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Evaluation of λ-carrageenan, CpG-ODN, glycine betaine, Spirulina platensis and ergosterol as elicitors for the control of Zymoseptoria tritici in wheat

ou non, émanant des établissements d'enseignement et de recherche français ou étrangers, des laboratoires publics ou privés.

evaluation of five elicitor compounds (λ-carrageenan, CpG-ODN, glycine betaine, 4 Spirulina platensis and ergosterol) for the protection of wheat against STB in order to 5 offer new alternative tools to farmers for sustainable crop protection. Screening of 6 elicitors of wheat defenses was carried out through a succession of experiments: 7 biocidal in vitro tests enabled to check for any fungicidal activities; glasshouse 8 experiments allowed to determine the efficacy of a given compound in protecting 9 wheat against STB; qRT-PCR biomolecular tests investigated the relative expression of 23 defense genes in treated versus untreated plants. We therefore demonstrated that λ-carrageenan, CpG-ODN, glycine betaine, Spirulina platensis and ergosterol are potential elicitors of wheat defenses. Foliar treatment with these compounds conferred protection of wheat by up to approximately 70 % against Z. tritici under semi-controlled conditions and induced both SA-and/or JA-dependent signaling pathways in the plant. These findings contribute to extend the narrow list of potential elicitors of wheat defenses against Z. tritici.
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Triticum aestivum; elicitor; Zymoseptoria tritici; Integrated pest management; alternative plant protection tools Septoria tritici Blotch (STB), caused by the fungal pathogen Zymoseptoria tritici (teleomorph: Mycosphaerella graminicola) [START_REF] Torriani | Zymoseptoria tritici: A major threat to wheat production, integrated approaches to control[END_REF]. STB is considered as the main disease affecting wheat crops in the European Union (EU) by inflicting up to 40 % of yield losses each year [START_REF] Eyal | The Septoria tritici and Stagonospora nodorum Blotch diseases of wheat[END_REF][START_REF] Rudd | Previous bottlenecks and future solutions to dissecting the Zymoseptoria tritici-wheat host-pathogen interaction[END_REF]. So far, fungicide use is the most effective control method as no wheat cultivar is currently totally resistant to Z. tritici [START_REF] Fraaije | Role of ascospores in further spread of QoI-resistant cytochrome b alleles (G143A) in field populations of Mycosphaerella graminicola[END_REF][START_REF] Palmer | Mycosphaerella graminicola: Latent infection, crop devastation and genomics[END_REF]. About 70% of EU fungicides are used to that end [START_REF] Fones | The impact of Septoria tritici Blotch disease on wheat: An EU perspective[END_REF]. However, reducing pesticide use in agricultural practices has become a key priority for multiple countries (including the EU) in the prospect of environmental sustainability and health protection (Dayan et al. 2009;European Commission 2012). In this respect, elicitors are promising and alternative plant protection tools which have a prominent place in current research [START_REF] Lyon | Induced resistance in crop protection: The future, drivers and barriers[END_REF]. Contrary to fungicides, elicitors are natural immune-stimulating compounds which indirectly target a broad spectrum of pathogens by enhancing the defensive state of the plant [START_REF] Thakur | Role of elicitors in inducing resistance in plants against pathogen infection: A review[END_REF]. As such, elicitors are intended as preventive treatments complementary to the use of reduced fungicide rates [START_REF] Walters | Controlling crop diseases using induced resistance: challenges for the future[END_REF][START_REF] Walters | Control of foliar pathogens of spring barley using a combination of resistance elicitors[END_REF]. For now, few elicitor products are registered on the EU market for the sustainable management of wheat diseases, aside from Vacciplant® (laminarin-based product; Goëmar, France) and BION ® 50WG (synthetic Acibenzolar-S-methyl elicitor; Syngenta, Switzerland) [START_REF] Le Mire | Implementing plant biostimulants and biocontrol strategies in the agroecological management of cultivated ecosystems. A review[END_REF]. The present study thus focuses on the screening of elicitors of wheat defenses against Z. tritici, as a response to the urgent need for a larger panel of alternative tools for sustainable wheat protection [START_REF] Walters | Controlling crop diseases using induced resistance: challenges for the future[END_REF]. Five
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Phytopathology Journal 4 different compounds were selected for this work: λ-carrageenan, cytosine-phosphateguanine oligodesoxynucleotide motifs (CpG ODN), Spirulina (Arthrospira) platensis, glycine betaine and ergosterol. As it appears, none of these compounds have been tested before as elicitors on the pathosystem wheat-Z. tritici, although previous research has indeed demonstrated their elicitor properties on other plant species and/or animals. λ-carrageenan stimulates the resistance of tobacco, tomato, and thale-cress plants against pathogens such as Botrytis cinerea and Tobacco mosaic virus (TMV) [START_REF] Mercier | The algal polysaccharide carrageenans can act as an elicitor of plant defence[END_REF][START_REF] Sangha | Sulfated macroalgal polysaccharides λ-carrageenan and ι-carrageenan differentially alter Arabidopsis thaliana resistance to Sclerotinia sclerotiorum[END_REF][START_REF] Sangha | λ-Carrageenan suppresses tomato chlorotic dwarf viroid (TCDVd) replication and symptom expression in tomatoes[END_REF][START_REF] Vera | Seaweed polysaccharides and derived oligosaccharides stimulate defense responses and protection against pathogens in plants[END_REF]. A recent study reported that bacterial CpG-ODN induced defense responses in thalecress [START_REF] Yakushiji | Bacterial DNA activates immunity in Arabidopsis thaliana[END_REF], while unmethylated CpG-ODN was also proven to induce animal innate immunity against pathogenic bacteria, viruses and protozoans (Carrington and Secombes 2006;Covello et al. 2012). The cyanobacterium S. platensis (Spirulina) showed beneficial health effects for humans and animals (poultry, mammals, and fish) thanks to its immune-stimulating properties, notably via the production of antibodies and cytokines [START_REF] Farag | Nutritional and healthical aspects of Spirulina (Arthrospira) for poultry, animals and human[END_REF][START_REF] Wan | Chapter 42 -Spirulina[END_REF]. The recent work of [START_REF] Věchet | Effectiveness of both synthetic compounds and biological extracts against powdery mildew (Blumeria graminis f. sp. tritici) on winter wheat[END_REF] revealed that glycine betaine (GB) stimulates wheat defenses against powdery mildew [START_REF] Věchet | Effectiveness of both synthetic compounds and biological extracts against powdery mildew (Blumeria graminis f. sp. tritici) on winter wheat[END_REF]. Lastly, ergosterol is a well-known elicitor of dicotyledonous plants (e.g. tomato, tobacco and sugar beet) (Amborabé et al. 2003;[START_REF] Lochman | Ergosterol treatment leads to the expression of a specific set of defence-related genes in tobacco[END_REF][START_REF] Rossard | Ergosterol triggers characteristic elicitation steps in Beta vulgaris leaf tissues[END_REF]). This study was conducted in two steps: (i) we first investigated the efficacy of the five compounds in protecting wheat against STB under glasshouse conditions. Each compound was tested at three different concentrations in order to assess any dosedependent effects; (ii) in order to confirm their elicitor potential, we carried out an independent experiment to explore the defense signaling pathways triggered in treated versus untreated plants. [START_REF] Muthamilarasan | Plant innate immunity: An updated insight into defense mechanism[END_REF]).

Conducting such biomolecular test for screening purposes provides further evidence as to the elicitor properties of the tested compounds. Moreover, we examined the correlation between the effectiveness of each compound to protect wheat and the expression of defense genes in the treated plants.

MATERIALS AND METHODS

Plant and fungal materials

The The Z. tritici strain T01187 (isolated in 2009 from Northern France) was used for plant inoculation. Fungal culture was performed on potato dextrose agar medium for eight days at 18 °C with a 12 h : 12 h day : night cycle. Inocula were prepared by washing the cultures with 10 ml sterile distilled water and the resulting spore suspension was adjusted to desired concentrations using Malassez cell. 

Elicitor preparation

The sources and characteristics of the five compounds examined in this study are provided in Table 1. To be noted that the compound CpG-ODN consists of CpG-28 (sequence 5'-TAAACGTTATAACGTTATGACGTCAT-3') synthesized with a wholly phosphorothioate backbone (Carpentier et al. 2003). For each compound, the tested concentrations were not the same as we selected the average effective doses which were generally used in previous studies to demonstrate their respective elicitor potential. All treatment solutions were freshly prepared before use in distilled water supplemented with 0.1 % (v : v) of spreading agent Break-Thru®S240 (polyether trisiloxane, Evonik Industries), and 0.05 % (v : v) of solubilizing agent Tween 20

(polyoxyethylene-sorbitan monolaurate, Sigma Aldrich). Control plants were treated with distilled water alone. In addition, other control plants were treated respectively with 0.75 % (v : v) of the epoxiconazole-based fungicide Opus® (BASF Agro, France)

or with the synthetic elicitor Bion®50WG (abbreviated to Bion) at 0.6 mg ml -1 (recommended doses according to https://ephy.anses.fr). It should be noted that preliminary in vitro experiments according to Siah et al (2010) have been conducted

to rule out any compound showing a direct biocidal activity towards the fungal pathogen Z. tritici (see supplementary Fig. S1).

Glasshouse elicitor screening: plant treatment and inoculation

At the three-four leaf stage (third leaf fully expanded), the plants of each pot were sprayed to run-off with 30 ml of the treatment solutions using a hand sprayer. Each elicitor candidate was tested at three different concentrations in order to assess any dose-dependent protection effects. Plant inoculation was performed five days after treatment, by spraying the plants of each pot to run-off with 30 ml of a spore 

Induction of defense gene expression: plant treatment and leaf sampling

The investigation of the plant signaling pathways triggered by the various elicitor treatments was performed in the glasshouse located in INRA facilities. The elicitor compounds were prepared and applied in the same way as in screening tests, but

were tested only at their medium concentration C2 ( 

RNA extraction and quantification of gene expression by real-time RT-PCR

Total RNA was extracted from around 100 mg of plant tissue using the Nucleospin®RNA Plant Kit (Macherey-Nagel). Reverse-transcription of total RNA 

Correlation between glasshouse and biomolecular results

Correlation analysis is a method of statistical evaluation used to study the strength of a relationship between at least two variables. The reliability of the elicitor screening experiments carried out in this study can be strengthened by checking that the protective effectiveness of a given compound is correlated to the induction of defense responses in the treated wheat plant. Such correlation increases the chances of a compound of being short-listed for further experiments under practical conditions. We therefore examined for each compound to what extent its protective efficacy was correlated with defense induction levels in treated wheat plants. The correlation was assessed at each qRT-PCR analysis date. The level of gene expression was estimated with the help of the PCA dimension which described the largest variability.

The average level of gene expression used for the correlation test thus consisted of values of projected individuals (treatments) on the corresponding dimension. The protection efficacy values corresponded only to compounds tested at their medium 

RESULTS

Protection efficacy against Zymoseptoria tritici under glasshouse conditions

The mean disease severity assessed during these screening experiments corresponds to the percentage of symptomatic lesions scored on the third leaf surface of wheat plants. As a result, a mean disease severity of 23 % was scored on the water control (Fig. 1). Plants treated with the fungicide epoxiconazole or the elicitor reference Bion showed an average disease severity of 0.1 % and 6 %, respectively. The mean disease severity of wheat plants treated with the five elicitor candidates ranged from 5 % to 15 %. Overall, plants sprayed with the various treatments showed significantly less disease symptoms of Z. tritici compared to the control (Tukey test, P = 0.05). The protection efficacy of a treatment corresponds to the difference of mean disease severity between the control and the treated plants.

Consequently, the fungicide treatment showed the greatest protection efficacy (99.6 %), followed by Bion (74%). All five elicitor treatments were as efficient as the commercial elicitor Bion in protecting wheat against STB: their protective effectiveness ranged between 69 % and 72 %. However, the disease severity scored on plants treated with CpG-ODN (B) and glycine betaine (D) was not statistically different to that of control plants at the following concentrations: medium concentration C2 for CpG-ODN (9.5 x 10 -4 g l -1 ) and highest concentration C3 for CpG-ODN and glycine betaine (0.0095 g l -1 and 12 g l -1 respectively). 

Induction of plant immune responses

Independently from screening trials, we monitored the expression level of 23 defense-related genes of wheat at 1, 2 and 3 days after treatment with the five compounds (labelled A to E; Table 1). MANOVA tests showed that plant treatment had a significant effect on the expression of defense genes (Hotelling-Lawley test, pvalue < 10 -3 ). We then measured the difference of average expression level of each gene between treated plants and the water control, and represented it on a heatmap profile (Fig. 2). Overall, elicitor treatments generally triggered plant defense mechanisms at day 2 after treatment. Besides, no priming activities were observed as the application of H 2 O 2 had no supplementary effect to the application of one of the elicitor treatments on the expression of wheat defense genes. Three major patterns were highlighted by the hierarchical clustering of genes according to their expression levels. The first pattern (1) includes genes involved in cell wall reinforcement, in the mevalonate pathway for the biosynthesis of isoprenoids and in the phenylpropanoid pathway for the biosynthesis of antimicrobial compounds. In Geraldine LE MIRE Phytopathology Journal 14 [START_REF] Halliwell | Reactive species and antioxidants. Redox biology is a fundamental theme of aerobic life[END_REF][START_REF] Camera | Evaluation of -carrageenan, CpG-ODN, glycine betaine, Spirulina platensis and ergosterol as elicitors for the control of Zymoseptoria tritici in wheat[END_REF]). The remaining genes were found to be very weakly influenced by the treatments.

Confirmation of clustering results was provided by PCA (Fig. 3). Genes were used as variables and treatments as individuals. The first two principal components described the largest variability (26.8 % and 17.2 % of initial variation, respectively). They enabled to separate the treatments and cluster the genes into three similar groups with strong correlation coefficients (|r| > 0.5, p-value < 10 -3 ). Genes coding for PR proteins were once again clearly separated into a distinct group. Similarly, genes involved in anti-oxidative processes or in plant defense-signaling were gathered close to one another. Variables with significant correlation coefficients (p-value < 10 -

3

) were those which showed strong gene up-and/or down-regulation in the heatmap profile.

Correlation between protection efficacy and gene induction

The PCA first component score described the largest variability (26.8%) and was thus used for the correlation test (Fig. 4). A correlation found between two variables is characterized by the fact that a change in one is accompanied by a change in another. As it appears, the higher the coordinates were on dimension 1, the higher the protective efficacy. Overall, protection efficacy and defense induction were positively correlated at each qRT-PCR sampling date for all compounds. The strongest and most significant correlation was obtained for day 1 (linear regression analysis, r 2 = 0.73, p-value = 0.03). Treatments with Bion and spirulina were the most effective to protect wheat against STB while at the same time inducing significant defense responses in the plant. For the two other sampling dates, the correlations were positive but less significant (p-value > 0.05). 

DISCUSSION

Efficacious protection of wheat against STB under glasshouse conditions

Each of the five elicitor treatments containing respectively λ-carrageenan, CpG-ODN, spirulina, glycine betaine and ergosterol, significantly protected wheat against Z. tritici under semi-controlled conditions. The STB disease severity was broadly reduced by up to 70%, thus providing a consistent protection of the plant. Besides, these elicitor treatments were as efficient as the commercialized elicitor product Bion. We highlighted that high concentrations of applied CpG-ODN and GB did not effectively protect wheat against the pathogen. Such finding could be related to the fact that elicitor compounds are generally effective at low concentrations and within a given window [START_REF] Trotel-Aziz | Evaluation of -carrageenan, CpG-ODN, glycine betaine, Spirulina platensis and ergosterol as elicitors for the control of Zymoseptoria tritici in wheat[END_REF][START_REF] Thakur | Role of elicitors in inducing resistance in plants against pathogen infection: A review[END_REF]. Moreover, we demonstrated in preliminary assays that none of the compounds behaved as biofungicides at the concentrations used for glasshouse screening. It is therefore likely that all five tested compounds indeed acted as elicitors of wheat defenses.

Such result is in line with previous researches which underlined their elicitor potential on other pathosystems.

For instance, among the three main types of marine carrageenans extracted from red algae, λ-carrageenan was proven to be the most efficient in stimulating plant defense responses due to its high degree of sulfation (41 % of total weight) [START_REF] Shukla | Carrageenans from red seaweeds as promoters of growth and elicitors of defense response in plants[END_REF][START_REF] Vera | Seaweed polysaccharides and derived oligosaccharides stimulate defense responses and protection against pathogens in plants[END_REF]. We could assume that its efficacy to protect wheat against Z.

tritici could be linked to such high sulfate content, and further studies would allow a better understanding of its mode of action. Concerning CpG-ODN, no research has yet been reported for its ability to protect a crop plant against a fungal pathogen.

However, previous studies have demonstrated that CpG-ODN acts as a pathogenassociated molecular pattern (PAMP) in mammalian cells and is recognized by Concerning GB, most studies carried out up to now have reported its potential to induce plant resistance to abiotic stresses. The fact that this plant osmolyte may also play a role in enhancing plant defenses against diseases opens up a whole new range of possibilities in IPM strategies. Conversely, ergosterol is a well-known elicitor and our results confirm that this compound presents a clear benefit for sustainable plant protection extended to crop plants.

SA and/or JA defense signaling pathways are triggered in wheat

Biomolecular tests on wheat defense responses confirm that each elicitor treatment was indeed perceived by the plant: the expression of genes coding for antimicrobial compounds was upregulated; the expression of genes involved in the synthesis of signal hormones such as salicylic acid (SA) and jasmonic acid (JA) were induced Defense genes can be differentially expressed through these defense signaling pathways. PR1 and PR5 are systemic acquired resistance (SAR) marker genes which are characteristically induced during SA-dependent defense responses, whereas LOX2 and PR4 induction is generally linked to JA-dependent signaling [START_REF] Glazebrook | Contrasting mechanisms of defense against biotrophic and necrotrophic pathogens[END_REF][START_REF] Van Loon | The families of pathogenesis-related proteins, their activities, and comparative analysis of PR-1 type proteins[END_REF]. Most studies have reported the existence of a mutual antagonism between SA and JA signaling pathways, although synergistic interactions have also been described in thale-cress [START_REF] Niu | The plant growth-promoting rhizobacterium Bacillus cereus AR156 induces systemic resistance in Arabidopsis thaliana by simultaneously activating salicylateand jasmonate/ethylene-dependent signaling pathways[END_REF][START_REF] Schenk | Coordinated plant defense responses in Arabidopsis revealed by microarray analysis[END_REF][START_REF] Van Wees | Enhancement of induced disease resistance by simultaneous activation of salicylate-and jasmonate-dependent defense pathways in Arabidopsis thaliana[END_REF]. However, most investigations have been In the present study, JA-dependent signaling was induced in plants treated with λcarrageenan during the first 24 hours before giving way to SA-dependent defense responses. Previous studies have demonstrated that λ-carrageenan could protect tomato plants and thale-cress by triggering the expression of JA-related genes [START_REF] Sangha | Sulfated macroalgal polysaccharides λ-carrageenan and ι-carrageenan differentially alter Arabidopsis thaliana resistance to Sclerotinia sclerotiorum[END_REF][START_REF] Sangha | λ-Carrageenan suppresses tomato chlorotic dwarf viroid (TCDVd) replication and symptom expression in tomatoes[END_REF]. In addition, [START_REF] Vera | Seaweed polysaccharides and derived oligosaccharides stimulate defense responses and protection against pathogens in plants[END_REF] showed that carrageenans were able to suppress a disease at a systemic scale by triggering SA-related defense responses such as an increased PAL enzymatic activity and the accumulation of phenolic compounds [START_REF] Vera | Seaweed polysaccharides and derived oligosaccharides stimulate defense responses and protection against pathogens in plants[END_REF]. Besides, [START_REF] Ray | Rapid induction of a protein disulfide isomerase and defense-related genes in wheat in response to the hemibiotrophic fungal pathogen Mycosphaerella graminicola[END_REF] reported that infection of susceptible and resistant wheat cultivars by Z. tritici induced a strong upregulation of the LOX gene expression up to 3 hours after plant infection before quickly decreasing [START_REF] Ray | Rapid induction of a protein disulfide isomerase and defense-related genes in wheat in response to the hemibiotrophic fungal pathogen Mycosphaerella graminicola[END_REF]. On the other hand, SA and JA defense signaling pathways were induced simultaneously in wheat plants treated with GB, CpG-ODN or ergosterol. Our results therefore confirm the existence of intricate hormone crosstalk in plant innate immunity (Balmer et al. 2013;Ding et al. 2016;[START_REF] Lochman | Ergosterol treatment leads to the expression of a specific set of defence-related genes in tobacco[END_REF][START_REF] Thaler | Evolution of jasmonate and salicylate signal crosstalk[END_REF]). On the other hand, only JA-dependent signaling seems to have been strongly induced in plants treated with spirulina and Bion. The effect of spirulina on plant induced resistance had never been investigated previously. However, numerous studies have already been dedicated to the elicitor potential of Bion and our results are surprisingly in contradiction with these previous findings. As a chemical elicitor consisting of Acibenzolar-S-methyl, Bion shows functional analogy to the plant hormone SA and was shown to induce a long lasting SAR with a characteristic accumulation of PR1 and PR5 proteins and an increase in PAL and CHS activity [START_REF] Görlach | Benzothiadiazole, a novel class of inducers of systemic acquired resistance, activates gene expression and disease resistance in wheat[END_REF][START_REF] Hofgaard | The effect of chitosan and Bion on resistance to pink snow mould in perennial ryegrass and winter wheat[END_REF]. The fact that our results rather suggest the involvement of JA mediated signaling in wheat treated with properties [START_REF] Weiner | Food additive carrageenan: Part II: A critical review of carrageenan in vivo safety studies[END_REF], whereas spirulina is used as a concentrated and nutritious food supplement [START_REF] Small | 37. Spirulina -food for the universe[END_REF]. CpG-ODN is generally used at low doses for medical purposes as an adjuvant for vaccines targeting infectious diseases and cancer ( (Bode et al. 2011;Carpentier et al. 2003;[START_REF] Maubant | Evaluation of -carrageenan, CpG-ODN, glycine betaine, Spirulina platensis and ergosterol as elicitors for the control of Zymoseptoria tritici in wheat[END_REF]. As an additional product of the sugar beet processing industry, GB is a commercially important compound with multiple applications in agriculture, medicine and animal husbandry [START_REF] Eklund | Potential nutritional and physiological functions of betaine in livestock[END_REF][START_REF] Mäkelä | Agro-industrial uses of glycine betaine[END_REF]). Ergosterol is generally extracted from yeast and is of industrial and commercial importance as a precursor of therapeutically useful substances such as vitamin D 2 [START_REF] Ethiraj | Fermentative production of ergosterol using Saccharomyces cerevisiae[END_REF]). On a pragmatic basis, the main interest of implementing elicitors as alternative plant protection tools in agriculture is to reduce the use of agrochemicals in the field and promote environment-friendly IPM strategies. Consequently, field trials would represent the next logical step to this study in order to check the potential of these compounds under real conditions.

Numerous environmental parameters such as plant developmental stage, plant genotype and disease pressure are indeed known to influence the protection efficacy of elicitors in the field [START_REF] Walters | Evaluation of -carrageenan, CpG-ODN, glycine betaine, Spirulina platensis and ergosterol as elicitors for the control of Zymoseptoria tritici in wheat[END_REF].
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 1234 Fig. 1. Efficacy of five candidate elicitors (λ-carrageenan, CpG-ODN, Spirulina, Glycine betaine, Ergosterol) tested at three different concentrations to protect wheat leaves against the disease Septoria tritici Blotch (STB) under glasshouse conditions. Preventive treatment of wheat with various compounds significantly reduced Z. tritici disease severity compared to the control. Compounds CpG-ODN and Glycine betaine showed no difference with the control at high concentrations. Data are percentages of the third leaf surface of plants exhibiting symptomatic STB lesions (necrosis and/or chlorosis). Medians are represented by black horizontal lines in each box, and means are represented by "+" symbol (n ≥ 80, e.g., incomplete block design with five pots of eight plants and two independent experiments at least per treatment). Boxes tagged with the same letters correspond to means that are not significantly different using the Tukey test at P = 0.05.279x140mm (191 x 191 DPI) 
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Values correspond, respectively, to the average percentage of germinated spores and average fungal diameter (cm) of the pathogen scored on potato dextrose agar (PDA) culture medium amended with the five different compounds. For each compound, five decreasing concentrations were tested, with C being the highest concentration: λcarrageenan, 5 g l -1 ; CpG-ODN, 0.0095 g l -1 ; Spirulina platensis, 30 g l -1 ; glycine betaine, 12 g l -1 ; ergosterol, 0.03 g l -1 ). The control corresponds to PDA medium without tested compounds (0 g l -1 ). Means tagged with the same letters are not significantly different using the Tukey test at P = 0.05.
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