genes primed during 8 imechanism.
The analysis by microarray could improve our un@demding of the
molecular change during the MIR. Despite the remialek efficiency
of this technique, the selection of the most radé\abservation times
for the analysis was really important due to thenarous information
generate by the experiment and the complexity tefjmetation. In the
chapter Il , we observed the maximum activation of defenceegdn
the time course 2 and 11 days after plating thatpqgtlantlets in the
ERM networks oRhizophagusp. MUCL 41833 and inoculated with
R. solani This time appeared to be the most interesting tfer
transcriptome analysis. In comparison to the micegatechnology,
the new high-throughput real-time PCR technologgnse a good
alternative to analyze the pathways involved in téR. This
technique allows to analyze a high number of geret focus on

some specifics pathways (i.e. plant hormone pateBywdgfence genes
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...). Moreover, this technique is fast to produceadatpression and
easier than microarray technique for the datapnétation.

Despite the powerful tool represented by thesenigcies, it is
impossible to predict the exact protein concerarabr activity from
the analyses of mMRNA levels. In fact, gene expoesss a highly
regulated and multistep process (e.g. post-trgstsmnal regulation,
translation rate, post-translational modificatiorstability of the
proteins ...). In consequence, proteomics appeaas amportant tool
for further validation of the data generated by egesxpression
analysis (Baginsky et al. 2010). This techniquevigles quantitative
and structural information about proteins, whicle #ne functional
determinants of the cells. However, it should betke mind that
most of techniques analyze mixtures of tissuesatoiny different
cell types. Therefore, it should also be intergstm evaluate the cell-
specific change in transcripts or proteins with enaccurate methods,

as micropipetting or laser capture microdissection.

In the past decade, research on the defence signahthways
induced by beneficial microorganisms such as PG&Ring the
mechanism of ISR have been conducted by the analyseutants
affected in plant hormone signalling pathways. &xample, Pieterse
et al. (1998) have shown that mutantsAofthalianadefective in JA-
signalling €oi andjarl) and in ET-signalling €trl) were unable to
induce ISR in presence of the PGPR WCS417r. Theskes allowed
to directly relating the signalling pathway involivén the defence
mechanism. However, the same studies with the ARbds were

really difficult to conduct. In fact, the assocati between the AM
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fungus and the plant showed a high complexity enrfcognition and
in the molecular program during the symbiosis, inich the plant
hormone signalling pathways were involved.

Reviews (e.g. Hause et al. 2009; Pozo et al. 284pained that
plant hormone signalling pathways play an importesie in the
control of AM symbiosis. These observations weraficmed by
Herrera-Medina et al. (2008) and Tejeda-Sartoritisale (2008).
Herrera-Medina et al. (2008) showed that the tommatdantjai-1
insensitive increased the frequency and intensityAM fungus
colonization. To the contrary, Tejeda-Sartoriusaket(2008) showed
that the tomato mutaspr2 (JA signalling) was severely decreased in
AM fungi colonization. The real impact of the SAdadA signalling
pathway was yet unknown, but their effects on AMngdal
colonization by direct modification of AM symbiosisiderlined the
difficulty to use these signalling plant mutants study the MIR
process. However, these plant mutants were paatiguhteresting for
a deeper knowledge of the mechanisms controllinghbsytic
establishment, as proved recently with tomato ntuaéfected in ABA
and ET pathways (Martin-Rodriguez et al. 2011). Aherent
perspective, following the result of tlehapter 1l and this remark,
should be to obtailVRKY THpotato mutants and analyse their effects

on the AM symbiosis.

To investigate the role of the hormone signalliaghgvay and the
gene expression pattern associated to the MIR|uéico could be to
use the high-throughput expression technology so@ation with the

application of different defence-related stimulis @ahe methyl
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jasmonate, acibenzolar-S-methyl, 1-aminocycloprephitarboxylic
acid ... For example, Pozo et al. (2009) comparedréisponse of
non-mycorrhizal plants or plants colonised by eithemosseaer R.
irregularis to the application in the shoots of different dekmelated
stimuli. The leaves transcription profiling of mydaizal and non-
mycorrhizal plants 24h after treatment with metlagimonate revealed
a stronger induction in mycorrhizal plants, patiely in F. mosseae
colonised plants, of JA-regulated genes. Theseltsesupported a
possible prominent role of the JA signalling pathwa the MIR.
Moreover, de Roman et al. (2011) have used thisinigque to
demonstrate that the activation of the SA signgllpathway upon
acibenzolar-S-methyl treatment resulted in an itibito of AM root
colonization. In addition, this technique was adgaplied to decipher
the pathways involved in the ISR (Pieterse et @081 Van der Ent et

al. 2009) and seems also a coherent perspectua teesearch.

Similar to the experiment of Pozo et al. (2009) chhshowed a
stronger induction of JA-regulated genes in thedsaf tomato plants
colonized byF. mosseaén comparison to tomato plants colonized by
R. irregularis a number of studies have demonstrated a differenc
plant response according to the AM fungal straiedus-or example,
Yao et al. (2002) have shown a stronger reductfanartality caused
by R. solaniin potato plants colonized I§y. etunicatumcompared to
potato plants colonized . intraradices Recently, these differences
in plant response were demonstrated by the obsemvat a stronger
induction of the oxylipin pathway in the tomato t®@olonized byF.

mosseaecompared to tomato roots colonized B irregularis
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(Lopez-Raez et al. 2010). As a consequence, tffisreince in plant
response could contribute to difference in the dgaal protection
ability of the AM fungi.

These observations underlined the importance urdéustudies to
test different AM fungi for their potential to inde the MIR.
However, the complexity of AM fungus-plants asstiora (Smith and
Read 2008) make necessary to verified the effectdch interaction.
It was likely that the biological protection by AMngi differed with
the pathogen considered and the location of irdadgee review Pozo
et al. 2010). In addition, the review of Wehneakt(2010) explained
the functional complementarities among AM fungaé@ps in regard
to processes leading to pathogen tolerance ortalsis, both among
and within groups of mechanisms. The authors erpétiat the plant
protection triggered by AM fungi against pathogesild increase
with an enhancement of the AM fungal diversity, dese an AM
fungal assemblage provided more/different bendfitsomparison to
single AM species (i.e. nutrient uptake, competitigith pathogen,

lignifications of roots, etc...).

In the study Chapter V1) on the biological protection &. solani
by T. harzianum the results have shown a divergence of gene
expression in the potato roots in comparison toviptes studies
(Yedidia et al. 2003; Shoresh et 2D05). The differences observed
were mainly attributed to the absence of root pelhetration and
colonization of potato plants by theichodermastrain used in our
experiment, verified at 6 days following contactdan scanning

electron microscopeDe Jaeger et aR010). In fact, Yedidia et al.
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(2003) and Shoresh et &2005) usedhe strainT. asperellumr203
and demonstrated its presence in the cucumber, restsicted mainly
to the epidermis and outer cortex. In additionwés admitted that
each Trichodermastrain has specificity in their abilities to trgyg
biological control, reprogram plant genes exprassialleviate
physiological and abiotic stress (Shoresh et allO?0... As a
consequence, a comparison of the different alslibhetween the two

strains could be an interesting perspective.

So far, our thesis clearly supported the positiapdct of the two
beneficial microorganisms against two major pofathogens and the
possible key role of the plant hormone signallirghgvays in these
biological protections. Moreover, the work undeslin the
fundamental necessity to understand the regulatigolant hormone
signalling pathways during these processes, inrotdedevelop
efficient strategies to control pathogens in potatop. However, it
seems important before further researches to \valittee ecological
significance of these mechanisms of plant protactimder more
“natural” conditions. In consequence, the firspsteuld be to validate
the efficiency of these beneficial microorganismsder in vivo
conditions and/or to select the more relevant gsedor further
molecular and proteomic studies in order to decipleir
mechanisms of plant protection.
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Table S1The 658 genes regulated during the pre-stagetatgpooot

colonization by Glomus sp. MUCL 41833 as comparath \the

control treatment, and their changes in expression

Probe ID Annotation Ratio
Pre-

ACDA01291D07.T3m.scf putative GTP-binding proteiRG [Oryza sativa (japonica cultivar- 38,46
group)] dbj_BAC79856.1_ putative GTP-binding pratBiRG [Oryza
sativa (japonica cultivar-group)]

STMHL53TV At5g41350/MYC6_6 [Arabidopsis thaliana) gAAK82555.1_ 37,57
AT5g41350/MYC6_6 [Arabidopsis thaliana] ref_NP_5685L_ zinc
finger (C3HC4-type RING finger) family protein [Avaopsis thaliana]

MICRO.2286.C17 1,3-beta-glucan glucanohydrolaséaj@on tuberosum] 36,71

MICRO.2134.C1 exostosin family protein [Arabidoptisliana] 34,72

MICRO.14132.C2 hydroxyproline-rich glycoprotein féyrprotein [Arabidopsis thaliana] 33,29
NP_177422.1

ACDA00273G09.T3m.scf No Hits Found 31,20

MICRO.3782.C1 TRZ3 (TRNASE Z 3); 3'-tRNA processingdoribonuclease/ catalytic 29,79
[Arabidopsis thaliana] NP_175628.2

bf_mxflxxxx_0017c01.t3m. No Hits Found 29,11

scf

POABD13TP transporter-related [Arabidopsis thallana 28,28

STMEF60TV No Hits Found 28,15

MICRO.4334.C1 Similar to gh|Z84386 anthranilate N- 27,82
hydroxycinnamoyl/benzoyltransferase from Dianthasyophyllus
[Arabidopsis thaliana]

MICRO.10096.C1 MutT domain protein-like [Oryza satijaponica cultivar-group)] 27,12
dbj_BAD37816.1_ MutT domain protein-like [Oryzaisat(japonica
cultivar-group)]

MICRO.14687.C1 hypothetical protein [Arabidopsialtana] ref_NP_187896.1_ 26,50
oxidoreductase, 20G-Fe(ll) oxygenase family profaiabidopsis
thaliana]

MICRO.12402.C1 chloroplast outer envelope protelfP86 homolog T10P11.19 - 23,76
Arabidopsis thaliana gb_AAC19285.1_ Arabidopsisapiué chloroplast
outer envelope 86-like protein TI0P11.19 (GB: ACEB®)

[Arabidopsis thaliana] ref_NP_567242.2_ chloroptaster ...

POACO056TP No Hits Found 23,26

MICR0.5099.C3 predicted protein [Populus trichoedn$P_002304277.1 22,31

SSBN001C23u.scf ATP-dependent clp protease ATPiigrslibunit clpA homolog CD4A, 21,57
chloroplast precursor pir__A35905 endopeptidase(E® 3.4.21.-)

ATP-binding chain cd4A, chloroplast [similarity}emato
gb_AAA34160.1_ ATP-dependent protease (CD4A)

MICRO.7627.C1 putative protein [Arabidopsis thalihgb_AAL38360.1_ putative 20,62
protein [Arabidopsis thaliana] ref_NP_974403.1_ XB/domain-
containing protein / XS zinc finger domain-contaiiprotein
[Arabidopsis thaliana] ref NP_190436.2_ XH/XS domeontainin ...

MICRO.5171.C1 unknown [Arabidopsis thaliana] gb_A%6447.1_ 19,66
AT3g57280/F2809_130 [Arabidopsis thaliana] gb_ AAKB2.1_
AT39g57280/F2809_130 [Arabidopsis thaliana]

cSTA5C20TH dynamin family protein [Arabidopsis tlaala] 19,20

MICRO.16902.C1 No Hits Found 19,19

POAC667TV putative hyoscyamine 6 beta-hydroxyl&@dnum demissum] 18,54

MICRO.13429.C1 similar to AT2G30780: pentatricopeé@tiPPR) repeat-containing 18,35
protein

SDBNOO5N10u.scf OSJINBb0039L24.13 [Oryza sativadiaga cultivar-group)] 17,50

emb_CAE04574.1_ OSINBb0039L24.13 [Oryza sativeofam
cultivar-group)]
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MICRO.17481.C1
MICRO.6187.C1
MICRO.16727.C1
MICRO.830.C2
MICRO.7250.C1
MICRO.7460.C1

bf_suspxxxx_0025E04.t3m.
scf
MICRO.2961.C1

MICRO.5283.C1
CcSTA34J19TH
MICRO.11082.C1

CSTA4B19TH

bf_mxflxxxx_0071b02.t3m.
scf
MICRO.12664.C1

SDBNO002L17u.scf
MICRO.633.C3
MICRO.11037.C3
MICRO.11559.C1

MICRO.2255.C3
MICRO.8673.C1

MICRO.7771.C1

BF_LBCHXXXX_0042G0
6_T3M.SCF
SDBN002J05u.scf

bf_mxflxxxx_0029a03.t3m.
scf
MICRO.1569.C1

STMIS76TV
SSBNO002I15u.scf
POCDO018TP

CSTA33F16TH
cPRO14A17TH

BF_TUBSXXXX_0041C04
_T3M.SCF
POCC282TV

MICRO.16616.C1
MICRO.10430.C1
MICRO.3948.C1

MICRO.573.C1

bf_mxflxxxx_0023g11.t3m.
scf
MICRO.17922.C1

No Hits Found

glucan endo-1,3-beta-D-glucosidasedbersicon esculentum]
WRKY transcription factor (WRKY3Bdlanum lycopersicum]
ribosomal protein L27a [Petunia x hga}

Cyclin-like F-box; FBD [Medicago treatula]

unknown protein [Arabidopsis thalippis__H84857 hypothetical
protein At2g42760 [imported] - Arabidopsis thalianed NP_181804.1_
expressed protein [Arabidopsis thaliana]
Deoxyhypusine synthase gb_AAG53641.1_ deoxyhypusinthase
[Lycopersicon esculentum]

No Hits Found

cytochrome P450 [Panax ginseng]
beta-glucosidase 01 [Solanum lycopensjc

CYP71D10p [Glycine max] pir__T0593&ochrome P450
monooxygenase 71D10p [soybean sp]
No Hits Found

No Hits Found

putative thaumatin-like protein [@mim tuberosum]

No Hits Found

mitogen-activated protein kinase 3cityyersicon esculentum]
allyl alcohol dehydrogenase [Nicotidabacum]

zinc finger (CCCH-type) protein-lik@ryza sativa (japonica cultivar-

group)]
LEXYL1 [Lycopersicon esculentum]

tRNA intron endonuclease [Arabidophkaliana] dbj_BAA88627.1_
tRNA intron endonuclease [Arabidopsis thaliana]
reversibly glycosylated polypeptideiicum aestivum]

putative disease resistant protein rga4 [Solanullosastanum]

SARS8.2 protein precursor [Capsieamuum]
No Hits Found

putative protein [Arabidopsis thaliapir___T45956 hypothetical proteil
F7J8.140 - Arabidopsis thaliana ref_NP_195736.tadherin binding

protein-related [Arabidopsis thaliana]
putative WRKY transcription factor [Nidgaha tabacum]

No Hits Found

AT3g20810/MOE17_10 [Arabidopsis thaliagia] AAM10317.1_
AT3g20810/MOE17_10 [Arabidopsis thaliana] ref_NP0857.1_
transcription factor jumoniji (jmjC) domain-contaigi protein

No Hits Found

No Hits Found
No Hits Found

putative copia-like polyprotein [Ipomdeiéida]
WRKY transcription factor 20 [Arabjakis thaliana]
hypothetical protein [Nicotiana teisan]

Is a member of the PF_01553 Acyltienase family. [Arabidopsis
thaliana] pir__E96842 hypothetical protein F23A5[Bdported] -
Arabidopsis thaliana

putative serine carboxypeptidase peeryGossypium hirsutum]

No Hits Found

glucose-1-phosphate adenylyltraasterputative / ADP-glucose
pyrophosphorylase, putative (APS2) [Arabidopsidiaima]

16,43
16,22
16,21
15,82
15,71
15,46

15,26

15,00
14,87
14,84
14,59

14,51
14,46

14,41
14,41
14,38
14,32
14,31

14,17
14,08

13,90
13,81

13,61
13,56

13,12

13,12
12,99
12,90

12,75
12,57
12,50

12,40
12,34
12,19
12,16

12,15
12,07

11,98
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bf_stolxxxx_0038c01.t3m.s
cf
STMCF57TV

BF_TUBSXXXX_0012C02
_T3M.SCF
MICRO.2033.C6

CSTE9OD8TH

MICRO.15989.C1

bf_acdcxxxx_0014c05.t3m.
scf
bf_arrayxxx_0102f02.t7m.s
cf

MICRO.14424.C1

MICRO.14983.C1

MICRO.9928.C1
111G12AF.esd

bf_mxflxxxx_0002b09.t3m.
scf
MICRO.14066.C1

MICRO.14058.C1
MICRO.7765.C2
MICRO.4142.C3

MICRO.189.C1
MICRO.835.C1
MICRO.973.C3
STDB002J08u.scf
MICRO.4408.C1

bf_mxflxxxx_0035c10.t3m.
scf
MICRO.6187.C2

SDBNO001C16u.scf

POCCKO5TV
MICRO.17483.C1

bf_suspxxxx_0007C10.t3m.
scf
MICRO.2416.C1

MICRO.14714.C1

bf_suspxxxx_0024F06.t3m.

scf

MICRO.1089.C3

No Hits Found

unknown protein [Arabidopsis thaliana] ¢#AK64148.1_ unknown
protein [Arabidopsis thaliana] ref_NP_568585.1_resged protein
[Arabidopsis thaliana]

No Hits Found

metallocarboxypeptidase inhibitorlf®om tuberosum]

S-adenosyl-methionine-sterol-C- methykfarase [Nicotiana tabacum’
pir__T03848 probable sterol 24-C-methyltransfel@® 2.1.1.41) -
common tobacco

ABC transporter-like protein [Arabbis thaliana]

No Hits Found
UDP-glucose:salicylic acid glucosyltransferase fiti@na tabacum]

OSJINBa0079M09.4 [Oryza sativa (jag@cultivar-group)]
emb_CAE05335.2_ OSJNBa0079M09.4 [Oryza sativa (jimao
cultivar-group)]

unnamed protein product [Arabidopisagiana] ref_NP_200032.1_
sugar isomerase (SIS) domain-containing proteiipitopsis thaliana]

cystathionine beta-lyase [Solanunetasum]

No Hits Found
No Hits Found

ethylene responsive protein [Mesgathemum crystallinum]
gb_AAF63205.1_ AP2-related transcription factor Bdmbryanthemumn
crystallinum]

similar to AT4G08250: scarecrow s@iption factor family protein

OSJNBa0096F01.6 [Oryza sativa (japmuiltivar-group)]

putative photosystem | reaction @R®I-D subunit precursor (psaD
gene) [Solanum tuberosum]
WRKY27 [Glycine max]

hydrogen peroxide-induced 1 [Nicotigaiaacum]
No Hits Found
NBS-coding resistance gene pr@it&aotiana tabacum] ACF22002.1

transducin family protein / WD-40 eap family protein [Arabidopsis
thaliana]
No Hits Found

glucan endo-1,3-beta-D-glucosidasedbersicon esculentum]

similar to S-adenosyl-L-methioniaeboxyl methyltransferase family
protein [Arabidopsis thaliana]
No Hits Found

hypothetical protein [Arabidopsialtana] gb_AAD15316.1_
hypothetical protein [Arabidopsis thaliana] pir_5085 hypothetical
protein AT4g03600 [imported] - Arabidopsis thaliana
No Hits Found

putative CCR4-associated factor [Adapsis thaliana]
gb_AAK93623.1_ putative CCR4-associated factor pidapsis
thaliana] gb_AAD15397.2_ putative CCR4-associatedad
[Arabidopsis thaliana] ref_NP_565735.1_ CCR4-NQangcription
complex ...

orcinol O-methyltransferase [Roshritycultivar] emb_CAD29458.1_
orcinol O-methyltransferase [Rosa chinensis] embHG%077.1_
orcinol O-methyltransferase 1 [Rosa chinensis]
putative GTP-binding protein [Arabidopsis thalianeff NP_179816.1_
Ras-related GTP-binding protein, putative [Arabisisghaliana]
pir__H84610 probable GTP-binding protein [imported]

Vacuolar ATP synthase subunit C (VPaEe C subunit) (Vacuolar
proton pump C subunit) gb_AAC83084.1_ vacuolar adere
triphosphatase subunit C [Mus musculus]

11,87
11,75

11,68

11,44
11,26

11,11
11,03

10,99
10,92

10,81

10,72
10,68
10,41

10,32

10,28
10,26
10,20

10,15
10,05
9,98
9,89
9,73

9,45

9,36
9,23

9,15
9,09

9,06
9,02

8,99

8,95

8,92
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MICRO.14938.C2
071B10AF.esd
ACDAO00586A10.T3m.scf

bf_ivrootxx_0031a12.t3m.s
cf
MICRO.7547.C2

MICRO.6335.C1

MICRO.12229.C1
MICRO.1831.C5

PPCBF91TH
ACDA03632G08.T3m.scf
CcSTS27E21TH

bf_Ibchxxxx_0060b01.t3m.
scf
bf_mxflxxxx_0011c07.t3m.
scf

MICRO.1115.C1

STDB005P06u.scf

bf_mxflxxxx_0071a11.t3m.
scf
MICRO.2104.C1

bf_suspxxxx_0032d03.t3m.
scf
MICRO.1588.C7

MICRO.7553.C1

160F12AF.esd

MICRO.7968.C1
STMHQ94TV
STMCY49TV
MICRO.4268.C2
MICRO.2386.C1

BF_LBCHXXXX_0005D0
1_T3M.SCF
cSTB33G21TH

MICRO.11781.C1

bf_mxIfxxxx_0042d12.t3m.
scf
bf_ivrootxx_0056h10.t3m.s
cf

MICRO.529.C1

CcSTD1H12TH
ACDA02225B05.T3m.scf
MICRO.259.C2

calmodulin-binding protein [Beta gaitis]

putative poly(ADP-ribose) polymeraseapidopsis thaliana]

No Hits Found
No Hits Found

unknown protein [Oryza sativa (japantultivar-group)]
dbj_BAC10134.1_ unknown protein [Oryza sativa (jajsa cultivar-
group)] sp_Q8LHPO_U222_ORYSA Hypothetical UPFO222gin
P0519E12.3

ankyrin-like protein [Arabidopsis liama] pir__E84725 ankyrin-like
protein [imported] - Arabidopsis thaliana ref_NP0Z81.1_ ankyrin

repeat family protein [Arabidopsis thaliana]
unknown protein [Oryza sativa (jajarcultivar-group)]

plastidic ATP/ADP-transporter [Solantuberosum] pir__T07420
ATP/ADP-transporter, chloroplast - potato sp_024381C1_SOLTU
PLASTIDIC ATP/ADP-TRANSPORTER

No Hits Found

No Hits Found
No Hits Found
No Hits Found

No Hits Found

AMMECR1 family [Arabidopsis thaliandP_565894.1

starch phosphorylase (EC 2.4.1ebupsor - potato
sp_P04045_PHS1_SOLTU Alpha-1,4 glucan phosphorylage
isozyme, chloroplast precursor (Starch phosphoeyla$)
dbj_BAA00407.1_ alpha-glucan phosphorylase precUSolanum
tuberosum]
No Hits Found

unknown protein [Arabidopsis thalingh_ AAL36347.1_ unknown
protein [Arabidopsis thaliana] gb_AAF66132.1_ hyeitcal protein
hypothetical protein isoform 1 [Vitis vinifera] XB02265949.1

osmotin-like protein [Solanum tubeno$

similar to AT2G32630: pentatricopdpt{PPR) repeat-containing
protein

patatin [Solanum tuberosum] pir__AZ6@4tatin T5 precursor - potatc
sp_P15478_PAT5_SOLTU PATATIN T5 PRECURSOR (POTATO
TUBER PROTEIN) prf__1301309A patatin

No Hits Found

putative urease accessory protein F [pgrsicon esculentum]
No Hits Found
adenylate cyclase [Arabidopsis tmajaNP_565353.1

putative protein [Arabidopsis thadijpir__T51260 hypothetical proteil
T8M16_50 - Arabidopsis thaliana
No Hits Found

putative auxin-induced SAUR-like protg€apsicum annuum]
F6N18.12 [Arabidopsis thaliana]
No Hits Found

No Hits Found
No Hits Found
hypothetical protein [Vitis vinifera] XP02265699.1

No Hits Found

auxin responsive transcription fa¢fmabidopsis thaliana]

8,89
8,86
8,81
8,78

8,75

8,70

8,69
8,65

8,59
8,55
8,50
8,45

8,39

8,34
8,31

8,29
8,25
8,19
8,15
8,03
8,01

7,95
7,87
7,86
7,81
7,79
7,77
7,72
7,70
7,68
7,60
7,60
7,55
7,49
7,45
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STMITO1TV

bf_arrayxxx_0078e12.t3m.s
cf
MICRO.1238.C1

bf_arrayxxx_0059h11.t7m.s
cf
MICRO.6948.C1

CSTB3N9TH
MICRO.12288.C1

MICRO.2688.C1

STMGQ65TV

MICRO.7475.C1
MICRO0.9600.C1
MICRO.4106.C1
SSBNO001HO04u.scf
CSTA36F13TH
POCAMSOTV

bf_cswbxxxx_0059d01.t3m
.scf
MICRO.12161.C1

BF_LBCHXXXX_0051C0
1_T3M.SCF
MICRO.9665.C1

BF_TUBSXXXX_0054D12
_T3M.SCF
MICRO.12238.C1

bf_acdcxxxx_0057a11.t3m.
scf
STMCK61TV

MICRO.8396.C1

bf_arrayxxx_0040d02.t7m.s
cf

cSTB1D11TV
MICRO.12707.C1
POCDL86TV

bf_swstxxxx_0050c08.t3m.
scf
TBSKO03589FDO01.t3m.scf

bf_ivrootxx_0009h07.t3m.s
cf
MICRO.11217.C1

putative WRKY transcription factor [Riais communis]
No Hits Found

Oxygen-evolving enhancer proteinhlomplast precursor (OEEL) (33
kDa subunit of oxygen evolving system of photosyst (OEC 33 kDa
subunit) (33 kDa thylakoid membrane protein)

No Hits Found

No Hits Found
No Hits Found

Similar to gb_U85207 snRNP core $otgin homolog Sm-X5 from
Mus musculus. EST gb_AA612141 comes from this gAmbidopsis
thaliana] pir__H86164 hypothetical protein F15K9Arabidopsis
thaliana

At3g46740/T6H20_230 [Arabidopsis iad] gb_ AAM83239.1
AT3g46740/T6H20_230 [Arabidopsis thaliana] emb_CABS1.1_
chloroplast import-associated channel homolog [Atapsis thaliana]
pir__T12975 outer envelope membrane protein hom®&420.230 - ...

Similar to ATCG01280 | Symbols: YCF2l@8dntical to Protein ycf2
(ycf2-B) [Arabidopsis Thaliana]

unnamed protein product [Arabidopisaiana]

No Hits Found

No Hits Found

No Hits Found

chloroplast malate dehydrogenase [Lgcsipon esculentum]
No Hits Found
No Hits Found

calmodulin-like protein [Arabidops#igliana] pir__T08398 calmodulin
homolog F18B3.50 - Arabidopsis thaliana ref NP_14®06_
calmodulin-related protein, putative [Arabidopsialtana]
No Hits Found

Contains similarity to aminoacylasenf Sus scrofa domestica
gi_S27010 and contains a peptidase M20 PF_0154@idoEBSTs
gb_H76043, gb_AA394953, gb_AI995115, gb_AA65148medrom
this gene. [Arabidopsis thaliana] pir__C96507 himetital protein ...
No Hits Found

hypothetical protein FOE11.7 [impdit- Arabidopsis thaliana
gb_AAG51873.1_ disease resistance protein, putative
No Hits Found

cytochrome P450 [Panax ginseng]

unknown protein [Arabidopsis thalipgh. AAK59597.1_ unknown
protein [Arabidopsis thaliana] pir__H86427 unknoprotein [imported]
- Arabidopsis thaliana gb_AAG51102.1_ unknown pirofArabidopsis
thaliana] ref_NP_564354.1_ early-responsive to ...
putative AP2/EREBP transcription factor [Arabidap#ialiana]
pir__H96837 unknown protein T21F11.9 [imported]raBidopsis
thaliana gb_AAF27133.1_ unknown protein

No Hits Found

No Hits Found

tRNA methyl transferase family proteinrgdidopsis thaliana)
pir__H96550 hypothetical protein F11M15.16 [impdite Arabidopsis
thaliana gb_AAD30642.1_ Unknown protein [Arabidaptialiana]
No Hits Found

No Hits Found

regulator of gene silencing [Nicotiana tabacum]

40S ribosomal protein S21 (RPS2A€3ljidopsis thaliana]

7,40
7,39

7,35

7,29

7,25
7,20
7,11

7,09

7,04

7,01
6,99
6,95
6,92
6,88
6,81
6,79

6,76

6,72
6,59

6,55
6,52
6,49

6,42
6,38

6,35

6,31
6,30
6,29

6,25

6,21
6,18

6,16
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bf_mxflxxxx_0008b10.t3m.
scf
SDBNO001J19u.scf

MICRO.11792.C1
PPCCP91TH

BF_TUBSXXXX_0047C11
_T3M.SCF
MICRO.17844.C1

cSTB34D23TH
MICRO.15319.C1

SDBN005014u.scf
MICRO.915.C2
PPCAG93TH
MICRO.1309.C2

BF_TUBSXXXX_0030D05
_T3M.SCF
MICRO.15253.C1

MICRO.4740.C2

MICRO.3062.C2
CSTA40K19TH
MICRO.14001.C2
MICRO.17965.C1

MICRO.17624.C1

bf_stolxxxx_0009f08.t3m.s
cf
BF_TUBSXXXX_0022E02
_T3M.SCF
MICRO.5482.C1

ACDAO03840H12.T3m.scf

bf_cswexxxx_0007f05.t3m.
scf
MICRO.4759.C1

bf_arrayxxx_0014f07.t3m.s
cf
bf_mxflxxxx_0051a07.t3m.
scf

MICRO.8332.C1

MICRO.8058.C1

bf_suspxxxx_0048f12.t7m.s
cf
MICRO.12659.C1

BF_TUBSXXXX_0029A05
_T3M.SCF
MICRO.13306.C1

calcium ion binding [Arabidopsis thaliana]

At1g22970/F19G10_8 [Arabidopsi$iaha] gb_AAL49950.1_
At1g22970/F19G10_8 [Arabidopsis thaliana] pir__G885%19G10.8
protein - Arabidopsis thaliana gb_AAB72164.1_ unkngrotein

flavin monoxygenase-like proteirofty [Petunia x hybrida]

No Hits Found
No Hits Found

PREDICTED: hypothetical protein X5510 [Pan troglodytes]
probable CCR4-associated factor [ingujrt Arabidopsis thaliana

unnamed protein product [Arabidopisgiana] ref_NP_200912.1_
expressed protein [Arabidopsis thaliana]
No Hits Found

Disease resistance protein [Medicagacatula]
No Hits Found

putative protein [Arabidopsis thadijpir___T49184 hypothetical proteil
MAA21.60 - Arabidopsis thaliana ref_NP_191902.1pressed protein
[Arabidopsis thaliana]
No Hits Found

putative Avr9 elicitor response piot{Oryza sativa (japonica cultivar-
group)] dbj_BAD05427.1_ putative Avr9 elicitor resyse protein
[Oryza sativa (japonica cultivar-group)]

flavonoid 3*-hydroxylase [Petuniaybhida]
sp_Q9SBQY_F3PH_PETHY Flavonoid 3*-monooxygenasav(foid
3*-hydroxylase) (Cytochrome P450 75B2)

similar to heat shock transcriptiaotér B2B [Arabidopsis thaliana]

No Hits Found
No Hits Found

cytosolic NADP-malic enzyme [Lycogiepn esculentum] pir__T0640:
malate dehydrogenase (oxaloacetate-decarboxyldtipP) (EC
1.1.1.40) 2, cytosolic - tomato

Cyclin-like F-box; F-box proteinénaction domain; Galactose oxidas¢
central [Medicago truncatula]
No Hits Found

No Hits Found

lipid transfer protein 2 [Lycopersicpennellii]
No Hits Found
No Hits Found

No Hits Found
No Hits Found

hypothetical protein [Ricinus communis] XP_00252286

similar to AT2G41190: amino acid sparter family protein
No Hits Found
No Hits Found

glucan endo-1,3-beta-D-glucosid&se §.2.1.39) acidic precursor
(clone glI9) - common tobacco (cv. Samsun NN) gb_A&83842.1_
acidic beta-1,3-glucanase sp_P23547_E13G_TOBACdaleado-1,3-
beta-glucosidase, acidic isoform GI9 precursor ...
No Hits Found

iron-regulated transporter 1 [LyasEon esculentum]
gb_AAF97509.1_ iron-regulated transporter 1 [Lyaspmn
esculentum]

6,13
6,11

6,11
6,10
6,09

6,05
6,03
6,00

5,98
5,96
5,93
591

5,90
5,88

5,86

5,84
5,81
5,80
5,79

5,79
5,77
5,76

5,75
5,72
5,70

5,69
5,68

5,66

5,65
5,63
5,62

5,61

5,60
5,60
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CcSTB47L21TH

POCCO23TV
MICRO.347.C53
MICRO.958.C2

bf_suspxxxx_0039b02.t3m.

scf

bf_mxIfxxxx_0066b03.t3m.

scf

bf_arrayxxx_0061d05.t7m.s

cf
POADV29TP

POCCH29TP
MICRO.8600.C1
MICRO.17667.C1

bf_ivrootxx_0055d11.t3m.s

cf

bf_suspxxxx_0064b07.t3m.

scf

BF_TUBSXXXX_0046A04

_T3M.SCF
MICRO.16334.C1

bf_mxflxxxx_0033a08.t3m.

scf
MICRO.13629.C1

cSTB43C21TH
MICRO.713.C2

MICRO.9429.C1
SSBNO002H19u.scf
MICRO.17961.C1
MICRO.8847.C1
BPLISC14TH

MICRO.11279.C1
MICRO.17959.C1
MICRO.17448.C1

bf_ivrootxx_0063b01.t3m.s

cf
MICRO.13609.C1

MICRO.6714.C1

MICRO.12947.C1

MICRO.5864.C1

ubiquitin-specific protease (AtUBP3)gbidopsis thaliana]
emb_CAB38904.1_ ubiquitin-specific protease (AtUBRF&abidopsis
thaliana] gb_AAL79594.1_ AT4g39910/T5J17_80 [Araipdis
thaliana] gb_AAL24275.1_ AT4g39910/T5J17_80 [Araipdis
thaliana] ...

No Hits Found

unknown [Solanum tuberosum] ABC01214.

benzoyl coenzyme A: benzyl alcoholzmhtransferase [Nicotiana
tabacum]
No Hits Found

No Hits Found

polyphenol oxidase pir__T07098 catechol oxidase 1ED.3.1) (allele
POT72) - potato (fragment)
No Hits Found

Nadrin [Homo sapiens] ref_NP_00100663Balrin [Homo sapiens]
No Hits Found
alcohol dehydrogenase (EC 1.1.1vleat (cv. Millewa)

unknown [Solanum phureja x Solanum stenotomum]
No Hits Found
No Hits Found

No Hits Found
No Hits Found

At2g36970/T1J8.15 [Arabidopsis tuad] gb_ AAD31582.1_ putative
glucosyltransferase [Arabidopsis thaliana] gb_AA826.1_
At2g36970/T1J8.15 [Arabidopsis thaliana] ref NP_2B84.1 UDP-
glucoronosyl/lUDP-glucosyl transferase family protgArabidopsi ...

No Hits Found

cytochrome P450 [Arabidopsis thaliagta] AAO30051.1_ cytochrome

P450 [Arabidopsis thaliana] gb_AAL61910.1_ cytocheoP450
[Arabidopsis thaliana] ref NP_188079.1_ cytochrdPd&0, putative
[Arabidopsis thaliana]

hypothetical protein [Vitis viniferXP_002266635.1

No Hits Found
pre-mRNA cleavage complex-relatedapAdopsis thaliana]
No Hits Found

glucose-6-phosphate/phosphate-trangdogaiecursor [Solanum
tuberosum] pir__T06997 probable glucose-6-phospblatsphate-
translocator precursor - potato (fragment)

chitinase; endochitinase [Solanuipetasum]

No Hits Found

hypothetical protein CNBF0780 [Cogiiccus neoformans var.
neoformans B-3501A]
No Hits Found

leucine-rich repeat receptor-liketpin kinase 1 [Populus nigra]

unknown protein [Arabidopsis thalingh. AAM66017.1_ unknown
[Arabidopsis thaliana] gb_AAM10307.1_ AT3g10020/K2AB_16
[Arabidopsis thaliana] gb_AAL06834.1_ AT3g10020/RAB_16
[Arabidopsis thaliana] gb_AAK97732.1_ AT3g10020/KAB_16
[Arabidopsis ...

unknown protein [Arabidopsis thadihgh_AAL38810.1_ unknown
protein [Arabidopsis thaliana] emb_CAB81913.1_ futaprotein
[Arabidopsis thaliana] pir__T48152 hypotheticalteio T1008.10 -
Arabidopsis thaliana ref_NP_195750.1_ ...

similar to AT2G03550: hydrolase

5,58

5,57
5,55
5,54

5,53
5,53
5,52

5,51
5,50
5,49
5,48
5,47

5,46
5,44

5,43
5,42

5,41

5,41
5,40

5,39
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5,37
5,36
5,35

5,34
5,32
5,32

531

5,30
5,30

5,29
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bf_suspxxxx_0007E10.t3m.
scf
MICRO.3818.C1

STMIR15TV

bf_mxIfxxxx_0030h03.t3m.
scf
MICRO.1142.C1

MICRO.9952.C2

MICRO.8555.C2

MICRO.2055.C3
MICRO.3003.C1

MICRO.5426.C4

bf_mxflxxxx_0027d09.t3m.
scf
bf_stolxxxx_0054¢05.t3m.s
cf

MICRO.10935.C1

MICRO.7189.C1

MICRO.4350.C1

SDBT002G23x.scf
ACDA01761C09.T3m.scf
MICRO.13039.C1
bf_cswbxxxx_0007b10.t3m

.scf
cSTC5K5TH

MICRO.1992.C2

bf_mxIfxxxx_0040f07.t3m.
scf
MICRO.5148.C2

bf_swstxxxx_0037f06.t3m.s
cf
STMJID44TV

MICRO.17754.C1
MICRO.11371.C1
ACDA04816B04.T3m.scf
MICRO.13355.C1
MICRO.13304.C1

BF_LBCHXXXX_0022B0
6_T3M.SCF
bf_ivrootxx_0021f12.t3m.s
cf

MICRO.8980.C2

No Hits Found

MATE efflux protein-related [Arabidsip thaliana]

ABC transporter, putative [Arabidopsisliana] ref_ NP_174330.1_
ATP-binding cassette transport protein, putativeafAdopsis thaliana]
pir__E86428 probable ABC transporter [imported]

NTGP4 [Nicotiana tabacum]

aminoacyl-tRNA hydrolase [Arabidopisialiana] NP_568340.1

unknown [Arabidopsis thaliana] dbj_B2#4994.1_ unnamed protein
product [Arabidopsis thaliana] dbj_BAD44537.1_ uakm protein
[Arabidopsis thaliana] dbj_BAD44457.1_ unknown giat[Arabidopsis
thaliana)] ref_NP_566844.1_ expressed protein ...

probable peptide transporter [impdjrteArabidopsis thaliana
gb_AAF29404.1_ peptide transporter, putative [Adalpisis thaliana]
ref_NP_175630.1_ proton-dependent oligopeptidesfrart (POT)
family protein [Arabidopsis thaliana]

No Hits Found

At1g60080 [Arabidopsis thaliana] giAXL4485.1_ Similar to
gb_AF025438 Opa-interacting protein (OIP2) from Hosapiens.
[Arabidopsis thaliana] pir__D96625 hypotheticaltein T2K10.14
[imported] - Arabidopsis thaliana ref_NP_1762163t ...

pathogenesis related protein isofetniSolanum phureja]

No Hits Found
No Hits Found

No Hits Found

Small heat shock protein, chloropgaetursor pir__T06324 heat shocl
protein 21, chloroplast - tomato gb_AAB07023.1_th&eock protein

Unknown protein [Arabidopsis thaliagh_AAL34184.1_ unknown
protein [Arabidopsis thaliana] gb_AAK59507.1_ unkmoprotein
[Arabidopsis thaliana] pir__H96814 hypotheticaltein T30F21.5
[imported] - Arabidopsis thaliana ref_NP_565184iritegral ...

No Hits Found

No Hits Found

leucine-rich repeat transmembraoéepr kinase, putative [Arabidopsis
thaliana]
No Hits Found

No Hits Found
gb protein [Sorghum bicolor]
No Hits Found

hypothetical protein PGEC568D21.1601§8um demissum]
No Hits Found
putative translation transactivator/irsthn body protein [Nicotiana

tabacum]
putative salt tolerance protein Byfa sativa (japonica cultivar-group)]

No Hits Found

No Hits Found

50S ribosomal protein 19 [Bartonélémselae str. Houston-1]
beta-fructofuranosidase
ENSANGP00000010437 [Anopheles gambiae]
No Hits Found

Vacuolar protein-sorting protein 38rolog (AtVPS33)

gb_AAK48903.1_ VPS33 [Arabidopsis thaliana] ref_$B7009.1_
vacuolar protein sorting protein, putative [Aralpdés thaliana]

5,28

5,27
5,26

5,25

5,24
5,22

5,21

5,21
5,20

5,18
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4,99
4,98
4,98
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CSTC6K15TH
MICRO.17120.C1
MICRO.11018.C1

MICRO.2219.C8
MICRO.8516.C1

BF_LBCHXXXX_0054H0
9 _T3M.SCF
MICRO.2876.C1

MICRO.538.C1
STMHL93TV

bf_mxflxxxx_0075h12.t3m.
scf

bf_mxIfxxxx_0065a05.t3m.
scf
MICRO.10369.C1

MICRO.4080.C2
MICRO.331.C95
MICRO.14477.C1

bf_mxIfxxxx_0032f01.t3m.
scf
SDBNO002H02u.scf

MICRO.17709.C1
CSTA14C9TH
TBSK01135FGO07t3m.scf
MICRO.10815.C1

MICRO.7884.C2

bf_suspxxxx_0048g10.t7m.
scf
SSBT001M18x.scf

POCAH90TV

MICRO.9126.C1
MICRO.7173.C2
CcSTA20C1TH

bf_acdaxxxx_0063e08.t3m.
scf
bf_suspxxxx_0033h10.t3m.
scf

MICRO.4083.C7

SSBT004G08x.scf
MICRO.15691.C1
MICRO.8547.C1

cSTB45B9TH
MICRO.6780.C4

No Hits Found
unknown protein [Arabidopsis thadihn

tumor-related protein [Nicotianaugla x Nicotiana langsdorffii],
putative EXLB1 [Arabidopsis thaliana]
Phenylalanine ammonia-lyase 2 [Satatuberosum]

similar to AT1G29370: kinase-related
No Hits Found

similar to WRKY transcription fact®ff{Solanum tuberosum]
No Hits Found
No Hits Found

basic chitinase [Arabidopsis thaliana] gb_AAL90922.
AT3g16920/K14A17_4 [Arabidopsis thaliana] gb_ AALGBEL
AT3916920/K14A17_4 [Arabidopsis thaliana] ref_NP83&7.1
glycoside hydrolase family 19 protein [Arabidoptialiana]

No Hits Found

subtilisin-like protease [Lycopetsicesculentum] emb_CAA06997.1_
subtilisin-like protease [Lycopersicon esculentyrin] T07169
subtilisin-like proteinase (EC 3.4.21.-) 3 - tomato

No Hits Found

No Hits Found

abscisic acid insensitive 5 (ABIB)dbidopsis thaliana]
gb_AAK19599.1_ bZIP protein [Arabidopsis thaliana]
ref_NP_565840.1_ bZIP transcription factor famitptein / ABA-
responsive element-binding protein, putative [Adalpisis thaliana]
No Hits Found

hypothetical protein LES1_20t00fB&anum lycopersicum]
ABI34272.1
No Hits Found

No Hits Found
hypothetical protein PGEC5#2Sblanum demissum]

endonuclease/exonuclease/phospHatady protein [Arabidopsis
thaliana]
protein kinase-like protein [Capsicanmuum]

similar to WRKY transcription factor 6 [Solanum grosum]

No Hits Found

meprin and TRAF homology domain-containprotein / MATH
domain-containing protein [Arabidopsis thaliana]
patatin-like protein 1 [Nicotiana &aim]

hypothetical protein isoform 1 [Vitigifera] XP_002264446.1
No Hits Found
hypothetical protein PGEC858M02.5 [Solanum demigsum

gag-pol polyprotein-like [Solanum tuberosum]

No Hits Found
hydrogen peroxide-induced 1 [Nawitabacum]
No Hits Found

hypothetical protein F13K9.3 - Aradpdis thaliana gb_AAG51477.1_
hypothetical protein [Arabidopsis thaliana] ref NF4113.1_
microtubule associated protein (MAP65/ASE1) fanpitptein
[Arabidopsis thaliana]

No Hits Found

Hsp20.0 protein [Lycopersicon pernvian]

4,94
4,94
4,92

4,91
4,91
4,90

4,89
4,87
4,86
4,86

4,85
4,84

4,83
4,83
4,82

4,81
4,81

4,80
4,80
4,77
4,77

4,75
4,74

4,72
4,70

4,69
4,67
4,66
4,66
4,65
4,64
4,63
4,62
4,62

4,61
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MICRO.18121.C1
cPRO29E1TH

MICRO.11618.C1

MICRO.1010.C1
CSTB31N13TH
MICRO.12087.C1
MICRO.10760.C1

MICRO.10440.C1

BF_LBCHXXXX_0019F11
_T3M.SCF
bf_mxIfxxxx_0019h04.t3m.
scf

MICRO.11677.C3

cSTS11P21TH
MICRO.7474.C4

bf_mxflxxxx_0073g07.t3m.
scf
STMGC88TV

MICRO.3667.C1
MICRO.14232.C1

MICRO.4654.C1
MICRO.6910.C1

bf_Ibchxxxx_0061f09.t3m.s
cf
MICRO.906.C1

MICRO.9542.C2
MICRO.10439.C1
CcSTS10N24TH

MICRO.16637.C1

BF_TUBSXXXX_0057C01
_T3M.SCF
PotatoF1489.scf

MICRO.11840.C1
MICRO.6379.C1

SSBTO05N13x.scf

No Hits Found

Contains similarity to aminoacylase fi®ns scrofa domestica
gi_S27010 and contains a peptidase M20 PF_0154@idoEBSTs
gb_H76043, gb_AA394953, gb_AI995115, gh_AA65148tedrom
this gene. [Arabidopsis thaliana] pir__C96507 hiymetital protein ...

PREDICTED 0J1117_F10.8 gene profidigiza sativa (japonica
cultivar-group)]

unnamed protein product [Arabidopisaiana]

No Hits Found
putative retroelement pol polyprotike [Solanum tuberosum]

At3g18850 [Arabidopsis thaliana] dbpAB03094.1_ acyl-CoA:1-
acylglycerol-3-phosphate acyltransferase [Arabidopsliana]
gb_AAM20700.1_ unknown protein [Arabidopsis thaé&n
ref_NP_974335.1_ phospholipid/glycerol acyltrars$er family protein

Cf-2.2 [Lycopersicon pimpinellifofi]
No Hits Found

ubiquitin-conjugating enzyme 7 (UBC7) [Arabidop#isliana]

P450 hydroxylase [Solanum melongeita] S36807 cytochrome P45(
71A3 - eggplant (fragment) sp_P37119_C713_SOLME
CYTOCHROME P450 71A3 (CYPLXXIA3) (P-450EG3)

unknown [Arabidopsis thaliana]

NPR1-interactor protein 1 [Lycopeosi@sculentum]

putative polyprotein [Solanum tuberosum]

hypothetical protein [Arabidopsis thabdmgb_AAB88637.1_
hypothetical protein [Arabidopsis thaliana] pir__0B21 hypothetical
protein At2g42110 [imported] - Arabidopsis thalialef NP_181741.1_
expressed protein [Arabidopsis thaliana]

unknown protein [Arabidopsis thalipna

PREDICTED: similar to 60S acidicasomal protein P1 [Pan
troglodytes] ref_NP_000994.1_ ribosomal proteirigdform 1 [Homo
sapiens] gb_AAH07590.1_ Ribosomal protein P1, isofé [Homo
sapiens] gb_AAH03369.1_ Ribosomal protein P1, isafé [Homo ...

alcohol oxidase-related [Arabidoptk&iana]

lipase class 3 family protein [Araipgis thaliana]
No Hits Found

glutathione-s-transferase, putativeapddopsis thaliana]
gb_AAN76990.1_ MAPEG-like protein [Arabidopsis tiaala]
gb_AAL47424.1_ At1g65820/F1E22_4 [Arabidopsis thaé]
gb_AAK62622.1_ At1g65820/F1E22_4 [Arabidopsis thad]
ref NP_176758.1_ ...

No Hits Found

class Il chitinase [Solanum tubenaisu

Similar to Kin17 protein [Arabidopsimliana] gb_ AAK93688.1_
unknown protein [Arabidopsis thaliana] gb_AAK258%2.unknown
protein [Arabidopsis thaliana] pir__H96596 hypoitekprotein
T5A14.13 [imported] - Arabidopsis thaliana ref_NB4690.1_ ...

No Hits Found

No Hits Found

small heat-shock protein homol@dgi&im tuberosum] pir__T07031
low molecular weight heat shock protein homologtago
ferric reductase [Medicago trunastul

lipase-like protein [Arabidopsis thah] gb_AAK62388.1_ lipase-like
protein [Arabidopsis thaliana] ref_NP_567350.1_rojase, alpha/beta
fold family protein [Arabidopsis thaliana]

No Hits Found
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4,52
4,50

4,49

4,48
4,48

4,46
4,45
4,43

4,42

4,41
4,39
4,38

4,37
4,36

4,36

4,35
4,33

4,32

362



MICRO.11595.C1

BF_TUBSXXXX_0048H01
_T3M.SCF
MICRO.4255.C1

bf_Ibchxxxx_0059e02.t3m.
scf
MICRO.17541.C1

MICRO.5923.C2

STMGTI1TV
MICRO.15066.C1
MICRO.6245.C2

bf_arrayxxx_0035b05.t7m.s
cf
BF_LBCHXXXX_0013F08
_T3M.SCF
bf_mxflxxxx_0009b12.t3m.
scf
BF_LBCHXXXX_0022F02
_T3M.SCF
STDB005019u.scf

bf_suspxxxx_0008HO7.t3m.
scf
ACDA04576F04.T3m.scf

MICRO.8260.C1

STMGS16TH
MICRO.11238.C1
ACDAO03767B11.T3m.scf

bf_acdcxxxx_0057f01.t3m.
scf
MICRO.1835.C1

ACDA04577F05.T3m.scf
091B08AF.esd
CSTE13L10TH

ACDA02472F12.T3m.scf

bf_mxIfxxxx_0010b10.t3m.
scf
STMCF48TH

BF_TUBSXXXX_0039C11
_T3M.SCF
bf_swstxxxx_0045a02.t3m.
scf

STMHC24THB

CcSTB21E19TH

pathogenesis-related protein 5-lifideghus annuus]
No Hits Found

similar to AT1G76990 | Symbols: ACRSCR3 (ACT Domain Repeat
3)
No Hits Found

Hypothetical protein CBG12710 [Cadiabditis briggsae]

unknown protein [Arabidopsis thalipref_ NP_187168.1_
phosphoglycerate/bisphosphoglycerate mutase familtein
[Arabidopsis thaliana]

homeobox leucine-zipper protein [Zinnlagans]

receptor-like protein kinase [Nieot tabacum]

putative pectinesterase [Arabidofisdiana] gb_AAK28637.1_
putative pectinesterase [Arabidopsis thaliana] BAB09799.1_
pectinesterase [Arabidopsis thaliana] ref _NP_20QiL4Pectinesterase
family protein [Arabidopsis thaliana]
GTP cyclohydrolase I11/3,4-dihydroxy-2-butanone %4gphate synthase
[Malus x domestica]
No Hits Found

myosin Il heavy chain-like [Oryza sativa (japonaativar-group)]
No Hits Found

AT3g52570/F2206_50 [Arabidopsididia] gb_AAL67113.1_
AT39g52570/F2206_50 [Arabidopsis thaliana] ref_NFO826.2_
expressed protein [Arabidopsis thaliana]
class Il peroxidase [Gossypium hirsutum]

TSJT1 [Nicotiana tabacum] spi805_TSJT_TOBAC Stem-specific
protein TSJT1 pir__S13551 stem-specific proteiommon tobacco

putative poly(ADP-ribose) glycohydrsé [Arabidopsis thaliana]
gb_AAK72256.1_ poly(ADP-ribose) glycohydrolase [Aidopsis
thaliana] ref_NP_565730.1_ poly (ADP-ribose) glygdivlase (PARG)
family protein [Arabidopsis thaliana]

DNA-binding protein [Daucus carota]

cytochrome P450 [Lotus corniculatas japonicus]

No Hits Found
No Hits Found

putative rubisco expression protéirapidopsis thaliana]
gb_AAK28639.1_ putative rubisco expression proféirabidopsis
thaliana] ref_NP_566752.1_ AAA-type ATPase famiiptein / ankyrin

repeat family protein [Arabidopsis thaliana]
No Hits Found

No Hits Found

P0581F09.11 [Oryza sativa (japonicévart-group)]
dbj_BAB64214.1_ P0581F09.11 [Oryza sativa (japowigitivar-
group)] dbj_BAB39954.1_ contains ESTs
AU062927(C51629),AU030693(E60120)~similar to Araipdis
thaliana chromosome 1, F14P1.8~unknown ...

No Hits Found

UDP-glucose:salicylic acid glucosyltransferase fitiena tabacum]
unnamed protein product [Arabidopsisitired] ref_NP_198887.1_ zinc
finger (C2H2 type) family protein [Arabidopsis tkala]

No Hits Found

No Hits Found

BEL1-related homeotic protein 5 [Solantuberosum]

putative bHLH transcription factor [Ardopsis thaliana]
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4,27
4,25
4,24

4,24
4,22
4,21
4,20
4,19

4,18
4,18
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bf_ivrootxx_0024d02.t3m.s No Hits Found

cf

BF_LBCHXXXX_0039A0

3_T3M.SCF

bf_mxIfxxxx_0034d02.t3m.

scf
MICRO.4165.C12

CSTA4J24TH
MICRO.9129.C1

MICRO.9429.C3
SDBNO004EO4u.scf
MICRO.16990.C1
MICRO.1612.C1

SDBN004B18u.scf
cSTB6M18TH
MICRO.14283.C1

TBSK02852FF08.t3m.scf

MICRO.14266.C2
STDB005MO08u.scf
MICRO.8569.C2

bf_suspxxxx_0040b06.t3m.

scf
POCAW44TP

STMIB81TV
MICRO.5553.C3
MICRO.3742.C1

MICRO.12431.C1
SSBT003115x.scf
cSTB20H9TH
SDBNO006L17u.scf
MICRO.381.C1

CSTS1IN3TH
MICRO.11519.C1
MICRO.10581.C1

MICRO.8006.C1
BPLI6C22TH

MICRO.5528.C2

bf_stolxxxx_0032A06.t3m.

scf

No Hits Found
orcinol O-methyltransferase [Rosa hybrid cultivar]

ribulose bisphosphate carboxylaséaffim tuberosum]
sp_P26575_RBSA_SOLTU Ribulose bisphosphate carbsgygmall
chain 2A, chloroplast precursor (RuBisCO small sub2A)
pir__RKPOS?2 ribulose-bisphosphate carboxylase (EC189)
precursor small ...

unknown [Arabidopsis thaliana]

At5g10910/T30N20_180 [Arabidopsisitiiea] emb_CAB96846.1_
putative protein [Arabidopsis thaliana] gb_AAL24223
AT5g10910/T30N20_180 [Arabidopsis thaliana] pir_08680
hypothetical protein T30N20_180 - Arabidopsis thad
ref_NP_196652.1_ mraW ...

hypothetical protein [Vitis viniferXP_002266635.1

No Hits Found
No Hits Found

hypothetical protein [Oryza sativap@nica cultivar-group)]
gb_AAP54875.1_ hypothetical protein [Oryza satjep@nica cultivar-
group)] gb_AAK20044.1_ hypothetical protein [Oryzativa (japonica
cultivar-group)]

No Hits Found

acyltransferase-like [Solanum melongena]

P-450 11A3 protein (1 is 3rd baseadon) [Homo sapiens]

No Hits Found

zinc finger (MYND type) family prate[Arabidopsis thaliana]

No Hits Found

putative lipid transfer protein [Swlan tuberosum]
NADPH-ferrihemoprotein reductase (EC 1.6.2.4) - mbean
unnamed protein product [Arabidopsisidmal] ref NP_188563.1_

leucine-rich repeat family protein [Arabidopsisltaaa]
unknown protein [Oryza sativa (japoniadtivar-group)]

aspartic endopeptidase [Cucurbitapep

similar to AT2G38670 | Symbols: PEGPECT1
(PHOSPHORYLETHANOLAMINE CYTIDYLYLTRANSFERASE 1);
ethanolamine-phosphate cytidylyltransferase

No Hits Found

No Hits Found
No Hits Found
No Hits Found

Isocitrate lyase (Isocitrase) (Isatése) (ICL) pir___T06353 isocitrate
lyase (EC 4.1.3.1) - tomato gb_AAA82738.1_ isotdrigase
pyrophosphate-dependent phosphofru&iogse [Prunus armeniaca]

No Hits Found

putative histidine-containing phasjpansfer protein 4 [Populus x
canadensis]
hypothetical protein [Vitis vinifer&/AN79287.1

putative S-receptor kinase homolog Zprsor [Oryza sativa (japonica
cultivar-group)] dbj_BAD05462.1_ putative S-recaptimase homolog
2 precursor [Oryza sativa (japonica cultivar-grqui)j BAD01294.1_
putative S-receptor kinase homolog 2 ...

No Hits Found

No Hits Found
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4,01
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POCA938TP
MICRO.592.C16

bf_suspxxxx_0011e01.t3m.
scf

bf_ivrootxx_0064907.t3m.s
cf

bf_suspxxxx_0015d03.t3m.
scf
cSTB37F21TH

cSTB39B13TH
CSTA1809TH

BPLI18D5TH
MICRO.12390.C1
MICRO.10561.C1
MICRO.8524.C3

bf_suspxxxx_0036c08.t3m.
scf
MICRO.1238.C4

bf_mxIfxxxx_0023a07.t3m.
scf
MICRO.3583.C2

MICRO.17395.C1
MICRO.5552.C1

MICRO.17114.C1

MICRO.15534.C1

cPRO8G23TH

bf_mxflxxxx_0021d04.t3m.
scf
MICRO.1081.C9

bf_cswexxxx_0002b01.t3m.
scf

POCDF37TP

bf_ivrootxx_0055e06.t3m.s
cf

cPRO9019TH
MICRO.7301.C1

STMDAS89TV

putative polyprotein [Solanum demissum]

Probable glutathione S-transferas¢h(®yenesis-related protein 1)
pir__TO07595 glutathione transferase (EC 2.5.1.b8)¢log GST1 -
potato gb_AAA68430.1_ glutathione S-transferase
Similar to fumarylacetoacetate hydrolase, gb_L418dth Emericella
nidulans. [Arabidopsis thaliana] pir__F86255 hypmtidal protein
[imported] - Arabidopsis thaliana
putative copper transport protein [Arabidopsis itia]
gb_AAO50473.1_ putative copper transport proteirefAdopsis
thaliana] ref_NP_850091.1_ copper transporter,tiwatfArabidopsis
thaliana]

No Hits Found

Transcriptional activator TAF-1 pir_6326 hypothetical protein -
common tobacco
No Hits Found

predicted protein of unknown functiorr@Bidopsis thaliana]
gb_AAD17338.1_ F15P23.2 gene product [Arabidogsdianal
pir__B85010 hypothetical protein AT4g00740 [impdite Arabidopsis
thaliana

No Hits Found

ferric-chelate reductase [Lycopensiesculentum]
ring domain containing protein [Gapm annuum]

At5g19860 [Arabidopsis thaliana] iéP_568383.1_ expressed proteil
[Arabidopsis thaliana]
glutamate decarboxylase isozyme 1 [Nicotiana tatvdicu

Oxygen-evolving enhancer proteinhlomplast precursor (OEEL) (33
kDa subunit of oxygen evolving system of photosyst (OEC 33 kDa
subunit)

No Hits Found

putative disease resistance proaahum tuberosum]
cytochrome P450 [Solanum tuberosum]

putative protein kinase Xa21 [Oryativa& (japonica cultivar-group)]
dbj_BAD34191.1_ putative protein kinase Xa21 [Orgagiva (japonica
cultivar-group)]

zinc finger-like protein [Arabidopghaliana] pir__T50806 zinc finger-
like protein - Arabidopsis thaliana ref_NP_196658zInc finger (C2H2
type) family protein [Arabidopsis thaliana]

phosphoribosylanthranilate transferiike protein [Arabidopsis
thaliana] ref_NP_197299.1_ C2 domain-containinggiro[Arabidopsis
thaliana]

histone H2B1 [Gossypium hirsutum] pir09722 histone H2B1 -
upland cotton sp_022582_H2B_GOSHI Histone H2B
No Hits Found

No Hits Found

luminal binding protein (BiP) [Nicotiana tabacunij p S21880 dnakK-
type molecular chaperone blp5 precursor - commbadco
sp_Q03685_BIP5_TOBAC Luminal binding protein 5 presor (BiP 5)
(78 kDa glucose-regulated protein homolog 5) (GRBY

No Hits Found

putative Ligatin (Hepatocellular carcinoma-ass@giantigen 56)
[Oryza sativa (japonica cultivar-group)] dbj_BADIB41_putative
Ligatin (Hepatocellular carcinoma-associated amtig) [Oryza sativa
(japonica cultivar-group)]

No Hits Found

unknown protein [Arabidopsis thalipgh. AAK92723.1_ unknown
protein [Arabidopsis thaliana] dbj_BAB02262.1_ umeal protein
product [Arabidopsis thaliana] ref_ NP_566858.1_resped protein
[Arabidopsis thaliana]

No Hits Found
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MICRO.2876.C2
MICRO.14106.C2

STMJA76TV

SDBNO002L14u.scf
MICRO.7843.C2

CSTA27M14TH

BF_TUBSXXXX_0054A12
_T3M.SCF
MICRO.7548.C1

SSBT002M13x.scf
MICRO.13345.C1
MICRO.2286.C42

bf_stolxxxx_0040c06.t3m.s
cf
BF_LBCHXXXX_0022A0

8 T3M.SCF
MICRO.5979.C1

cPRO7F2TH

MICRO.16224.C1
SDBNO003H19u.scf

bf_arrayxxx_0043h04.t3m.s
cf
MICRO.3873.C1

bf_mxIfxxxx_0022d10.t3m.
scf
MICRO.3672.C1

bf_suspxxxx_0045g12.t7m.
scf
bf_mxflxxxx_0036f07.t3m.
scf

SDBNOO5E19u.scf

MICRO.11948.C1
cSTD10O5THB

cSTB40C24TH

bf_acdcxxxx_0018h01.t3m.
scf
BF_LBCHXXXX_0024D0

4 _T3M.SCF

PPCBAG7TH

STMHI78TV

MICRO.13746.C1
MICRO.18314.C1

WRKY transcription factor 6 [Solantmberosum]

unknown protein [Arabidopsis thadihpir__F86340 protein F2D10.34
[imported] - Arabidopsis thaliana ref_NP_173506zinc finger
(C3HC4-type RING finger) family protein [Arabidogsthaliana]
Contains similarity to receptor proteim&se-like protein from
Arabidopsis thaliana gb_AL161513. It contains aaeyftic protein
kinase domain PF_00069. EST gb_AI997574 comes fhisrgene
pir__B86479 hypothetical protein F14D7.1 - Arabisisp...

No Hits Found

Unknown protein [Arabidopsis thalihgh_ AAM63885.1_ unknown
[Arabidopsis thaliana] gb_AAL66928.1_ unknown pintRArabidopsis
thaliana] gb_AAK62422.1_ Unknown protein [Arabidé@pthaliana]
pir__C86158 hypothetical protein F22D16.19 - Araipisis ...

No Hits Found

No Hits Found

expressed protein [Arabidopsis timalja

No Hits Found

NIMIN2c protein [Nicotiana tabacum]

beta-1,3-glucanase (PR2) [Solandrerasum]
No Hits Found

No Hits Found

putative protein [Arabidopsis thadijpir__T47428 hypothetical proteil
T22K7.60 - Arabidopsis thaliana ref_NP_190024.1pregsed protein
[Arabidopsis thaliana]

AT5g59960/mmn10_180 [Arabidopsis thaljate AAK32906.1_
AT5959960/mmn10_180 [Arabidopsis thaliana]

hypothetical protein [Oryza satijgpnica cultivar-group)]

putative short-chain alcohol debgeénase [Oryza sativa (japonica
cultivar-group)]
hydroxymethylglutaryl coenzyme A synthase [Heveasbiensis]

1QD12 1QD12 (IQ-domain 12); calmodutiinding [ Arabidopsis
thaliana ]
No Hits Found

No Hits Found
No Hits Found

No Hits Found

geranylgeranyl pyrophosphate sypetia(GGPS1) [Solanum
lycopersicum]
No Hits Found

putative Kunitz-type tuber invertaseiliitor precursor [Solanum
tuberosum]
No Hits Found

unknown [Arabidopsis thaliana] ref_NP_564349.1_resped protein
[Arabidopsis thaliana]
No Hits Found

unknown protein [Arabidopsis thaliana] 8F79235.1_ F10B6.27
[Arabidopsis thaliana] gb_AAL62389.1_ unknown pintRArabidopsis
thaliana] ref_NP_172940.1_ expressed protein [Alasis thaliana]
resistance protein SIVel precursor [Safarlycopersicoides]
gb_AAP20228.1_ resistance protein SIVel precurSolghum
lycopersicoides]

No Hits Found

Malonyl-CoA-[acyl-carrier-proteimhhsacylase [Bacillus cereus ATCt
14579] gb_AAP10772.1_ Malonyl-CoA-[acyl-carrier-pem]
transacylase [Bacillus cereus ATCC 14579]
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CSTA27E5TH

STMCSO09TV
CSTB15N23TH

BF_TUBSXXXX_0033G12
_T3M.SCF
BF_LBCHXXXX_0037E03
_T3M.SCF
BF_LBCHXXXX_0013C0
3_T3M.SCF
bf_swstxxxx_0022c10.t3m.
scf

CcSTA3G10TH

STMCO35TH
MICRO.13567.C1
076A07AF.esd

BF_TUBSXXXX_0051F09
_T3M.SCF
bf_cswexxxx_0007c09.t3m.
scf

MICRO.7075.C1

MICRO.13012.C1
MICRO.13269.C1

ACDA04111G07.T3m.scf

BF_CSCHXXXX_0042C07
.T3M.SCF

bf_Ibchxxxx_0055d07.t3m.
scf
cSTD2A13TH

BF_TUBSXXXX_0035H01
_T3M.SCF
POAE531TV

cSTB25G2TH

POCCHI15TV
MICRO.12866.C1

MICRO.2536.C1
POADG91TV

bf_ivrootxx_0026f04.t3m.s
cf
MICRO.10710.C2

BF_TUBSXXXX_0041H09
_T3M.SCF

putative NADH-ubiquinone oxidoreductf®eyza sativa (japonica
cultivar-group)] gb_AAT44268.1_ putative NADH-ubigone
oxidoreductase [Oryza sativa (japonica cultivaregrid

No Hits Found

reverse transcriptase like protein pAdapsis thaliana]
emb_CAB10226.1_ reverse transcriptase like prd#iabidopsis
thaliana] pir__H71406 probable reverse transcreptée protein -
Arabidopsis thaliana
No Hits Found

No Hits Found
No Hits Found
No Hits Found

transferase family protein [Arabidopisliana]
carbonic anhydrase [Vigna radiata]

No Hits Found

No Hits Found
No Hits Found

No Hits Found

unknown protein [Arabidopsis thalipgh_ AAO42331.1_ unknown
protein [Arabidopsis thaliana] gb_AAD24394.2_ exgsed protein
[Arabidopsis thaliana] ref_NP_565462.1_ expressetem
[Arabidopsis thaliana]

sesquiterpene synthase 2 [Lycopamdidrsutum]

unknown protein [Arabidopsis thadihgb_AAK76650.1_ unknown
protein [Arabidopsis thaliana] emb_CAB87916.1_ fiueaprotein
[Arabidopsis thaliana] pir__T49284 hypothetical teino T21J18.150 -
Arabidopsis thaliana ref_NP_190457.1_ F-box family

At1g08780 [Arabidopsis thasiaref NP_563827.1_ prefoldin, putativ
[Arabidopsis thaliana]
Cysteine protease inhibitor 10 precursor (PCPI¢{P@pi10)
gb_AAB63099.1_ cysteine proteinase inhibitor 10cpreor
pir__TO7746 probable cysteine proteinase inhibdi®r potato
(fragment)
No Hits Found

26S proteasome subunit 8
No Hits Found

glycosyl transferase, putative [Arabidsgbaliana] gb_ AAO42776.1_
At39g02350/F11A12_103 [Arabidopsis thaliana] gb_AAI987.1_
AT3g02350/F11A12_103 [Arabidopsis thaliana] gb_AAB03.1_
unknown protein

similar to 4CL2_TOBAC4-coumarate--Cogalse 2 [Nicotiana
tabacum]

No Hits Found

hypothetical protein [Arabidopsialtana] dbj_BAD43156.1
hypothetical protein [Arabidopsis thaliana] dbj_BAB152.1_
hypothetical protein [Arabidopsis thaliana] ref_NB0594.2_
endo/excinuclease amino terminal domain-contaipiregein ...
No Hits Found

No Hits Found

putative retroelement pol polyprotein-like [Solantuberosum]

putative protein [Arabidopsis thaiiemb_CAB45904.1_ putative
protein [Arabidopsis thaliana] pir__T10675 hypotbelprotein
F3L17.20 - Arabidopsis thaliana
No Hits Found
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ACDA03014D02.T3m.scf
STDB005G20u.scf
MICRO.1061.C2

SSBNO003A23u.scf

bf_arrayxxx_0010f05.t7m.s
cf
POCAC26TP

MICRO.10445.C1

MICRO.6822.C2
030CO09AF.esd

bf_arrayxxx_0059c¢12.t7m.s
cf

MICRO.10103.C1

bf_arrayxxx_0034e11.t7m.s
cf
072B08AF.esd

STMEH39TH

bf_cswbxxxx_0025c08.t3m.
scf
bf_Ibchxxxx_0062f02.t3m.s
cf

MICRO.17719.C1

BF_LBCHXXXX_0019H0
7_T3M.SCF
MICRO.193.C2

MICRO.9205.C1

MICRO.13027.C1
STDBO005NO03u.scf

bf_cswbxxxx_0023h12.t3m
.scf
MICRO.5773.C1

MICRO.3851.C1
MICRO.14246.C2
PotatoF0718.scf
MICRO.18040.C1
CcSTA28H16TH
STMIG72TV

bf_ivrootxx_0042a11.t3m.s
cf
bf_cswbxxxx_0060b03.t3m
.scf

MICRO.4372.C1

No Hits Found
No Hits Found
similar to AT4G19880: similar to umkwn protein [Arabidopsis

thaliana)] (TAIR:AT5G45020.1); similar to Intraceldw chloride channel

[Medicago truncatula] (GB:ABC75353.2); containseliro domain

Thioredoxin-like fold (InterPro:IPR012336); contaimterPro domain

Glutathione S-transferase, C-terminal-like (IntecFRR010987);
contains InterPro domain Glutathione S-transferpssgicted
(InterPro:IPR016639)

unnamed protein product [Arabidefsaliana] dbj_BAC41882.1_

unknown protein [Arabidopsis thaliana] gb_AAO063387At5g58530

[Arabidopsis thaliana] ref NP_200661.1_ glutareddrimily protein
[Arabidopsis thaliana]
No Hits Found

No Hits Found

putative protein [Arabidopsis thatiiref NP_568279.1_ fringe-relate:

protein [Arabidopsis thaliana]
CA-responsive protein [Brassica alegd

patatin [Solanum tuberosum] pir__SBX&8atin precursor, non-
sucrose-inducible - Solanum brevidens gh_AAA6619&atatin
precursor
At1g11170/T28P6_16 [Arabidopsis thaliana] gb_ AALBZ6L
At1g11170/T28P6_16 [Arabidopsis thaliana] ref NP2883.2_
expressed protein [Arabidopsis thaliana]

putative V-type ATPase 116kDa subfamily [Solanum demissum]

high molecular weight heat shock protein [Malusoxéstica)

No Hits Found
hypothetical protein PGEC542.21 [Solardemissum]
No Hits Found

No Hits Found

putative calcium-binding protein §aidopsis thaliana]
No Hits Found

No Hits Found

similar to AT3G09040: pentatricopdpt{PPR) repeat-containing
protein
lipid transfer protein LTP1 precurEdapsicum annuum]

No Hits Found
No Hits Found

similar to AT2G29660: zinc finger (g2 type) family protein
No Hits Found
No Hits Found
No Hits Found
No Hits Found
No Hits Found

putative protein [Arabidopsis thalianahle_ CAB38915.1_ putative
protein [Arabidopsis thaliana] pir__T06108 hypotbelprotein
T5J17.190 - Arabidopsis thaliana ref_NP_195712ylpothetical
protein [Arabidopsis thaliana]

No Hits Found

No Hits Found

No Hits Found
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MICRO.13617.C1
MICRO.7927.C1

TBSKO01009FE01t3m.scf
BF_LBCHXXXX_0023G0

6_T3M.SCF
SDBNOO5E15u.scf

SSBNO002H13u.scf

bf_mxIfxxxx_0013h03.t3m.

scf
MICRO.11686.C1

MICRO.17559.C1
MICRO.7880.C2

bf_arrayxxx_0034b06.t7m.s

cf
MICRO.16439.C1

CcSTAIM6TH

MICRO.2763.C1

MICRO.1675.C1
MICRO.7281.C1

MICRO.3107.C1
cSTB18B6TH
MICRO.874.C1
MICRO.10110.C1
STDB001B16u.scf

084B04AF.esd

MICRO.10978.C1

CcSTS8N10TH

MICRO.11321.C1
MICRO.7180.C1

MICRO.10593.C1
MICRO.8307.C3
MICRO.8590.C1

ACDA04543C07.T3m.scf

MICRO.6520.C1

bf_ivrootxx_0038h09.t3m.s

cf

crocetin dialdehyde-like [Oryza gaf{japonica cultivar-group)]
No Hits Found
No Hits Found

No Hits Found

No Hits Found

unknown protein [Arabidopsis thadlagb_AAK68784.1_ Unknown
protein [Arabidopsis thaliana] ref_NP_564113.1_resged protein
[Arabidopsis thaliana]
No Hits Found

WRKY transcription factor 16 [Popsilomentosa x P. bolleana]
putative calcium-binding protein §aidopsis thaliana]
beta-carotene hydroxylase [Lycopersiesculentum]

No Hits Found

translation initiation factor (el&)l[Beta vulgaris]

similar to AT1G74580: pentatricopeptid®PR) repeat-containing
protein

putative nucleotide sugar epimerasatfidopsis thaliana] pir__A8615Z
hypothetical protein F22M8.13 [imported] - Arabidigpthaliana
gb_AAF76478.1_ Contains similarity to CAPI protéiom
Staphylococcus aureus gi_P39858 and contains a NAD

No Hits Found

P-Protein precursor [Solanum tubergsir__T07826
aminomethyltransferase (EC 2.1.2.10) precursotatpo
sp_049954_GCSP_SOLTU Glycine dehydrogenase [dexgeimg],
mitochondrial precursor (Glycine decarboxylase)/(Bie cleavage
system P-protein)

cell cycle switch protein [Arabidopghalianal

putative RNA-binding protein [Arabidopshaliana]
nitrate transporter [Nicotiana tabagum
integral membrane protein, putative

FtsH-like protein Pftf precursdeeliArabidopsis thaliana] pir__T4996(
FtsH-like protein F8M21.140 [similarity] - Arabidsjs thaliana
ref_NP_568311.1_ FtsH protease, putative [Arabidoisliana)

unnamed protein product [Oryza s#ja@onica cultivar-group)]
dbj_BAA88534.1_ unnamed protein product [Oryzawsafjaponica
cultivar-group)]

putative calmodulin-binding heatahprotein [Arabidopsis thaliana]
gb_AAP04168.1_ putative calmodulin-binding heatedhprotein
[Arabidopsis thaliana] emb_CAB62005.1_ calmodulinding heat-
shock-like protein [Arabidopsis thaliana] pir__ T2%1...

unknown protein [Arabidopsis thaliana] 4AM14077.1_ unknown
protein [Arabidopsis thaliana] emb_CAB77956.1_ puaprotein
[Arabidopsis thaliana] emb_CAB45801.1_ putativetgio [Arabidopsis
thaliana] pir__T10558 hypothetical protein T12GER1...

9-cis-epoxy-carotenoid dioxygenaggd®anum tuberosum]

lysine-ketoglutarate reductase/saogtiae dehydrogenase bifunctiona
enzyme [Arabidopsis thaliana]
arm repeat-containing protein [Niewoa tabacum]

protein product [Vitis vinifera] CB3383.3

unknown protein [Arabidopsis thalipgh_AAL32522.1_ Unknown
protein [Arabidopsis thaliana]
hypothetical protein [Vitisifera] XP_002267265.1

squamosa promoter binding proteiik@{Oryza sativa (japonica
cultivar-group)]
At3g18370/MYF24_8 [Arabidopsis thaliana] gb_ AAL1@®®_
AT3g18370/MYF24_8 [Arabidopsis thaliana] ref_NP_668.1_ C2
domain-containing protein [Arabidopsis thaliana]

3,02
3,01
3,01
3,00

3,00
3,00

3,00
3,00
3,00
-3,00
-3,00
-3,02
-3,02
-3,02

-3,03
-3,04

-3,04
-3,04
-3,05
-3,06
-3,07

-3,07

-3,09

-3,09

-3,11
-3,13
-3,15
-3,16
-3,18
-3,19
-3,20
-3,21
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MICRO.1781.C2

bf_cswexxxx_0011b06.t3m.

scf

MICRO.5228.C1
MICRO.2137.C1
MICRO.5679.C1
MICRO.107.C5

MICRO.12451.C1
STMCW13TV

MICRO.8560.C1
SDBNO02EO8u.scf
MICRO.7367.C1

bf_acdcxxxx_0006d08.t3m.

scf
MICRO.3684.C3

MICRO.787.C1

MICRO.1155.C1
MICRO.5312.C1
POAED79TP

MICRO.14121.C4

MICRO.1844.C1
MICRO.16388.C1
MICRO.2654.C1
MICRO.967.C1

MICRO.3331.C1
MICRO.4642.C1

MICRO.4434.C1
MICRO.15769.C1

MICRO.12312.C1

bf_mxflxxxx_0005b04.t3m.

scf
CSTA26M2TH

STMHS77TV
MICRO.6456.C1
MICRO.3347.C1

At2g39570/F12L6.23 [Arabidopsis thah] gb_AAK74028.1_
At2g39570/F12L6.23 [Arabidopsis thaliana]
putative pumilio/Mpt5 family RNA-binding protein [@za sativa
(japonica cultivar-group)] dbj_BAB89558.1_ putatpemilio/Mpt5
family RNA-binding protein [Oryza sativa (japonicaltivar-group)]
No Hits Found

adenylyl-sulfate reductase [Lycopssiesculentum]
prefoldin subunit family protein [Andopsis thaliana] NP_171872.2

similar to Mus musculus (Mouse). 1§dambryo head cDNA, RIKEN
full-length enriched library, clone:C130090E04 pwotdsuccinate-
Coenzyme A ligase, ADP-forming, beta subunit, fiaflert sequence
[Dictyostelium discoideum]

No Hits Found

putative phosphate/phosphoenolpyruvatesiocator [Arabidopsis
thaliana]
unnamed protein product [Arabidopis&iana]

No Hits Found

At5g63160 [Arabidopsis thaliana] giA@87004.1_ BTB and TAZ
domain protein 1 [Arabidopsis thaliana] dbj_BAB1855 unnamed
protein product [Arabidopsis thaliana] ref_NP_20112 speckle-type
POZ protein-related [Arabidopsis thaliana]

No Hits Found

ribosomal protein L24 precursor - coon tobacco
sp_Q02764_RK24_TOBAC 50S ribosomal protein L24oadplast
precursor (CL24) gb_AAA34114.1_ ribosomal proteRdL
gb_AAA34086.1_ ribosomal protein L24

At3g15820/MSJ11_22 [Arabidopsis thediagh_AAK49592.1_
AT3g15820/MSJ11_22 [Arabidopsis thaliana]

No Hits Found

mini-chromosome maintenance 7 [Pisativum]

CPUuORF37 (Conserved peptide upstreamreeling frame 37)
[Arabidopsis thaliana] NP_001119403.1

unknown protein [Arabidopsis thadihgb_AAL24407.1_ Unknown
protein [Arabidopsis thaliana] ref_NP_566627.1_resged protein
[Arabidopsis thaliana]

No Hits Found

vicilin seed storage protein [Juglaigra]
20G-Fe(Il) oxygenase [Medicago truntzd

probable polygalacturonase (EC 3.8)111- tomato gb_AAB39557.1_
AROGP3
aconitase [Lycopersicon pennellii]

P450 hydroxylase [Solanum melongepaP37122_C762_SOLME
Cytochrome P450 76A2 (CYPLXXVIA2) (P-450EG7) pir 38534
cytochrome P450 76A2 - eggplant

beta-D-glucosidase [Gossypium hinsijtu

phosphatidylinositol transfer-likerjza sativa (japonica cultivar-
group)] dbj_BADO01712.1_ phosphatidylinositol tragsfike [Oryza
sativa (japonica cultivar-group)]

glossyl homolog - rice (fragment) 48B87722.1_ glossyl homolog
[Oryza sativa]
Gty37 protein [Gerbera hybrid cultivar]

putative cytochrome P450 [Glycine max] ©49858_C823_SOYBN
Cytochrome P450 82A3 (P450 CP6) pir__T07748 prabapiochrome
P450 - soybean

putative pollen thioesterase [Petuniagnifolia subsp. inflata]

serine protease [Lycopersicon estuieh

aspartokinase-homoserine dehydrogej@gcine max] pir__T06242
aspartate kinase (EC 2.7.2.4) / homoserine dehgdasg (EC 1.1.1.3)
precursor - soybean chloroplast

-3,25
-3,26

-3,26
-3,27
-3,29
-3,29

-3,31
-3,31

-3,33
-3,33
-3,33

-3,34
-3,34

-3,35

-3,35
-3,36
-3,36

-3,38

-3,38
-3,38
-3,39
-3,41
-3,41
-3,41

-3,43
-3,43

-3,44
-3,46
-3,47

-3,49
-3,50
-3,54
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BF_CSCHXXXX_0010A0
3.T3M.SCF
CSTA6G24TH

MICRO.8820.C1

MICRO.16611.C1

MICRO.3874.C1
MICRO.15654.C1

MICRO.13775.C1
MICRO.3896.C2

bf_suspxxxx_0056g10.t3m.

scf
MICRO.2571.C1

071C12AF.esd

POABJGATP

bf_swstxxxx_0009h06.t3m.

scf

bf_mxIfxxxx_0016f06.t3m.
scf
MICRO.5306.C1

cSTB46011TH
MICRO.17914.C1
MICRO.16247.C1
MICRO.17750.C1
MICRO.2177.C1

MICRO.2342.C2

MICRO.2878.C1

MICRO.15.C1
MICRO.4006.C1
BF_TUBSXXXX_0063F11

_T3M.SCF
MICRO.13469.C1

STMDNS36TH

MICRO.17661.C1

bf_suspxxxx_0046a03.t7m.

scf
MICRO.11679.C2

No Hits Found

putative cytochrome P450 [Arabidopsadigma] ref NP_180803.1_
ent-kaurenoic acid hydroxylase, putative / cytoomed®450, putative
[Arabidopsis thaliana] pir__B84733 probable cytarhe P450
[imported] - Arabidopsis thaliana sp_Q9C5Y2_KAO2_ARH ...
vesicle-associated membrane famibtygim / VAMP family protein
[Arabidopsis thaliana]

hypothetical protein [Arabidopsialtana] gb_ AAD15353.1_
hypothetical protein [Arabidopsis thaliana] pir__3@85 hypothetical
protein AT4g02820 [imported] - Arabidopsis thaliana
ref_NP_192191.1_ pentatricopeptide (PPR) repeagaung protein ...
putative alcohol dehydrogenase [Lyesjgon esculentum]

At1g28110 [Arabidopsis thaliana] §AL24336.1_ serine
carboxypeptidase Il, putative [Arabidopsis thallared NP_564298.1
serine carboxypeptidase S10 family protein [Arapi&ls thaliana]
ref_NP_973926.1_ serine carboxypeptidase S10 faniei ...

No Hits Found

putative RNA-binding protein [Oryzatisa (japonica cultivar-group)]

wax synthase isoform 1 [Vitis vinifera]

unknown protein [Oryza sativa (japantultivar-group)]
gb_AAP68395.1_ unknown protein [Oryza sativa (japarcultivar-
group)]

leucine-rich repeat family proteinatein kinase family protein
[Arabidopsis thaliana]

aspartic proteinase 2 [Glycine max]

putative protein [Arabidopsis thaliana] gb_AAM13260 putative
protein [Arabidopsis thaliana] emb_CAB85560.1_ fuaprotein
[Arabidopsis thaliana] gb_AAK32900.1_ AT5g04550/W&21_140
[Arabidopsis thaliana] gb_AAL32555.1_ putative giot...

No Hits Found

No Hits Found

No Hits Found

glycosyl transferase family 8 pmtrabidopsis thaliana]
hydroxyproline-rich glycoprotein [Mieago truncatula] ABY48133.1
F2K11.25 [Arabidopsis thaliana]

protein kinase-like protein [Arabidapthaliana] gb_AAL91617.1_
AT5g59010/k19m22_210 [Arabidopsis thaliana] ref_260709.2_
protein kinase-related [Arabidopsis thaliana]

photosystem Il reaction center PstyRilf/ protein [Arabidopsis
thaliana]

OSJNBb0011N17.8 [Oryza sativa (japamiultivar-group)]
emb_CAD41091.2_ OSJNBb0011N17.8 [Oryza sativa (a0
cultivar-group)]

glycosyl hydrolase family 79 N-termimdmain-containing protein
[Arabidopsis thaliana]

similar to AT3G29575: similar to TMRETWO OR MORE ABRES-
CONTAINING GENE 2) [Arabidopsis thaliana]

No Hits Found

unknown protein [Arabidopsis thadihdbj_BAA98205.1_ unnamed
protein product [Arabidopsis thaliana] gb_AAL911%73.unknown
protein [Arabidopsis thaliana] sp_Q9LHS0_CA10_ARAPHtative
clathrin assembly protein At5g35200 ref_NP_19837@&fsin ...
NAD(P)H oxidoreductase, isoflavone redset homologue [Solanum
tuberosum] sp_P52578 IFRH_SOLTU Isoflavone redectesnolog
(CP100) pir__T07386 2*-hydroxyisoflavone reductés€ 1.3.1.45) -
potato

expressed protein [Arabidopsis émel]

glucosyl transferase, jasmonate-induced - commioacio
dbj_BAA19155.1_ glucosyl transferase [Nicotianaataiom]
hypothetical protein [Ricinus comris§iiXP_002524491.1

-3,55
-3,55

-3,55
-3,56

-3,56
-3,59

-3,60
-3,62
-3,63

-3,63

-3,63

-3,67
-3,68

-3,71

-3,71
-3,71
-3,73
-3,73
-3,74
-3,75

-3,79
-3,80

-3,86
-3,87
-3,88
-3,89

-3,91

-3,93
-3,94

-3,97
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MICRO.8310.C1
MICRO.17529.C1
MICRO.10579.C1
MICRO.2264.C3
MICRO.3428.C1
CcSTB35P16TH
STMCG25TV
MICRO.7402.C1

MICRO.3274.C4
MICRO.11045.C2

MICRO.3426.C8
CSTA3J19TH

MICRO.3470.C2

POABI73TV

MICRO.9680.C1
MICRO.4845.C1
cSTB31P20TH

MICRO.9595.C1

bf_stolxxxx_0056g12.t3m.s

cf

BF_LBCHXXXX_0026E09

_T3M.SCF
BPLISE20TH

bf_cswbxxxx_0063c05.t3m.

scf
MICRO.17620.C1

MICRO.9078.C1
MICRO.17626.C1
MICRO.2749.C1

MICRO.12730.C1

52-x|_pcrli45-
87.e_G12_061.scf

bf_suspxxxx_0011h04.t3m.

scf
MICRO.5515.C1

bf_suspxxxx_0049c02.t3m.

scf
MICRO.17064.C1

MICRO.16615.C1

No Hits Found

No Hits Found

cytochrome P450 [Arabidopsis thallan

No Hits Found

putative sialin [Oryza sativa (japancultivar-group)]
hypothetical protein [Vitis viniferaPX002268453.1
putative myb-like DNA-binding protein [Baum demissum]

predicted protein [Arabidopsis thaéihemb_CAA16542.1_ predicted
protein [Arabidopsis thaliana] pir__T04506 hypotbelprotein
F8F16.210 - Arabidopsis thaliana

No Hits Found

gastl [Lycopersicon esculentum] 7087_GST1_LYCES GAST1
protein precursor pir__S22151 gibberellin-regulgieatein GAST1 -
tomato

No Hits Found

Highly similar to phosphoribosylanthtate transferase [Arabidopsis
thaliana] pir__F86359 hypothetical protein F12K8Arabidopsis
thaliana ref_NP_173675.1_ C2 domain-containingginoiArabidopsis
thaliana]

heat shock transcription factor 8dagersicon peruvianum]
pir__S25481 heat shock transcription factor HSP&ruvian tomato
sp_P41153_HSF8_LYCPE HEAT SHOCK FACTOR PROTEIN HSF
(HEAT SHOCK TRANSCRIPTION FACTOR 8) (HSTF 8) (HEAT
STRESS TRANSCRIPTIO ...

SNF2 domain-containing protein / helicasenain-containing protein /
RING finger domain-containing protein [Arabidopsigliana]

glutamate/malate translocator [Needi tabacum]

Potyvirus VPg interacting proteindbliana benthamiana]
No Hits Found

GDSL-motif lipase/hydrolase-like miot [Arabidopsis thaliana]
ref_NP_197672.1_ GDSL-motif lipase, putative [Addpsis thaliana]
No Hits Found

No Hits Found

No Hits Found
No Hits Found

No Hits Found
No Hits Found
histone H3 [Trichinella spiralis]

Rho guanyl-nucleotide exchange fagimtein binding [Arabidopsis
thaliana]
No Hits Found

D12 oleate desaturase [Solanum commersonii] pir048Q Deltal2
fatty acid desaturase (EC 1.14.99.-) [importedba@nerson*s wild
potato

No Hits Found

Ammonium transporter 1, member 3 (MIA

putative glucosyltransferase [Phaseolus lunatus]

unknown protein [Arabidopsis thadihpir__E84780 hypothetical
protein At2g36420 [imported] - Arabidopsis thalianed NP_181183.1_
expressed protein [Arabidopsis thaliana]

putative protein [Arabidopsis thatiigh_AAL38610.1_
AT3g52740/F3C22_140 [Arabidopsis thaliana] gb_AAK96.1_
AT39g52740/F3C22_140 [Arabidopsis thaliana] pir__029
hypothetical protein F3C22.140 - Arabidopsis thadia
ref NP_566972.1 expressed ...

-3,99
-3,99
-4,00
-4,02
-4,04
-4,05
-4,09
-4,10

-4,11
-4,18

-4,26
-4,35

4,41

-4,51

-4,62
-4,79
-4,89
-4,96

-5,01
-5,18

-5,29
-5,39

-5,562
-5,68
-5,96
-6,10

-6,24
-6,33

-6,75

-7,16
-7,66

-7,85

-8,17
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MICRO.18269.C1 ribosomal protein L2 [Lycopersicat@lentum] pir__R5TOL8 -8,35
ribosomal protein L8, cytosolic - tomato sp_P297m62 LYCES 60S
ribosomal protein L2 (L8) (Ribosomal protein TL2)

MICRO.4306.C2 putative lipase [Oryza sativa (japartultivar-group)] -8,55
dbj_BAD20155.1_ putative lipase [Oryza sativa (jajsa cultivar-
group)] dbj_BAD19595.1_ putative lipase [Oryza saffjaponica
cultivar-group)]

bf_mxIfxxxx_0062e11.t3m. No Hits Found -9,06

scf

MICRO.2328.C1 putative calmodulin-binding prote@®rjza sativa (japonica cultivar- -9,14
group)]

cSTD17P3TH At4g20170/F1C12_90 [Arabidopsis thaljajia AAL24253.1_ -9,34
AT49g20170/F1C12_90 [Arabidopsis thaliana]

MICRO.4306.C1 putative lipase [Oryza sativa (japartultivar-group)] -9,43

MICRO.6.C1 putative multiple stress-responsive #inger protein [Oryza sativa -9,49

(japonica cultivar-group)] dbj_BAD35521.1_ putativelltiple stress-
responsive zinc-finger protein [Oryza sativa (jaiparcultivar-group)]

cSTB47C24TH xyloglucan endotransglycosylase [Lyesjgen esculentum] -9,49
STMGT54TV No Hits Found -9,77
MICRO.12814.C1 CG6141-PB, isoform B [Drosophila amgaster] gb_ AAF53048.2_ -10,12
CG6141-PA, isoform A [Drosophila melanogaster]

MICRO.8284.C1 acetyltranferase-like protein [Aradpdis thaliana] -11,18
MICRO.12244.C1 cysteine proteinase Mir3 [Zea mays] -11,34
MICRO.7372.C1 small heat-shock protein homolog §8am tuberosum] -12,76
bf_ivrootxx_0058c11.t3m.s hypothetical protein AT4G33590 [Arabidopsis thatign -92,97
cf

Genes significantly up-ir{ boldface) or down-regulatedirf italics)
during the pre-stage of the symbiotic interactibM fungus in the
potato roots versus control comparison are ordacedrding to the
expression fold change. Genes were considered féereditially
regulated if P-values 0.01 and the values of fold change compared
with the controls was 3.00 or< -3.00
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Table S2The 381 genes regulated during the early stagetatg@root
colonization by Glomus sp. MUCL 41833 as compareth whe

control treatment, and their changes in expression

Probe ID Annotation Ratio
Early
MICRO.7349.C2 AGR_C_5039p, putative, expressed [Oryza sativao(aga cultivar- 218,03
group)]
POCARS86TV No Hits Found 2222
MICRO.9776.C1 hypothetical protein [Ricinus communis] XP_00252331 20,31
MICRO.10760.C1 At3g18850 [Arabidopsis thaliana] dbj_BAB03094.1 ylaCoA:1- 18,83
acylglycerol-3-phosphate acyltransferase [Arabiiopsliana]
gb_AAM20700.1_ unknown protein [Arabidopsis thad&n
ref_NP_974335.1_ phospholipid/glycerol acyltrara$er family protein
MICRO.14089.C1 ;)./Ioglucan endotransglucosylase-hydrolase XTH6 fipgrsicon 12,14
esculentum]
bf_acdcxxxx_0052g07.t putative gag-pol protein [Solanum demissum] 11,02
3m.scf
POCDCO04TV No Hits Found 9,91
bf _mxflxxxx_0025a02.t hypothetical protein [Vitis vinifera] XP_002264841. 9,87
3m.scf
STDB004K07u.scf Small heat shock protein, chloroplast precursor pin6324 heat shock 9,41
protein 21, chloroplast - tomato gb_ AAB07023.1_th&eock protein
MICRO.7849.C3 adenosine-5*-phosphosulfate-kinase [Catharanthesus] pir__T08076 8,63
adenylyl-sulfate kinase (EC 2.7.1.25) precursoradijascar periwinkle
sp_049204_KAPS_CATRO Adenylyl-sulfate kinase, ahfibast
precursor (APS kinase) (Adenosine-5*phosphosulfate
ACDA02091G03.T3m.s No Hits Found 8,55
cf
MICRO.6396.C2 putative protein [Arabidopsis thaliana] pir__T480%y%othetical protein 8,39
T17J13.160 - Arabidopsis thaliana ref_NP_19177@xpressed protein
[Arabidopsis thaliana]
MICRO.16359.C1 putative pectin-glucuronyltransferase [Oryza safjgponica cultivar- 8,11
group)]
STMCX94TH GTP cyclohydrolase II 7,92
MICRO.4306.C1 putative lipase [Oryza sativa (japonica cultivaogp)] 7,81
cSTA8SN10TH unknown protein [Arabidopsis thaliana] ref_NP_84848 calcineurin 7,75
B-like protein 10 (CBL10) [Arabidopsis thaliana] ghAO14864.2_
calcineurin B-like protein [Arabidopsis thaliana]
MICRO.2286.C100 hypothetical protein [Solanum demissum] 7,63
MICRO.4735.C3 No Hits Found 7,52
MICRO.8269.C1 gibberellin 2-oxidase 1 [Nicotiana tabacum] 7,37
MICRO.5158.C2 AT3g52570/F2206_50 [Arabidopsis thaliana] gb_AAL&311_ 7,25
AT39g52570/F2206_50 [Arabidopsis thaliana] ref_NFO826.2_
expressed protein [Arabidopsis thaliana]
bf_cswhbxxxx_0063d11.t No Hits Found 7,23
3m.scf
MICRO.7661.C1 putative protein [Arabidopsis thaliana] pir__T4998fothetical protein 7,11
F17114.120 - Arabidopsis thaliana
BF_TUBSXXXX_0041 No Hits Found 7,08
C04_T3M.SCF
MICRO.17165.C1 LEA protein [Cicer arietinum] sp_049816_LEA1_CICARte 6,99
embryogenesis abundant protein 1 (CapLEA-1)
POADG681TP No Hits Found 6,85
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bf_mxflxxxx_0022h04.t
3m.scf

STMGAO5TV
MICRO.6718.C1
MICRO.12902.C1
POCD701TP

ACDA04414H10.T3m.s
cf
bf_swstxxxx_0018d01.t
3m.scf
MICRO.12934.C1

bf_mxflxxxx_0008a03.t
3m.scf
MICRO.3417.C1

MICRO.2600.C3
SSBN002H23u.scf

MICRO.7926.C1

SDBNO005C04u.scf
PPCCB33TH

MICRO.9692.C1
POACH39TP
MICRO.15257.C1
bf_mxifxxxx_0061e01.t

3m.scf
MICRO.5123.C1
STMDZ42TV

MICRO.1430.C1
MICRO.16302.C1

bf_cswbxxxx_0042e01.t
3m.scf
CcSTS22L23TH

MICRO.3335.C2

MICRO.6854.C1

unknown [Arabidopsis thaliana] gb_AA063896.1_ unknagrotein
[Arabidopsis thaliana] gb_AAO042204.1_ unknown pioférabidopsis
thaliana] ref_NP_564140.1_ nodulin MtN3 family m@iot [Arabidopsis
thaliana]

OSJINBb0038F03.12 [Oryza sativa (japonica cultivarug)]

No Hits Found
sulfate transporter [Arabidopsis thaliana]
No Hits Found
No Hits Found

No Hits Found

No Hits Found
No Hits Found

P0460H02.3 [Oryza sativa (japonica cultivar-grough)j BAB61227.1_
putative Dephospho-CoA kinase (27.4 kD) (3K840)yffar sativa
(japonica cultivar-group)]

No Hits Found

hypothetical protein F22M8.9 - Arabidopsis thaliajim AAF76474.1_
Contains similarity to a guanine nucleotide excleafagtor from Homo
sapiens gb_AF111162 and contains a Sec7 PF_01368inlo
[Arabidopsis thaliana] ref NP_171698.1_ guanine ...

unknown protein [Arabidopsis thaliana] dbj_BABO0111.0 unnamed
protein product [Arabidopsis thaliana] gb_ AAM2051L4.unknown
protein [Arabidopsis thaliana] ref_NP_188473.1_resged protein
[Arabidopsis thaliana]

putative callose synthase catalytic subunit [Gossyhirsutum]

protein phosphatase 2A regulatory subunit B* [Adaipisis thaliana]
gb_AAL15383.1_ AT3g26020/MPE11_17 [Arabidopsis thad]
gb_AAK56256.1_ AT3g26020/MPE11_17 [Arabidopsis tuah]
type-A response regulator [Catharanthus roseus]

No Hits Found
No Hits Found

ribosomal protein L24 precursor - common tobacco
sp_Q02764_RK24_TOBAC 50S ribosomal protein L24oadplast
precursor (CL24) gb_AAA34114.1_ ribosomal proteRdL
gb_AAA34086.1_ ribosomal protein L24

No Hits Found

At5g22100 [Arabidopsis thaliana] emb_CAC34505.1tafive protein
[Arabidopsis thaliana] gb_AAM10395.1_ At5g22100/§22100
[Arabidopsis thaliana] dbj_BAD43201.1_ unknown giat[Arabidopsis
thaliana] dbj_BAD43181.1_ unknown protein [Arabigdap. ..

Waxy locus DNA encoding pseudogene similar to HeBaglucanases
and beta-1,3-1,4-glucanases [Solanum tuberosum]

At4g15700 [Arabidopsis thaliana] emb_CAB78612.lutaledoxin
homolog [Arabidopsis thaliana] emb_CAB10348.1_ gletoxin
homolog [Arabidopsis thaliana] ref NP_193305.1_tayledoxin family
protein [Arabidopsis thaliana] gb_AAR92328.1_ At5300 ...

No Hits Found

AT49g13930/dI3005c [Arabidopsis thaliana] emb_CAB3B4._
hydroxymethyltransferase [Arabidopsis thaliana] e@AB10172.1_
hydroxymethyltransferase [Arabidopsis thaliana] 4AK32757.1_
AT4g13930/dI3005c [Arabidopsis thaliana] ref_NP_123.1_ glycine
putative gamma-glutamyl hydrolase [Arabidopsisitira] pir__D96815
probable gamma-glutamy! hydrolase [imported] - Adabpsis thaliana
ref_NP_177987.1_ gamma-glutamyl hydrolase, putdtgemma-Glu-X
carboxypeptidase, putative / conjugase, ...

unknown protein [Arabidopsis thaliana] gb_AAL07177 .unknown
protein [Arabidopsis thaliana] pir__B86157 hypotbatprotein
[imported] - Arabidopsis thaliana ref_NP_563661ekpressed protein
[Arabidopsis thaliana] gb_ AAG10623.1_ Unknown pipte.

6,79

6,71
6,63
6,55
6,44
6,38

6,36

6,33
6,30

6,28

6,26
6,25

6,23

6,22
6,19

6,18
6,16

6,15
6,11

6,08
6,07

6,03
5,98

5,97

5,96

5,92

5,89
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MICRO.3483.C1
MICRO.7366.C1

MICRO.6632.C1
CSTD12A19TH

POACY26TP

bf_stolxxxx_0057d04.t3
m.scf

POCCJ58TV
MICRO.11037.C3
MICRO.740.C1

MICRO.67.C2
CSTDON2TH

bf_mxflxxxx_0002g10.t
3m.scf
bf_ivrootxx_0044a08.t3
m.scf

CSTA45E10TH

MICRO.839.C6

MICRO.4809.C1
MICRO.967.C1

MICRO.14214.C1
cSTB30J8TH
MICRO.6824.C1
cPRO5C2TH

MICRO.18224.C1
POCDM37TP

MICRO.2642.C1

ACDA03298C10.T3m.s
cf
bf_mxIfxxxx_0057f03.t
3m.scf
SDBTO002E15x.scf

bf_mxifxxxx_0012g07.t
3m.scf
188Al1.esd

cPRO30I122TH

POCAG93TP
MICRO.6103.C1

BEL1-related homeotic protein 5 [Solanum tuberosum]

unknown protein [Arabidopsis thaliana] gb_AAK936B7.unknown
protein [Arabidopsis thaliana] ref_NP_567819.1_resged protein
[Arabidopsis thaliana] ref NP_974633.1_ expressetem
[Arabidopsis thaliana]

No Hits Found

zinc finger protein, putative / regulator of chrasnee condensation
(RCC1) family protein [Arabidopsis thaliana]
No Hits Found

OSJNBa0079M09.13 [Oryza sativa (japonica cultiveoug)]
emb_CAD40495.2_ OSINBa0079M09.13 [Oryza sativaofiaga
cultivar-group)] dbj_BAA84779.1_ nonphototrophicgocotyl 1b
[Oryza sativa (japonica cultivar-group)]

No Hits Found

allyl alcohol dehydrogenase [Nicotiana tabacum]

zinc-binding protein-like [Arabidopsis thaliana]jdBAB10724.1_ zinc-
binding protein-like [Arabidopsis thaliana] dbj_BAB301.1_ zinc-
binding protein-like [Arabidopsis thaliana] sp_ Q%A YPL6_ARATH
Yippee-like protein At5g53940 ref_NP_200205.1_ ...

remorin family protein [Arabidopsis thaliana]

unnamed protein product [Arabidopsis thaliana] gaQA1550.1_
At5g44930/K21C13_11 [Arabidopsis thaliana] gb_AAIK24.1_
AT5944930/K21C13_11 [Arabidopsis thaliana] ref_NB9306.1_
exostosin family protein [Arabidopsis thaliana] ri#P_851132.1_ ...
No Hits Found

unknown [Glycine max] ACU24519.1

No Hits Found

putative cysteine proteinase inhibitor precursd@3.4Solanum
tuberosum]
unnamed protein product [Arabidopsis thaliana]

probable polygalacturonase (EC 3.2.1.15) 1 - torgatcAAB39557.1_
AROGP3
putative nucleoid DNA-binding protein [Cicer ari@tim]

No Hits Found
No Hits Found

laccase-like protein [Arabidopsis thaliana] pir_8%84 laccase-like
protein - Arabidopsis thaliana
No Hits Found

zinc finger (C3HC4-type RING finger) protein-lik®fyza sativa
(japonica cultivar-group)] dbj_BAD45526.1_ zincdier (C3HC4-type
RING finger) protein-like [Oryza sativa (japonicaltivar-group)]
putative ubiquitin carboxyl terminal hydrolase [Ardopsis thaliana]
gb_AAK26025.1_ putative ubiquitin carboxyl termirigldrolase
[Arabidopsis thaliana] gb_AAD23896.2_ putative ubtq carboxyl
terminal hydrolase [Arabidopsis thaliana] ...

similar to AT1G17370| Symbols: UBP1B | UBP1B
(OLIGOURIDYLATE BINDING PROTEIN 1B)

hypothetical protein [Ricinus communis] XP_00251910

early light inducible protein [Lycopersicon esculem]
No Hits Found

similar to AT4G10570: ubiquitin carboxyl-terminaydrolase family
protein

putative protein [Arabidopsis thaliana] pir__T508®#othetical protein
T30N20_210 - Arabidopsis thaliana

No Hits Found

putative Polyprotein [Solanum demissum]
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SDBNO002P15u.scf
SDBNO006M22u.scf
MICRO.3132.C1
MICRO.3960.C1
MICRO.4970.C1
MICRO.3474.C1

MICRO.7513.C2
MICRO.11440.C1

BF_LBCHXXXX_0046

HO1_T3M.SCF
MICRO.13235.C2

POADK14TV
MICRO.11949.C1

MICRO.9975.C1
MICRO.9208.C1

bf_cswhxxxx_0033f03.t

3m.scf
MICRO.7543.C1

MICRO.10581.C2
MICRO.5360.C1
MICRO.7581.C1
MICRO.17123.C1
PotatoF1153.scf
CSTAGE7TH

MICRO.2827.C1
MICRO.14540.C1
cSTE26P22TH

MICRO.14962.C1
CcSTA35021TH

MICRO.6051.C1

MICRO.3896.C2
MICRO.3621.C1
MICRO.8402.C1
cSTB38P12TH

bf_ivrootxx_0041e12.t3

m.scf
MICRO.1592.C2

MICRO.7163.C2

No Hits Found
similar to AT2G02650: reverse transcriptase-related
No Hits Found
No Hits Found
No Hits Found

Protein-tyrosine phosphatase mitochondrial 1, rhivocirial precursor,
putative [Ricinus communis] XP_002531467.1
isoamylase isoform 1 [Solanum tuberosum]

No Hits Found
No Hits Found

putative aminoalcoholphosphotransferase [Arabidopeiliana]
gb_AALB86327.1_ putative aminoalcoholphosphotrarasfer
[Arabidopsis thaliana] gb_AAC61768.1_
aminoalcoholphosphotransferase [Arabidopsis thaliair__F86268 ...
similar to AT3G63510: FAD binding / catalytic/ tRNaihydrouridine
synthase

Ubiquinone biosynthesis protein COQ9, mitochondpiglcursor,
putative [Ricinus communis] XP_002516247.1

No Hits Found

No Hits Found
No Hits Found

unknown [Arabidopsis thaliana]

putative His-Asp phosphotransfer protein [Pisunivsat]

No Hits Found

Tetratricopeptide repeat protein, putative [Ricioasmmunis]
hydroxycinnamoyl transferase [Nicotiana tabacum]

No Hits Found

expressed protein [Arabidopsis thaliana] ref_NP 62651_ adhesion
regulating molecule family [Arabidopsis thaliana]
Hcr2-0B [Lycopersicon esculentum]

No Hits Found

putative ionotropic glutamate receptor homolog Gl[R#yza sativa
(japonica cultivar-group)]
No Hits Found

probable peptide transporter [imported] - Arabidspkaliana
gb_AAF29404.1_ peptide transporter, putative [Adalpisis thaliana]
ref_NP_175630.1_ proton-dependent oligopeptidesprart (POT)
family protein [Arabidopsis thaliana]

unnamed protein product [Arabidopsis thaliana] gAFA3130.1_
cyclic nucleotide-binding transporter 1 [Arabidapthaliana)
gb_AAF73128.1_ cyclic nucleotide-binding transpoitdA. thaliana]
putative RNA-binding protein [Oryza sativa (japamicultivar-group)]

hypothetical protein SDM1_53t00013 [Solanum demiglsBI34375.1
No Hits Found
histone H3

AT3g09100/MZB10_13 [Arabidopsis thaliana] ref _NP7582.2_
mRNA capping enzyme family protein [Arabidopsis|itaa]

putative beta-1,3-glucanase [Arabidopsis thaligia]AAM15281.1_
putative beta-1,3-glucanase [Arabidopsis thaliga] E84471
probable beta-1,3-glucanase [imported] - Arabidogisaliana
At1g66140/F15E12_19 [Arabidopsis thaliana] gb_AAL28.1_
At1g66140/F15E12_19 [Arabidopsis thaliana] gb_AAR68.1_

sp_Q39263_ZFP4_ARATH Zinc finger protein 4 pir__B86 probable

C2H2-type zinc finger ...
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bf_mxIfxxxx_0014c09.t
3m.scf
MICRO.9192.C1

MICRO.5365.C1
MICRO.15639.C1
MICRO.9579.C2
MICRO.17169.C1

MICRO.16094.C1
MICRO.11710.C1
MICRO.8608.C1

MICRO.9052.C2

MICRO.16381.C1
SSBNO002A13u.scf

MICRO.15820.C1

BF_LBCHXXXX_0048
GO07_T3M.SCF
CSTA1D11TH

MICRO.1669.C1

POCD322TP
SDBNO005P19u.scf
MICRO.9134.C1

MICRO.7089.C1
MICRO.7372.C1

MICRO.6336.C2

SSBNO003F04u.scf

SSBT005C10x.scf
POCAA56TP
bf_lbchxxxx_0066h06.t
3m.scf
BF_TUBSXXXX_0034

C08_T3M.SCF
MICRO.6916.C1

MICRO.2286.C18

Hsp19.9 protein [Lycopersicon peruvianum]

Glyceraldehyde-3-phosphate dehydrogenase A, cHasbprecursor
(NADP-dependent glyceraldehydephosphate dehydregesuzbunit A)
gb_AAA34075.1_ glyceraldehyde-3-phosphate dehydrage A-
subunit precursor

No Hits Found

MED21 (MEDIATOR 21) [Arabidopsis thaliana] NP_00B3852.1
similar to AT3G21580: cobalt ion transporter

AT3g57890/T10K17_100 [Arabidopsis thaliana] gb_AA8632.1_
AT3g57890/T10K17_100 [Arabidopsis thaliana] ref 1$B7059.1_
tubulin-specific chaperone C-related [Arabidopbsliana]

No Hits Found

cysteine proteinase precursor [I[pomoea batatas]

putative serine/threonine protein kinase [Oryzaadjaponica cultivar-
group)] gb_AAV43835.1_ putative serine/threoninetpin kinase
[Oryza sativa (japonica cultivar-group)]

transport inhibitor response 1 (TIR1) [Arabidoptialiana]
gb_AAN71945.1_ putative transport inhibitor respei$R1, AtFBL1
protein [Arabidopsis thaliana] pir__T48087 trangpohibitor response
protein TIR1 [imported] - Arabidopsis thaliana ...

oleosin-like protein [Citrus sinensis] pir__T101&@g&osin-like protein,
salt stress-induced - sweet orange prf__21192368sat homolog
putative zinc protease PQQL [Oryza sativa (japonigdévar-group)]
dbj_BABB85389.1_ similar to zinc protease PQQL [Grgativa
(japonica cultivar-group)] dbj_BACO00679.1_ putatiziac protease
PQQL [Oryza sativa (japonica cultivar-group)]

similar to AT3G46790 | Symbols: CRR2 | CRR2
(CHLORORESPIRATORY REDUCTION 2)

No Hits Found

unnamed protein product [Arabidopsis thaliana] K##_200022.1_
tRNA-splicing endonuclease positive effector-redafidrabidopsis
thaliana]

putative cyclophylin protein [Arabidopsis thaliarethb_ CAB87793.1_
cyclophylin-like protein [Arabidopsis thaliana] pirT49181
cyclophylin-like protein - Arabidopsis thaliana ré&fP_191899.1_
peptidyl-prolyl cis-trans isomerase cyclophilin-gyp.

hypothetical protein [Ricinus communis] XP_00252839

No Hits Found
50S Ribosomal protein L13 [Arabidopsis thaliana] 48L34279.1_

putative ribosomal protein L13 [Arabidopsis thaéfgb_AAK44133.1_

putative ribosomal protein L13 [Arabidopsis thadfn
emb_CAA60775.1_ ribosomal protein L13 [Arabidopbigliana] ...
No Hits Found

small heat-shock protein homolog [Solanum tuberdgim T07031
low molecular weight heat shock protein homologtapo
At5g14680 [Arabidopsis thaliana] emb_CAB87635.1tafiue protein
[Arabidopsis thaliana] pir__T48641 hypotheticalteio T15N1.170 -
Arabidopsis thaliana gh_AAS65947.1_ At5g14680 [Adapsis
thaliana] ref_NP_196972.1_ universal stress prate®P ...

putative c-type cytochrome synthesis protein [Oryativa (japonica
cultivar-group)] gb_AAR87329.1_ putative c-type @stirome
biogenesis protein [Oryza sativa (japonica cultigeoup)]

No Hits Found

hypothetical protein [Solanum tuberosum]
No Hits Found

No Hits Found

unknown protein [Arabidopsis thaliana] NP_172086.1
No Hits Found
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MICRO.16195.C1

bf_Ibchxxxx_0057a07.t
3m.scf
MICRO.6470.C1
SSBNO001PO05u.scf

MICRO.7597.C1

bf_stolxxxx_0040c03.t3
m.scf
MICRO.15510.C1

MICRO.2557.C1
SDBNO003MO02u.scf

BF_TUBSXXXX_0047
A06_T3M.SCF
bf_mxflxxxx_0055a05.t
3m.scf
MICRO.12553.C1

MICRO.15261.C2

bf_cswhxxxx_0061e09.t
3m.scf
MICRO.8896.C1

MICRO.154.C4
cSTD8J16TH

MICRO.9590.C1
STMHS91TV
MICRO.436.C1

CSTD4N24TH

MICRO.15587.C1
POCCF66TP

SDBN003J04u.scf

MICRO.14071.C3

ACDA03951B03.T3m.s
cf
MICRO.1716.C1

MICRO.4165.C17

MICRO.6022.C1
MICRO.13036.C2
cSTB37A20TH

No Hits Found
No Hits Found

oxidoreductase, acting on the CH-CH group of dopArabidopsis
thaliana] NP_974140.1
No Hits Found

At3g59630 [Arabidopsis thaliana] emb_CAB75460.1tafive protein
[Arabidopsis thaliana] gb_AAL91627.1_ AT3g59630/T24_180
[Arabidopsis thaliana] pir__T49304 hypotheticalteio T16L24.180 -
Arabidopsis thaliana ref_NP_191522.1_ diphthamide .

No Hits Found

No Hits Found
prolyl 4-hydroxylase [Nicotiana tabacum]
No Hits Found
No Hits Found

No Hits Found

unknown protein [Arabidopsis thaliana] gb_AAN862D3unknown
protein [Arabidopsis thaliana] ref_NP_568500.1_resged protein
[Arabidopsis thaliana]

cold-regulated LTCOR12 [Lavatera thuringiaca]

No Hits Found

At5g22210 [Arabidopsis thaliana] emb_CAC34514.1tafive protein
[Arabidopsis thaliana] dbj_BAD43915.1_ unknown giat[Arabidopsis
thaliana)] ref_NP_974820.1_ expressed protein [Algpsis thaliana]
ref_NP_680207.1_ expressed protein [Arabidopsis ...

Ipomoea nil Pn47p

OSJINBb0065L13.3 [Oryza sativa (japonica cultivamtgy)]
emb_CAE03360.1_ OSINBb0065L13.3 [Oryza sativa (jagao
cultivar-group)]

putative retrotransposon protein [Solanum demissum]

No Hits Found

Similar to CCS1 [Arabidopsis thaliana] dbj_BAC419565 unknown
protein [Arabidopsis thaliana] pir__B96530 SimitarCCS1 [imported]
- Arabidopsis thaliana ref_NP_564544.1_ cytochrerbégenesis
protein family [Arabidopsis thaliana]

similar to AT3G49710: pentatricopeptide (PPR) régeataining
protein

RNA-directed RNA polymerase [Solanum tuberosum]

zinc finger (C3HC4-type RING finger) family protefArabidopsis
thaliana]

P0489B03.9 [Oryza sativa (japonica cultivar-growg)j BAB90560.1_
P0489B03.9 [Oryza sativa (japonica cultivar-groufl)) BAB91753.1_
P0679C12.2 [Oryza sativa (japonica cultivar-group)]

putative homeobox-leucine zipper protein [Oryzavsafjaponica
cultivar-group)] dbj_BAD17827.1_ putative homeobexeine zipper
protein [Oryza sativa (japonica cultivar-group)]

No Hits Found

CLBL1 protein - tomato dbj_BAA24382.1_ CLB1 [Lycop&mon
esculentum]

Ribulose bisphosphate carboxylase small chain Brapblast precursor
(RuBisCO small subunit C) pir__RKPOSC ribulose-bizgphate
carboxylase (EC 4.1.1.39) precursor small chai$+be potato
gb_AAA33838.1_ ribulose bisphosphate carboxylase (E
Cyclin-like F-box; FBD [Medicago truncatula]

similar to AT5G14430: dehydration-responsive prodelated
No Hits Found
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cPRO23H8TH
MICRO.14563.C1

MICRO.12200.C1

MICRO.3352.C1
MICRO.7107.C8
MICRO.14060.C3

cSTB38N12TH
POCCM96TP
MICRO.2888.C1

bf_arrayxxx_0015d05.t3

m.scf
cSTD14L16TH

cSTB45F20TH
MICRO.3722.C1

BF_TUBSXXXX_0028

D11_T3M.SCF

bf_mxflxxxx_0069h01.t

3m.scf
STMHT53TV

bf_acdcxxxx_0001a08.t

3m.scf
MICRO.4505.C1

STMDP74TH
MICRO.2247.C1
CSTS3A22TH
MICRO.1681.C2
cSTB41F2TH
MICRO.2270.C1

bf_suspxxxx_0038b11.t

3m.scf
MICRO.180.C4

MICRO.11770.C1

ACDAO04707A03.T3m.s

cf
MICRO.6650.C2

MICRO.3225.C2

MICRO.6591.C1
MICRO.9064.C1
MICRO.398.C1

BF_LBCHXXXX_0050

E08_T3M.SCF

No Hits Found

F1003.1 [Arabidopsis thaliana] pir__G86162 protel903.1
[imported] - Arabidopsis thaliana

glutathione reductase (NADPH) [Nicotiana tabacuin] pS38908
glutathione-disulfide reductase (EC 1.8.1.7) - camnobacco
(fragment) sp_P80461_GSHC_TOBAC Glutathione redcta
chloroplast precursor (GR) (GRase)

No Hits Found

No Hits Found

similar to AT2G40090 | Symbols: ATATH9 | ATATH9 (A2 homolog
9)
No Hits Found

No Hits Found
putative endomembrane protein 70 [Arabidopsis dmal]
No Hits Found

putative DnaJ domain containg protein, 3*-part@hfza sativa]

potyviral helper component protease-interactingginol [Solanum
tuberosum subsp. andigena]

putative leucyl-tRNA synthetase [Oryza sativa (jaipa cultivar-group)]
dbj_BAD26302.1_ putative leucyl-tRNA synthetaseyjzar sativa
(japonica cultivar-group)]

No Hits Found

No Hits Found

unknown protein [Arabidopsis thaliana] pir__A862##othetical
protein [imported] - Arabidopsis thaliana gb_AAD3MB1_ EST
gb_F13926 comes from this gene. [Arabidopsis thalia
ref_NP_563879.1_ sodium symporter-related [Arabdithaliana]
No Hits Found

At5g51950/MSG15_3 [Arabidopsis thaliana] gb_ AAK562T7
AT5g51950/MSG15_3 [Arabidopsis thaliana] ref NP_Q08.1_
glucose-methanol-choline (GMC) oxidoreductase faipibtein
[Arabidopsis thaliana]

hexose transporter [Nicotiana tabacum]

No Hits Found
No Hits Found
No Hits Found
No Hits Found
AAA-ATPase-like protein [Oryza sativa (japonica tivar-group)]
No Hits Found

tobacco nucleolin [Nicotiana tabacum]
cycloidea [Lycopersicon esculentum]
No Hits Found

amino acid transporter ¢ [Vicia faba]

flavin containing monooxygenase 3 -like [Oryza&afjjiaponica
cultivar-group)]
myb family transcription factor [Arabidopsis thale]

alcohol NADP+ oxidoreductase (drd-1 gene) [Solartub@rosum]
No Hits Found

expressed protein [Arabidopsis thaliana]
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MICRO.17219.C1
MICRO.4476.C1
MICRO.6570.C1

bf_stolxxxx_0061b03.t3
m.scf
MICRO.18153.C1

bf_arrayxxx_0075b03.t3
m.scf
MICRO.7834.C1

bf_swstxxxx_0035e01.t
3m.scf
POADF30TP

bf_ivrootxx_0016h12.t3
m.scf
MICRO.7940.C1

MICRO.592.C15

bf_ivrootxx_0021h02.t3
m.scf
SDBN0060O11u.scf

bf_mxflxxxx_0008d05.t
3m.scf
MICRO.17904.C1

MICRO.6805.C1

MICRO.6258.C2
SSBN003C24u.scf

BF_LBCHXXXX_0049
GO03_T3M.SCF
BF_LBCHXXXX_0024
D04_T3M.SCF
MICRO.14504.C1

MICRO.13448.C1
MICRO.4371.C1

POAC302TV
MICRO.3765.C1
MICRO.2120.C3
bf_ivrootxx_0023d11.t3

m.scf
MICRO.4162.C3

MICRO.4170.C3

MICRO.5319.C5

BF_LBCHXXXX_0044
B10_T3M.SCF

No Hits Found
No Hits Found
No Hits Found
No Hits Found

No Hits Found
No Hits Found

acylaminoacyl-peptidase like protein [Arabidopsialiana]
emb_CAB10236.1_ acylaminoacyl-peptidase like profArabidopsis
thaliana] pir__B71408 probable acylaminoacyl-pegsiel- Arabidopsis
thaliana

No Hits Found

glycerol-3-phosphate acyltransferase [Lycopersisgulentum]
No Hits Found

No Hits Found

S-formylglutathione hydrolase [Arabidopsis thalihgh. AAB84335.1_
putative esterase D [Arabidopsis thaliana] gb_AARSB81_
At2g41530/T32G6.5 [Arabidopsis thaliana] gb_ AAK7326_ putative
esterase D [Arabidopsis thaliana] gb_AAK55678.1_ ..

No Hits Found

putative transposon MuDR mudrA-like protein [Solendemissum]
No Hits Found

P0O007F06.8 [Oryza sativa (japonica cultivar-grouji)] BAB84369.1_
PO007F06.8 [Oryza sativa (japonica cultivar-group)]

putative HYS1 [Oryza sativa (japonica cultivar-godju
dbj_BAD16917.1_ putative HYS1 [Oryza sativa (jagancultivar-

group)]
protein phosphatase-like [Arabidopsis thaliana]

DC1 domain containing protein [Nicotiana tabacum]
No Hits Found

No Hits Found

putative retrotransposon protein [Solanum demissum]
No Hits Found

unnamed protein product [Petunia x hybrida] emb_G27229.1_
unnamed protein product [Petunia x hybrida] sp_BO01EFIA_PETHY
Chalcone--flavonone isomerase A (Chalcone isomefapér_ ISPICA
chalcone isomerase (EC 5.5.1.6) A - garden petunia

No Hits Found

hexokinase 5 [Nicotiana tabacum]

hypothetical protein [Arabidopsis thaliana] pir_ZBD2 hypothetical
protein At2g38430 [imported] - Arabidopsis thaliana
No Hits Found

No Hits Found

Carbonic anhydrase, chloroplast precursor (Carleotheltydratase)
pir__T02936 carbonate dehydratase (EC 4.2.1.1upser, chloroplast -
common tobacco gb_AAA34065.1_ chloroplast carbanicydrase
prf__1909357A carbonic anhydrase

Polyprotein, putative [Solanum tuberosum]

No Hits Found
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BF_LBCHXXXX_0018
HO7_T3M.SCF
STMCQ36TV

MICRO.1798.C1
MICRO.940.C1
MICRO.1329.C3

bf_cswhxxxx_0022a08.t
3m.scf
MICRO.4718.C1

MICRO.712.C12
SDBNO005G06u.scf

MICRO.6828.C1
MICRO.18213.C1
MICRO.16550.C1
CSTA17K10TH

SSBN002CO03u.scf
MICRO.15057.C1
bf_cswbxxxx_0032e09.t
3m.scf
bf_mxflxxxx_0036h11.t

3m.scf
MICRO.12207.C1

SSBNO002107u.scf
MICRO.6172.C4
MICRO.5193.C1
MICRO.17898.C1

MICRO.6375.C1

MICRO.17922.C1

MICRO.16424.C1
MICRO.1610.C1

bf_ivrootxx_0017h09.t3
m.scf
MICRO.4189.C1

097E08AF.esd

MICRO.3598.C4
MICRO.8485.C3
POABHO3TV

MICRO.4268.C2

auxin response factor 19 (ARF19) [Solanum lycopersi

No Hits Found
No Hits Found
No Hits Found
putative gamma TIP [Nicotiana glauca]
No Hits Found

At5g57670 [Arabidopsis thaliana]
No Hits Found

nucleotide binding / ubiquitin-protein ligase [Aidbpsis thaliana]
NP_850206.4
No Hits Found

No Hits Found
anthocyanin 1 [Lycopersicon esculentum]

dihydropterin pyrophosphokinase /dihydropteroatetisyse [Pisum
sativum] pir__T06595 2-amino-4-hydroxy-6-
hydroxymethyldihydropteridine diphosphokinase (ET.&3) - garden
pea

No Hits Found

small heat shock protein [Lycopersicon esculentgm]AAM96944.1_
small heat shock protein [Lycopersicon esculentum]
No Hits Found

putative retrotransposon protein [Solanum demissum]

At3g23510/MEES5_5 [Arabidopsis thaliana] gb_AAL383B0
AT3g23510/MEES5_5 [Arabidopsis thaliana] ref_NP_1882
cyclopropane fatty acid synthase, putative / CPAsyAthase, putative
[Arabidopsis thaliana]

No Hits Found

No Hits Found
No Hits Found

At2g27385 [Arabidopsis thaliana] gb_AAS65937.1_ ¢22385
[Arabidopsis thaliana] ref NP_850100.1_ expressetein
[Arabidopsis thaliana]

putative wall-associated serine/threonine kinasgZ@®sativa (japonica
cultivar-group)] dbj_BAD22233.1_ putative wall-asgted
serine/threonine kinase [Oryza sativa (japonicéivartgroup)]
dbj_BAD22232.1_ putative wall-associated ...
glucose-1-phosphate adenylyltransferase, putathi2R-glucose
pyrophosphorylase, putative (APS2) [Arabidopsidiainza]

No Hits Found

Rx protein [Solanum tuberosum]
No Hits Found

hypothetical protein [Arabidopsis thaliana] gb_AABI®7.1_ unknown
[Arabidopsis thaliana] dbj_BAC42160.1_ unknown pint[Arabidopsis
thaliana] gb_AAO50707.1_ unknown protein [Arabidisphaliana]
ref_NP_566393.1_ expressed protein [Arabidopsis ...

maoC-like dehydratase domain-containing proteirapAdopsis thaliana]
NP_200842.1

unknown protein [Oryza sativa (japonica cultivaogp)]

peroxidase

unknown protein [Arabidopsis thaliana] gb_AAO4211L7unknown
protein [Arabidopsis thaliana] ref_NP_180444.2_resged protein
[Arabidopsis thaliana]

adenylate cyclase [Arabidopsis thaliana] NP_565B53.

3,19

3,17
3,16
3,15
3,14
3,13

3,13
3,11
3,10

3,09
3,08
3,08
3,07

3,06
3,06

3,05
3,04

3,04

3,03
3,03
3,02
3,02

3,01

3,01

3,00
3,00
3,00

-3,00

-3,01

-3,03
-3,06
-3,11

-3,15

382



MICRO.17192.C1
MICRO.8382.C12

MICRO.135.C16

cSTB47P14TH
MICRO.3063.C1
MICRO.13158.C4
STMHWO1TV
MICRO.4956.C2

ACDA01448A08.skm.s

cf

SDBNO002L22u.scf
MICRO.991.C2
MICRO.13154.C1

SDBNO006L17u.scf

bf_Ibchxxxx_0058b06.t

3m.scf

BF_LBCHXXXX_0004

EO1_T3M.SCF

bf_arrayxxx_0083g03.t3

m.scf
POAD618TP

ACDAO03576B12.T3m.s

cf
MICRO.1770.C3

bf_acdecxxxx_0042g01.t

3m.scf
MICRO.9296.C1

MICRO.10609.C1
MICRO.4933.C1

MICRO.10308.C2

MICRO.16908.C1
MICRO.5553.C3
MICRO.6187.C1
MICRO.13234.C1
MICRO.14186.C1

bf_cswexxxx_0002f12.t

3m.scf
cSTA43B1TH

No Hits Found

germin-like protein GLP2a copyl [Arabidopsis thaéj
dbj_BAB09370.1_ oxalate oxidase (germin proteikglprotein
[Arabidopsis thaliana] gb_AAN72181.1_ germin-likefein GLP2a
copyl [Arabidopsis thaliana] ref_NP_198732.2_ geriikie protein ...
Alcohol dehydrogenase 3 gb_AAA33808.1_ alcohol dizgbgenase 3
(EC1.1.1.1)

No Hits Found

cytochrome P450 [Pisum sativum]
No Hits Found
No Hits Found

prosystemin [Solanum tuberosum] pir__T06993 prasyst PRO1 -
potato

Rieske iron sulphur protein [Solanum tuberosum]
sp_P37841_UCRI_SOLTU Ubiquinol-cytochrome c redsetaon-
sulfur subunit, mitochondrial precursor (Rieskenisulfur protein)
(RISP)

No Hits Found

secretory peroxidase [Nicotiana tabacum]

At1g77260/T14N5_19 [Arabidopsis thaliana] gb_ AAKB&21_
At1g77260/T14N5_19 [Arabidopsis thaliana] ref_NP5563.1_
dehydration-responsive protein-related [Arabidogisiiana)
No Hits Found

No Hits Found
No Hits Found
No Hits Found

unknown protein [Arabidopsis thaliana] gb_AAL342B1.unknown
protein [Arabidopsis thaliana] gb_AAK59421.1_ unkmoprotein
[Arabidopsis thaliana] gb_AAM47948.1_ unknown pintgArabidopsis
thaliana] gb_AAL32518.1_ Unknown protein [Arabidaps.

No Hits Found

TSI-1 protein [Lycopersicon esculentum] pir__TO7403I-1 protein -
tomato
TSI-1 protein [Lycopersicon esculentum] pir__TO7403I-1 protein -
tomato

No Hits Found
NIM1-like protein 2 [Lycopersicon esculentum]

At2g31130/T16B12.6 [Arabidopsis thaliana] gbh_AACB8&_
expressed protein [Arabidopsis thaliana] gb_AAL2731
At2g31130/T16B12.6 [Arabidopsis thaliana] ref_NP5865.1_
expressed protein [Arabidopsis thaliana]

twil [Lycopersicon esculentum] pir__T07404 probable
glucosyltransferase twil (EC 2.4.1.-) - tomatodfreent)

No Hits Found

aspartic endopeptidase [Cucurbita pepo]
glucan endo-1,3-beta-D-glucosidase [Lycopersicaulestum]
No Hits Found

At29g32990 [Arabidopsis thaliana] gb_AAB91971.1_giiste glucanse
[Arabidopsis thaliana] gb_AAL32517.1_ putative glnse [Arabidopsis
thaliana] pir__T01108 cellulase (EC 3.2.1.4) T21[714Arabidopsis
thaliana ref_NP_180858.1_ glycosyl hydrolase ...

ribonuclease P [Arabidopsis lyrata subsp. lyratg] 802880292.1

putative protein [Arabidopsis thaliana] pir__T4730#&othetical protein
F9K21.210 - Arabidopsis thaliana ref_NP_190149.NARecognition
motif (RRM)-containing protein [Arabidopsis thalen

-3,19
-3,25

-3,29

-3,33
-3,39
-3,45
-3,52
-3,60

-3,68

-3,74
-3,83
-3,97

-4,02
-4,11
-4,19
-4,23

-4,31

-4,36
-4,39
-4,44
-4,49

-4,56
-4,61

-4,68
-4,81
-4,96
-5,02
-5,07
-5,14

-5,23

-5,28

383



MICRO.16621.C1

MICRO.6809.C6

bf_mxifxxxx_0038d10.t
3m.scf
bf_mxflxxxx_0055h12.t
3m.scf

MICRO.5326.C1
MICRO.3031.C1

MICRO.6822.C2
MICRO.12567.C1
MICRO.1061.C2

MICRO.10085.C1
MICRO.17012.C1

bf_cswhxxxx_0007b10.t
3m.scf
MICRO.12570.C2

071B10AF.esd
MICRO.1142.C1
SSBNO03H18u.scf
MICRO.13355.C1

BF_LBCHXXXX_0050
B04_T3M.SCF
MICRO.8761.C1

CSTAIM14TH

BF_LBCHXXXX_0012
FO9_T3M.SCF
cSTB46H13TH

MICRO.4165.C9
MICRO.2711.C1

cPRO29E1TH

bf_mxifxxxx_0041e02.t
3m.scf
MICRO.12700.C2

Contains similarity to a jasmonate inducible pnoteom Brassica napus
gb_Y11483 and contains a Jacalin-like lectin PF1@ldomain. EST
gb_AI998212 comes from this gene. [Arabidopsisisme]
gb_AAF14583.1_ RTM1 [Arabidopsis thaliana] pir__A86...
proteinase inhibitor 1l [Solanum tuberosum] sp_QB®7AP2X_SOLTU
Proteinase inhibitor type Il precursor pir__TO758@teinase inhibitor 11
- potato

No Hits Found

glucuronosyl transferase-like protein [Arabidopbialiana]
ref_NP_191130.1_ UDP-glucoronosyl/UDP-glucosyl sfanase family
protein [Arabidopsis thaliana] pir__T47710 glucuwewl transferase-
like protein - Arabidopsis thaliana

salt tolerance protein 4 [Beta vulgaris]

Unknown protein [Arabidopsis thaliana] gb_AAS99602At1g10020
[Arabidopsis thaliana] pir__T00621 hypotheticaltein T2711.4 -
Arabidopsis thaliana ref_NP_172473.1_ expressetiprfArabidopsis
thaliana] gb_AAR92283.1_ At1g10020 [Arabidopsis ...
CA-responsive protein [Brassica oleracea]

No Hits Found

similar to AT4G19880: similar to unknown proteinrgidopsis
thaliana)] (TAIR:AT5G45020.1); similar to Intraceldw chloride channel
[Medicago truncatula] (GB:ABC75353.2); containseiiro domain
Thioredoxin-like fold (InterPro:IPR012336); contaimterPro domain
Glutathione S-transferase, C-terminal-like (IntecFRR010987);
contains InterPro domain Glutathione S-transferpssicted
(InterPro:IPR016639)

glutathione S-transferase GST 12 [Glycine max]

No Hits Found
No Hits Found

unknown protein [Arabidopsis thaliana] gb_AAK9281.2.unknown
protein [Arabidopsis thaliana] ref_NP_851167.1_resged protein
[Arabidopsis thaliana] ref_NP_568754.1_ expressetem
[Arabidopsis thaliana]

putative poly(ADP-ribose) polymerase [Arabidopsialtana]

aminoacyl-tRNA hydrolase [Arabidopsis thaliana] $B8340.1
No Hits Found

50S ribosomal protein 19 [Bartonella henselaetétuston-1]
No Hits Found

putative protein [Arabidopsis thaliana] emb_CAA1975 putative
protein [Arabidopsis thaliana] pir__T05101 hypotbet protein
F28M20.120 - Arabidopsis thaliana ref_NP_194897ranscriptional
factor B3 family protein [Arabidopsis thaliana]

putative NAC domain protein [Solanum tuberosum]

gag-pol polyprotein [Phaseolus vulgaris]

No Hits Found
No Hits Found

putative transposase [Arabidopsis thaliana] gb_AASRD.1
At3g42170 [Arabidopsis thaliana] pir__T46111 proleaibansposase -
Arabidopsis thaliana

Contains similarity to aminoacylase from Sus scdifenestica
gi_S27010 and contains a peptidase M20 PF_0154@idoBSTs
gb_H76043, gb_AA394953, gb_AI995115, gb_AA65148Mhedrom
this gene. [Arabidopsis thaliana] pir__C96507 hietital protein ...
predicted protein [Populus trichocarpa] XP_0023(B/38

hypothetical protein At1g64065 [Arabidopsis thasiin
gb_AAT68728.1_ hypothetical protein At1g64065 [Aiddpsis
thaliana) ref_NP_974086.1_ expressed protein [Algsis thaliana]

-5,36

-5,44

-5,61

-5,69

-5,71
-5,80

-5,88
-5,96
-6,02

-6,11
-6,26
-6,34

-6,37

-6,41
-6,46
-6,58
-6,59
-6,66

-6,69

-6,73
-6,81

-7,03
-7,14
-7,26

-7,29

-7,33

-7,39
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MICRO.15691.C1
MICRO.17766.C1

SDBNOO3H17u.scf

MICRO.112.C6
MICRO.395.C1

bf_mxflxxxx_0069c07.t
3m.scf
bf_mxifxxxx_0055h11.t
3m.scf
MICRO.15146.C2
BF_TUBSXXXX_0022
E02_T3M.SCF
BF_TUBSXXXX_0009
HO9_T3M.SCF
bf_arrayxxx_0043h04.t3
m.scf

MICRO.5844.C2
bf_Ibchxxxx_0057b05.t
3m.scf
BF_LBCHXXXX_0002
FO6_T3M.SCF
MICRO.2255.C3
MICRO.8755.C4
SDBT002K03x.scf
bf_mxIfxxxx_0063d12.t
3m.scf
MICRO.16391.C1

bf_arrayxxx_0040c04.t3
m.scf
MICRO.132.C1

SSBNO003C19u.scf

bf_cswbxxxx_0040a03.t
3m.scf
POADZ22TV

MICRO.16224.C1
MICRO.4960.C1

BF_TUBSXXXX_0036
D09_T3M.SCF
SDBNO006KO05u.scf

STMGQG65TV

STDBOO05NO3u.scf

bf_arrayxxx_0078h06.t3
m.scf

MICRO.8628.C1
MICRO.2317.C1

bf_mxIfxxxx_0065a05.t
3m.scf
MICRO.13253.C2

bf_swstxxxx_0046c11.t
3m.scf

No Hits Found

similar to AT4G36500: similar to unknown proteinrgidopsis
thaliana]

P450 hydroxylase [Solanum melongena] sp_P37117_CSQUME
Cytochrome P450 71A4 (CYPLXXIA4) (P-450EG2) pir__6885
cytochrome P450 71A4 - eggplant

NL27 [Solanum tuberosum]

acetyltransferase 1-like [Oryza sativa (japonicivar-group)]
zinc ion binding [Arabidopsis thaliana] NP_191849.2
pentatricopeptide (PPR) repeat-containing protié{Oryza sativa

(japonica cultivar-group)]
hypothetical protein [Vitis vinifera] XP_002267989.

No Hits Found
No Hits Found
hydroxymethylglutaryl coenzyme A synthase [Heveasbiensis]

No Hits Found
No Hits Found

No Hits Found

LEXYL1 [Lycopersicon esculentum]
terpene synthase [Vitis vinifera]

Hsp20.1 protein [Lycopersicon peruvianum]
No Hits Found

hypothetical protein SDM1_46t00004 [Solanum demiglsBI34352.1

galactokinase-like protein [Arabidopsis thaliana]

similar to AT2G42570: similar to unknown proteinrgbidopsis
thaliana]

similar to AT1G74630: pentatricopeptide (PPR) reéfmemtaining
protein

No Hits Found

putative diacylglycerol kinase [Arabidopsis thatdn
hypothetical protein [Oryza sativa (japonica cutihgroup)]

No Hits Found

No Hits Found

No Hits Found

Similar to ATCG01280 | Symbols: YCF2.2 | IdentitaProtein ycf2
(ycf2-B) [Arabidopsis Thaliana]
No Hits Found

No Hits Found

subtilisin-like protease [Glycine max]
unknown protein [Arabidopsis thaliana]
No Hits Found

NBS-LRR disease resistance protein homologue [Hordeulgare]

putative galactokinase [Arabidopsis thaliana] gb LA8925.1_ putative
galactokinase [Arabidopsis thaliana] ref_NP_18788 GHMP kinase

family protein [Arabidopsis thaliana]

-7,41
-7,48

-7,49

-7,51
-7,58
-7,62
-7,81
-7,89
-7,99
-8,00
-8,05
-8,15
-8,19
-8,28
-8,29
-8,38

-8,39
-8,43

-8,61
-8,88
-8,91
-8,99
-9,05
-9,09
-9,15
-9,33
-9,48
-9,49
-9,56
-9,77
-10,31
-10,56
-10,59
-10,94

-10,99
-11,038

385



bf_swstxxxx_0050b12.t No Hits Found 11,08
3m.scf
MICRO.13478.C1 putative chalcone isomerase [Lycopersicon escutentu -11,16

POCAK50TP hypothetical protein [Arabidopsis thaliana] gb_AA2P7.1_ unknown -11,45
protein [Arabidopsis thaliana] gb_AAK44045.1_ unkmoprotein
[Arabidopsis thaliana] ref _NP_566205.1_ Ku70-bimgfamily protein
[Arabidopsis thaliana]

MICRO.1262.C1 similar to AT3G08640: alphavirus core protein famil -11,92
STDB004HO01u.scf No Hits Found -12,23
cSTD17F23TH No Hits Found 412,29
MICRO.5773.C1 similar to AT2G29660: zinc finger (C2H2 type) faynjrotein -13,88
MICRO.14122.C1 Chain P, Crystal Structure Of Human Thimet Oligdjuigse. -20,11
cSTB33G21TH putative auxin-induced SAUR-like protein [Capsicanrmuum] -21,46

Genes significantly up-i{ boldface) or down-regulatedirf italics)
during the early stage of symbiotic establishmdmiM fungus in the
potato roots versus control comparison are ordamrding to the
expression fold change. Genes were considered fésredtially
regulated if P-values 0.01 and the values of fold change compared
with the controls wag 3.00 or< -3.00
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Table S3The 865 genes regulated during the late stagetat@root
colonization by Glomus sp. MUCL 41833 as comparath \the

control treatment, and their changes in expression

Probe ID Annotation Ratio
Late
POCAQO75TV No Hits Found 557.39
STMHWI15TV No Hits Found 372,44
099E10AF.esd auxin response factor 1 [Solanum lycopersicum] 295,03
MICRO.12609.C1 CDPK adapter protein 1 [Mesembryanthemum crystatfih 252,97
STMCV27TV No Hits Found 227,63
MICRO.12534.C1 putative calcium/calmodulin-dependent protein kinkimase [Ricinus 218,00
communis]
STMHK88TV No Hits Found 192,08
ACDA02636D08.T3m.s No Hits Found 161,55
cf
STMHBO6TV FCLY (FARNESYLCYSTEINE LYASE); prenylcysteine oxige 142,64
[Arabidopsis thaliana]
MICRO.5735.C1 CPD photolyase [Cucumis sativus] dbj_BAB39480.1 DGfPotolyase 135,50
[Cucumis sativus]
POABX60TV No Hits Found 133,19
cSTD13H3TH Hsp90-2-like [Solanum tuberosum] 133,06
bf_mxifxxxx_0017a02.t No Hits Found 120,71
3m.scf
POCC267TP vacuolar protein sorting 28 isoform 1 [Homo sapjeyis AAH06485.1_ 114,89
Vacuolar protein sorting 28, isoform 1 [Homo sagien
gb_AAH19321.1_ Vacuolar protein sorting 28, isofatrfHomo
sapiens] gb_AAF00499.1_ VPS28 protein [Homo sapiens
ACDA01778E02.T3m.s No Hits Found 106,38
cf
POCBP75TV No Hits Found 103,11
STMGQ11TV leaf senescence protein-like [Oryza sativa (jappuigtivar-group)] 99,33
PotatoF1087.scf No Hits Found 96,12
TBSK04474FE10.t3m.s No Hits Found 95,88
cf
MICRO.12240.C1 unknown protein [Arabidopsis thaliana] gb_AAN129B6unknown 94,51
protein [Arabidopsis thaliana] ref_NP_566364.1 _ciedurin-like
phosphoesterase family protein [Arabidopsis thaljan
PotatoF0700.scf No Hits Found 90,74
PotatoF1116.scf No Hits Found 86,45
STMIH92TH guanine nucleotide exchange family protein [Arapisie thaliana] 86,00
MICRO.12934.C1 No Hits Found 83,95
PotatoF1180.scf No Hits Found 83,02
MICRO.2326.C2 At2g34770/T29F13.2 [Arabidopsis thaliana] gb_AACI62 _ fatty 69,53

acid hydroxylase (FAH1) [Arabidopsis thaliana] gtAKR91343.1_
At2g34770/T29F13.2 [Arabidopsis thaliana] pir__TB%3Jatty acid
hydroxylase (EC 1.14.15.-) FAH1 - Arabidopsis tagé ...

MICRO.11687.C1 At4g25340/T30C3_20 [Arabidopsis thaliana] gb_AALBS71_ 67,66
AT4925340/T30C3_20 [Arabidopsis thaliana] ref_NP7B67.1_
immunophilin-related / FKBP-type peptidyl-prolylseirans isomerase-
related [Arabidopsis thaliana]

MICRO.13672.C1 No Hits Found 65,72
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bf_arrayxxx_0060e11.t7
m.scf
bf_mxflxxxx_0012c09.t
3m.scf

MICRO.3155.C2

cSTA20E18TH

SSBNO002EO2u.scf

bf_mxflxxxx_0042h11.t
3m.scf
POCDCO04TV

MICRO.1575.C1
bf_swstxxxx_0057h03.t

3m.scf
POCA468TV

MICRO.8649.C3
MICRO.11749.C1
MICRO.4606.C1

POAC118TV
119BO6AF.esd
MICRO.1179.C1

ACDAO03993E09.T3m.s
cf
MICRO.7586.C1

MICRO.1917.C1

MICRO.652.C1
POCD177TP
MICRO.4276.C2
MICRO.12703.C1
STMIZ22TV
MICRO.1446.C2
bf_arrayxxx_0093h04.t7
m.scf
bf_cswhxxxx_0008b12.t

3m.scf
MICRO.4318.C2

SDBNO006K20u.scf
STMCT95TV

bf_arrayxxx_0051h03.t7
m.scf

No Hits Found
No Hits Found

At1g31300/T19E23_12 [Arabidopsis thaliana] gb_AALBO.1_
At1g31300/T19E23_12 [Arabidopsis thaliana] ref_N&43%77.1_
expressed protein [Arabidopsis thaliana]

putative membrane import protein [Arabidopsis @adi]
gb_AAK93602.1_ putative membrane import proteindidopsis
thaliana] ref_NP_188634.1_ porin family protein §idopsis thaliana]
sp_Q9LHE5_OM40_ARATH Probable mitochondrial impateptor ...
No Hits Found

No Hits Found

No Hits Found

similar to AT5G43560: meprin and TRAF homology dameontaining
protein / MATH domain-containing protein
No Hits Found

At2g41370 [Arabidopsis thaliana] gb_AAC78536.1_ tiyyetical
protein [Arabidopsis thaliana] pir__H84840 hypoitelprotein
At2g41370 [imported] - Arabidopsis thaliana ref_NB1668.1_ ankyrin
repeat family protein / BTB/POZ domain-containing .
elicitor-inducible protein EIG-J7 [Capsicum annuum]

No Hits Found

putative transcription factor [Oryza sativa (japmncultivar-group)]
gb_AAP54297.1_ putative transcription factor [Orgadiva (japonica
cultivar-group)] gb_AAK21342.1_ putative transciipt factor [Oryza
sativa (japonica cultivar-group)]

PERKZ1-like protein kinase [Nicotiana tabacum]

hypothetical protein At2g31380 [imported] - Arabjhis thaliana

protoporphyrinogen oxidase [Solanum tuberosum] piN7121
protoporphyrinogen oxidase (EC 1.3.3.4) IX, mitoetidal - potato
(fragment)

No Hits Found

putative clathrin coat assembly protein [Arabidsgbaliana]
gb_AAL38763.1_ putative clathrin coat assembly @irof{Arabidopsis
thaliana] ref_NP_190655.2_ clathrin adaptor comgleell chain
family protein [Arabidopsis thaliana]

At1g72880 [Arabidopsis thaliana] ref_NP_849880.tid phosphatase
survival protein SurE, putative [Arabidopsis thab
ref_NP_177431.1_ acid phosphatase survival pr&eik, putative
[Arabidopsis thaliana]

No Hits Found

putative polyprotein [Solanum demissum]

putative ripening-related P-450 enzyme [Vitis vémé]
nectarin 5 [Nicotiana langsdorffii x Nicotiana sanae]
No Hits Found

expressed protein [Arabidopsis thaliana] ref_NP 42B41_ expressed
protein [Arabidopsis thaliana]
No Hits Found

No Hits Found

similar to eyes absent protein [Arabidopsis thaljan

putative retroelement pol polyprotein-like [Solantuberosum]
putative protein kinase APK1A [Trifolium pratense]

No Hits Found

64,99
64,87

64,70

63,04

60,59
59,81

58,46
58,30

54,77

53,80

53,64
52,45
50,97

49,81
49,56
48,62

48,59

47,52

46,67

46,48
45,31
45,28
45,23
44,55
41,71

41,48
41,15

40,66
39,78
39,49
39,16
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MICRO.13890.C1

SSBT005G22x.scf
MICRO.7828.C1
cPRO18P12TH
STMGAO5TV
MICRO.1275.C2
POAD616TV

bf_lbchxxxx_0058h06.t
3m.scf
MICRO.10499.C2

bf_mxIfxxxx_0068c01.t
3m.scf
POCC517TV

MICRO.15827.C1
MICRO.4172.C1

bf_swstxxxx_0043b02.t
3m.scf
POCAE23TV

MICRO.5412.C1
CSTS3E17TH
cPRO15G9TH
MICRO.13264.C1

BF_CSCHXXXX_0027
C12.T3M.SCF
CSTA25E13TH

cPRO1F18TH

bf_suspxxxx_0060a10.t
3m.scf
MICRO.9963.C1

POAB109TF
MICRO.7203.C1

POCC042TV

bf_arrayxxx_0008h01.t3
m.scf
MICRO.12080.C1

cPRO3P16TH

ACDA04926C06.T3m.s
cf
POCAJ71TP

MICRO.14058.C1
MICRO.5867.C1

putative protein [Arabidopsis thaliana] emb_CAA1639 putative
protein [Arabidopsis thaliana] pir__T04647 hypotbelprotein
F10N7.210 - Arabidopsis thaliana ref_NP_194926xpressed protein
No Hits Found

unknown protein [Arabidopsis thaliana]

No Hits Found

OSJNBb0038F03.12 [Oryza sativa (japonica cultivang)]
putative UDP-glucuronate decarboxylase 3 [Nicotitaimcum]
No Hits Found

No Hits Found

unknown [Solanum tuberosum] ABA40464.1

sulfate transporter 2 [Lycopersicon esculentum]

similar to AT1G73480: hydrolase, alpha/beta folohift protein
No Hits Found

Hcr9-OR3A [Lycopersicon pimpinellifolium]

No Hits Found

No Hits Found
No Hits Found
No Hits Found
No Hits Found

branched chain alpha-keto acid dehydrogenase Hik-aigbunit
[Lycopersicon esculentum] pir__T06589 3-methyl-Zbutanoate
dehydrogenase (lipoamide) (EC 1.2.4.4) El-alphanghacursor,
mitochondrial - tomato

No Hits Found

hypothetical protein [Arabidopsis thaliana] pir__7B#2 hypothetical

protein F15G16.190 - Arabidopsis thaliana ref_NPL7B®.1_ expressed

protein [Arabidopsis thaliana]

Remorin (pp34) pir__T07780 remorin - potato gb_ARB25.1_
remorin [Solanum tuberosum]

zinc finger (ubiquitin-hydrolase) domain-containipigtein
[Arabidopsis thaliana]

putative polyprotein [Solanum tuberosum]

zinc-finger protein [Oryza sativa (indica cultivgreup)]

secondary cell wall-related glycosyltransferaseiffag[Populus
tremula x Populus tremuloides]
No Hits Found

No Hits Found

putative actin related protein 2 [Oryza sativa @jaipa cultivar-group)]
dbj_BADO03538.1_ putative actin related protein 2yj£a sativa
(japonica cultivar-group)] dbj_BADO03487.1_ putatietin related
protein 2 [Oryza sativa (japonica cultivar-group)]

No Hits Found

No Hits Found

No Hits Found
similar to AT4G08250: scarecrow transcription fadamily protein

4-coumarate CoA ligase isoform 4 [Arabidopsis tadi]
gb_AAQ56837.1_ At5g63380 [Arabidopsis thaliana] 4BM97124.1_
4-coumarate-CoA ligase-like protein [Arabidopsialigina]

ref NP_201143.1_ 4-coumarate--CoA ligase familytgiro/ ...

38,93

38,74
37,99
37,42
37,25
37,08
35,97
35,62

34,94
34,63

34,56
34,51
33,91
33,68

33,64
33,04
32,89
32,74
32,23

32,17

31,91

31,87
31,74
31,56

30,75
30,16

30,12
29,92

29,78

29,51
28,25

28,16
27,91
27,56
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MICRO.9327.C1

bf_arrayxxx_0077h04.t3
m.scf
POCC910TV

POABH36TV
cPRO20B10TH

MICRO.7128.C1
cPRO20J10TH

bf_suspxxxx_0051f03.t3
m.scf
PotatoF0403.scf

POCBQG63TV
SSBN001D23u.scf
SSBTO01N21x.scf

TBSKO0866FA02t3m.sc
f

bf_cswbxxxx_0051d10.t
3m.scf
MICRO.10302.C1

MICRO.4199.C1

MICRO.3961.C1
cPRO24I15TH

MICRO.5292.C1

MICRO.5225.C1
cSTD12A19TH
bf_lbchxxxx_0064c02.t

3m.scf
MICRO.6804.C1

cSTA19G13TH

POCAR48TV
MICRO.17189.C1
SDBNO004I17u.scf
STDB004D20u.scf
MICRO.6657.C1
MICRO.17938.C2

bf_arrayxxx_0051h09.t3
m.scf
SSBN003012u.scf

No Hits Found
No Hits Found

GALB83 protein [Solanum tuberosum]

RRM-containing RNA-binding protein-like protein [Boum
tuberosum]

ubiquitin thiolesterase/ zinc ion binding (AT3G4T89Arabidopsis
thaliana]

No Hits Found

bZIP transcription factor (BZI-1) [Nicotiana tabaxl
No Hits Found

hypothetical protein [Vitis vinifera] XP_002282213.
Heat shock protein DnaJ [Medicago truncatula]
No Hits Found

No Hits Found

At1g51580 [Arabidopsis thaliana] gb_AAG50879.1_ diyretical
protein [Arabidopsis thaliana] pir__D96554 hypottet protein
F19C24.19 [imported] - Arabidopsis thaliana gbh_AAB26.1_
hypothetical protein

No Hits Found

Cytochrome P450-like protein [Arabidopsis thaliana]
emb_CAA16595.1_ Cytochrome P450-like protein [Adaipisis
thaliana] ref_NP_194922.1_ cytochrome P450, putdthrabidopsis
thaliana] pir__T04651 cytochrome P450 F10N7.250abfdopsis
thaliana

putative GDSL-motif lipase/acylhydrolase [Arabid@pthaliana]
gb_AAO50514.1_ unknown protein [Arabidopsis thadihn
gb_AAO042146.1_ unknown protein [Arabidopsis thadian
ref_NP_198322.1_ GDSL-motif lipase/hydrolase fampitptein
[Arabidopsis thal ...

No Hits Found

F21D18.16 [Arabidopsis thaliana] pir__D96521 protéR1D18.16
[imported] - Arabidopsis thaliana

At1g17330 [Arabidopsis thaliana] gb_AAO00736.1_ mown protein
[Arabidopsis thaliana] ref NP_173176.1_ metal-deleen
phosphohydrolase HD domain-containing protein-eeldArabidopsis
thaliana]

No Hits Found

zinc finger protein, putative / regulator of chrasnae condensation
(RCC1) family protein [Arabidopsis thaliana]

No Hits Found

No Hits Found

phospholipid/glycerol acyltransferase family pratpArabidopsis
thaliana] NP_177990.1
unknown [Arabidopsis thaliana]

unknown [Solanum lycopersicum] AAW22882.1

No Hits Found

No Hits Found

unnamed protein product [Arabidopsis thaliana]

AAA-type ATPase family protein [Arabidopsis thalan
Hsp90-2-like [Solanum tuberosum]

unknown protein [Arabidopsis thaliana] gb_AAO63485At1g76250

[Arabidopsis thaliana] ref_NP_177752.1_ expressetem
[Arabidopsis thaliana]

27,01
25,84

25,34
25,07

25,03

24,68
24,61
23,74

23,36
22,68
22,58
22,45
22,22

21,74

21,63

21,49

21,46
21,38

21,34

21,30
21,26

21,25

21,23
21,04

20,91
20,86
20,85
20,74
20,67
20,63
20,56

20,21
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bf_mxifxxxx_0057b05.t
3m.scf
BF_TUBSXXXX_0065
A08_T3M.SCF
bf_stolxxxx_0051g03.t7
m.scf

MICRO.7781.C1

MICRO.6947.C1
STMIB81TV
CcSTS19G2TH

MICRO.15368.C1

MICRO.2888.C1

bf_mxifxxxx_0071g09.t
3m.scf
MICRO.14508.C1

PotatoF1106.scf
POAB159TF
MICRO.6939.C1

ACDAO1308E12.T3m.s
cf
SDBNOO0O3N13u.scf

099HO8AF.esd
POCDK67TV

MICRO.2138.C2

MICRO.7772.C1
SDBNO005P23u.scf
MICRO.8037.C1
MICRO.3610.C1

POAEQ55TV

MICRO.15713.C1

bf_cswhxxxx_0035h04.t
3m.scf

bf_mxflxxxx_0006c08.t
3m.scf
MICRO.8183.C1

MICRO.1125.C3
MICRO.12028.C1
SDBNOO3E19u.scf
MICRO.1735.C1
STMGM44TV

MICRO.6401.C2

No Hits Found
No Hits Found
No Hits Found

No Hits Found
No Hits Found
unknown protein [Oryza sativa (japonica cultivaougp)]

similar to AT5G53390: similar to unknown proteinrgidopsis
thaliana]

zinc finger (C3HC4-type RING finger) family protefArabidopsis
thaliana]

putative endomembrane protein 70 [Arabidopsis &inal}

No Hits Found

Selenoprotein W sp_P63302_SELW_HUMAN Selenoprotéin
No Hits Found

plastidic aldolase NPALDP1 [Nicotiana paniculata]

universal stress protein (USP) family protein [Adapsis thaliana]
No Hits Found

No Hits Found
No Hits Found

regulator of chromosome condensation like [Arabgisphaliana]
gb_AA063928.1_ putative regulator of chromosomedemsation (cell
cycle regulatory protein) [Arabidopsis thalianaf]l leP_199644.2_
regulator of chromosome condensation (RCC1) family

gamma response | protein [Arabidopsis thaliana] pi9091 gamma
response | protein - Arabidopsis thaliana

No Hits Found

No Hits Found
No Hits Found

similar to AT2G38320: similar to unknown proteinrgidopsis
thaliana]

unknown [Arabidopsis thaliana] ref_NP_567058.1_ Qg cysteine
protease family protein [Arabidopsis thaliana] iéP_850716.1_ OTU-
like cysteine protease family protein [Arabidoptbialiana]

No Hits Found

unknown protein [Arabidopsis thaliana] gb_AAL49877.unknown
protein [Arabidopsis thaliana] ref_NP_191639.2_cZinger (DHHC
type) family protein [Arabidopsis thaliana]

12-oxophytodienoate reductase [Lycopersicon esturiein

Similar to CCS1 [Arabidopsis thaliana] dbj_BAC419B5 unknown
protein [Arabidopsis thaliana] pir__B96530 SimitarCCS1 [imported]
- Arabidopsis thaliana ref_NP_564544.1_ cytochrerbégenesis
protein family [Arabidopsis thaliana]

No Hits Found

No Hits Found
No Hits Found
unknown [Arabidopsis thaliana]

At3g28050/MMG15_6 [Arabidopsis thaliana] gb_ AAK5@T_
AT3g28050/MMG15_6 [Arabidopsis thaliana] ref_NP_B8@.1_
nodulin MtN21 family protein [Arabidopsis thaliana]
AT5g52970/MNB8_3 [Arabidopsis thaliana] gb_AAK82419
AT59g52970/MNB8_3 [Arabidopsis thaliana] ref_NP_58871_
thylakoid lumen 15.0 kDa protein [Arabidopsis that]

19,58
19,41
19,39

19,35
18,95
18,67
18,56

18,44

18,38
18,04

17,76
17,45
17,32
17,17
16,97

16,72
16,67
16,66

16,58

16,55
16,28
16,23
16,19

16,14

16,11
16,02

15,99

15,93

15,88
15,84
15,77
15,62
15,58

15,55
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MICRO.17780.C1
MICRO.13861.C1
POCBD63TV
MICRO.4393.C5

MICRO.13072.C1
cSTC2L3TH
MICRO.5423.C1
STMHT46TV

SDBNO002C10u.scf
186A10.esd
PPCBV43TH

POACT93TP

MICRO.12684.C1

bf_mxIfxxxx_0056b11.t

3m.scf
MICRO.5847.C1

cPRO8I21TH
MICRO.646.C1

POCCT75TP
cSTD11G22TH
MICRO.5302.C3
MICRO.11933.C1

bf_suspxxxx_0024A03.t

3m.scf
PPCCK68TH

bf_mxifxxxx_0073g08.t

3m.scf
MICRO.6770.C3

MICRO.8816.C1

MICRO.398.C1
MICRO.6200.C1

MICRO.1081.C2
MICRO.15334.C1

No Hits Found
No Hits Found
No Hits Found

expressed protein [Arabidopsis thaliana] gb_ AARZZ&9 [4Fe-4S]
cluster assembly factor [Arabidopsis thaliana]
No Hits Found

No Hits Found
ultraviolet-B-repressible protein [Gossypium hitsui

protein binding / ubiquitin-protein ligase/ zinmibinding [Arabidopsis
thaliana]
No Hits Found

No Hits Found

Similar to Arabidopsis thaliana DNA chromosome A@clone F25124
(AL049525) [Oryza sativa (japonica cultivar-grougllj_BAA83361.1_
unknown protein [Oryza sativa (japonica cultivaougp)]
Oxygen-evolving enhancer protein 1, chloroplastprsor (OEE1) (33
kDa subunit of oxygen evolving system of photosysts (OEC 33 kDa
subunit) (33 kDa thylakoid membrane protein)

unknown [Arabidopsis thaliana] gb_AAM91732.1_ unkumoprotein
[Arabidopsis thaliana] gb_AAK64145.1_ unknown pintfrabidopsis
thaliana] gb_AAC27838.2_ PsbP domain protein, pugdiArabidopsis
thaliana] ref_NP_565906.1_ photosystem Il reaction

osmotin-like protein [Solanum tuberosum]

rubisco activase precursor sp_Q40460_RCA1_TOBAWIR#z
bisphosphate carboxylase/oxygenase activase Tppldst precursor
(RuBisCO activase 1) (RA 1)

No Hits Found

polyphenol oxidase pir__T07096 catechol oxidase {E(D.3.1) (allele
POT32) - potato
No Hits Found

molecular chaperone Hsp90-1 [Lycopersicon esculehtu
proteinase inhibitor | precursor [Solanum tuberosum

putative protein [Arabidopsis thaliana] emb_CAB3830 putative
protein [Arabidopsis thaliana] gb_AAF75234.1_ shoit protein
[Arabidopsis thaliana] pir__T04722 hypotheticalteio F19F18.140 -
Arabidopsis thaliana ref_NP_195480.1_ short-root ..

unknown [Lycopersicon esculentum]

ribulose bisphosphate carboxylase [Solanum tubembsu
sp_P26575_RBSA_SOLTU Ribulose bisphosphate carbsgygmall
chain 2A, chloroplast precursor (RuBisCO small sub2A)
pir__RKPOS?2 ribulose-bisphosphate carboxylase (EC189)
precursor small ...

adenylate cyclase [Arabidopsis thaliana] NP_565B53.

sucrose phosphate synthase [Lycopersicon esculgntum

Hypothetical protein [Arabidopsis thaliana] gb_ AA@®RI1.1_ unknown
protein [Arabidopsis thaliana] gb_AA042291.1_ unkmoprotein
[Arabidopsis thaliana] pir__H86272 hypotheticalteino F7A19.6 -
Arabidopsis thaliana ref_NP_172850.2_ expressetipro

No Hits Found

jasmonic acid-amino acid-conjugating enzyme (JARUgotiana
attenuata]
No Hits Found

ASYMMETRIC LEAVES2-like gene 4 protein [Arabidopsisaliana]
dbj_BAB10551.1_ unnamed protein product [Arabidsfbkaliana]
gb_AAL40346.1_ LOBa [Arabidopsis thaliana]
sp_Q9FML4_LOB_ARATH LATERAL ORGAN BOUNDARIES
protein ref NP_851253.1_ LOB domain ...

15,41
15,34
15,19
15,06

14,99
14,86
14,79
14,72

14,64
14,58
14,46

14,40

14,35

14,28

14,19

14,11
14,02

13,93
13,88
13,80
13,74

13,68

13,62

13,56

13,52
13,47

13,46
13,42

13,39
13,36
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bf_acdexxxx_0059c¢03.t
3m.scf
bf_mxflxxxx_0040h11.t
3m.scf
MICRO.17591.C1

STMHP88TV

bf_mxflxxxx_0006d12.t
3m.scf
108D09AF.esd

MICRO.3978.C3

BF_LBCHXXXX_0037
AO03_T3M.SCF
MICRO.12664.C1

MICRO.8650.C1

bf_mxIfxxxx_0071h07.t
3m.scf
MICRO.7881.C1

MICRO.842.C2
cSTS30C5TH

bf_stolxxxx_0044a05.t3
m.scf
bf_arrayxxx_0068h09.t3
m.scf
SSBNO01N17u.scf

MICRO.7731.C1
MICRO.925.C2
MICRO.2095.C2

bf_mxflxxxx_0020d07.t
3m.scf
MICRO.6543.C2

bf_mxflxxxx_0065f11.t
3m.scf
MICRO.1716.C1

MICRO.13827.C1

MICRO.7391.C1

BF_TUBSXXXX_0033
FO8_T3M.SCF
MICRO.3560.C1

MICRO.11082.C1

MICRO.416.C21
MICRO.1528.C1
MICRO.8900.C1

bf_stolxxxx_0037f08.t3
m.scf

ARF [Oryza sativa (japonica cultivar-group)]
leucoanthocyanidin dioxygenase-like protein [Araipisis thaliana]

OSJNBa0086006.18 [Oryza sativa (japonica cultivatig)]
emb_CAE04870.2_ OSINBa0086006.18 [Oryza sativaljep
cultivar-group)]

No Hits Found

flower-specific gamma-thionin-like protein/acidicopein precursor
[Solanum lycopersicum]

No Hits Found
basic helix-loop-helix (bHLH) family protein [Arathopsis thaliana]
No Hits Found

putative thaumatin-like protein [Solanum tuberosum]
LeOPT1 [Lycopersicon esculentum]
No Hits Found

No Hits Found

putative RNA-binding protein [Arabidopsis thaliarg]_AAL49941.1_
AT3g04610/F7018_9 [Arabidopsis thaliana] ref_NP_1BZ1_ KH
domain-containing protein [Arabidopsis thaliana]

putative RNA helicase [Arabidopsis thaliana] gb_A6¥014.1_ putative
RNA helicase [Arabidopsis thaliana] ref_NP_174527RA helicase,
putative [Arabidopsis thaliana]

No Hits Found

No Hits Found

No Hits Found
No Hits Found
No Hits Found
pepper esterase [Capsicum annuum]
No Hits Found

No Hits Found
No Hits Found

CLBL1 protein - tomato dbj_BAA24382.1_ CLB1 [Lycop&mon
esculentum]

At3g52450 [Arabidopsis thaliana] gb_ AAU90053.1_ ¢52450
[Arabidopsis thaliana] emb_CAB43434.1_ putativetgio [Arabidopsis
thaliana] pir__T08454 hypothetical protein F2206.1 Arabidopsis
thaliana ref_NP_190813.1_ U-box domain-containing .

No Hits Found

No Hits Found

No Hits Found

CYP71D10p [Glycine max] pir__T05939 cytochrome P450
monooxygenase 71D10p [soybean sp]
No Hits Found

Thaumatin, pathogenesis-related [Medicago trunahtul
No Hits Found

hypothetical protein F28B23.15 - Arabidopsis thadia
gb_AAG50680.1_ hypothetical protein [Arabidopsialihna]
ref_NP_173942.1_ importin beta-2 subunit familytpio [Arabidopsis
thaliana]

13,31
13,28

13,26

13,24
13,19

13,16
13,11
13,06

13,01
12,99
12,95

12,88
12,81

12,75

12,69
12,63

12,59
12,55
12,46
12,41
12,38

12,31
12,26

12,20
12,19

12,16
12,16

12,10
12,08

12,05
12,00
11,99
11,93
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SDBNOO5H14u.scf
MICRO.8309.C2

POCBB56TV
MICRO.12630.C1

MICRO.9057.C1
POAB291TF
PPCANG8TH
MICRO.17716.C1

bf_mxflxxxx_0064a03.t

3m.scf
MICRO.14312.C1

MICRO.5178.C1

bf_mxIfxxxx_0058b08.t

3m.scf
STMHNO8TH

MICRO.3160.C2
POCAA10TO

bf_suspxxxx_0054d09.t

3m.scf

TBSK03984FD12.t3m.s

cf

POCCO056TV
POCCI94TP

bf_lbchxxxx_0062c05.t

3m.scf
MICRO.16359.C1

146CO4AF.esd
MICRO.15779.C1

MICRO.11136.C1
POCC537TV

bf_mxflxxxx_0005d08.t

3m.scf
MICRO.3936.C1
MICRO.13361.C1
MICRO.10579.C1
MICRO.12691.C1
MICRO.15185.C2

MICRO.7042.C1
STMGNS54TV

serine/threonine-protein kinase bril, putative [fRis communis]
XP_002514937.1

disease resistance-like protein [Oryza sativa @iaggocultivar-group)]
gb_AAO72679.1_ unknown [Oryza sativa (japonicaieattgroup)]
similar to AT3G42860: zinc knuckle (CCHC-type) fdynprotein

41 kD chloroplast nucleoid DNA binding protein (CHD [Nicotiana
sylvestris]
cc-nbs-Irr resistance protein [Populus trichocada] 002332999.1

ubiquitin-specific protease 6 [Arabidopsis thalihna
No Hits Found
vetispiradiene synthase [Solanum tuberosum]

putative receptor kinase [Ricinus communis]

apolipoprotein E

unknown protein [Arabidopsis thaliana] gb_AAO50598unknown
protein [Arabidopsis thaliana] gb_AAD17434.2_ hypetical protein
[Arabidopsis thaliana] ref _NP_565301.1_ expressetem
[Arabidopsis thaliana]

No Hits Found

unknown protein [Arabidopsis thaliana] pir__C846typothetical

protein At2g22660 [imported] - Arabidopsis thaliaref NP_179851.1_

glycine-rich protein [Arabidopsis thaliana]
putative phosphate translocator [Oryza sativa @g@ocultivar-group)]

No Hits Found
No Hits Found

aminotransferase [Arabidopsis thaliana] gb_AAP68B4At1g62960
[Arabidopsis thaliana] gb_AAF75807.1_ Strong simiilato ACS5
from Lupinus albus gb_AF119414, and contains anniinansferase-
classl domain PF_00155. [Arabidopsis thaliana] ...

No Hits Found

No Hits Found

cytoplasmic dynein heavy chain 2 protein [Tetrahgenthermophila]

putative pectin-glucuronyltransferase [Oryza safj@ponica cultivar-

group)]
No Hits Found

At5g09390/T5E8_190 [Arabidopsis thaliana] gb_ AAM@34L_
unknown [Arabidopsis thaliana] gb_ AAM74500.1_
AT5g09390/T5E8_190 [Arabidopsis thaliana] ref_ NP8361.1_ CD2-
binding protein-related [Arabidopsis thaliana]

chalcone reductase [Sesbania rostrata]

No Hits Found

similar to AT2G30900: similar to unknown proteinrgbidopsis
thaliana]

DNA topoisomerase Il [Nicotiana tabacum] gb_ AAN8%2D0 DNA
topoisomerase Il [Nicotiana tabacum]
No Hits Found

cytochrome P450 [Arabidopsis thaliana]
beta-ketoacyl-ACP synthase Il [Perilla frutescens]

cytochrome c biogenesis [Beta vulgaris subsp. vidpa
dbj_BAA99300.1_ cytochrome c biogenesis proteint§Beilgaris
subsp. vulgaris] ref_NP_063988.1_ cytochrome cémegis protein
[Beta vulgaris subsp. vulgaris]

hypothetical protein [Ricinus communis] XP_00253220

amidase-like protein [Arabidopsis thaliana] emb_@&B49.1_
amidase-like protein [Arabidopsis thaliana] ref_NBP5214.1_ amidase
family protein [Arabidopsis thaliana]

11,88
11,81

11,78
11,72

11,69
11,61
11,57
11,50
11,46

11,41
11,39

11,36

11,34

11,29
11,26
11,23

11,20

11,18
11,16
11,15

11,10

11,07
11,06

11,03
11,01
10,99

10,95

10,89
10,86
10,83
10,82

10,77
10,76
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cSTB41N22TH
MICRO.17380.C1
bf_mxIfxxxx_0022e10.t
3m.scf
bf_mxflxxxx_0017c01.t

3m.scf
MICRO.14712.C1

bf_mxflxxxx_0025b06.t
3m.scf

MICRO.5483.C1
MICRO.10980.C1
MICRO.4139.C1

MICRO.414.C1
cSTB36L11TH

MICRO.4218.C1

bf_mxifxxxx_0032a04.t
3m.scf
MICRO.3523.C1

cSTE8O2TH
STMIV75TV

MICRO.7632.C1
MICRO.8255.C1

MICRO.11021.C1

BF_LBCHXXXX_0003
C09_T3M.SCF
bf_mxifxxxx_0061g03.t
3m.scf
MICRO.5163.C1

MICRO.9105.C5
POCCGO3TP
bf_stolxxxx_0029g07.t3
m.scf
MICRO.17574.C1
POCBA73TV
MICRO.9163.C2

bf_mxflxxxx_0019c08.t
3m.scf
BF_TUBSXXXX_0016
D12_T3M.SCF
STMHQ44TV

bf_ivrootxx_0025e11.t3
m.scf

No Hits Found

F23M19.3 [Arabidopsis thaliana] pir__D86467 prote28M19.3
[imported] - Arabidopsis thaliana
No Hits Found

No Hits Found

No Hits Found

putative 1-aminocyclopropane-1-carboxylate deaneifi@yza sativa
(japonica cultivar-group)] dbj_BAD16875.1_ putatile
aminocyclopropane-1-carboxylate deaminase [Orytigasgaponica
cultivar-group)]

No Hits Found

No Hits Found

OSJNBa0091C07.4 [Oryza sativa (japonica cultivaug)]
emb_CAE05842.2_ OSINBa0091C07.4 [Oryza sativa ifji@po
cultivar-group)]

No Hits Found

ADP /ATP translocator [Solanum tuberosum]
sp_P25083_ADT1_SOLTU ADP,ATP carrier protein, mitondrial
precursor (ADP/ATP translocase) (Adenine nucleatidaslocator)
(ANT) pir__S21974 ADP,ATP carrier protein, ant ‘o

No Hits Found

unknown [Arabidopsis thaliana]

No Hits Found
No Hits Found

chromosome condensation protein [Arabidopsis thalia
ref_NP_199671.1_ structural maintenance of chrommeso(SMC)
family protein [Arabidopsis thaliana]

T5E21.6 [Arabidopsis thaliana]

carbonyl reductase-like protein [Arabidopsis thadia
ref_NP_199916.1_ short-chain dehydrogenase/redu¢Bi3R) family
protein [Arabidopsis thaliana]

41 kD chloroplast nucleoid DNA binding protein (CHD [Nicotiana
sylvestris]

No Hits Found

hypothetical protein [Vitis vinifera] XP_002284432.

protein kinase-like protein [Arabidopsis thaliana]
tyramine hydroxycinnamoyl transferase [Solanum tabem]

hypothetical protein [Arabidopsis thaliana] ref_NB7066.1_ expressed
protein [Arabidopsis thaliana]
No Hits Found

At39g29770 [Arabidopsis thaliana] gb_AAG12619.1_ biyyetical
protein
No Hits Found

hypothetical protein [Vitis vinifera] XP_002285425.
No Hits Found

No Hits Found

florfenicol resistance protein-like [Oryza satiyaponica cultivar-
group)]

F16L1.9 protein - Arabidopsis thaliana ref_NP_17883 SEC14
cytosolic factor family protein / phosphoglyceriglansfer family protein
[Arabidopsis thaliana] gb_AAF87855.1_ Contains anity to a
KIAA0420 protein from Homo sapiens gi_2887415 and .

10,72
10,71

10,67
10,63

10,56
10,51

10,46
10,45
10,41

10,38
10,36

10,35
10,31

10,28
10,23
10,18

10,15
10,04

9,96
9,93

9,89

9,86
9,82
9,80

9,75
9,71

9,69
9,67
9,65

9,62

9,60
9,59
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MICRO.1798.C1

bf_stolxxxx_0011H10.t
3m.scf
BPLI7L4TH

CcSTB24K8TH
MICRO.3773.C3
SDBNO002EO8u.scf

bf_mxIfxxxx_0058e07.t
3m.scf
bf_mxIfxxxx_0010b10.t
3m.scf

MICRO.273.C1

POCCES89TV
MICRO.5295.C1

bf_swstxxxx_0007b05.t
3m.scf
SSBNO03L05u.scf

ACDA03870C06.T3m.s
cf
bf_mxIfxxxx_0010e06.t
3m.scf
PotatoF1059.scf

MICRO.17846.C1
MICRO.11055.C1

MICRO.701.C2

bf_mxIfxxxx_0067c09.t
3m.scf
MICRO.14215.C1

bf_mxflxxxx_0074h08.t
3m.scf

MICRO.11401.C1
MICRO.5499.C1

SDBN002009u.scf
MICRO.6087.C2

bf_ivrootxx_0035d07.t3
m.scf
PotatoF1362.scf

PotatoF1544.scf
MICRO0.9343.C1
STMHK42TV

POCBC12TV

No Hits Found
No Hits Found

unknown protein [Arabidopsis thaliana] gb_AAL36261.unnamed
protein product [Arabidopsis thaliana] ref_NP_20844 zinc finger
(C3HCA4-type RING finger) family protein [Arabidogsthaliana]

No Hits Found

No Hits Found
No Hits Found
hypothetical protein [Vitis vinifera] XP_002284619.

UDP-glucose:salicylic acid glucosyltransferase fitiena tabacum]

unknown [Arabidopsis thaliana] ref_NP_567185.1_ox-Eamily
protein [Arabidopsis thaliana] ref_NP_849277.1_dx-flamily protein
[Arabidopsis thaliana]

No Hits Found

putative oxygen evolving enhancer protein [Solamlemissum]
No Hits Found

No Hits Found
No Hits Found

No Hits Found

No Hits Found
No Hits Found

nodulin-related protein-like [Oryza sativa (japanicultivar-group)]
dbj_BAD11650.1_ nodulin-related protein-like [Oryzativa (japonica
cultivar-group)]

putative protein [Arabidopsis thaliana] emb_CABB80A3 putative
protein [Arabidopsis thaliana] pir__T05005 hypotbelprotein
T19P19.70 - Arabidopsis thaliana ref _NP_195678 AP 8omain-
containing protein [Arabidopsis thaliana]

No Hits Found

putative histone deacetylase [Arabidopsis thaligha]AAM65853.1_
histone deacetylase [Arabidopsis thaliana] gb_AAB01_ putative
histone deacetylase [Arabidopsis thaliana]

OSJNBa0019K04.7 [Oryza sativa (japonica cultivastg)]
emb_CAD41660.3_ OSIJNBa0019K04.7 [Oryza sativa (a0
cultivar-group)]

No Hits Found

glycolate oxidase [Arabidopsis thaliana] gb_AAO2236 putative
glycolate oxidase [Arabidopsis thaliana] ref_NP_0381_ (S)-2-
hydroxy-acid oxidase, peroxisomal, putative / glgt® oxidase, putative
/ short chain alpha-hydroxy acid oxidase, ...

glucuronosyl transferase homolog, ripening-relatemnato (fragment)

flavonoid 1-2 rhamnosyltransferase [Citrus maxima]
No Hits Found

No Hits Found
No Hits Found
No Hits Found

cytochrome P450-like [Arabidopsis thaliana] ref_NP8460.1_
cytochrome P450 family protein [Arabidopsis thadifin

F-box protein ORE9, AtFBL7 [Arabidopsis thaliand) AAK97303.1_
F-box containing protein ORE9 [Arabidopsis thaliana

ref_ NP_565979.1_ F-box family protein (ORE9) [Arddysis thaliana]

9,58
9,56

9,53
9,50
9,48

9,46
9,45

9,42
9,40
9,38

9,36
9,35

9,32
9,31

9,29

9,29
9,27
9,26

9,22

9,20

9,18

9,15

9,15
9,13

9,12
9,10
9,09

9,08
9,07
9,05
9,04

9,03
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MICRO.13913.C1
MICRO.1293.C1

MICRO.5928.C1

bf_mxIfxxxx_0010b09.t
3m.scf
MICRO.2552.C1

bf_mxflxxxx_0051a05.t
3m.scf
cSTB40G1TH

SDBNO003KO01u.scf
MICRO.701.C1

MICRO.3621.C1
MICRO.1707.C8
SDBNOO5F10u.scf

RA1nr054.scf

BF_LBCHXXXX_0045
B11 T3M.SCF
POAES80TV

MICRO.7520.C1
MICRO.6479.C2

bf_cswbxxxx_0020a06.t
3m.scf
MICRO.2095.C1

MICRO.7904.C2
MICRO.984.C1

bf_suspxxxx_0041c06.t
3m.scf
cSTB45B11TH

MICRO.1081.C8
MICRO.12251.C1

bf_arrayxxx_0059h11.t7
m.scf
MICRO.1668.C1

STDB004G12u.scf
POCC837TP

MICRO.12076.C1
POCDF88TV
MICRO.10942.C1

vetispiradiene synthase [Solanum tuberosum]

F508.34 [Arabidopsis thaliana] pir__B86372 prote§08.34
[imported] - Arabidopsis thaliana ref_NP_173791eXpressed protein
[Arabidopsis thaliana]

similar to AT2G15630: pentatricopeptide (PPR) reéfmemtaining
protein

polyprotein [Arabidopsis thaliana]

No Hits Found
No Hits Found

No Hits Found
No Hits Found

acinusL protein-like [Oryza sativa (japonica cudtivgroup)]
dbj_BAC79704.1_ acinusL protein-like [Oryza sat{j@ponica cultivar-

group)]
hypothetical protein SDM1_53t00013 [Solanum denmgsdBI34375.1

membrane located receptor-like protein [Nicotisataacum)]

serine-threonine protein kinase, plant-type, puéafiRicinus communis]
XP_002533280.1
No Hits Found

No Hits Found

No Hits Found
No Hits Found

DNA-directed RNA polymerase beta chain (PEP) (Rlasbhcoded RNA
polymerase beta subunit) (RNA polymerase beta spin_ RNNTB
DNA-directed RNA polymerase (EC 2.7.7.6) beta chailommon
tobacco chloroplast emb_CAA77346.1_ RNA polymeizesa ...
hypothetical protein [Vitis vinifera] XP_002271238.

pepper esterase [Capsicum annuum]
No Hits Found

starch phosphorylase (EC 2.4.1.1) precursor - potat
sp_P04045_PHS1_SOLTU Alpha-1,4 glucan phosphorylage
isozyme, chloroplast precursor (Starch phosphoeylas)
dbj_BAA00407.1_ alpha-glucan phosphorylase precUSolanum
tuberosum]

No Hits Found

No Hits Found

unknown protein [Arabidopsis thaliana] ref_NP_208&7
glycosyltransferase family protein 2 [Arabidopdialtana]
At1g63840/T12P18_14 [Arabidopsis thaliana] gb_AAB23.1_
At1g63840/T12P18_14 [Arabidopsis thaliana] pir__&8® probable
RING zinc finger protein T12P18.14 [imported] - Ardopsis thaliana
gb_AAG52454.1_ putative RING zinc finger protein

No Hits Found

zinc finger (DHHC type) family protein [Arabidopsisaliana]
No Hits Found

AT5g61030/mafl9_30 [Arabidopsis thaliana] dbj_BABBS6.1_
unnamed protein product [Arabidopsis thaliana] gALA1194.1_
AT5g61030/mafl9_30 [Arabidopsis thaliana] ref_NPO2D1.1_ RNA-
binding protein, putative [Arabidopsis thaliana]

similar to AT1G55900 | Symbols: EMB1860, TIM50 MB0
(EMBRYO DEFECTIVE 1860)

cotton fiber expressed protein 1 [Gossypium hinsttpir__T09820
fiber protein 1 [imported] - upland cotton

expansin precursor [Lycopersicon esculentum]

9,01
9,01

9,00
8,99

8,98
8,96

8,92
8,90
8,89

8,88
8,84
8,82
8,80
8,79

8,79
8,77
8,76

8,75

8,73
8,68
8,65

8,65
8,61
8,59
8,58

8,55

8,50
8,49
8,45

8,41
8,35
8,34
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cSTS11F13TH
MICRO.9569.C1

SDBNO003D20u.scf
cSTB17F23TH
cSTS11F17TH
MICRO.17872.C1
POCCJ51TV
POCCHG66TP
MICRO.14428.C1

BPLI1E21TH

MICRO.9407.C2

MICRO.2868.C3
MICRO.10599.C2

POCC626TP

MICRO.10642.C1
MICRO.1889.C7
POCBCO9TV
SDBNO005B07u.scf
cPRO1E20TH

STMGR94TV
MICRO.17974.C1

MICRO.14590.C1
MICRO.3382.C1

MICRO.17259.C1
MICRO.17382.C1
POCBO71TV
MICRO.2439.C2
MICRO.4760.C2
CSTE27K19TH
cSTS11B3TH
PotatoF0515.scf

bf_mxflxxxx_0014e03.t

3m.scf
MICRO.2856.C3

SSBN001M16u.scf
MICRO.11515.C1
POCAY80TV
POCBI64TP

Beta tubulin 1 [Lupinus albus] pir__S35142 tubdigta chain - white
lupine sp_P37392_TBB1_LUPAL Tubulin beta-1 chaiet@1 tubulin)
At1g69340/F10D13.28 [Arabidopsis thaliana] gb_AAKSG.1_
At1g69340/F10D13.28 [Arabidopsis thaliana] ref_N&4860.1_ appr-
1-p processing enzyme family protein [Arabidophsliana]

No Hits Found

No Hits Found

No Hits Found

ZPT2-13 [Petunia x hybrida]

putative translation initiation factor elF3 [Arabigsis thaliana]
No Hits Found

ATNAP4 (Arabidopsis thaliana non-intrinsic ABC peat 4)
NP_563693.1

putative anthocyanidin-3-glucoside rhamnosyltraresfe [Arabidopsis
thaliana] dbj_BAA98157.1_ anthocyanidin-3-glucoside
rhamnosyltransferase-like [Arabidopsis thaliana] §8063454.1_
At5g49690 [Arabidopsis thaliana] ref_NP_199780.1_ .
serine/threonine kinase [Brassica oleracea] pir4450 serine/threonine
kinase (EC 2.7.1.-) BRLK - wild cabbage

microsomal omega-6-desaturase [Nicotiana tabacum]

unknown [Arabidopsis thaliana] gb_ AAM16187.1_ At1§30/F5M6.6
[Arabidopsis thaliana] gb_AAL47448.1_ At1g31940/F6M8
[Arabidopsis thaliana] ref_NP_564386.1_ expressetem
[Arabidopsis thaliana]

PREDICTED: similar to host cell factor C1 regulato(XPO1
dependant) isoform 1

DNA-binding family protein [Arabidopsis thaliana]

cytochrome P450 [Arabidopsis thaliana]
No Hits Found
No Hits Found

transducin family protein / WD-40 repeat family {@in (AT4G07410)
[Arabidopsis thaliana]
No Hits Found

At1g22630/F12K8_2 [Arabidopsis thaliana] gb_AAK7398
At1g22630/F12K8_2 [Arabidopsis thaliana] gb_AAF1851
Unknown protein [Arabidopsis thaliana]

No Hits Found

transformer-SR ribonucleoprotein [Nicotiana tabafpim__T03986
transformer-SR ribonucleoprotein - common tobadm@mMment)
No Hits Found

putative retroelement pol polyprotein-like [Solantuberosum]
hypothetical protein [Ricinus communis] XP_002525399

protein prenyltransferase alpha subunit-relatedi#dopsis thaliana]
protein phosphatase-2C

No Hits Found

No Hits Found

No Hits Found

No Hits Found

putative Flavonol synthase/flavanone 3-hydroxy[&ieinus communis]
No Hits Found

glutaredoxin family protein [Arabidopsis thaliana]

No Hits Found

putative protein [Arabidopsis thaliana] ref NP_1966_ expressed
protein [Arabidopsis thaliana]
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8,20
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8,02
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7,95

7,93
7,92

7,92

7,90
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7,85
7,84
7,80

7,78
7,78

7,76
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7,69
7,68
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SDBNO006C23u.scf

bf_cswhxxxx_0039b06.t
3m.scf
SDBNO004HO05u.scf

bf_ivrootxx_0029a05.t3
m.scf
cSTE25G10TH

MICRO.7857.C1

bf_ivrootxx_0008f05.t3
m.scf
MICRO.16775.C1

STMJG25TH
POCAL26TV
MICRO.12203.C2
MICRO.13462.C1
MICRO.18099.C2
POADC56TV

MICRO.13027.C1
bf_mxIfxxxx_0015h05.t

3m.scf
MICRO.331.C153

MICRO.4827.C2

POAB119TF
bf_stolxxxx_0021g10.t3

m.scf

POCAD35TV
POCBUBATP
STDB005G09u.scf
bf_mxflxxxx_0025b02.t
3m.scf
bf_mxIfxxxx_0016d01.t
3m.scf
bf_mxflxxxx_0066f07.t
3m.scf
BF_TUBSXXXX_0044
D07_T3M.SCF
bf_ivrootxx_0011g05.t3
m.scf

POAE242TV
MICRO.6561.C1

POCAG41TV

ACDAO01431H03.T3m.s
cf

No Hits Found
No Hits Found

putative 40S ribosomal protein S19 [Arabidopsididimz]
gb_AAM65679.1_ putative 40S ribosomal protein SA8apidopsis
thaliana] gb_AAL34186.1_ putative 40S ribosomaltgio S19
[Arabidopsis thaliana] gb_AAK44092.1_ putative 4@®somal protein

ATP binding / protein kinase/ protein serine/threerkinase/ protein-
tyrosine kinase/ sugar binding [Arabidopsis thadian

hypothetical protein [Ricinus communis]
No Hits Found

putative membrane transporter [Arabidopsis thalipia_G84864
probable membrane transporter [imported] - Arabgi®ghaliana

hypothetical protein [Vitis vinifera] XP_002282448.

No Hits Found

No Hits Found

RING-H2 subgroup RHE protein [Populus alba x Poputemula]
hypothetical protein PGEC542.21 [Solanum demissum]

No Hits Found

hypothetical protein [Oryza sativa (japonica culthgroup)]
dbj_BAD13231.1_ hypothetical protein [Oryza saffionica cultivar-
group)]

lipid transfer protein LTP1 precursor [Capsicum @unm)

No Hits Found

No Hits Found

S-adenosyl-L-methionine: salicylic acid carboxylthydtransferase
[Solanum lycopersicum]
unnamed protein product [Vitis vinifera] CBI26997.3

No Hits Found

No Hits Found
PREDICTED: hypothetical protein XP_028217 [Homoisap]
No Hits Found
No Hits Found

fiber protein Fb2 [Gossypium barbadense]
No Hits Found
No Hits Found

putative dipeptidyl peptidase 1V [Arabidopsis tlaaia)
dbj_BAB10391.1_ dipeptidyl peptidase 1V-like prat¢Arabidopsis
thaliana] ref_NP_197814.1_ prolyl oligopeptidaseifg protein
[Arabidopsis thaliana]

No Hits Found

putative UDP rhamnose--anthocyanidin-3-glucoside
rhamnosyltransferase [Arabidopsis thaliana] gb_ABQ8A.1_
At4g27570 [Arabidopsis thaliana] emb_CAB81407.1_RJibhamnose--
anthocyanidin-3-glucoside rhamnosyltransferasefilaein
[Arabidopsis ...

unknown protein [Oryza sativa (japonica cultivaougp)]
dbj_BAC45146.1_ unknown protein [Oryza sativa (jajsa cultivar-

group)]
No Hits Found

7,40
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7,31
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MICRO.94.C4

bf_mxflxxxx_0004e10.t

3m.scf
MICRO.331.C46

bf_suspxxxx_0022E09.t

3m.scf
MICRO.2636.C2

SSBT004J24x.scf
SSBNO002110u.scf
MICRO.14412.C1

MICRO.14017.C1

MICRO.3652.C4
CSTA24H23TH

MICRO.6103.C1
MICRO.12901.C2
PPCCSO03TH
STDBO001I18u.scf

MICRO.2286.C37
SDBNO003B12u.scf
072A09AF.esd

bf_mxIfxxxx_0020h06.t

3m.scf

bf_mxflxxxx_0050f11.t

3m.scf
BPLI4I9TH

bf_Ibchxxxx_0058b06.t

3m.scf
POCAA56TP

MICRO.12036.C1
SDBN002B10u.scf

bf_mxflxxxx_0051g06.t

3m.scf

bf_stolxxxx_0070b02.t3

ma.scf

bf_mxflxxxx_0057h03.t

3m.scf
MICRO.14.C1

MICRO.2253.C1

bf_arrayxxx_0033g05.t3

m.scf
MICRO.12201.C1

SDBNO003B13u.scf

Elongation factor 1-beta (EF-1-beta) ref_NP_174314longation
factor 1-beta / EF-1-beta [Arabidopsis thaliana]
No Hits Found

No Hits Found
No Hits Found

No Hits Found
No Hits Found
reverse transcriptase related protein

elicitor-inducible cytochrome P450 [Nicotiana tabag
dbj_BAA35080.1_ putative cytochrome P450 [Nicotidabacum]
putative protein [Arabidopsis thaliana] emb_CAB5639 putative
protein [Arabidopsis thaliana] sp_Q8L936_CA16_ARAPHtative
clathrin assembly protein At4g40080 pir__A85475dtetical protein
AT4g40080 [imported] - Arabidopsis thaliana ...

sesquiterpene synthase 2 [Lycopersicon hirsutum]

unknown protein [Arabidopsis thaliana] gb_AAO64886At4g13370
[Arabidopsis thaliana] emb_CAB40772.1_ putativetgio [Arabidopsis
thaliana] emb_CAB78379.1_ putative protein [Aralpsis thaliana]
pir__T06294 hypothetical protein T9E8.110 - ...

putative Polyprotein [Solanum demissum]

No Hits Found
No Hits Found

cyclic nucleotide-gated calmodulin-binding ion chah[Nicotiana
tabacum]
No Hits Found

No Hits Found
protein kinase (EC 2.7.1.-) - common ice plantgirent)
No Hits Found

putative UDP-galactose/UDP-glucose transporterd@amn demissum]

probable zinc finger protein, 58191-56692 [impo}teArabidopsis
thaliana gbh_AAG51898.1_ zinc finger protein, putati
No Hits Found

hypothetical protein [Solanum tuberosum]
No Hits Found

No Hits Found
No Hits Found

No Hits Found
No Hits Found

fructokinase 3 [Lycopersicon esculentum]
No Hits Found
No Hits Found

hypothetical protein F19K23.18 [imported] - Arabiis thaliana
gb_AAB60776.1_ F19K23.18 gene product [Arabidopisadiana]
ref_NP_176416.1_ pentatricopeptide (PPR) repeafaung protein
[Arabidopsis thaliana]

putative receptor kinase [Oryza sativa (japonidéwar-group)]
dbj_BAD26280.1_ putative receptor kinase [Oryzavaafjaponica
cultivar-group)] dbj_BAD26041.1_ putative recepkamase [Oryza
sativa (japonica cultivar-group)]
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MICRO.8464.C3

MICRO.5349.C4
STMIP13TV
MICRO.6187.C1
MICRO.8553.C1
MICRO.5825.C1
CSTA32D7TH

BPLI14P23TH
MICRO.12038.C1
STMCUS3TV

bf_ivrootxx_0033a07.t3

m.scf
POCAA21TV

POACJ81TV
MICRO.16550.C1

bf_suspxxxx_0045g12.t

7m.scf

bf_mxflxxxx_0041g10.t

3m.scf

bf_simwxxxx_0015h06.

t3m.scf
MICRO.9042.C1

188A11l.esd

MICRO.14370.C1
POCCM11TP

MICRO.9579.C2
MICRO.14349.C1

MICRO.14070.C1
MICRO.13108.C2

MICRO.7497.C6

BF_TUBSXXXX_0060

C05_T3M.SCF
108B12AF.esd

CcSTA43E9TH
cSTB44H15TH

bf_ivrootxx_0019d12.t3

m.scf
cPRO7L13TH

MICRO.4364.C1

unknown protein [Oryza sativa (japonica cultivaogp)]

ref XP_506269.1_ PREDICTED B1120F06.103 gene profiryza
sativa (japonica cultivar-group)] dbj_BAC84531.Inknown protein
[Oryza sativa (japonica cultivar-group)]

sesquiterpene synthase 2 [Lycopersicon hirsutum]

mitochondrial phosphate translocator [Betula peajdul
glucan endo-1,3-beta-D-glucosidase [Lycopersicaulestum]
hypothetical protein [Ricinus communis] XP_00252048

No Hits Found

putative protein [Arabidopsis thaliana] emb_CAB4806 putative
protein [Arabidopsis thaliana] pir__T09890 hypotbelprotein
T22A6.100 - Arabidopsis thaliana

No Hits Found

AT4g00870 [Arabidopsis thaliana] emb_CAD58596.1tafiue bHLH
transcription factor [Arabidopsis thaliana] pir__TB59 hypothetical
protein A_TM018A10.7 - Arabidopsis thaliana gh_AAE53.1_
similar to the myc family of helix-loop-helix tracsptio ...

blight resistance protein RGA3 [Solanum bulbocasialn

No Hits Found

putative ABC1 protein [Arabidopsis thaliana]
anthocyanin 1 [Lycopersicon esculentum]
No Hits Found

No Hits Found
No Hits Found

similar to AT5G11540: FAD-binding domain-containipgptein

similar to AT4G10570: ubiquitin carboxyl-terminaydrolase family
protein
heat shock protein-related (AT2G29970) [Arabidopkéiana]

hypothetical protein LOC284361 isoform 2 [Homo sasi]
gb_AAV30545.1_ hematopoietic signal peptide-contgrmembrane
domain-containing 1 [Homo sapiens]

similar to AT3G21580: cobalt ion transporter

PREDICTED: similar to Translationally controllechtor protein
(TCTP) (p23) (Histamine-releasing factor) (HRF)fiReoglodytes]
ref_NP_003286.1_ tumor protein, translationally{colied 1 [Homo
sapiens] ref_NP_999538.1_ translationally conteblle

salt-inducible protein-like [Arabidopsis thaliamaf NP_197146.1_
pentatricopeptide (PPR) repeat-containing protanaljidopsis thaliana]
putative elicitor-inducible cytochrome P450 [Orysztiva (japonica
cultivar-group)] dbj_BAD36163.1_ putative elicitorducible
cytochrome P450 [Oryza sativa (japonica cultivasgs)]

cation diffusion facilitator 8 [Stylosanthes hanjata

peroxidase (TPX1) [Lycopersicon esculentum]

No Hits Found

No Hits Found

No Hits Found

Protein kinase [Medicago truncatula]

F27F5.26 [Arabidopsis thaliana] ref_NP_175132.hc finger

(C3HC4-type RING finger) family protein [Arabidogsthaliana]
putative C2H2-type zinc finger protein [Arabidop#isliana)

gb_AA064832.1_ At2g02080 [Arabidopsis thaliana] iéP_178317.2_

zinc finger (C2H2 type) family protein [Arabidopdisgliana)

6,18
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CcSTS11L19TH
MICRO.4562.C9
MICRO.17903.C1

MICRO.10671.C1

MICRO.7757.C1
MICRO.12680.C1
MICRO.12751.C1
MICRO.695.C8
MICRO.4082.C8
cSTB37C5TH

MICRO.7993.C1

bf_mxIfxxxx_0001f02.t

3m.scf
MICRO.1096.C3

bf_arrayxxx_0078f01.t7

m.scf
POCCUBITV

cSTD12H8TH
PotatoF0599.scf

bf_arrayxxx_0022e11.t7

m.scf

PotatoF1717.scf

bf_cswhxxxx_0001d03.t

3m.scf
MICRO.7467.C1

PPCANGS5TH
cSTB18J15TH

bf_suspxxxx_0053f07.t3

m.scf
PotatoF0497.scf

MICRO.1610.C1
MICRO.1690.C2
MICRO.331.C76

MICRO.11330.C1

SSBNO001F02u.scf

MICRO.12827.C1

STMGV55TV
MICRO.16245.C1

unknown [Medicago truncatula] ACJ83275.1
chloroplast small heat shock protein class | [Gapsi frutescens]

eukaryotic translation initiation factor 3 subugatF-3)-like [Oryza
sativa (japonica cultivar-group)] dbj_BAD12895.lukaryotic
translation initiation factor 3 subunit (elF-3)4ifOryza sativa (japonica
cultivar-group)] dbj_BAD09184.1_ ...

unknown protein [Oryza sativa (japonica cultivaougp)]
gb_AAO73284.1_ unknown protein [Oryza sativa (jaiparcultivar-

group)]
No Hits Found

No Hits Found

hypothetical protein [Vitis vinifera] XP_002272618.

No Hits Found

TIR-NBS disease resistance-like protein [Populich¢rcarpal

putative receptor-like serine-threonine proteirakie [Solanum
tuberosum]

At1g18700/F6A14_19 [Arabidopsis thaliana] gb_AAL4341
At1g18700/F6A14_19 [Arabidopsis thaliana] ref NP3305.2_ DNAJ
heat shock N-terminal domain-containing proteingidopsis thaliana]
No Hits Found

HOBBIT protein [Arabidopsis thaliana] ref_NP_8499B4 cell division
cycle family protein / CDC family protein [Arabidsjs thaliana]
putative BRASSINAZOLE-RESISTANT 1 protein [Ricinasmmunis]

No Hits Found

mitochondrial carrier protein-like protein [Oryzatiwa (japonica
cultivar-group)]
No Hits Found

putative Rab geranylgeranyltransferase, beta suffDniza sativa
(japonica cultivar-group)] dbj_BAD10061.1_ putatiReb
geranylgeranyltransferase, beta subunit [Oryzaadponica cultivar-

group)]
No Hits Found

CDPK adapter protein 1 [Mesembryanthemum crystatiih

similar to dynamin-like protein encoded by GenBaukession Number
X99669 [Arabidopsis thaliana]
No Hits Found

No Hits Found

ARI1 (ARIADNE); protein binding / zinc ion bindingARI1)
[Arabidopsis thaliana]

No Hits Found
Rx protein [Solanum tuberosum]
cytochrome P450 [Helianthus tuberosus]

Chlorophyll a-b binding protein 3C, chloroplast guesor (LHCII type |
CAB-3C) (LHCP) pir__CDTO3C chlorophyll a/b-bindimgotein 3C
precursor - tomato prf__1204205G protein 3C,chlbydihinding
putative salt-inducible protein [Arabidopsis thakd pir__D84531
probable salt-inducible protein [imported] - Arabjis thaliana
ref_NP_179165.1_ pentatricopeptide (PPR) repeafaung protein
[Arabidopsis thaliana]

Ras-related protein Rab11A pir__T03625 GTP-bindirgein Rabl1la -
common tobacco gb_AAA74115.1_ Nt-Rablla gene produc
putative ABC transporter [Oryza sativa (japonicétiear-group)]
dbj_BAD22238.1_ putative ABC transporter [Oryzasa(japonica
cultivar-group)]

No Hits Found

Na H-antiportor [Petunia x hybrida]
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MICRO.1816.C1

BF_TUBSXXXX_0003
H10_T3M.SCF
MICRO.2286.C17

055D06AF.esd
MICRO.3710.C1

SDBNO002MO04u.scf
POAD763TV

BPLI14D4ATH
MICRO.8264.C1

MICRO.1210.C1

bf_mxIfxxxx_0041d12.t
3m.scf
MICRO.11916.C1

SSBNO03HO7u.scf
MICRO.511.C3
MICRO.5323.C2

MICRO.16169.C1
SSBNO001NO5u.scf

bf_suspxxxx_0031e04.t
3m.scf

MICRO.6187.C2
MICRO.11745.C1
110G11AF.esd
MICRO.8362.C1
POAD969TP

cPRO1K16TH
MICRO.1130.C1

bf_mxIfxxxx_0020b06.t
3m.scf
POCCH15TV

MICRO.6361.C1
MICRO.8164.C1

SDBNO003G15u.scf

MICRO.14584.C1

bf_mxIfxxxx_0053b07.t
3m.scf
MICRO.7759.C1

MICRO.17009.C1

BF_LBCHXXXX_0045
E12_T3M.SCF

RNA recognition motif (RRM)-containing protein [Asalopsis thaliana]
No Hits Found

1,3-beta-glucan glucanohydrolase [Solanum tuberpsum

putative cysteine proteinase inhibitor precursd@3LfSolanum
tuberosum]

DNA (cytosine-5)-methyltransferase [Lycopersiconwdentum]
pir__TO07757 probable DNA (cytosine-5-)-methyltrarsie (EC
2.1.1.37) - tomato

No Hits Found

PAR-1c [Nicotiana tabacum] pir__S62700 photoassiteiresponsive
protein PAR-1c precursor - common tobacco
No Hits Found

At5g15430 [Arabidopsis thaliana] gb_AAT71961.1_ §15430
[Arabidopsis thaliana] emb_CAC01742.1_ putativetg@iro[Arabidopsis
thaliana] pir__T51521 hypothetical protein T20K18 -4Arabidopsis
thaliana ref_NP_197047.1_ calmodulin-binding ...

flavin monoxygenase-like protein floozy [Petuniaybrida]

Hcr2-5D [Lycopersicon esculentum] pir__T30553 dieeesistance
protein Hcr2-5D - tomato

putative polyprotein [Solanum demissum]
No Hits Found
No Hits Found

1-deoxy-D-xylulose-5-phosphate reductoisomerasedpgrsicon
esculentum]
No Hits Found

hypothetical protein [Vitis vinifera] XP_002278940.

At2926710 [Arabidopsis thaliana] gb_AAB95305.1_glivte
cytochrome P450 [Arabidopsis thaliana] dbj_BAD42995putative
cytochrome P450 [Arabidopsis thaliana] pir__H84@68bable
cytochrome P450 [imported] - Arabidopsis thaliae NP_180239.1_
glucan endo-1,3-beta-D-glucosidase [Lycopersicaulestum]

MSH4 [Arabidopsis thaliana]

No Hits Found

No Hits Found

unnamed protein product [Arabidopsis thaliana] K#f_188589.1_
amino acid permease family protein [Arabidopsididimea]
similar to AT4G11610: C2 domain-containing protein

putative leucine zipper protein [Gossypium hirsufum

vetispiradiene synthase [Solanum tuberosum]

No Hits Found

pTOR [Arabidopsis thaliana] ref_NP_175425.2_ tagfaapamycin
protein (TOR) [Arabidopsis thaliana]

putative protein [Arabidopsis thaliana] pir__G8508pothetical
protein AT4g09150 [imported] - Arabidopsis thaliana
ref_NP_192654.1_ T-complex protein 11 [Arabidopkaiana]

DYW?9 protein [Arabidopsis thaliana] pir__T52645 loypetical protein
DYW?9 [imported] - Arabidopsis thaliana (fragment)

proline rich 7 (synaptic) [Pan troglodytes] XP_53812

No Hits Found

putative (R)-limonene synthase [Ricinus communis]
No Hits Found
No Hits Found
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bf_mxflxxxx_0073g05.t
3m.scf
MICRO.13123.C1

TBSK02874FH06.t3m.s
cf

SDBNO003DO01u.scf
SSBNO02F06u.scf
MICRO.10807.C1
MICRO.6946.C1

bf_acdexxxx_0022g09.t
3m.scf
bf_mxflxxxx_0006b11.t
3m.scf

cSTA25G21TH

MICRO.9727.C1
MICRO.1143.C1
MICRO.11724.C1
MICRO.15575.C1

SSBNO001NO7u.scf
MICRO.10112.C1
MICRO.11037.C3
054B06AF.esd

MICRO.3810.C1

MICRO.9684.C1
MICRO.794.C1

bf_mxflxxxx_0020a08.t
3m.scf

MICRO.6024.C3

BF_LBCHXXXX_0050
D04_T3M.SCF
PPCBI28TH

MICRO.9975.C1
CSTE26D7TH
MICRO.13165.C1
MICRO.333.C1

MICRO.14723.C3
cPRO1D21TH
MICRO.15614.C1
POAB903TV

MICRO.7313.C1

No Hits Found

putative 1-deoxy-D-xylulose 5-phosphate synthafle/@opersicon
hirsutum]

proteinase inhibitor Il [Solanum tuberosum] emb_CAXA08.1_
unnamed protein product [Solanum tuberosum] prf01388A
proteinase inhibitor 11

defensin [Nicotiana attenuata]

No Hits Found
protein kinase CK2 regulatory subunit CK2B3 [Zeaysja
No Hits Found

COGO0770: UDP-N-acetylmuramyl pentapeptide syntti@gestridium
thermocellum ATCC 27405]

No Hits Found

No Hits Found

expressed protein [Arabidopsis thaliana]

mitochondrial malate dehydrogenase [Lycopersicanlestum]
No Hits Found

putative protein [Arabidopsis thaliana] pir__T49%\@othetical protein
F17114.230 - Arabidopsis thaliana ref_NP_19652@1pressed protein
[Arabidopsis thaliana]

No Hits Found

No Hits Found
allyl alcohol dehydrogenase [Nicotiana tabacum]

Deoxyhypusine synthase gh_AAG53641.1_ deoxyhypusinéhase
[Lycopersicon esculentum]

glycoside hydrolase family 28 protein / polygalaonase (pectinase)
family protein [Arabidopsis thaliana]

No Hits Found

rRNA methylase-like protein [Arabidopsis thaliama] T49974 rRNA
methylase-like protein - Arabidopsis thaliana ref?_ N97043.1_
tRNA/RNA methyltransferase (SpoU) family protef fthaliana]
unknown [Arabidopsis thaliana] gb_AAF79252.1_ F12K2
[Arabidopsis thaliana] ref NP_564450.1_ expressetein
[Arabidopsis thaliana]

No Hits Found

No Hits Found

Glyceraldehyde-3-phosphate dehydrogenase B, chémioprecursor
(NADP-dependent glyceraldehydephosphate dehydregesuzbunit B)
gb_AAA34076.1_ glyceraldehyde-3-phosphate dehydrage B-
subunit precursor

No Hits Found

No Hits Found
WRKY transcription factor-30 [Capsicum annuum]

breast cancer susceptibility protein 2b [Arabidegbaliana]
ref_NP_195783.3_ BRCAZ2 repeat-containing proteirapAdopsis
thaliana]

BEL1-related homeotic protein 29 [Solanum tubergsum

40S ribosomal protein S16 [Euphorbia esula]
No Hits Found

ABC transporter-like protein [Arabidopsis thaliaqm] T07717
probable ABC-type transport protein T23J7.110 -bAdapsis thaliana
heat stress transcription factor 8 [Lycopersicauksntum]
pir__S25478 heat shock transcription factor HSf8nato
sp_Q40152_HSF8_LYCES Heat shock factor protein H&fe&t shock
transcription factor 8) (HSTF 8) (Heat stress tcaipgion factor)
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MICRO.10196.C2

SSBN002C03u.scf
POCBU74TP

SDBNO005C16u.scf
MICRO.1075.C6
MICRO.12195.C1
POCA375TF
bf_mxIfxxxx_0074c12.t

3m.scf
MICRO.5148.C1

MICRO.17000.C1

BF_TUBSXXXX_0022
EO01_T3M.SCF
bf_arrayxxx_0015f06.t7
m.scf

CSTA37J9TH

MICRO.2616.C1

bf_swstxxxx_0045c01.t
3m.scf
bf_cswexxxx_0006g04.t
3m.scf

PotatoF1558.scf
STMDB53TV

bf_suspxxxx_0017G02.t
3m.scf

MICRO.3206.C2
SSBT001K11x.scf

MICRO.7212.C2
MICRO.4288.C8
MICRO.15141.C1

MICRO.9044.C1

MICRO.4830.C2

bf_mxflxxxx_0048b04.t
3m.scf
MICRO.6985.C2

MICRO.4830.C1

MICRO.17358.C1
MICRO.16919.C1

putative ubiquitin-conjugating enzyme [Oryza safjjegonica cultivar-
group)] gb_AAP54809.1_ putative ubiquitin-conjugatienzyme [Oryza
sativa (japonica cultivar-group)] gb_AAL58113.1_tgtive ubiquitin-
conjugating enzyme [Oryza sativa (japonica ...

No Hits Found

general transcription factor IIF, polypeptide 2kB@ [Homo sapiens]
gb_AAHO01771.1_ General transcription factor IIF|ypeptide 2,
30kDa [Homo sapiens] emb_CAH72459.1_ OTTHUMP00009@8
[Homo sapiens] emb_CAH72032.1_ general transcrigfaator ...

No Hits Found

phi-1 [Nicotiana tabacum]
No Hits Found

unknown protein [Arabidopsis thaliana] gb_AAL38264.unknown
protein [Arabidopsis thaliana]
No Hits Found

No Hits Found

leucoanthocyanidin dioxygenase-like protein [Araipisis thaliana]
gb_AAS49108.1_ At3g13610 [Arabidopsis thaliana] M#_187970.1
oxidoreductase, 20G-Fe(ll) oxygenase family proféithaliana]

No Hits Found

No Hits Found

hypothetical protein [Vitis vinifera] XP_002267812.
Avr9/Cf-9 rapidly elicited protein 256 [Nicotianakiacum]
No Hits Found

At5g16070 [Arabidopsis thaliana] gb_AAM91565.1_ FCP
chaperonin-like protein [Arabidopsis thaliana] leP_197111.2_
chaperonin, putative [Arabidopsis thaliana]

plasma membrane intrinsic protein PIP2 [Solanuntckase]

No Hits Found

putative peptide transport protein [Oryza satiggonica cultivar-
group)] gb_AAP54224.1_ putative peptide transpootgin [Oryza
sativa (japonica cultivar-group)] gb_AAG21898.1 tgiive peptide
transport protein [Oryza sativa]

putative photosystem | subunit Il precursor [Niaot tabacum]

hypothetical protein [Oryza sativa (japonica culthgroup)]
dbj_BAB64132.1_ hypothetical protein [Oryza satfjsponica cultivar-

group)]
No Hits Found

cysteine proteinase inhibitor 5 precursor [Solariuberosum]

putative polygalacturonase [Arabidopsis thaliaed] NP_181916.1_
polygalacturonase, putative / pectinase, putatrajidopsis thaliana]
pir__TO00668 probable polygalacturonase [importefliiabidopsis
thaliana

C2 domain-containing protein / GRAM domain-conta@protein
[Arabidopsis thaliana] NP_191525.2

serine protease [Lycopersicon esculentum]

T1N15.2 [Arabidopsis thaliana]

acylamino acid-releasing enzyme [Arabidopsis timalja
ref_NP_193193.2_ acylaminoacyl-peptidase-relatedijlopsis
thaliana]

P69E protein [Lycopersicon esculentum] pir__T065uBtilisin-like
proteinase (EC 3.4.21.-) p69e - tomato

zinc finger (CCCH-type) family protein [Arabidopdisaliana]

unknown protein [Oryza sativa (japonica cultivaogp)]
gb_AAP06874.1_ unknown protein [O. sativa (japordalivar-group)]
gb_AAP06842.1_ unknown protein [O. sativa (japortahivar-group)]
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MICRO.2286.C42
MICRO.4497.C3
bf_ivrootxx_0056d01.t3

m.scf
POCCT18TP

MICRO.6149.C2
bf_mxifxxxx_0001ell.t

3m.scf
MICRO.6030.C2

MICRO.12104.C2

bf_mxflxxxx_0008b10.t
3m.scf
MICRO.13176.C1

068E01AF.esd
TBSKO02550FE06.t3m.s
cf

MICRO.3652.C3
MICRO.5478.C1
POCCJO7TV
SDBN002J03u.scf
STDB002HO09u.scf

bf_ivrootxx_0026n03.t3
m.scf
POAD870TV

POCB845TP
MICRO.12637.C4

STMIY72TV
MICRO.1887.C1

MICRO.12660.C2

MICRO.8305.C1

BF_LBCHXXXX_0020
C09_T3M.SCF
PPCCCO5TH
MICRO.207.C2

ACDAO01928A08.T3m.s
cf
MICRO.331.C89

bf_mxIfxxxx_0019f08.t
3m.scf
MICRO.4590.C1

bf_mxifxxxx_0014b07.t
3m.scf

beta-1,3-glucanase (PR2) [Solanum tuberosum]

probable epoxide hydrolase (EC 3.3.2.3) (clone EH10potato
gb_AAA81892.1_ epoxide hydrolase
hypothetical protein At1g69900 [Arabidopsis thasiin

No Hits Found

molybdopterin cofactor synthesis protein A, puifiRRicinus
communis] XP_002524317.1
No Hits Found

At29g15020 [Arabidopsis thaliana] gb_AAD03359.1_ biyetical
protein [Arabidopsis thaliana] gb_AAL91197.1_ unkmoprotein
[Arabidopsis thaliana] pir__A84524 hypothetical {@io At2g15020
[imported] - Arabidopsis thaliana ref_NP_179106ekpressed ...
heat shock protein binding / unfolded protein bimgdjArabidopsis
thaliana]

calcium ion binding [Arabidopsis thaliana]

lipoxygenase (POTLX-3) [Solanum tuberosum]
No Hits Found

putative trypsin inhibitor from Potato mRNA for ®ibprotein
p340/p34021

germacrene C synthase [Lycopersicon esculentum] p06266

germacrene C synthase - tomato
No Hits Found

No Hits Found
NtPRp27 [Nicotiana tabacum]

P0512C01.35 [Oryza sativa (japonica cultivar-group)
dbj_BAB92380.1_ P0512C01.35 [Oryza sativa (japowigitivar-

group)]
No Hits Found

putative vacuolar protein sorting
No Hits Found

unknown protein [imported] - Arabidopsis thaliarna #dAG51180.1_
unknown protein [Arabidopsis thaliana] ref_NP_17548 expressed
protein [A. thaliana] gb_AAF87869.1_ Unknown prot¢A. thaliana)
glucosyltransferase [Nicotiana tabacum]

At1g79210/YUP8H12R_1 [Arabidopsis thaliana] gb_AAS8D6.1_
At1g79210/YUP8H12R_1 [Arabidopsis thaliana] ref_NP8042.1_
20S proteasome alpha subunit B, putative [Arabiofhsliana]
unknown protein [Arabidopsis thaliana] gb_AAK766B89.unknown
protein [A. thaliana] ref_NP_567899.1_ ferredoxatated [A. thaliana]
No Hits Found

No Hits Found

No Hits Found
unknown [Glycine max] ACU23324.1
No Hits Found

Chlorophyll a-b binding protein 3C, chloroplast guesor (LHCII type |
CAB-3C) (LHCP) pir__CDTOS3C chlorophyll a/b-bindipgotein 3C
precursor - tomato prf__1204205G protein 3C,chloptibinding

No Hits Found

xyloglucan endotransglucosylase-hydrolase XTH7 fipersicon
esculentum]

chlorophyll a/b binding protein (124 AA) [Rapharsativus]
sp_P14584_CB21_RAPSA Chlorophyll a-b binding of UH@pe |
protein (CAB) (LHCP)
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MICRO.4653.C1
MICRO.15940.C1

MICRO.11885.C1
MICRO.11694.C2

CSTE25C10TH
SSBN001L23u.scf
MICRO.5321.C1
POCDO51TV
MICRO.5337.C1
TBSKO03621FF09.t3m.s

cf
MICRO.13314.C1

SSBN002B15u.scf
MICRO.7335.C3

bf_arrayxxx_0047h05.t7
m.scf
086B01AF.esd

MICRO.16497.C1

bf_mxflxxxx_0069f01.t
3m.scf
BPLI15114TH

MICRO.11500.C1

SDBN002P21u.scf
POCAH82TV

bf_ivrootxx_0024g04.t3
m.scf

POCADSOTV

MICRO.5233.C2

BF_TUBSXXXX_0064
B09_T3M.SCF
bf_cswexxxx_0002h07.t
3m.scf

MICRO.229.C1

MICRO.499.C2
MICRO.4881.C2

No Hits Found

beta-adaptin-like protein A [Arabidopsis thaliagd] AAF61671.1_
beta-adaptin-like protein A [Arabidopsis thaliamef NP_196710.1_
adaptin family protein [Arabidopsis thaliana] piT48508 beta-adaptin-
like protein A - Arabidopsis thaliana

No Hits Found

4-hydroxyphenylpyruvate dioxygenase (4HPPD) (HRBRPDase)
gb_AAC49815.1_ 4-hydroxyphenylpyruvate dioxygen@@sucus
carota] pir__T14353 probable 4-hydroxyphenylpyrevdioxygenase
(EC 1.13.11.27) - carrot

superoxide dismutase [Fe] [Lycopersicon esculentum]

No Hits Found
No Hits Found
No Hits Found

putative 1-deoxy-D-xylulose 5-phosphate synthafley2opersicon
hirsutum]
No Hits Found

No Hits Found
No Hits Found

At5g44170 [Arabidopsis thaliana] dbj_BAB10984.1_named protein
product [Arabidopsis thaliana] gb_AAL62395.1_ pisatprotein
[Arabidopsis thaliana] ref NP_199230.1_ expressetem
[Arabidopsis thaliana]

No Hits Found

similar to AT1G74900 | Symbols: OTP43 | OTP43 (OREALE
TRANSCRIPT PROCESSING DEFECT 43)

unknown protein [Arabidopsis thaliana] ref_NP_84032 bZIP protein
[Arabidopsis thaliana]

No Hits Found

ribulose bisphosphate carboxylase [Solanum tubempsu
sp_P26575_RBSA_SOLTU Ribulose bisphosphate carbsgygmall
chain 2A, chloroplast precursor (RuBisCO small sub2A)
pir__RKPOS?2 ribulose-bisphosphate carboxylase (EC189)
precursor small ...

unknown protein [Arabidopsis thaliana] dbj_BAC42869unknown
protein [Arabidopsis thaliana] ref_NP_850037.1_resged protein
[Arabidopsis thaliana]

No Hits Found

unnamed protein product [Arabidopsis thaliana]

patatin [Solanum tuberosum] pir__A26017 patatirpfécursor - potato
sp_P15478_PAT5_SOLTU PATATIN T5 PRECURSOR (POTATO
TUBER PROTEIN) prf__1301309A patatin
S-adenosyl-methionine-sterol-C-methyltransferasadiog [Nicotiana
tabacum)] pir__T03845 probable sterol 24-C-methgkfarase (EC
2.1.1.41) - common tobacco (fragment)

phytoene desaturase [Lycopersicon esculentum]

unknown protein [Arabidopsis thaliana]
No Hits Found

unknown protein [Arabidopsis thaliana] gb_AAL66957 .unknown
protein [Arabidopsis thaliana] gb_AAL09789.1_
AT4g29060/F19B15_90 [Arabidopsis thaliana]

peroxidase (EC 1.11.1.7) TPX2 precursor - tomatoAgtA65636.1_
peroxidase

similar to AT3G53450, similar to unknown proteinrgbidopsis
thaliana]; similar to Conserved hypothetical proté80 [Medicago
truncatula]; contains InterPro domain Conservedtiygtical protein
CHP00730
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MICRO.3971.C4
MICRO.10979.C1
cSTB45P17TH
CSTE5G17TH
MICRO.8332.C1
MICRO.945.C1
bf_mxIfxxxx_0036f05.t
3m.scf
BF_TUBSXXXX_0041

HO3_T3M.SCF
POADD78TV

CSTA20K21TH
MICRO.2277.C1
MICRO.5811.C1

bf_mxflxxxx_0052f03.t
3m.scf
MICRO.13092.C2

TBSKO03136FF04.t3m.s
cf
bf_Ibchxxxx_0061d01.t
3m.scf
MICRO.4622.C1

MICRO.14505.C1

MICRO.12385.C1
POCC683TV

bf_arrayxxx_0047b05.t7
m.scf

POCBO38TV

bf_cswexxxx_0002d08.t
3m.scf

BPLI18M23TH

MICRO.123.C1
MICRO.7427.C4
CSTCOF16TH

BF_LBCHXXXX_0003
A09_T3M.SCF
MICRO.13961.C1

MICRO.4706.C1
STMGQ31TV

bf_arrayxxx_0063h02.t3
m.scf
STMHH29TV

bf_cswexxxx_0011c11.t
3m.scf
MICRO.14423.C1

No Hits Found

hypothetical protein [Ricinus communis] XP_00251839
No Hits Found

arad-interacting protein [Ricinus communis]

similar to AT2G41190: amino acid transporter fanphptein

unknown protein [Arabidopsis thaliana] gb_AAL32564 Unknown
protein [Arabidopsis thaliana]
No Hits Found

No Hits Found

aminolevulinate dehydratase

osmotin-like protein precursor [Solanum nigrum]
UMP synthase [Nicotiana plumbaginifolia]

NAD synthetase [Nicotiana tabacum]

No Hits Found

unknown protein [Arabidopsis thaliana] gb_ AAO24847At1g11700 [.

thaliana] gb_AAD30253.1_ ESTs gb_R65381 and gb_3B84f®me
from this gene. [A. thaliana] pir__F86250 hypotbatiprotein
No Hits Found

No Hits Found

similar to AT1G65920: regulator of chromosome corgdgion (RCC1)
family protein / zinc finger protein-related

similar to AT1G79990: coatomer protein complex,sibbeta 2 (beta
prime), putative

NtEIG-E80 [Nicotiana tabacum]

No Hits Found

Putative histone H2A [Oryza sativa (japonica caltigroup)]
gb_AANO06860.1_ Putative histone H2A [Oryza satijgénica
cultivar-group)]

hsr203J [Solanum tuberosum]

P0460C04.11 [Oryza sativa (japonica cultivar-group)

dbj_BAB92919.1_ P0460C04.11 [Oryza sativa (japowcigitivar-

group)]

alpha-amylase (EC 3.2.1.1) precursor - southerarAdodder
(fragment) gb_AAA16513.1_ alpha amylase precursor
No Hits Found

tropinone reductase | [Solanum tuberosum]
No Hits Found
No Hits Found

pSTH-21 protein [Solanum tuberosum] pir__S35162 &lHprotein -
potato sp_P17641_PRS1_SOLTU Pathogenesis-relatésipSTH-21
gb_AAA02829.1_ STH-21 protein

zeta-carotene desaturase [Lycopersicon esculentum]

No Hits Found
No Hits Found

No Hits Found

isoamylase N-terminal domain containing proteinyifrsativa
(japonica cultivar-group)]

Williams Beuren syndrome chromosome region 22 jmdtéomo

sapiens] gb_AAH11696.2_ Williams Beuren syndromeuiosome
region 22 protein [Homo sapiens]

3,38
3,37
3,36
3,36
3,35
3,34

3,33
3,33
3,32
3,31
3,30

3,29
3,27

3,26

3,26
3,25
3,25
3,24

3,23
3,22
3,21

3,21
3,20

3,19
3,19
3,18
3,17
3,16

3,16
3,15

3,15
3,14

3,14
3,13

3,13
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SSBN003G18u.scf
MICRO.11336.C2

MICRO.7962.C1
MICRO.13690.C1

MICRO.4848.C3
MICRO.13036.C2
MICRO.14275.C1

MICRO0.9644.C1
ACDA03729G09.T3m.s
cf

POADIG6TP
PPCBF91TH
MICR0.9095.C1

MICRO.592.C9

cSTD20A15TH

bf_mxflxxxx_0018h10.t
3m.scf
bf_cswbxxxx_0011d10.t
3m.scf
MICRO.11698.C1

bf_arrayxxx_0057c05.t3
m.scf
MICRO.11691.C1

MICRO.11336.C1

STMIT79TV

MICRO.11731.C1
cPRO23B9TH
POCCL6ITV

bf_mxflxxxx_0071d02.t
3m.scf
MICRO.11751.C1

MICRO.11352.C3

bf_mxflxxxx_0036a04.t
3m.scf
MICRO.282.C1

bf_arrayxxx_0080d10.t7
m.scf

cytochrome P450 [Panax ginseng]

chitinase (EC 3.2.1.14) 2 - cone shell (Conus &)lip
sp_Q7M443_CHI2_TULBA Chitinase 2 (Tulip bulb chase-2) (TBC-
2)

ATP binding / kinase/ protein kinase/ protein sefinreonine kinase/
protein-tyrosine kinase/ sugar binding [Arabidoghaliana]

Similar to gb_AF099053 phosphatidylserine syntha$em Mus
musculus. EST gb_N96271 comes from this gene. [Aogsis thaliana)]
pir__G86284 FIL1.4 protein - Arabidopsis thaliana

small blue copper protein Bcpl [Boea crassifolia]

similar to AT5G14430: dehydration-responsive pnotelated

unknown protein [Arabidopsis thaliana] gb_AAO42280unknown
protein [Arabidopsis thaliana] ref_NP_172832.3_resged protein
[Arabidopsis thaliana]

glutamate dehydrogenase, putative [Arabidopsisahal

No Hits Found

Quinonprotein alcohol dehydrogenase-like [Mediciigacatula]
ABN08942.1
No Hits Found

proline-rich protein [Nicotiana alata] pir__S3109®line-rich protein -
Persian tobacco

Probable glutathione S-transferase (Pathogendaigdeprotein 1)
pir__TO07595 glutathione transferase (EC 2.5.1.b8)¢log GST1 -
potato gb_AAA68430.1_ glutathione S-transferase

unknown protein [Arabidopsis thaliana] dbj_BAC429B1unknown
protein [Arabidopsis thaliana] gb_AA063991.1_ pivatRRM-
containing protein [Arabidopsis thaliana] ref_NP7180.1_ RNA
recognition motif (RRM)-containing protein [Arabigsis thaliana]

No Hits Found

putative S-adenosyl-L-methionine:salicylic acidbzatyl
methyltransferase
ENSANGP00000011122 [Anopheles gambiae str. PEST]

No Hits Found

proteinase IV F2P9.14 [imported] - Arabidopsis iduad
gb_AAG52522.1_ putative protease IV

chitinase (EC 3.2.1.14) 2 - cone shell (Conus &)lip
sp_Q7M443_CHI2_TULBA Chitinase 2 (Tulip bulb chase-2) (TBC-
2)

acyl CoA reductase [synthetic construct] gb_AAD38a3 acyl CoA
reductase [Simmondsia chinensis]

carotenoid isomerase [Lycopersicon esculentum]

No Hits Found

N2, N2-dimethylguanosine tRNA methyltransferasks-firotein
[Arabidopsis thaliana] pir__T47750 N2,N2-dimethydguosine tRNA
methyltransferases-like protein - Arabidopsis tadi
ref_NP_191192.1_ N2,N2-dimethylguanosine tRNA mktagsferase

'l\.l.o Hits Found

No Hits Found

DEMETER protein [Arabidopsis thaliana] sp_Q8LK56_BMARATH
Transcriptional activator DEMETER (DNA glycosylasslated protein
DME)

4-coumarate--CoA ligase family protein / 4-coum&®©ypA synthase
family protein (AT4G19010) [Arabidopsis thaliana]

putative aspartic proteinase nepenthesin [Oryzeas@aponica cultivar-
group)] dbj_BAD21978.1_ putative aspartic protesaspenthesin
[Oryza sativa (japonica cultivar-group)]

No Hits Found

3,12
3,11

3,11
3,10

3,09
3,08
3,08

3,07
3,06

3,06

3,05
3,05

3,04

3,04

3,04
3,03

3,03
3,02

3,02
3,02

3,02

3,01
3,01
3,01

3,00

3,00
3,00

-3,00

-3,01

-3,03
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MICRO.331.C51
MICRO.4816.C1

bf_mxIfxxxx_0042907.t
3m.scf
SDBNO002I21u.scf

bf_acdcxxxx_0018h08.t
3m.scf
SSBNO01N10u.scf

bf_swstxxxx_0004d10.t
3m.scf
bf_ivrootxx_0037g07.t3
m.scf

MICRO.4641.C1

MICRO.12041.C1
SDBNOO5F03u.scf

BPLI1E24TH

MICRO.15902.C1
MICRO.11404.C1
SSBT005J19x.scf

CSTA2D7TH

STMIB36TV
MICRO.17348.C1
MICRO.3711.C1

SSBN001011u.scf

MICRO.6780.C1
MICRO.10241.C1

MICRO.5672.C1
CSTA2E9TH

TBSKO00120FB12.t3m.s
cf
bf_mxflxxxx_0054904.t
3m.scf

MICRO.15621.C1

POCC418TP
MICRO.4671.C1

No Hits Found -3,05
unknown protein [Arabidopsis thaliana] -3,06
unknown [Lycopersicon esculentum] -3,08
hypothetical protein [Arabidopsis thaliana] gb_AARQ0.1_ unknown -3,10
protein [Arabidopsis thaliana] gb_AA042310.1_ unkmoprotein

[Arabidopsis thaliana] ref_NP_187664.2_ transddiamily protein /
WD-40 repeat family protein [Arabidopsis thaliana]

No Hits Found -3,11
No Hits Found -3,13
No Hits Found -3,14
hypothetical protein PGEC542.21 [Solanum demissum] -3,17
No Hits Found -3,19
glycosyl transferase family 17 protein [Arabidopihialiana] -3,20
chorismate synthase 2 [Lycopersicon esculentum] -3,21

sp_Q42885_ARC2_LYCES Chorismate synthase 2, chiasop
precursor (5-enolpyruvylshikimate-3-phosphate phofase 2)
pir__S40409 chorismate synthase (EC 4.2.3.5) 2upsec - tomato

ILP1 (increased level of polyploidy1-1D); transtatirepressor -3,23
[Arabidopsis thaliana]

unnamed protein product [Arabidopsis thaliana] -3,26
putative alliin lyase [Oryza sativa (japonica oudti-group)] -3,28
putative ribosomal protein S29 [Oryza sativa (japarcultivar-group)] -3,30

gb_AAP68880.1_ putative ribosomal protein S29 [@rgativa
(japonica cultivar-group)]
kinesin-like protein [Arabidopsis thaliana] pir__@242 kinesin-like -3,32

protein - Arabidopsis thaliana ref_NP_190534.1_e&in motor protein-
related [Arabidopsis thaliana]

No Hits Found -3,33
unknown protein [Arabidopsis thaliana] -3,36
bHLH transcription factor PTF1-like [Oryza satijagonica cultivar- -3,38
group)]

At5g64156 [Arabidopsis thaliana] dbj_BAB10283.1_named protein -3,41

product [Arabidopsis thaliana] gb_AAK96773.1_ Unkmoprotein

[Arabidopsis thaliana] ref NP_201220.1_ methylasuily protein

[Arabidopsis thaliana]

Hsp20.0 protein [Lycopersicon peruvianum] -3,43

At1g12740 [Arabidopsis thaliana] dbj_BAD44087.1 phghetical -3,44
protein [Arabidopsis thaliana] ref_NP_172734.2_ocyirome P450
family protein [Arabidopsis thaliana]

alcohol oxidase-related [Arabidopsis thaliana] NPL&95.2 -3,46
putative glucosyltransferase [Phaseolus lunatus] -3,47
No Hits Found -3,48
At1928060/F13K9_16 [Arabidopsis thaliana] pir__C86488.6K -3,50

hypothetical protein F13K9.16 - Arabidopsis thadiagb_ AAG51492.1_
hypothetical protein [Arabidopsis thaliana] ref_NF4127.1_ small

nuclear ribonucleoprotein family protein / snRNkfe...

expressed protein [Arabidopsis thaliana] gb_ AAOMLE1 -3,53
At2g05170/F5G3.7 [Arabidopsis thaliana] gb_AAL320D6

At2g05170/F5G3.7 [Arabidopsis thaliana] pir__F844&pothetical

protein At2g05170 [imported] - Arabidopsis thaliaref NP_027676.1_

Ethylene-responsive transcription factor 3 (Ethgleesponsive element-  -3,55
binding factor 3 homolog) (EREBP-5) (NtERF5) [Nizsta tabacum]
hypothetical protein [Oryza sativa (japonica cutigroup)] -3,56
dbj_BAD31099.1_ hypothetical protein [Oryza saffjagponica cultivar-

group)] dbj_BAC15471.1_ hypothetical protein [Oryeztiva (japonica
cultivar-group)]
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bf_mxflxxxx_0072f05.t
3m.scf
CSTE9F17TH

MICRO.1522.C1

bf_suspxxxx_0012f07.t3
m.scf

MICRO.1218.C2
MICRO.2697.C1

STMIW86TV
CSTB30ESTH
MICRO.5509.C1

bf_ivrootxx_0022h01.t3
m.scf
MICRO.3952.C1

CSTA35F22TH
CSTA29C13TH
bf_arrayxxx_0071f04.t7

m.scf
cSTB48K8TH

MICRO.15836.C1

bf_ivrootxx_0040e05.t3
m.scf

MICRO.7345.C1

bf_suspxxxx_0049g12.t
3m.scf
MICRO.7768.C1

POABZ48TV

MICRO.976.C1

MICRO.3300.C1
MICRO.15448.C1

bf_mxflxxxx_0010h01.t
3m.scf
CSTA23L3TH

MICRO.18202.C1

MICRO.15417.C1
MICRO.3570.C1

cSTA9J19TH

similar to AT1G26740: structural constituent ofaimme

putative SSR alpha subunit [Oryza sativa (japonidévar-group)]

putative protein [Arabidopsis thaliana] ref NP_8560_ SAC3/GANP
family protein [Arabidopsis thaliana]

similar to AT3G11590: similar to unknown proteinrgbidopsis
thaliana]; similar to unnamed protein product [¥iinifera]; contains
domain Bcr-Abl oncoprotein oligomerization domain

putative proline-rich protein APG isolog [Ciceretihum]

RNA recognition motif (RRM)-containing protein-lif®©ryza sativa
(japonica cultivar-group)] dbj_BAD10531.1_ RNA regotion motif
(RRM)-containing protein-like [Oryza sativa (japoaicultivar-group)]
No Hits Found

pentatricopeptide (PPR) repeat-containing protanaljidopsis thaliana]

unknown protein [Oryza sativa (japonica cultivaougp)]
gb_AAU10797.1_ unknown protein [Oryza sativa (jaigarcultivar-
group)] gb_AAT07648.1_ unknown protein [Oryza sat{japonica
cultivar-group)]

hypothetical protein [Vitis vinifera] XP_002277435.

unnamed protein product [Arabidopsis thaliana]
putative kinesin-like protein [Arabidopsis thalidna

putative potassium transporter HAK1p [Mesembryamilne
crystallinum]
No Hits Found

unknown [Arabidopsis thaliana] pir__T51158 hypoiteltprotein
[imported] - Arabidopsis thaliana ref_NP_190755nitochondrial
substrate carrier family protein [Arabidopsis thah]

unknown protein [Arabidopsis thaliana] gb_AAM20565.unknown
protein [Arabidopsis thaliana] ref_NP_188894.2_eseence-associated
protein-related [Arabidopsis thaliana]

unknown protein [Arabidopsis thaliana] gb_AA063361At5g48850
[Arabidopsis thaliana] ref_NP_199696.2_ male stgrMS5 family
protein [Arabidopsis thaliana]

No Hits Found

No Hits Found

No Hits Found

unknown protein [Arabidopsis thaliana] gb_AAL24150.unknown
protein [Arabidopsis thaliana] ref_NP_568558.1_lipesrich
spliceosome-associated (PSP) family protein / kmeckle (CCHC-
type) family protein [Arabidopsis thaliana]

putative phosphatidylinositol-4-phosphate 5-kingsabidopsis
thaliana] gb_AAL69491.1_ putative phosphatidylitos#-phosphate 5-
kinase [Arabidopsis thaliana] ref_NP_176286.2_ phasidylinositol-4-
phosphate 5-kinase family protein [Arabidopsis ...

hypothetical protein [Vitis vinifera] XP_002280344.

expressed protein [Arabidopsis thaliana]

STIG1 [Lycopersicon esculentum]

At4g38650 [Arabidopsis thaliana] ref_NP_195577.%/casyl
hydrolase family 10 protein [Arabidopsis thaliana]
auxin-responsive-like protein [Arabidopsis thalihdhj_BAB17304.1_
auxin-responsive GH3 homologue [Arabidopsis thaljan
ref_NP_200262.1_ auxin-responsive GH3 protein, tugtdDFL-1)
[Arabidopsis thaliana]

UvrD/REP helicase family protein [Arabidopsis tlaaia]

similar to AT1G60770: pentatricopeptide (PPR) reéfmemtaining
protein

unknown protein T5SM16.5 [imported] - Arabidopsisliana
gb_AAG51678.1_ unknown protein

-3,58

-3,61
-3,63

-3,66

-3,67
-3,70

-3,72
-3,76
-3,77

-3,81

-3,83
-3,87
-3,90

-3,92

-3,93

-3,96

-4,00

-4,02

-4,03

-4,08
-4,11

-4,13

-4,18
-4,21
-4,23
-4,29
-4,33

-4,39
-4,44

-4,47
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STMHR71TV

bf_ivrootxx_0018a02.t3
m.scf
MICRO.6495.C1

MICRO.12249.C1

MICRO.2581.C1
cSTB16D12TH

CSTA44E6TH

bf_swstxxxx_0005d01.t
3m.scf
MICRO.8151.C1

095C01AF.esd
MICRO.13676.C1

bf_mxflxxxx_0073g11.t
3m.scf
MICRO.11318.C1

CSTA18G13TH

MICRO.8007.C2
cSTS2F14TH
MICRO.8885.C1

cSTB32A2TH

bf_mxflxxxx_0037f09.t
3m.scf
STMDJ47TV

CSTB46N2TH
MICRO.16870.C1

092GO06AF.esd
MICRO.9420.C1
MICRO.12493.C1
MICRO.1908.C1

MICRO.14329.C1

bf_arrayxxx_0087h07.t3
m.scf
MICRO.1643.C2

MICRO.12815.C1
MICRO.8263.C1
MICRO.4874.C2
MICRO.4348.C1

No Hits Found

putative translation initiation factor 2B beta soliNicotiana tabacum]

putative aldo/keto reductase family protein [Orgativa (japonica
cultivar-group)] gb_AAR00611.1_ putative aldo/keéaluctase family
protein [Oryza sativa (japonica cultivar-group)]

putative acid phosphatase [Arabidopsis thaliane]NB_181394.1_ acid
phosphatase class B family protein [Arabidopsi$idaha] pir__A84807
probable acid phosphatase [imported] - Arabidofhsiiana

predicted protein [Populus trichocarpa] XP_00232187

similar to AT1G60770: pentatricopeptide (PPR) régmeataining
protein
exo-1,3-beta-glucanase [Lilium longiflorum]

No Hits Found

unknown protein [Oryza sativa (japonica cultivaogp)]
dbj_BAD22126.1_ unknown protein [Oryza sativa (jajpa cultivar-
group)]

putative pentatricopeptide repeat containing pnof@iryza sativa
(japonica cultivar-group)]

putative exonuclease [Oryza sativa (japonica cattiyroup)]
gb_AAP53700.1_ putative exonuclease [Oryza saja@ofica cultivar-
group)] gb_AAK98687.1_ Putative exonuclease [Oryagva]
unknown [Solanum chacoense]

hypothetical protein [Vitis vinifera] XP_002283784.

Strong similarity to gi_4734005 F3L12.7 hypothekigeotein from
Arabidopsis thaliana BAC gb_AC007178 pir__ E8628bdthetical
protein F9L1.10 - Arabidopsis thaliana

proline-rich family protein [Arabidopsis thaliana]

No Hits Found

At1g30760/T5I8_22 [Arabidopsis thaliana] gb_ AAL1B31_
At1g30760/T5I8_22 [Arabidopsis thaliana] ref_NP_283.1_ FAD-
binding domain-containing protein [Arabidopsis taa&]

similar to AT4G38300: glycosyl hydrolase family pfbtein

Gip1-like protein [Petunia x hybrida]

putative RNA-binding protein [Arabidopsis thaliana]
MYB2 [Dendrobium sp. XMW-2002-2]

SWIB complex BAF60b domain-containing protein /$&idomain-
containing protein / GYF domain-containing protgAnabidopsis
thaliana]

phospholipase C [Arabidopsis thaliana]

GTPase, putative
expressed protein [Arabidopsis thaliana]

sarcoplasmic reticulum histidine-rich calcium-bingliprotein [Zea
mays] NP_001149915.1
No Hits Found

putative 2,3-bisphosphoglycerate-independent ptagipberate mutase
[Oryza sativa (japonica cultivar-group)]

At2g03760/F19B11.21 [Arabidopsis thaliana] gb_AADZ8.1_
putative steroid sulfotransferase [Arabidopsisiéme]
gb_AAK53042.1_ At2g03760/F19B11.21 [Arabidopsislitiaa]
pdb_1Q44_A Chain A, Crystal Structure Of An Aralpdis Thaliana
Cytochrome b5

No Hits Found
putative glucosyltransferase [Phaseolus lunatus]

unknown [Arabidopsis thaliana] ref_NP_566294.1_resped protein
[Arabidopsis thaliana]

-453
-4,56

-4,58

-4,60

-4,67
-4,71
-4,76
-4,79

-4,81

-4,89
-4,93

-4,98

-5,01
-5,06

-5,07
-5,10
-5,16

-5,22
-5,28

-5,33
-5,42
-5,46

-5,49
-5,562
-5,53
-5,60

-5,68
-5,73

-5,77

-5,86
-5,93
-5,98
-6,03

412



MICRO.2511.C2

MICRO.14463.C1

MICRO.2558.C1
MICRO.11332.C1

cSTA12B11TH
MICRO.6680.C1

bf_mxflxxxx_0056g11.t
3m.scf
STMEI81TV

MICRO.7577.C1

MICRO.2069.C2

MICRO.4095.C2

STMEE35TH

MICRO.7777.C1

bf_mxflxxxx_0018e09.t
3m.scf
bf_arrayxxx_0084b12.t3
m.scf
bf_mxflxxxx_0038h01.t
3m.scf

MICRO.1229.C1

MICRO.15271.C2
MICRO.1238.C4

MICRO.4191.C1
MICRO.8678.C1
MICRO.11716.C1
STMHG75TV
MICRO.3065.C1

MICRO.10754.C1
MICRO.9812.C1
SDBN002014u.scf

methyltransferase-like [Oryza sativa (japonicaieattgroup)]
dbj_BAD37452.1_ methyltransferase-like [Oryza safjaponica
cultivar-group)]

putative DNA replication licensing factor, mcm5 Bhidopsis thaliana]
pir__G84487 probable DNA replication licensing ta¢tmcm5
[imported] - Arabidopsis thaliana ref_NP_178812ninichromosome
maintenance family protein / MCM family protein ...

similar to AT1G06920 | Symbols: ATOFP4, OFP4 | AFRAFOFP4
(ARABIDOPSIS THALIANA OVATE FAMILY PROTEIN 4)
expressed protein [Arabidopsis thaliana] gb_AAL8F.35
At2g31160/T16B12.3 [Arabidopsis thaliana] gb_AAL®321_
At2g31160/T16B12.3 [Arabidopsis thaliana] pir__C8&%hypothetical
protein At2g31160 [imported] - Arabidopsis thalianed NP_565716.1_

No Hits Found
No Hits Found

Pathogenesis-related transcriptional factor and fRdeicago
truncatula]

hypothetical protein [Arabidopsis thaliana] gb_AASBB5.1_
hypothetical protein [Arabidopsis thaliana] pir_ T804 hypothetical
protein T10M13.4 - Arabidopsis thaliana ref_NP_1P21_ expressed
protein [Arabidopsis thaliana]

Probable sulfate transporter 3.3 (AST91) pir__B&bpfbbable sulphate
transporter protein [imported] - Arabidopsis thaéaref NP_173722.1_
sulfate transporter, putative [Arabidopsis thaliagta AAC00610.1_
Putative sulphate transporter ...

putative NAD dependent epimerase [Arabidopsis &nal]
gb_AAK44025.1_ putative NAD dependent epimerasebidopsis
thaliana)] dbj_BABO03000.1_ nucleotide sugar epimeside protein
[Arabidopsis thaliana] gb_AAL32703.1_ nucleotidgya...

putative DEAD/DEAH box RNA helicase protein [Arabigsis thaliana]
emb_CABB80208.1_ RNA helicase (RH16) [Arabidopsaitina]
emb_CAB45452.1_ RNA helicase (RH16) [Arabidopsaitna]
gb_AA022635.1_ putative DEAD/DEAH box RNA helicgs®tein ...
unknown protein [Arabidopsis thaliana] dbj_BAC423L6unknown
protein [Arabidopsis thaliana] emb_CAB72163.1_ fiueaprotein
[Arabidopsis thaliana] pir__T47753 hypothetical tein F2413.10 -
Arabidopsis thaliana ref_NP_191252.1_ zinc findg®dHC ...
hypothetical protein AT4G06676 [Arabidopsis thatian

MYB transcription factor [Hevea brasiliensis]
No Hits Found
No Hits Found

phantastica [Lycopersicon esculentum]
No Hits Found

Oxygen-evolving enhancer protein 1, chloroplastprsor (OEE1) (33
kDa subunit of oxygen evolving system of photosysts (OEC 33 kDa
subunit)

leucine-rich repeat protein (LRR1) [Nicotiana tainag

sieve element occlusion b [Solanum phureja]
EEF48 [Solanum melongena]
No Hits Found

fis1 [Linum usitatissimum] sp_Q40255_DHAL_LINUS Pable
aldehyde dehydrogenase (Flax inducible sequence 1)
No Hits Found

glutathione S-transferase [Cucurbita maxima]

ATP citrate lyase b-subunit [Lupinus albus]

-6,08

-6,16

-6,23
-6,27

-6,33
-6,46
-6,55

-6,64

-6,68

-6,75

-6,89

-7,07

-7,23
-7,29

-7,34
-7,56

-7,78
-8,06
-8,23

-8,38
-8,46
-8,79
-8,81
-9,02
-9,42
-10,03
-13,88
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Genes significantly up-ir{ boldface) or down-regulatedir{ italics)
during the late stage of symbiotic establishmentMffungus in the
potato roots versus control comparison are ordapedrding to the
expression fold change. Genes were considered féereditially
regulated if P-values 0.01 and the values of fold change compared

with the controls was 3.00 or< -3.00
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