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ABSTRACT
Pineapples play an important role in the lives of people. However, they are threatened by black spot disease caused by Fusarium moniliforme var. subglutinans, which significantly reduces fruit quality. Unfortunately, chemical control methods against this disease have proven ineffective. To find more effective alternatives for sustainable agriculture, calliette and methyl jasmonate were sprayed on pineapple plants inoculated with the fungal strain. The overall objective was to stimulate polyphenol production in pineapple to effectively induce natural resistance against Fusarium moniliforme var. subglutinans. Disease incidence was estimated after flower inoculation and fruit opening at harvest. Polyphenols isolated from leaves were identified by HPLC. The direct effect of polyphenols on mycelial growth was evaluated. The results showed that the biocontrols mobilized defense polyphenols to resist the disease. The chromatographic profile revealed the presence of thirteen polyphenols, including seven pre-existing amplified polyphenols and six newly synthesized ones. The use of biocontrol agents is therefore an effective way to protect pineapples against black spot disease. Looking ahead, it would be interesting to expand this study by using other biocontrols, particularly polysaccharides extracted from the pathogen. 
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1. Introduction
The species Ananas comosus (L. Merrill) is the most cultivated for its edible fruit (20). Fresh pineapple and cultivated rejects possess many therapeutic properties, notably as an anti-inflammatory, anti-thrombic, fibrinolytic, and anti-cancer agent (7). Global pineapple production experienced strong growth between 2002 and 2023, increasing from 15.8 million tons to 29.96 million tons (30). Costa Rica, the world's leading pineapple producer, exported approximately 2.2 million tons, representing nearly 75 % of total exports (16). However, Ivorian pineapple exports to the international market have fallen by 27 % to approximately 23,500 tons in 2023 (12). This drastic decline is due to several factors, particularly black spot disease (14). This disease, generally attributed to Fusarium moniliforme var. subglutinans, manifests as black spots in the fruit parenchyma (18). It has significant economic consequences for producing countries (25). And despite the correct application of pesticides, black spot disease persists in the fields (9). In this context, the search for more effective alternatives for the development of sustainable and resilient agriculture is essential. One such alternative involves providing plants with the means of self-defense through the use of Natural Defense Stimulators, rather than directly combating the aggressor (3). Thus, our overall objective was to stimulate the production of phenolic compounds in pineapple in order to effectively induce natural resistance against Fusarium moniliforme var. subglutinans (FM), the pathogen responsible for black spot disease of pineapple. Specifically, the objectives are to:
- identify the phenolic compounds produced after treating pineapple with methyl jasmonate and calliette, then inoculating it with Fusarium moniliforme var. subglutinans (FM);
- evaluate the direct effect of pineapple phenolic compounds on the mycelial growth of Fusarium moniliforme var. subglutinans (FM).
2. Materials and Methods
2.1. Materials
2.1.1. Plant Material
The plant material consisted of pineapple suckers of the Del Monte Gold cultivar (MD2). These suckers weighing between 300 and 400 g, came from plantations in Bonoua (Ivory Coast).
2.1.2. Fungal material
The fungal material used for inoculations was Fusarium moniliforme, the causative agent of black spot disease. It was isolated from necrotic spots on the pulp of pineapples after fruit harvest from the Bonoua plantation, a pineapple-producing area of ​​ Ivory Coast.
2.2 Methods
2.2.1. Study Site 
Field experiments were conducted at the Nangui Abrogoua University experimental site in the Abidjan district (Ivory Coast). The site consists of ferralitic and hydromorphic soils with a slightly acidic pH and an organic matter content ranging from 3 to 4 %. The climate is tropical humid. Average monthly temperatures during the growing season ranged from 25.2 °C to 28.6 °C, and average monthly rainfall from 735 mm to 10.67 mm. The geographical coordinates of this site are: 5°17’ and 5°31’ North latitude, and 3°45’ and 4°22’ West longitude (38). 
2.2.2. Experimental setup
The setup consisted of a plot made up of four ridges, 6 m long and 1 m wide, spaced 1 m apart. Each ridge was planted with two rows of ten pineapple plants each, separated from each other by 50 cm.  
2.2.3. Inoculation of elicited pineapple plants
The preparation for fungal inoculation and plant elicitation were carried out according to the method of Yeo et al. (38; 39). Plants of pineapple cultivars approximately seven months old were sprayed on their D leaves. Each D leaf was sprayed with 50 mL of a solution containing methyl jasmonate and calliette. Ten (10) plants were used per treatment. Seventy-two (72 h) after D leaf elicitation, the floral induction treatment (FIT) was performed to stimulate flowering. Forty-five (45) days after floral induction treatment (FIT), the flowers were inoculated with 2.5 mL of  F. moniliforme inoculum. After sixty (60) days of fungal incubation, the D leaves were harvested for HPLC (high-performance liquid chromatography) analysis. This experiment was repeated three (3) times. Three (3) treatment and infection modality groups were established: Plants treated with an elicitor solution containing methyl jasmonate (10 mM), calliette (5 mM), distilled water, 800 µL of 1% ethanol, and 0.5 mL of Triton X-100 (0.1%), and not inoculated, served as treated and uninoculated plants (PTMCaNI). Plants treated with a solution containing distilled water, 800 µL of 1% ethanol, and 0.5 mL of Triton X-100 (0.1%), and not inoculated, served as untreated and uninoculated plants (PNTNI). Pineapple plants treated with a solution containing distilled water, 800 µL of 1% ethanol, 0.5 mL of Triton X-100 (0.1%), and inoculated with Fusarium moniliforme, served as untreated and inoculated plants (PNTI). The final volume of each solution was made up to 500 mL with distilled water. Fruits harvested at eleven (11) months were peeled and then cut to determine the percentage of black spot.
                  BSR =
X 100
NYC

NYT

NCE : Number of contaminated eyes in the fruit
TNY : Total number of fruit eyes
BSR : Fruit black spot rate

2.2.4. Extraction and identification of phenolic compounds by semi-preparative High-Performance Liquid Chromatography in the D leaves of plants treated or untreated and/or inoculated with Fusarium moniliforme
The extraction of phenolic compounds was carried out according to the method of Kouakou et al. (22; 23). A 500 mg sample of lyophilized leaves from each treatment was immersed in 10 mL of 96 % methanol and incubated at 4 °C in the dark for 18 h. The leaves were then removed, and the resulting methanolic extract was centrifuged at 1000 rpm for 10 min. The supernatant constituted the crude phenolic compound extract. This crude phenolic compound extract was purified through a Millipore membrane (0.45 μm). The resulting hydromethanolic extract constituted the purified crude phenolic compound extract for analysis by high-performance liquid chromatography (HPLC). One (1) mL of this purified phenolic filtrate was directly injected into the chromatograph with a reverse-phase semi-preparative silica column (proton, 250 x 8 mm, 5 μm, Bischoff) at a flow rate of 2.4 mL/min, and chromatogram detection was performed at 284 nm. The resulting peaks were collected according to their retention time in hemolysis tubes and then evaporated to dryness using a Speed ​​Vac. The resulting dry extract represents the pure phenolic compound to be tested. The extracted phenolic compounds were identified using a reference library of phenolic compounds.

 2.2.5. Evaluation of the effect of phenolic compounds extracted from pineapple D leaves on the direct growth of Fusarium moniliforme
Comparative tests were used to evaluate the ability of all phenolic compounds identified by HPLC to inhibit the mycelial growth of Fusarium moniliforme (FM). The phenolic compounds isolated by semi-preparative HPLC were directly exposed to Fusarium moniliforme mycelial growth. Each phenolic compound was dissolved in 20 % ethanol at a concentration of 5 mM. One mL of this stock solution was added to 9 mL of PDA medium. This mixture, with a final volume of 10 mL, was placed in a Petri dish. The final concentration of the phenolic compound was 500 μM. A 4 mm diameter mycelium plug was taken from the growth front of the fungus using a sterile needle. This plug was placed in the center of each Petri dish containing the nutrient medium (pre-prepared PDA medium), supplemented or not with the phenolic compound. The plates were placed in the dark and at room temperature (28 ± 2 °C). A negative control was prepared by adding 1 mL of 20 % ethanol solution to 9 mL of agar medium to obtain a final ethanol concentration of 2% in the Petri dish. Each experiment was performed once with three replicates. Growth was measured 14 days after inoculation of each Petri dish. Mycelial growth was assessed by measuring the mycelium diameter at four different points on the mycelium surface using a ruler (28). From these measurements, the percentages of inhibition of radial mycelial growth by the phenolic compounds, compared to the control considered to have 100 % growth, were calculated using the formula.
                DT - DE
I % =
DT
X 100


% I : percentage of inhibition ; DT : average diameter of the control colony et DE : diameter of the test colony.
2.2.6. Statistical Analysis
The data obtained were analyzed using Statistica 7.1 software. For the mycelial growth inhibition tests and the rate of black spots, statistical analyses of the data were carried out according to the ANOVA 1 procedure. For percentages, the Kruskal-Wallis test was used to determine significant differences (P < 0.05) between treatments.
3. Results
3.1. Impact of biocontrols on black spots
The untreated and inoculated plants (PNTI) showed fruit with black spots, while the fruit from plants treated with methyl jasmonate and calliette and not inoculated with the fungal strain (PTMCaNI) and those from untreated and uninoculated plants (PNTNI) showed no black spots (Fig. 1 and 2).
	[image: ]A

	[image: ]B

	[image: ]
	[image: ]C
D


	Fig. 1. Fruits of treated and inoculated plants

A : PNTNI (untreated and uninoculated plants) ; B : PNTI (untreated plants inoculated with Fusarium moniliforme) ; C : PTMCaNI (plants treated with methyl jasmonate and calliette then not inoculated) ; D : PTMCaI (plants treated with methyl jasmonate and calliette then inoculated with Fusarium moniliforme)




Fig. 2. Black spot rate of fruit in treated and inoculated plants
PNTNI: untreated and uninoculated plants; PNTI: untreated plants inoculated with Fusarium moniliforme; PTMCaNI: plants treated with methyl jasmonate and calliette but not inoculated; PTMCaI: plants treated with methyl jasmonate and calliette but then inoculated with Fusarium moniliforme. Histograms followed by the same letter are not significantly different (Kruskal-Wallis test at 5%).
Les histogrammes suivis d’une même lettre ne sont pas significativement différents (Test de Kruskal-Wallis à 5 %)

3.2. Phenolic compounds identified by semi-preparative HPLC in D leaves of elicited pineapple plants and flower inoculation follow-up
Analysis of Fig.3 of the chromatographic profile of pineapple D leaves shows that the PNTI (untreated and inoculated plants) synthesized four phenolic compounds of very low amplitudes, which are compounds 2, 3, 4 and 6, while the PNTNI (untreated and uninoculated plants) induced eight compounds of low amplitudes, which are: 1, 2, 3, 4, 5, 6, 7 and 8. The PTMCaNI treatment (plants treated with methyl jasmonate and calliette then not inoculated) induced the synthesis of twelve (12) phenolic compounds. The PTMCaI treatment (plants treated with methyl jasmonate and calliette then inoculated) induced the synthesis of thirteen (13) phenolic compounds. The results revealed that in addition to the eight compounds present in the PNTNI (untreated and uninoculated plants), compounds 9, 10, 11 and 12 were synthesized de novo by the leaves of both the PTMCaNI (plants treated with methyl jasmonate and calliette then uninoculated) and PTMCaI (plants treated with methyl jasmonate and calliette then inoculated) plants. However, in addition to compounds 9, 10, 11, and 12, compound 13 appeared de novo in the PTMCaI (plants treated with methyl jasmonate and calliette, then inoculated) compared to the PTMCaNI (plants treated with methyl jasmonate and calliette, then not inoculated). The combined treatment with methyl jasmonate and calliette followed by the inoculation of Fusarium moniliforme thus resulted in an increase in the number of compounds. The results also showed large phenolic peaks in the PTMCaI (plants treated with methyl jasmonate and calliette, then inoculated).
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Fig. 3. Chromatographic profile of phenolic compounds extracted from D leaves of cultivar MD2 as a function of treatment and then inoculation, detected at 284 nm by semi-preparative HPLC
1.Gallic acid (2.667 min) ; 2. Gentisic acid (5.164 min) ; 3. Protocatechuic acid (6.720 min) ; 4. Syringic acid (6.915 min) ; 5. Caffeic acid (8.175 min) ; 6. Sinapic acid (9.599 min) ; 7. Caffeoylquinic acid (11.167 min) ; 8. p-Coumaric acid (12.508 min) ; 9. Ferulic acid (13.838 min) ; 10. Pterosilbene (15.456 min) ; 11. Quercetin (17.530 min) ; 12. Kaempferol (17.701 min) ; 13. Astringin (18.935 min). PNTNI: untreated and uninoculated plants; PNTI: untreated plants inoculated with Fusarium moniliforme; PTMCaNI: plants treated with methyl jasmonate and calliette but not inoculated; PTMCaI: plants treated with methyl jasmonate and calliette but then inoculated with Fusarium moniliforme

3.3. Effect of phenolic compounds extracted from pineapple D leaves on the in vitro growth of Fusarium moniliforme mycelium 
Table 1 presents the mycelial growth results of Fusarium moniliforme in the presence of each phenolic compound extracted and identified from pineapple leaves. Among the extracted phenolic compounds, hydroxycinnamic acids, represented by caffeoylquinic acid, p-coumaric acid, and ferulic acid, and pterosilbene, a stilbene, showed a direct and effective antifungal effect on Fusarium moniliforme. Indeed, these molecules completely inhibited the in vitro growth of Fusarium moniliforme (100% inhibition). Furthermore, gentisic acid (-78%), caffeic acid (-70%), sinapic acid (-67%), and quercetin (-52%) had moderate antifungal activity, followed by kaempferol (-45%). Syringic acid (-35%), protocatechuic acid (-25%), and gallic acid (-13%) had weaker antifungal activity against Fusarium moniliforme. The control and astringent (0%) showed no inhibition of Fusarium moniliforme mycelium growth. The effect of caffeoylquinic acid, gentisic acid, astringin and quercetin on mycelial growth in Petrie dishes containing PDA medium was shown in Fig 4.
	Table 1: Percentage of inhibition of Fusarium moniliforme in the presence of the 13 phenolic compounds	

	Family of molécules
	 Phenolic compounds
	Percentage of inhibition compared to the control %

	          Witness                            No phenol                                                               0a

	

Hydroxybenzoic acids



	 Gallic acid (1)
	-13b

	
	Gentisic acid (2)
	-78h

	
	 Protocatechuic acid (3)
	-25c

	
	Syringic acid (4)
	-35d

	

Hydroxycinnamiques   acids
	 Cafeic acid (5)
	-70g

	
	Sinapic acid (6)
	-67g

	
	Cafeoylquinic (7)
	-100i

	
	 p-coumaric acid (8)
	-100i

	
	 Ferulic Acid (9)
	-100i

	Stilbenes
	Pterosilbene (10)
	-100i

	
	Astringin (13)
	0a

	
Flavonoids
	Quercetin (11)
	-52f

	
	Kaempferol (12)
	-45e

	
	P
	0,021

	The values ​​represent the average of three repetitions; within the same column, values ​​followed by the same letter are not significantly different (Kruskal-Wallis test at 5%); P: probability
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[bookmark: _Toc119049570]Fig. 4. Macroscopic appearance of the Fusarium moniliforme isolate grown on PDA medium supplemented with different phenolic compounds
PDA : Potato Dextrose Agar ; A : medium without phenolic compounds (witness) ; B : medium containing gentisic acid ; C : medium containing cafeoylquinic acid ; D : medium containing astringin ; E : medium containing la quercetin.
 4. Discussion
In this study, co-treated pineapple D leaves with methyl jasmonate and calliette, followed by flower inoculation with Fusarium moniliforme, revealed the same phenolic compounds as in the non-inoculation treatments, with the exception of compound 13 (astringin). This compound was synthesized de novo during the interaction of the co-treatment and Fusarium moniliforme fungal spores, in addition to the other 12. However, the peak amplitudes were much greater after treatment and inoculation with Fusarium moniliforme than after treatment without inoculation. Following inoculation, the fungal spores interact with the receptors of the defense mechanisms (4). The response to this attack leads to complete resistance. This interaction is said to be incompatible and results in the synthesis of the specific molecule, notably astringin, which is specifically directed against Fusarium moniliforme. Furthermore, it is generally associated with the hypersensitive response (HR). In some cases, extremely rapid and robust recognition allows the pathogen to be stopped before the development of resistance (17). This resistance would a priori be the result of the sum of pre-existing and basal resistances: this is systemic acquired resistance (SAR). It has been directed against the pathogen that triggered the defense machinery but also against any pathogen by suppressing the defense (5). Furthermore, according to Ahuja et al. (1) and then Faurie et al. (13), phenolic phytoalexins have beneficial effects on plant protection against pathogens. Furthermore, the amplification of phenolic peaks observed in treated and then inoculated plants could result in a strengthening of physical barriers, including lignin, callose and cuticle, and chemical barriers formed by toxic molecules called phytoanticipins (6; 10). The amplitudes of phenolic peaks in untreated and inoculated plants (PNTI) were low compared to those in untreated and uninoculated plants (PNTNI), suggesting that the pathogen negatively influences plant defenses. The phenomenon of plant tolerance or sensitivity relies on defense substances, primarily phenolic compounds of the phytoalexin type (7). Methyl jasmonate and calliette are thought to have an activating and potentiating effect on defense mechanisms for the production of phenolic compounds (2; 25). The involvement of phenolic compounds in increasing plant resistance to disease has been supported by various authors (36; 29).
Phenolic compounds are known for their antifungal activity (7; 27). The inhibitory activity of phenolic compounds on mycelial growth was investigated. The results showed that the identified phenolic compounds exhibiting the ability to reduce mycelial growth were gallic, gentisic, protocatechuic, syringic, caffeic, and mustard acids, as well as quercetin and kaempferol. Caffeoylquinic acid, p-coumaric acid, ferulic acid, and pterosilbene completely inhibited the growth of Fusarium moniliforme. Similar studies have revealed that plants respond to inoculation by viruses, fungi, or bacteria by accumulating molecules such as phenolic compounds in their tissues, which can block, destroy, or inhibit pathogens (19). Fritig et al. (15) established that phenolic compounds, via the PR protein pathway, exhibit strong antimicrobial activity. These molecules are proteases, lipases, and chitinases capable of degrading the pathogen and its derivatives. Some compounds may not have a direct effect on mycelial growth: this is the case with astringin. It appears that the agar plate test is not suitable for this molecule to demonstrate its potential antifungal activity (34). Its defensive role lies at a level other than direct fungicidal activity. Furthermore, stilbenes play a crucial role in plant defense. They are often phytoalexins whose synthesis is activated in response to pathogen perception in sorghum and grapes (37). This importance has been particularly demonstrated in tobacco. However, stilbenes also exhibit strong antifungal activity, notably inhibiting spore germination and hyphal growth (37). In addition, flavonoids also play a vital role in plant defense, as some of the major phytoalexins are synthesized via flavonols (kaempferol and quercetin) (11; 31). The function of hydroxycinnamic acids in plants appears to be particularly antifungal, particularly in the defense of pineapples, through their direct toxicity to pathogens (33; 32). Hydroxycinnamic acids seem to be the strongest, followed by stilbenes. Benzoic acids have no significant effect, with the exception of gentisic acid, which can completely protect pineapples against Fusarium moniliforme. In reality, the application of elicitors induces or synthesizes numerous phenolic compounds, some of which (caffeoylquinic acid, p-coumaric acid, ferulic acid, and pterosilbenes) have effective antifungal activity against Fusarium moniliforme. However, it is worth noting that under in situ conditions, the synergy of these molecules could have a potentiating effect on pathogen development, as reported by Lambert (24) in grapevines. 
5. CONCLUSION
The overall objective was to stimulate polyphenol production in pineapples in order to effectively induce natural resistance against Fusarium moniliforme var. subglutinans. Treating plants with methyl jasmonate and calliette, then inoculating them with the fungal strain, significantly reduced the rate of black spot in the fruit. Furthermore, chromatographic profile analysis revealed the presence of thirteen (13) polyphenols in the leaves, including seven (7) pre-existing polyphenols that were amplified and six (6) newly synthesized polyphenols. The effect of phenolic compounds extracted from pineapple leaves on the direct growth of Fusarium moniliforme significantly reduced mycelial growth. Polyphenols induced by methyl jasmonate and calliette demonstrated their antifungal properties and their ability to inhibit Fusarium moniliforme. Furthermore, the use of these biocontrols in the biological control of black spot disease in pineapple could serve as a biopesticide. Future research should be expanded to include other biocontrols, particularly polysaccharides extracted from the pathogen or the plants.
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